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The potential efficacy of non-invasive brain stimulation procedures for the management of 
specific symptoms in diverse neurological and psychiatric conditions has been tested in the past 
decade or so. For example, repetitive transcranial magnetic stimulation (rTMS) over prefrontal 
areas has been extensively investigated as a treatment for patients with medication-resistant 
depression and has been shown to be associated with improvement of mood. Similarly, non-in-
vasive stimulation techniques have been applied to various symptoms of Parkinson’s disease such 
as bradykinesia and dyskinesias, with variables degrees of success reported. However, attempts to 
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expand previously observed clinical improvements to other neurological disorders (e.g. Tourette’s 
syndrome, autism, epilepsy) has been controversial. In trying to bypass potential confounding 
elements, researchers aim to target neural populations altered in disease to either increase or 
decrease their corrupted baseline activity. In addition, a complementary approach is to extend 
stimulation protocols that results enhanced behavior in healthy participants.

This Frontiers Research Topic on non-invasive brain stimulation and enhancement of function 
tries to combine a series of articles from researchers who used non-invasive brain stimulation to 
aim improvement of either a motoric, cognitive or behavioral nature investigated behaviorally, 
physiologically or using brain imaging techniques in clinical populations.

Investigation of the relation between enhancement of function in healthy populations and clinical 
improvement in patients with neurological or psychiatric disorders needs further consideration.

Citation: Obeso, I., Oliviero, A., Jahanshahi, M., eds. (2017). Non-invasive Brain Stimulation in 
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Editorial on the Research Topic

Non-invasive Brain Stimulation in Neurology and Psychiatry

In recent years, greater attention has been paid to alternative treatments in neurology and
psychiatry, with the main aim of restoring or “normalizing” function in aberrant brain circuits,
in order to have a positive impact on the patient’s quality of life. Non-invasive brain stimulation
(NIBS) methods such as transcranial magnetic stimulation (TMS) or transcranial direct current
stimulation (tDCS) have been increasingly used not only in research but also in clinical settings.
To date, depression is the only psychiatric disorder for which TMS has been approved and used
extensively as a therapeutic approach (Padberg and George, 2009; George et al., 2013). Meanwhile,
application of NIBS for other brain disorders such as tinnitus, chronic pain, migraine, dementia,
Parkinson’s disease (PD), and dystonia are currently in development by optimizing key parameters
such as the most appropriate brain target, stimulation protocols and candidate symptoms to
treat. Thus, while there has been relatively wide interest in clinical applications of NIBS, yet
with refinement of techniques, future improvement of protocols and the possibility of achieving
more prolonged and longer-lasting beneficial effects, we believe NIBS will potentially become an
approved therapeutic approach for some disorders. The current Special Issue is a compilation of
literature reviews or experimental studies using TMS or tDCS as a therapeutic tool in different
neurological and psychiatric disorders.

NON-INVASIVE BRAIN STIMULATION METHODS AS

THERAPEUTIC TOOLS

The 16 papers in the current Research Topic demonstrate the value of NIBS in the psychiatry and
neurology domains and also in cognitive training.

Evidence reveals TMS (Dunlop et al.) and tDCS (Sauvaget et al.) as effective methods for
reducing craving in people suffering from eating disorders. A comprehensive review of eating
disorders (anorexia, bulimia, and binge eating) confirms the positive use of repetitive TMS (rTMS)
to reduce relapse rates. The suggested brain target area is the dorsolateral prefrontal cortex
(DLPFC), with incremental clinical success with 10 repeated stimulation sessions. The clinical
changes are considered to be potentially associated with improved cognitive control or conflict
processing (Dunlop et al.), both prefrontal cortex functions. Similar results have been shown with
tDCS, although in fewer studies (Sauvaget et al.). These studies used clinical ratings by patients
as measures of stimulation induced change, as they are considered to more accurately reflect
the patient’s experience and expectations, albeit that they are subject to the common biases of
self-report measures, highlighting the need for inclusion of sham-controlled conditions to control

6
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for potential placebo effects. A validated method is to combine
brain stimulation with imaging (Bestmann et al., 2004). In
fact, imaging has proved essential in understanding the positive
response to TMS in depression, as shown by a link between
clinical improvement and changes in cingulate activity (Fox et al.,
2012).

A succinct overview on use of NIBS for auditory
hallucinations highlights the efficacy of rTMS and TDCS in
reducing the frequency of hallucinations (Moseley et al.).
Higher temporo-parietal junction activity (mainly left-sided)
is a potential source of hallucinations (Homan et al., 2012),
which identifies this as the target location for NIBS. Repeated
sessions during 5 consecutive days of cathodal tDCS reduced the
hallucinations and this improvement persisted for a 3-month
period. In their review, the authors considered the value and
efficacy of transcranial random noise stimulation (tRNS) or
transcranial alternating current stimulation (tACS) as potential
future treatments for hallucination. An additional meta-analysis
on conversion disorder shows in 75/86 patients under rTMS
treatment a marked improvement as measured by clinical scales
(Schönfeldt-Lecuona et al.), which gives further support for
NIBS tools in complex neuropsychiatric conditions.

In recent years, application of NIBS in the treatment of
neurological patients has been gaining pace and the use of
both TMS and tDCS in neurological conditions such as stroke
(Corti et al., 2012), tinnitus (Fregni et al., 2006), and PD (Koch
et al., 2009) has been evaluated (for review see Obeso et al.).
Yet, proof-of-principle studies are needed in treating specific
neurological symptoms and to date beneficial changes are limited
to acute effects, with limited long-lasting effects. Following the
NIBS research approach in depression, larger and well-controlled
clinical trials (i.e., use of placebo condition and coils), with
longer follow-up periods are urgently needed to confirm the value
of stimulation protocols with enhanced durability of clinical
benefits.

TMS is useful for differential diagnosis in tremor or stroke
by using motor evoked potentials (Brum et al.). Moreover, a
classical clinical use of TMS has been to measure cortico-spinal
integrity through examining the functioning of the cortico-
spinal tracts after stimulation of motor regions. This method
is adequate for differential diagnosis based on central motor
conduction time (the time taken from TMS pulse activation of
the motor cortex and firing of spinal motor neurons). The use
of TMS and diffusion tensor imaging showed in stroke patients
a correlation between the speed of conduction in the cortico-
spinal tract and the integrity of premotor and supplementary
tracts (but not the motor area) (Potter-Baker et al.). Their results
are of interest for understanding how stroke patients compensate
by using higher-order motor control regions upon fatal loss of
the principal motor cortical area. For long-term effects, rTMS
for stroke treatment is becoming more and more promising
as positive findings are being replicated. In the current special
topic, authors report in stroke patients how consecutive rTMS
session resulted in movement improvement (Di Lazzaro et al.)
but also increased tactile detection (Fujimoto et al.). Sample size
and gender effects need attention in stroke research as they seem
to interact when using rTMS as a treatment tool (Chalah et al.;

Di Lazzaro et al.). Last, patients with chronic pain not responsive
to pharmacological treatment may benefit from NIBS tools over
the primary motor region (DosSantos et al.), whereby distant
changes in cortico-subcortical structures and neurotransmitter
modulation (serotonin, GABA, glutamate) were associated to
clinical improvement.

There is also a novel contribution from light therapy used as a
NIBS protocol (see Johnstone et al.). The use of light stimulation
has been tested on animal models of PD and AD using low-
level near infrared light (NIr) therapy (Shaw et al., 2010; De
Taboada et al., 2011), reported to lessen behavioral deficits in both
animal models. It is noted that this procedure did not produce
any beneficial effects in AD or PD (Johnstone et al.). Only a non-
controlled and non-randomized clinical report showed some
improvement in speech, some aspects of cognition and gait after
NIr therapy in PD patients (Maloney et al., 2010), which needs to
be replicated in a larger sample in a better controlled study. Thus,
based on valid animal models, Nlr therapy warrants evaluation in
larger samples in well-controlled studies, with other targets, and
selection of intracranial or extracranial approaches based on the
disease, to allow future clinical application.

New avenues of positive results are also obtained in attempts
to improve cognitive functioning. AD patients showed improved
working memory after tDCS and this was associated to changes
in high-frequency bands (Marceglia et al.). However, the use of
associated paradigms such as exercise (Morris et al., 2016) or
cognitive rehabilitation (Cappon et al.) will boost the cognitive
remediation and positive effects.

FUTURE WORK

There are a number of parallel issues across the therapeutic
applications of NIBS that need to be addressed. The ultimate
value of NIBS rests on proving it to be an efficient and long-
lasting therapy that alleviates patient’s specific psychiatric,
neurological or cognitive symptomatology. However, the
questions of where, how and when to stimulate are essential to be
addressed in order to follow the logical steps to reach maximal
NIBS efficacy for different symptoms and disorders. Although
candidate cortical regions to act as targets for receiving NIBS are
somewhat more clear for some neurological conditions, other
neurological and psychiatric disorders still require evidence
from imaging and physiological studies to identify the region or
network to be targeted with NIBS. A critical factor is the inclusion
of repeated stimulation sessions to achieve potentiation effects.
This may be done with an initial period of daily stimulation
for example 5 days of consecutive stimulation, followed by
once a week booster sessions. Other procedural issues may also
influence the quality and efficacy of the NIBS such as the state
or subject dependency of the effects, use of neuronavigation vs.
EEG localization of the target and these require due attention in
future investigations. New methods to better quantify potential
beneficial effects of NIBS are the use of models that account for
long-term effects (Mahmud and Vassanelli). In future trials, to
ensure that NIBS is cost-effective compared to standard medical
therapy, there is a need to maximize the efficacy and positive
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outcomes of NIBS protocols. Sham-controlled randomized
trials of NIBS are essential. Moreover, if the symptoms to be
treated have a high within subject variability (e.g., pain, tinnitus
and psychiatric symptoms) the clinical trials required could
be even more complex and expensive. Using a telemedicine
approach and/or using smartphone and wearable technology,
continuous patient evaluation can be easier. This will allow NIBS
technologies to be tested in a more efficient way.

It is also extremely important to reconsider NIBS variability
at individual level. The same target with the same NIBS
protocol may produce different effects in different individuals.
A personalized approach is needed to reduce this source of
variability. Nowadays, many technological tools are available
for evaluating central nervous system disorders. However, the
general approach is to apply a single therapy or an isolated
technology to find the way to help a group of patients that
have a common etiology but sometimes very different nervous
system pathology and clinical presentations. It is necessary to

find the perfect combination of assessment methods to evaluate
symptoms and their change after application of a smart mix
of therapeutic options, applied at a given time and at the
appropriate “doses” to face the great complexity of neurological
and psychiatric problems. This may be one of the future strategies
for NIBS therapies to find a place in psychiatric and neurological
clinics.

Finally, there is a need for safe, efficient and cost-
effective NIBS methods such as transcranial static magnetic
field stimulation (tSMS) or tDCS that can be portable
and usable in patients’ homes, which would facilitate
generalization of the treatment to the patients’ daily life
environment.
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Objectives:Behavioral addictions (BA) are complex disorders for which pharmacological
and psychotherapeutic treatments have shown their limits. Non-invasive brain
stimulation, among which transcranial direct current stimulation (tDCS), has opened
up new perspectives in addiction treatment. The purpose of this work is to conduct
a critical and systematic review of tDCS efficacy, and of technical and methodological
considerations in the field of BA.

Methods: A bibliographic search has been conducted on theMedline and ScienceDirect
databases until December 2014, based on the following selection criteria: clinical studies
on tDCS and BA (namely eating disorders, compulsive buying, Internet addiction,
pathological gambling, sexual addiction, sports addiction, video games addiction). Study
selection, data analysis, and reporting were conducted according to the PRISMA
guidelines.

Results: Out of 402 potential articles, seven studies were selected. So far focusing
essentially on abnormal eating, these studies suggest that tDCS (right prefrontal
anode/left prefrontal cathode) reduces food craving induced by visual stimuli.

Conclusions: Despite methodological and technical differences between studies, the
results are promising. So far, only few studies of tDCS in BA have been conducted. New
research is recommended on the use of tDCS in BA, other than eating disorders.

Keywords: transcranial direct current stimulation, neuromodulation, behavioral addiction, craving, eating
disorders, food craving, non-invasive brain stimulation
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Introduction

Substance Use Disorder and Behavioral
Addictions
Addictions are complex disorders conventionally represented
by substance use disorders (SUDs). Other behaviors without
any substance use share many clinical similarities, and are
therefore categorized as addictions without drug use,—more
commonly called behavioral addictions (BAs) (O’Brien, 2011;
Potenza, 2014) -, as evidenced in the recent release of the DSM-
5 (American Psychiatric Association, 2013), where gambling
disorders now appear in the “substance-related and addictive
disorders” category, among other SUDs. Until now, this is
the only BA that the task force researchers included into the
edited version of the manual. However, for many authors,
BAs also encompass video games addiction, Internet addiction,
sexual addiction, compulsive buying, sports addiction, and eating
disorders (Gearhardt et al., 2011; Farré et al., 2015; Jiménez-
Murcia et al., 2015). It has increasingly been suggested that some
eating habits, such as the uncontrolled intake of high-calorie food
rich in sugar and fat, can also be seen as behavioral addictions and
was recently referred to as “food addiction” (Davis and Carter,
2009; Gearhardt et al., 2011; Hebebrand et al., 2014; Schulte et al.,
2015).

As in any SUD, one of the key symptoms in BAs is
craving, defined as a pressing, urgent, and irrepressible desire
to give in to a BA, which results in most cases in a loss of
control (Skinner and Aubin, 2010; O’Brien, 2011). The craving
contributes to the development, continuation and relapse of
an addictive behavior. Although craving is not pathognomonic
of addiction, it remains a key symptom in the addictive
process, to the point that it is now considered in the DSM-
5 as a diagnostic criterion for substance-related and addictive
disorders (American Psychiatric Association, 2013). Craving
can lead to a loss of control over one’s behavior. Executive
functions (such as decision making and risk-taking process)
and working memory impairments have been found in both
SUDs and BAs (Fernández-Serrano et al., 2010; Marazziti
et al., 2014). These clinical features suggest that BAs and
SUDs may share similar neurophysiopathological abnormalities.
Some authors support the idea of common neurochemical
and genetic mechanisms involved with both substance and
non-substance, addictive behaviors, linked to disturbances of
the reward system, so-called “reward deficiency syndrome”
(Blum et al., 2014). The central reward pathway involves the
dopaminergic system such as the mesolimbic cortical ventral
tegmental area and projections to the nucleus accumbens and the
prefrontal cortex (Goldstein and Volkow, 2002; García-García
et al., 2014). Neuroimanging studies underlined the important
function of the prefrontal cortex, especially the dorsolateral
prefrontal cortex (DLPFC), in both SUDs and BAs (Goudriaan
et al., 2012).

The pharmacological and psychotherapeutic treatments of
addictions and of the craving in particular, have shown their
limits (Achab and Khazaal, 2011; Marazziti et al., 2014), which
indicates the need for new treatment possibilities.

Non-invasive Brain Stimulation, a Promising
Treatment for Addictions
More recently, new treatment modalities such as non-invasive
brain stimulation (NIBS) have been explored in the field of
addiction, such as Transcranial Direct Current Stimulation
(tDCS) and repetitive transcranial magnetic stimulation (rTMS)
(Jansen et al., 2013; Grall-Bronnec and Sauvaget, 2014). rTMS
generates a magnetic field in a coil that is placed on the
scalp. The magnetic field induces an electrical current in the
brain tissue beneath the coil, resulting in alterations of neural
excitability (Ziad, 2002). In addition to its cortical action, TMS
may act remotely on deeper structures, via brain circuits and
interhemispheric connections (Fox et al., 1997). tDCS is another
NIBS method capable of modulating cortical excitability (Feil
and Zangen, 2010). tDCS consists in delivering a low intensity
electric field (1–2mA) through the brain between two electrodes.
The current enters the brain from the anode, travels through the
tissue, and exits out the cathode (Higgins and George, 2009).
The anodic stimulation increases cortical excitability, whereas
the cathodic stimulation reduces it. The administration of tDCS
is relatively easy. Electrodes can be placed anywhere on the
scalp and are held in place with an elastic headband (Higgins
and George, 2009). In general, one session lasts 10–20min. Two
sessions a day can be given easily if required. Like rTMS (Keck
et al., 2002; Hanlon et al., 2013), tDCS showed that it could have
remote effects (Chib et al., 2013).

rTMS and tDCS, applied to the DLPFC, may transiently
modify decision-making, risk-taking, and impulsivity, processes
directly linked to behavioral disorders. It has thus been shown
that applying tDCS on prefrontal areas modifies the decision
process in sane subjects (Fecteau et al., 2007a,b; Knoch et al.,
2008; Boggio et al., 2010), but also in addicted subjects (Fecteau
et al., 2014). The decision-making process shares common
mechanismswith the impulsive behaviors observed in addictions.
By modulating it, we could decrease impulsivity in addicted
patients, and, indirectly, act on the craving (Fecteau et al., 2010).
Anodal tDCS over the DLPFC may enhance executive function
and provide improved cognitive control, and thus reduce the
probability of relapse to drug use (da Silva et al., 2013).

Finally, even if the neurophysiological effects behind the
effects of tDCS on craving are not completely clarified yet,
choosing the DLPFC as a stimulation area is justified by the
involvement of frontal areas in the neurobiology of eating
disorders, either bulimia, or anorexia nervosa (Kaye et al., 2009;
van Kuyck et al., 2009; Frank et al., 2013; Friederich et al.,
2013). More precisely, the DLPFC might be involved in the food
restriction and cognitive control mechanisms, which are linked
with the working memory (von Hausswolff-Juhlin et al., 2015).

rTMS and tDCS applied to the DLPFC may therefore
indirectly modulate dopaminergic pathways (Addolorato et al.,
2012) and may consequently have an impact on the symptoms of
addiction (Keck et al., 2002; Feil and Zangen, 2010). Cognitive
control could be improved and/or cravings could be reduced
(Jansen et al., 2013). So far, tDCS have proven its efficacy to
decrease craving, mainly in SUDs (Jansen et al., 2013; Naim-
Feil and Zangen, 2013; Kuo et al., 2014). Moreover, reviews and
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comprehensive work about tDCS in the field of psychiatry and
addictions did not have considered BAs (Feil and Zangen, 2010;
Kuo et al., 2014; Tortella et al., 2015).

The goal of this study is to conduct a systematic review of
the efficacy, and of the technical and methodological stakes of
applying tDCS to the field of BAs.

Methods

This systematic review was conducted and reported in
accordance with the Preferred Reporting Items for Systematic
reviews and Meta-Analyses (PRISMA) guidelines (Moher et al.,
2009).

Search Resources
Two independent reviewers conducted the literature search,
including different sources such as electronic databases (PubMed
and Science Direct), citations, and reference lists, as well as gray
literature. In addition, the reference lists of all included studies
were hand searched, limiting the search to articles published in
English. To ensure the recency of articles, the search was limited
from inception to December, 31st, 2014.

The search terms used were a combination of MESH
terms and keywords and included “tDCS” and “addiction,”
“anorexia nervosia,” “behavioral addiction,” “bulimia nervosa,”
“eating disorders,” “binge eating disorders,” “compulsive
buying/shopping,” “craving,” “Dorsolateral prefrontal cortex
(DLPFC),” “dependence,” “dopamine,” “eating disorders and
not otherwise specified (EDNOS),” “exercise,” “food craving,”
“gambling disorder,” “impulsivity,” “Internet addiction,”
“pathological gambling,” “risk-taking behavior,” “sex addiction,”
and “sports addiction” in the title, abstract, or keywords.

Eligibility Criteria
Studies had to fulfill the following inclusion criteria to be
included: the target problem was a BA; the intervention was
performed using tDCS; the study was a clinical trial, as
defined by the WHO (WHO, 2015)—including randomized
controlled trials (RCTs), controlled trials, cohort studies,
case-control studies and multiple base-line studies. Exclusion
criteria were: clinical studies about tDCS among SUDs; review
and didactic articles; physiopathological studies and case
reports.

Study Selection
First, all studies were screened based on their titles and abstracts.
Second, the two reviewers read the full text of all studies
identified in this search process. This work was carried out
independently using the same bibliographic search. In the event
of a disagreement between the two reviewers, the relevant
studies were discussed (see Figure 1 for the study selection flow
chart).

Data Extraction
Extracted data included clinical, methodological, and technical
considerations (see Tables 1, 2).

Results

The initial search identified 402 independent articles. Seven
articles met the criteria for inclusion. Food craving, in different
clinical conditions was the only symptom to be tested. To the best
of our knowledge, we found that tDCS has not yet been tested
for the following BAs: compulsive buying/shopping, pathological
gambling, gambling disorder, Internet addition, video game
addiction, sex addiction and sports addiction.

Efficacy of tDCS in Behavioral Addictions
The main characteristics of the studies are summarized in
Table 1.

Six out of the seven published studies (Fregni et al., 2008b;
Goldman et al., 2011; Montenegro et al., 2012; Jauch-Chara et al.,
2014; Kekic et al., 2014; Lapenta et al., 2014) have demonstrated
the efficacy of tDCS applied to the DLPFC in reducing food
craving. Khedr et al. reported an improvement in anorexic
conducts (Khedr et al., 2014). Two of these studies were led by
the same team (Fregni et al., 2008b; Lapenta et al., 2014) with the
same design. All studies but one (Khedr et al., 2014) were blinded,
randomized, and controlled. The used sample sizes vary between
7 (Khedr et al., 2014) and 23 (Fregni et al., 2008b) subjects. The
participants were majoritarily women aged less than 30 years old
on average, in good health, and with frequent food cravings. Only
one study included overweight patients (Montenegro et al., 2012),
and only one included anorexic patients (Khedr et al., 2014). In
all studies but two (Montenegro et al., 2012; Khedr et al., 2014),
the craving was induced visually, either with images, or with
real food. The craving was induced through visual stimuli before
and after stimulation in four of the seven studies (Fregni et al.,
2008b; Goldman et al., 2011; Kekic et al., 2014; Lapenta et al.,
2014). One of the studies repeated the induction after half of
the stimulation time (Goldman et al., 2011). Three studies used
exposure to real, high-calorie food, combined with one or two
short movies showing high-calorie foods (Fregni et al., 2008b;
Kekic et al., 2014; Lapenta et al., 2014). One study used pictures of
high calorie food items to induce craving (Goldman et al., 2011).
Both types of craving induction were reported to lead to increased
craving. The level of food craving was usually measured before
and after stimulation by means of visual analog scales (VAS)
with the exception of one study which did not assess craving at
all (Khedr et al., 2014). Some studies used additional measures
such as eye tracking (Fregni et al., 2008b; Lapenta et al., 2014) or
the Food Craving Questionnaire-State (Kekic et al., 2014). Five
studies assessed actual food intake after stimulation using a bogus
taste test (Fregni et al., 2008b; Goldman et al., 2011; Jauch-Chara
et al., 2014; Kekic et al., 2014; Lapenta et al., 2014).

Further assessment methods were also used, either clinical
with specific impulsivity scales (Kekic et al., 2014), or
physiological like visual attention, measured by eye tracking
(Fregni et al., 2008b), salivary cortisol levels (Kekic et al., 2014)
or event-related potentials (Lapenta et al., 2014).

tDCS Technical Procedures
The results are summarized in Table 2.
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FIGURE 1 | PRISMA flow chart of literature search.

Most studies tested the effect of just one active tDCS session
vs. a sham tDCS session (20min, 2mA) on food craving. No
cortical target other than the DLPFC was tested. Electrodes
were most often placed with the anode on the right and the
cathode on the left, respectively on F4 and F3 according to
the International 10–20 System. Three teams placed them the
other way around (cathode on the right and anode on the left)
(Fregni et al., 2008b; Montenegro et al., 2012; Khedr et al., 2014).
Montenegro and colleagues had two comparing arms (active
tDCS and placebo) (Montenegro et al., 2012), whereas Fregni
et al. had three comparing arms (anode/right and cathode/left;
anode/left and cathode/right; placebo) (Fregni et al., 2008b). The
interval between two sessions (active and placebo) ranges from
48 h to a week, to avoid a carry-over effect. The placebo method
was described more or less precisely in all studies but one (Jauch-
Chara et al., 2014). Tolerance and side effects were reported in
50% of studies (Fregni et al., 2008b; Jauch-Chara et al., 2014;
Kekic et al., 2014).

Discussion

General Instructions
The initial works on tDCS in BAs are recent, and started around
the same period (Fregni et al., 2008b) as studies on tDCS in
SUDs (Boggio et al., 2008; Fregni et al., 2008a). However, they
have not generated the same intererest overtime, so that the
application of tDCS in SUDs has been much more investigated
than tDCS in BAs. Works on tDCS in BAs were first and only
interested in eating behavior, based on the model of rTMS,
which is another NIBS which efficacy in BAs was first tested in
eating disorders (Grall-Bronnec and Sauvaget, 2014). Whether
through rTMS or tDCS, no study has been conducted to this
day on other BAs (pathological gambling, sexual addiction, sports
addiction, Internet addiction, compulsive shopping) (Grall-
Bronnec and Sauvaget, 2014). Furthermore, although tDCS is a
more manageable and less expensive means than rTMS (Brunoni
et al., 2013), we observe that fewer studies are conducted with
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tDCS in the field of BAs and SUD compared to rTMS (Grall-
Bronnec and Sauvaget, 2014). The later development of tDCS
could explain the smaller number of studies.

tDCS is found effective in reducing craving in BAs in
controlled studies comparing stimulation vs. placebo, until now
for food craving. These results point in the same direction as
those of tDCS for SUDs, which have been consolidated by a
recent meta-analysis arguing that applying NIBS to the DLPFC
decreases craving levels in substance dependence (Jansen et al.,
2013), without any significant difference between rTMS and
tDCS. However, the efficacy of tDCSmust be discussed in light of
methodological and technical considerations. All possible biases
have been discussed (see Table 3).

Methodological Issues
Characteristics of the Participants
Health status of the participants
Patient inclusion criteria can be relatively confusing: indeed,
most participants are defined as “healthy” subjects, whereas
the study aims at investigating the effect of brain stimulation
on food craving, which is a clearly defined disorder from a
psychopathological standpoint. The frequency of food craving
is relatively low in tDCS studies. It varies, depending on the
studies, from 1/day (Kekic et al., 2014) to 3/day (Fregni et al.,
2008b; Goldman et al., 2011; Lapenta et al., 2014). Moreover,
most patients included in studies on tDCS have a normal weight,
apart from one study in obese patients (Montenegro et al., 2012)
and another in patients suffering from anorexia nervosa (Khedr
et al., 2014). Only Jauch-Chara et al.’s study can be considered
as conducted in a physiological condition, since the included
subjects had a normal body mass index and no daily food
craving (Jauch-Chara et al., 2014). In fact, the studies were more
interested in the process of food craving than in full-syndrome
eating disorders. Patient morphology could be an important
criterion to take into account in configurating tDCS. This precise
point is developed in the “Technical Issues” Section.

Age
Participants are rather young (<40 years old). The age of the
studied population is important to interpret results since the
clinical expression of craving is likely to evolve with age. Age
is also a factor in the variation of cortical excitability (Feil and
Zangen, 2010; Clark and Taylor, 2011).

Gender
Apart from Jauch-Chara et al.’s study (2014) in which all subjects
are male, the other studies mainly included women, either on
purpose (Kekic et al., 2014; Lapenta et al., 2014) or because
they were predominant (Fregni et al., 2008b; Goldman et al.,
2011; Montenegro et al., 2012; Khedr et al., 2014). A higher
prevalence of food craving in women than in men explains the
sex-ratio imbalance between patients included in these studies
(Mitchison and Hay, 2014). Moreover, the fluctuation of eating
behavior throughout the menstrual cycle could affect the result of
the studies (Lester et al., 2003). The sexual hormonal variations
could also affect the functional cerebral asymmetries (Neufang
et al., 2009). The right hemispheric predominance in spatial
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TABLE 3 | Main sources of bias in the studies of tDCS in behavioral
addictions.

SELECTION BIAS

Method of recruiting subjects (healthy participant, non-healthy participant, with or
without treatment participants).
Duration and severity of the addiction or related disorder.
Stage of treatment prior to tDCS (detoxification or continuation of substance use).

OBSERVATION BIAS

Over or underestimating the intensity of craving.
Placebo effect of tDCS itself.
Placebo effect of therapeutic trials carried out in the field of addiction and related
disorders.
Order of the placebo session and active session in a crossover study.
Insufficient number of pulses and number of sessions.
Attrition bias (drop out).

CONFOUNDING BIAS

Sociodemographic characteristics: age, gender, ethnicity.
Hormonal status.
Volume of gray matter.
Psychiatric and somatic comorbidities.
Handedness.
Psychotropic treatments (in particular, continuation of anti-craving drugs during the
trial).
Duration of the session, which may overlap with the duration required for the
craving to subside naturally.
Cumulative and persistent effects of tDCS when the interval between two sessions
is very short.
Sample size.
Ability of the treatment-seeking participants to use relapse prevention techniques
during cue-induced craving procedure.

All these biases are discussed in Sections Methodological Issues and Technical Issues.

attention, which seems linked to gender, would disappear under
the effect of left anodal tDCS (de Tommaso et al., 2014). Finally,
a recent study showed that electric transmission of tDCS is
different between men and women, mainly for bone density
reasons (Russell et al., 2014).

Handedness
None of the studies analyzed in this review evoked the
importance of this parameter in the interpretation of results,
conversely to other NIBS works, whether on rTMS (Van den
Eynde et al., 2012) or tDCS (Kasuga et al., 2015). Yet, the effects
of tDCS could differ according to the handedness of stimulated
subjects (Kasuga et al., 2015). The problem of hemispheric
dominance remains complex, since the left hemisphere could be
the dominant hemisphere in 95–99% of right-handed subjects,
and in 70% of left-handed subjects (Corballis, 2014). Moreover,
laterality has clinical relevance since left-handers are more at
risk of developing addictive disorders (Sperling et al., 2000).
Evaluating the hemispheric dominance thanks to a specific
questionnaire focused on laterality (Oldfield, 1971) in patients
included in studies involving NIBS would allow gathering new
data on brain functioning.

Main exclusion criteria
The exclusion criteria are generally mentioned and detailed.
Although contra-indications are usually exclusion criteria, in
accordance with the literature (Brunoni et al., 2011), the

psychiatric and somatic comorbidities can be confounding
factors in evaluating the efficacy of tDCS. For example, in eating
disorders, the conjoint improvement of depressive symptoms
and obsessive-compulsive symptoms on the one hand, and of
binge-eating and purging conducts on the other hand, could
simply be due to a common physiopathological process rather
than to a specific effect of tDCS on the addictive symptoms
only (Khedr et al., 2014; Shiozawa et al., 2014). Finally, the use
of medication, particularly psychotropic and anticraving drugs,
should be considered, as they could interfere with the assessment
of craving, but also with the efficacy of tDCS, through their action
on cortical excitability. Selective serotonin reuptake inhibitors
could indeed aid tDCS response (Nitsche et al., 2009).

Sample size
Among all examined studies, the sample size is always very small,
ranging between 7 (Khedr et al., 2014) and 23 subjects (Fregni
et al., 2008b). This is probably why all of them, except for two
studies (Montenegro et al., 2012; Khedr et al., 2014), adopted a
crossover design, to increase the statistical power of their work.

Cortical Excitability
tDCS modifies cortical excitability (Nitsche et al., 2008). The
efficacy of tDCS thus depends on numerous factors, which
have an influence on cortical excitability, such as age, gender,
hormonal status, anxiety levels, lack of sleep, and the use of
psychotropic drugs (either legal or illegal). Cortical excitability
would also vary according to ethnic origins (Yi et al., 2014). The
results of the studies should thus be discussed according to these
parameters.

Design
All studies but one (Khedr et al., 2014) were designed following
the rules of RCTs, which facilitates comparisons. Although food
craving is the main evaluation criterion, some authors have
underlined the importance of considering other target symptoms
such as impulsivity (Kekic et al., 2014). In their studies, patients
with “more reflective choice behavior” are more sensitive to
the anti-craving effects of the tDCS than patients with “more
impulsive choice behavior.” These results show that the craving
involves multiple dimensions that interact with each other, and
that can also be modified by tDCS.

The craving induction procedure differs between studies.
Although the induction medium (either real or virtual) is most
of the time visual, this may vary. Addressing other sense organs
like olfaction may increase the external validity of craving
induction methods. Although craving is not necessarily related
to physiological hunger, food intake before the experimental
sessionmay be an important interfering factor. Most studies tried
to control this variable, by asking participants to refrain from
food intake for a period of time before the session, which varied
between 2 and 6 h depending on the study design (Fregni et al.,
2008b; Goldman et al., 2011; Montenegro et al., 2012; Jauch-
Chara et al., 2014; Lapenta et al., 2014). Some also used a 24 h
dietary recall protocol to assess previous food intake (Goldman
et al., 2011; Montenegro et al., 2012). One study controlled
food intake only by a VAS on hunger (Kekic et al., 2014), and
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another study did not control this factor at all (Khedr et al.,
2014).

Technical Issues
General Considerations
The tDCS procedure is generally well-described and detailed,
which allows for a better comparison between studies. Teams that
consecutively conduct several studies tend to replicate the same
protocol (Fregni et al., 2008b; Lapenta et al., 2014).

Stimulation Site
Only the DLPFC drew the researchers’ attention, most often in
the following setting: anode on the right DLPFC (excitation) and
cathode on the left DLPFC (inhibition). The results of Lapenta
et al.’s team suggest that stimulating the DLPFC could facilitate
the inhibitory response and modify the connections between the
cortical and subcortical structures (Lapenta et al., 2014).

The positive results both in overeating with the “anode on
the right DLPFC and cathode on the left DLPFC” scheme
and in food restriction with the “anode on the left DLPFC
and cathode on the right DLPFC” scheme argue in favor
of a different hemispheric functioning in eating disorders.
In the case of overeating and obesity, increasing the activity
of the right DLPFC and inhibiting the left DLPFC would
help reducing the induced food craving. This could decrease
appetite and restore food control mechanisms, in line with the
“right brain hypothesis for obesity” theory (Alonso-Alonso and
Pascual-Leone, 2007; Alonso-Alonso, 2013). In the case of food
restriction, the hypothesis of an imbalanced interhemispheric
balance (with hyperactive right frontal regions) combined with
anorexia nervosa (Hecht, 2010) has been partly confirmed by
Khedr’s work (Khedr et al., 2014). The possible predominance
of the right hemisphere in the genesis of an eating disorder has
also been evoked in a post-lesional context (Uher and Treasure,
2005). These results are consistent with the works on rTMS that
put forward the respective roles of the right and left DLPFC in
the control of craving. Whereas, the left DLPFC seems to have
a role in the control of craving (Hayashi et al., 2013), the right
DLPFC seems to play a part in the inhibitory control of emotional
impulses (Pripfl et al., 2013).

However, the studies published to this day do not all have
the same methodology, clinical populations or objectives. The
results they put forward are still at a very preliminary stage
and do not allow concluding on a hemispheric specialization
in eating disorders and in BAs generally speaking. Besides
switching electrodes between the two hemispheres to test
the two conditions (excitatory or inhibitory) (McClelland
et al., 2013), it would be interesting to stimulate other
cortical regions, such as the parietal cortex, which is a
cerebral region that seems to be involved in body image
(Gaudio and Quattrocchi, 2012).

The choice of the stimulation site must also take into account
the neural loops involved in the studied BA. It seems more
pertinent to choose the stimulation site based on the neural loops
involved in the studied behavioral addiction, rather than sticking
to a given cortical region.

General Design of the Sessions and tDCS Parameters
Apart from two studies (Jauch-Chara et al., 2014; Khedr et al.,
2014), the included studies only tested the effects of one
tDCS session. It can be assumed that repeating sessions could
increase and sustain efficacy on craving and other eating disorder
symptoms, as reported in studies on the treatment of depressive
disorders (Shiozawa et al., 2014) and SUDs (Feil and Zangen,
2010; Tortella et al., 2015).

tDCS is generally described as easier to implement than rTMS.
However, this should not overshadow the importance of some
tDCS parameters, which might have an influence on the results
(Horvath et al., 2014).

Indeed, beside the optimal position of the electrodes, current
intensity, and stimulation duration, other parameters should
be taken into account, such as hair thickness, sweat (Horvath
et al., 2014), but also electrode size (Russell et al., 2014; Nasseri
et al., 2015), with individual differences (Russell et al., 2013).
The location of the reference electrode may also have an impact
on tDCS effects (Nasseri et al., 2015). The electric current in
tDCS is not relayed in the same way by the different anatomical
structures it passes through (Shahid et al., 2014). For example,
regarding adipose tissue, Truong et al. have showed that, based
on the MRI analysis of five patients’ adipose tissue, that tissue
could influence the intensity of tDCS electric current in the brain
(Truong et al., 2013). Furthermore, patients suffering from eating
disorders could present changes in gray matter and its thickness
(Frank et al., 2013). Consequently, the transmission of tDCS
electric current could be altered, and the results could differ from
the intended target.

Sham Procedure
The placebo conditions, as described more or less precisely in
all studies are similar, and follow a validated method (Gandiga
et al., 2006). The placebo tDCS method seems more reliable
and easier to implement than the rTMS placebo method, thus
limiting the interpretation biases (Grall-Bronnec and Sauvaget,
2014). However, some authors have evidenced that sham tDCS
was not as reliable as it seemed (Horvath et al., 2014).

Safety and Tolerance
When reported (Fregni et al., 2008; Jauch-Chara et al., 2014), the
side effects were similar to those found in literature (Brunoni
et al., 2011). Indeed, tDCS is generally known as a safe technique
with mild and transient adverse effects (Brunoni et al., 2011).
Even though seizures induced by tDCS are very rare (Ekici,
2015), subjects suffering from substance use addiction present
an increased risk of seizures, especially during the alcohol or
benzodiazepine withdrawal periods (Leach et al., 2012). The
tDCS techniques could be tolerated better by patients suffering
from BAs, as they are less likely to have seizures than patients
with a SUD.

Conclusion and Future Perspectives

The application field of tDCS in BAs is for now restricted to the
study of food craving, mainly in so-called “sane” participants, i.e.,
who do not fulfill the diagnostic criteria of characterized eating
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disorders. These studies show that stimulating the right DLPFC
and inhibiting the left DLPFC reduces the induced food craving.

Therefore, there is a clinical interest in having a symptomatic
treatment of craving, by considering tDCS as a complementary
therapy to the standard treatment of eating disorder. On
a neuroscientific level, tDCS could reduce inter-hemispheric
imbalance, since data report overactivity in the frontal area of the
right hemisphere in anorexia nervosa, as ventured by Hecht in
2010 (Hecht, 2010), and recently comforted by Khedr et al.’s work
(2014). Also, other therapeutic effects could be observed with
tDCS, especially on food restriction (Jauch-Chara et al., 2014).

The rationale of expanding tDCS work to other behavioral
addictions is justified by its positive effect in sane subjects on
their decision-making process (improved) and on their risk-
taking (reduced) (Fecteau et al., 2007a,b), both strongly linked to
addictive issues. Indeed, the recent works on tDCS in the field of
cognition and impulsivity (Feil and Zangen, 2010; Elmasry et al.,
2015) demonstrate promising therapeutic prospects for tDCS.

The tDCS techniques offer many undeniable advantages in
treating BAs: they are non-invasive, well-tolerated, implemented
through a portable, and compact device, and relatively cheap
compared to other techniques (such as rTMS). Thus, tDCS
could be implemented in outpatient structures specialized in
addictions.

Several research avenues must be explored, in line with
the research conducted with rTMS. The effects of tDCS in

other BAs could be explored, like pathological gambling, sports
addiction, sexual addictions, or video games. It would also be
particularly interesting to evaluate the effects of tDCS in the
longer term, whether on craving or on other BA symptoms, such
as maintained abstinence.

Finally, combining neuroimaging and electrophysiology
studies (Val-Laillet et al., 2015; Wolz et al., 2015) to
tDCS studies should be considered, to understand better
the pathophysiological mechanisms involved in BAs, and
allow for a better identification of targets and stimulation
parameters.

In summary, the main goals of tDCS application in BAs
are all at once therapeutic, by modulating craving, impulsivity,
executive functions and physiopathological, by enhancing the
knowledge of neurophysiological basis of BAs.
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Auditory verbal hallucinations (AVHs) are the experience of hearing a voice in the absence

of any speaker. Results from recent attempts to treat AVHs with neurostimulation (rTMS

or tDCS) to the left temporoparietal junction have not been conclusive, but suggest that

it may be a promising treatment option for some individuals. Some evidence suggests

that the therapeutic effect of neurostimulation on AVHs may result from modulation of

cortical areas involved in the ability to monitor the source of self-generated information.

Here, we provide a brief overview of cognitive models and neurostimulation paradigms

associated with treatment of AVHs, and discuss techniques that could be explored

in the future to improve the efficacy of treatment, including alternating current and

random noise stimulation. Technical issues surrounding the use of neurostimulation as

a treatment option are discussed (including methods to localize the targeted cortical

area, and the state-dependent effects of brain stimulation), as are issues surrounding

the acceptability of neurostimulation for adolescent populations and individuals who

experience qualitatively different types of AVH.

Keywords: hallucinations, neurostimulation, neuronavigation, state dependency, transcranial random noise

stimulation (tRNS), transcranial direct current stimulation (tDCS), transcranial alternating current stimulation

(tACS), transcranial magnetic stimulation (TMS)

INTRODUCTION

Auditory verbal hallucinations (AVHs) are the experience of hearing a voice in the absence
of any speaker (Aleman and Larøi, 2008). They are commonly associated with a diagnosis of
schizophrenia, but also occur in other psychiatric diagnoses such as bipolar disorder and post-
traumatic stress disorder (Larøi et al., 2012), as well as in individuals with no psychiatric diagnosis
(Beavan et al., 2011; Johns et al., 2014). Evidence from cognitive neuroscience suggests that AVHs
are accompanied by high levels of activation in, among other areas, the superior temporal gyrus,
particularly in the left hemisphere (Allen et al., 2008; Jardri et al., 2011). Recent attempts to provide
novel treatment options for individuals experiencing AVHs have accordingly attempted to use
neurostimulation techniques to selectively decrease activity in temporal cortical regions, with a
moderate degree of success (Hoffman et al., 2005, 2013; Slotema et al., 2013).

AVHs have been theoretically linked to atypical functioning of inner speech processes, with the
most prominent model suggesting that atypical self-monitoring or reality monitoring may lead to
a lack of agency over self-generated language processes (Frith, 1992; Jones and Fernyhough, 2007).
Evidence from cognitive psychology suggests that individuals with a diagnosis of schizophrenia
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who experience AVHs, compared to individuals with the same
diagnosis who do not experience AVHs, and to healthy controls,
are more likely to misattribute self-generated speech in source
memory tasks (Stephane et al., 2010) or signal detection tasks
(Bentall and Slade, 1985; Brookwell et al., 2013). This is consistent
with fMRI research showing that superior temporal cortical
regions show high levels of activation both during AVHs (Allen
et al., 2008; Jardri et al., 2011) and purposely generated inner
speech (Simons et al., 2010). Furthermore, evidence from EEG
studies suggests that self- and non-self-generated vocalizations
are processed differently in the auditory cortex of healthy,
non-hallucinating individuals, as indexed by the N1 event-
related potential. This difference was not evident in a sample
of individuals with a diagnosis of schizophrenia (Ford et al.,
2001; Ford and Mathalon, 2005). These findings have been
interpreted as evidence for atypical functioning of forward model
mechanisms that usually predict the sensory consequences of
self-generated actions. This “efference copy” mechanism acts to
attenuate cortical activity in sensory regions resulting from the
action, contributing to those actions being experienced as self-
or non-self-generated. As such, it has previously been suggested
that targeting the left temporoparietal junction (TPJ) or posterior
superior temporal gyrus (STG) with neurostimulation may
have therapeutic potential because it affects cortical regions
involved in the prediction/subsequent sensory attenuation of
self-generated actions, such as inner speech (Moseley et al., 2013).

This paper aims to provide a short overview of contemporary
research into the efficacy of neurostimulation as a treatment
option for AVHs, but also to build upon previous reviews
(e.g., Montagne-Larmurier et al., 2011; Moseley et al., 2013)
by discussing a number of avenues for future research. In
particular, the therapeutic potential of two recently developed
techniques, transcranial alternating current stimulation (tACS),
and transcranial random noise stimulation (tRNS), are discussed,
and it is also suggested that an important line of research
may be to maximize efficacy of treatment by utilizing the state
dependency of the effects of neurostimulation (i.e., to harness
the possibility that neurostimulation may have different effects
on cortical excitability levels depending on the state of the
brain when it is applied). Furthermore, we discuss a number
of technical issues surrounding the use of neurostimulation
techniques, such as the most efficient methods for localizing
stimulation, and issues surrounding the acceptability and
tolerability of neurostimulation in adolescent patients, and for
different subtypes of AVH.

TMS AND tDCS AS TREATMENT OPTIONS

FOR AUDITORY VERBAL

HALLUCINATIONS

Repetitive transcranial magnetic stimulation (rTMS), a non-
invasive brain stimulation technique that uses a rapidly changing
magnetic field to induce an electrical current in selective
cortical regions (Hallett, 2007), has recently shown promise as
a treatment option for various neurological disorders such as
post-stroke neglect (Cazzoli et al., 2010) or aphasia (Naeser

et al., 2010), and psychiatric disorders such as depression
(George et al., 1995, 2010). The rationale underlying treatment
is that, dependent on the frequency of the repetitive pulses,
activity in specific brain regions (or networks of regions) which
may be associated with certain disorders can be increased or
decreased (Maeda et al., 2000). First tested as a treatment
option for AVHs by Hoffman et al. (1999, 2005), low frequency
(1Hz) rTMS over the left temporoparietal junction (TPJ) was
employed in a sample of 50 patients with a diagnosis of
schizophrenia who hallucinated, in order to reduce cortical
activity in this area. Patients received active stimulation or
sham stimulation (a control condition in which the participant
is led to believe they are receiving TMS, but no stimulation
is applied) each day for 15min, for a total of 9 days, in a
parallel design. Using patient-generated narrative reports to
create an “Hallucination Change Score” and self-report clinical
scales measuring hallucination frequency, vividness, loudness,
and attentional salience, it was demonstrated that active rTMS
significantly reduced scores, compared to the sham condition.
51.9% of participants in the active condition were classified as
“responders” to the treatment (showing a decrease of ≥ 5 on
the Hallucination Change Score), compared to 17.4% in the sham
condition.

This initial finding has subsequently been replicated in a
number of studies (e.g., Lee et al., 2005; Vercammen et al.,
2009; Hoffman et al., 2013), although there are also numerous
studies that have not shown a significant effect of low frequency
rTMS to the left TPJ on AVH frequency (e.g., McIntosh et al.,
2004; de Jesus et al., 2011). Notably, in two of the largest single
trials of rTMS efficacy for treating AVHs, Slotema et al. (2011)
found no effect of active rTMS, compared to sham rTMS, whilst
Koops et al. (2016) found no evidence of efficacy of theta-
burst rTMS (consisting of a pattern of pulses thought to have
a stronger inhibitory effect) in reduction of AVH frequency,
compared to sham. Nevertheless, meta-analyses of studies that
have tested therapeutic efficacy of low frequency rTMS on
AVHs indicate that it may be effective, with a moderate effect
size (Demeulemeester et al., 2012; Slotema et al., 2012, 2013).
Given that these meta-analyses suggest an overall effect size
of approximately 0.4 on AVH frequency, it is possible that,
despite being one of the larger published trials in this area,
Slotema et al.’s negative finding may reflect a lack of statistical
power.

Studies that have used fMRI to investigate the effects of low
frequency rTMS to the left TPJ have shown that a reduction
in activity in the left STG is associated with a reduction in
AVHs (although there was also a decrease in activity in the left
inferior frontal gyrus and anterior cingulate cortex in the active
stimulation condition, compared to the sham condition) (Kindler
et al., 2013). High levels of activity in the left STG also appears to
be a marker for a response to rTMS treatment for AVHs (Homan
et al., 2012). Although it seems to be a promising treatment
option, further refinement of the technique is needed to establish
efficacy; for example, differences in the sham condition and
localization techniques used may partially explain inconsistent
findings in the literature (see Section Issues with Localization of
Targeted Regions).
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More recently, transcranial direct current stimulation (tDCS)
has also been tested for therapeutic efficacy with AVHs. tDCS
involves passing a weak electrical current between two electrodes
placed on the scalp, which, dependent on the direction of
current flow, depolarizes, or hyperpolarises neuronal membrane
potentials. This increases the cortical excitability underneath the
anodal electrode and decreases cortical excitability underneath
the cathodal electrode (Nitsche and Paulus, 2000; Nitsche et al.,
2008). Importantly, the effects of tDCS on cortical excitability
may last longer than the period of stimulation, probably
mediated by GABAergic and glutamatergic mechanisms (Stagg
and Nitsche, 2011). The first use of tDCS as a treatment
for AVH was presented in a case report by Homan et al.
(2011), in which cathodal stimulation over a posterior STG
region was combined with the anodal electrode placed over
the right supraorbital cortex. Homan and colleagues reported
improvements in hallucination symptoms and reductions in
cerebral blood flow in left frontal and temporal regions in a man
with persistent, treatment-resistant AVH following 10 days of
1mA tDCS sessions.

Following this, Brunelin et al. (2012) tested the efficacy of
cathodal tDCS (at a strength of 2mA) to the left TPJ in reducing
the frequency of AVHs. Thirty patients with a diagnosis of
schizophrenia who hallucinated received tDCS twice a day for
five consecutive days, with half receiving active stimulation and
half receiving sham stimulation in a parallel design. The cathodal
electrode was positioned over the left TPJ, and the anodal
electrode over the left dorsolateral prefrontal cortex. Results
indicated that active stimulation was associated with a significant
decrease in self-reported AVH severity, which was maintained
over a 3 month period. There have been comparatively fewer
sham-controlled studies utilizing tDCS than rTMS (and therefore
not a sufficient number for meta-analysis), and results have been
somewhat equivocal, with one study replicating Brunelin et al.’s
finding (Mondino et al., 2015) and one study showing no effect
of active tDCS, compared to a sham condition (Fitzgerald et al.,
2014). If effective, though, tDCS is more tolerable, simpler to
apply, and cheaper than rTMS, and so further investigation is
needed to test efficacy in larger samples.

Themajority of studies testing the efficacy of neurostimulation
techniques for AVHs have assessed severity of AVHs in
individuals with a diagnosis of schizophrenia or schizoaffective
disorder using relatively simple questionnaire measures, most
commonly the Auditory Hallucinations Rating Scale (AHRS).
The AHRS is a seven-item scale that assesses number of voices
experienced, as well as voice frequency, loudness, vividness,
attentional salience, length, and distress caused, and has shown
acceptable levels of internal consistency, test-retest reliability, and
inter-rater reliability (Hoffman et al., 2005). Patients typically
complete the AHRS before the first treatment session, after 5–10
sessions of treatment, and, in some studies, up to 3 months later
(e.g., Brunelin et al., 2012). Of course, quantifying the success
or failure of treatment using this relatively simple measure may
exclude observation of other interesting changes that may be of
clinical relevance (see Thomas, 2015, for a similar critique of trials
of cognitive behavioral therapy for psychosis). As will be argued
below, careful attention to phenomenological properties of AVHs

will be an important step in fully understanding any therapeutic
effect of neurostimulation.

ALTERNATIVE NEUROSTIMULATION

TECHNIQUES

Transcranial Alternating Current

Stimulation (tACS)
The recently-developed technique of tACS uses a sine-wave
electric field to affect oscillatory activity in stimulated regions.
tACS works on a similar premise to tDCS, by changing the
membrane voltages of underlying neurons, hence depolarizing
or hyperpolarizing neurons in specific cortical regions. Unlike
tDCS, the sine-wave field, theoretically at least, leads to
entrainment of a pattern of oscillatory activity at the frequency
of stimulation. Research using this technique is still in its early
stages, although studies using electroencephalography (EEG) and
tACS have suggested that stimulating in the alpha frequency
band (8–12Hz) can lead to enhancement of oscillatory activity
at that frequency (Zaehle et al., 2010; Helfrich et al., 2014).
Initial research also suggests that frequency-specific stimulation
has the potential to affect cognitive task performance. For
example, based on previous literature implicating theta frequency
oscillations (4–7Hz) in dorsolateral prefrontal cortex during
working memory tasks, Meiron and Lavidor (2014) showed
that stimulation at a frequency in the theta band improved
performance on an n-back task.

The use of tACS also has the potential for tailoring the
frequency of stimulation based on individual oscillatory activity
using EEG. This was recently demonstrated by Vosskuhl et al.
(2015), who used EEG directly before task performance to
determine individual theta frequency, then stimulated at a
slightly lower frequency in an attempt to modulate the ratio
between theta and gamma (>30Hz) oscillations in prefrontal
cortex. Using this methodology, they showed an improvement
in short-term memory performance during stimulation. These
studies demonstrate the potential of tACS to affect complex
network dynamics by subtly altering ongoing oscillations. It
has therefore been suggested that tACS may be a promising
therapeutic technique if utilized to alter atypical patterns of
oscillatory activity in psychiatric disorders.

Atypical cortical oscillatory activity in the beta (12–30Hz) and
gamma frequencies have been linked to schizophrenia (Uhlhaas
and Singer, 2010). Synchronous neural activity is thought to be
one way in which disparate neural assemblies communicate and
are identified as part of the same functional network (Singer,
1999; Ford et al., 2007a), and as such are likely to play a
key role in sensorimotor predictive mechanisms that operate
across different brain regions (which, as discussed earlier, are
implicated in the genesis of auditory verbal hallucinations).
Using EEG, Ford et al. (2007b) have shown lower levels of
temporal coherence (a measure of neural synchrony across
time) directly before speech in patients with a diagnosis of
schizophrenia, which was also associated specifically with the
reported severity of auditory hallucinations. Furthermore, in a
separate study, Ford et al. (2008) showed that gamma synchrony
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before a simple motor action was both associated with the size
of the subsequent somatosensory event related potential (ERP),
and deficient in patients with a diagnosis of schizophrenia. A
later study using electrocorticography also indicated that pre-
speech gamma synchrony between Broca’s area and auditory
cortex was associated with the size of subsequent event related
potentials (Chen et al., 2011). Attenuation of the N1 ERP has
been hypothesized to reflect the functioning of a forward model
system which normally predicts the sensory consequences of
self-generated actions, and lack of N1 attenuation in response
to self-generated actions have previously been associated with
schizophrenia (Ford and Mathalon, 2005).

A handful of studies have highlighted either state or trait
relations between AVH and neural oscillations. Using symptom-
capture measures in which MEG was used whilst participants
experienced AVHs, van Lutterveld et al. (2012) observed that
a decrease in beta power in the left STG and MTG was
associated with hallucination onset (van Lutterveld et al., 2012).
An earlier EEG study by Sritharan et al. (2005) also indicated
that occurrence of AVH was linked to an increase in alpha
coherence (i.e., synchronization) between the left and right
auditory cortices. The tendency to experience AVH, meanwhile,
has been correlated with auditory steady-state power in the
gamma range for left auditory cortex (Spencer et al., 2009) and
gamma synchronization between the auditory cortices (Mulert
et al., 2011) in people with schizophrenia. As is often the
case, however, it is not clear whether differences in power and
coherence observed in these studies reflect a cause or effect of the
hallucinatory experience.

The literature surrounding the use of tACS as a treatment
option for psychiatric disorders is sparse, but Fröhlich et al.
(2015) suggest that it should be tested in clinical trials to reduce
symptoms known to be associated with atypical oscillatory
activity. One avenue of inquiry could be to investigate the
therapeutic potential of tACS to entrain or enhance oscillatory
activity in patients with auditory verbal hallucinations. For
example, stimulating with scalp electrodes placed over inferior
frontal and superior temporal areas may be capable of enhancing
gamma synchrony between these areas, which, as described
above, could improve functioning of forward model systems
which ultimately contribute to experiencing (inner) speech as
self-generated. Further, comparing the effects of stimulating at
different frequencies (i.e., beta and gamma band) could provide
information relating to the causal role oscillations in different
frequency bands may play in the genesis of AVH.

Drawing on the described research, a number of testable
hypotheses can be made regarding the effect of modulating
oscillatory activity in patients experiencing AVHs. Firstly, it
would be predicted that stimulating frontal and temporal regions
in the gamma frequency band would entrain oscillatory activity,
decreasing the difference in gamma synchrony between patient
and control samples. Secondly, it would be predicted that gamma
entrainment would lead to increased sensory attenuation of the
N1 ERP in response to self-generated speech. Thirdly, this should
be associated with a reduction in the frequency of AVHs.

There are, though, a number of possible issues with using
tACS therapeutically. As yet, the length of any after-effects

of tACS are unknown. Helfrich et al. (2014) used tACS and
EEG simultaneously, showing that stimulation in the alpha
frequency range entrained oscillations to the precise frequency
of stimulation, but that this effect did not last past the cessation
of stimulation. This implies that tACS may not be ideal as a
therapeutic tool; however, this study did not use daily stimulation
sessions, so it is unclear whether lasting effects would be possible
if tACS was used over a 10 day period, as is typical of therapeutic
trials using neurostimulation. Future studies should monitor
after-effects of tACS using EEG, when used over repeated
sessions. This information will be crucial before tACS is tested
in a clinical context.

A further question mark over the use of tACS relates to
findings indicating that effects may be highly dependent on
the state of the brain before stimulation. Feurra et al. (2011)
showed that motor cortex excitability (as measured by motor
evoked potentials) was increased during beta frequency tACS,
inferring that beta oscillations play a causal role in corticospinal
excitability. Further work showed that this effect was abolished
if the participant was engaged in motor imagery during
stimulation; in these conditions, theta frequency stimulation was
the only frequency under which motor cortical excitability was
increased (Feurra et al., 2013). This is potentially important in
the application of tACS to auditory cortical regions, the effects of
which could plausibly bemodulated by the use of auditorymental
imagery and inner speech (both of which may be linked to the
occurrence of AVH). The issue of state-dependency is returned to
in Section State Dependent Effects of Neurostimulation, below.

Transcranial Random Noise Stimulation

(tRNS)
tRNS is a variant of tACS which also uses a constantly changing
current. Whilst tACS stimulates at a set frequency, aiming
to entrain oscillatory activity, tRNS stimulates at a randomly
changing frequency, usually between 0.1–640Hz. It has been
suggested that tRNS at higher frequencies (>100Hz) may induce
larger excitability changes than stimulating with a direct current
(as in tDCS), because the sodium channels of underlying neurons
are repeatedly opened by stimulation, and because neuronal
homeostatic mechanisms are prevented (i.e., underlying neurons
cannot adjust to the constantly randomly changing electrical
field; Fertonani et al., 2011). Terney et al. (2008) were the first
to demonstrate that tRNS, applied to the motor cortex, increased
cortical excitability (as measured by motor evoked potential) and
improved performance on a serial reaction time task (associated
with implicit motor learning). Fertonani et al. (2011) have also
demonstrated that, applied over primary visual cortex, tRNS
can improve perceptual learning (as measured by performance
on an orientation discrimination task) at a greater rate than
tDCS or sham stimulation, whilst tRNS to primary auditory
cortex is capable of affecting the auditory steady-state response
(Van Doren et al., 2014). Interestingly, Fertonani et al.’s findings
suggested a stronger effect when the frequencies were restricted
to between 100–640Hz (compared to < 100Hz). The authors
interpreted this as supporting the argument that a higher rate
of repetitive stimulation may lead to a “temporal summation”
effect not observable with constant stimulation such as with tDCS
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(that is, the higher the frequency of stimulation, the more times
neurons are stimulated in a short space of time, which may have a
summative effect on excitability). Initial findings therefore seem
to indicate that tRNS may have a larger effect than tDCS.

As a relatively new technique, there are few reports of
therapeutic use of tRNS in neurological and psychiatric disorders.
Vanneste et al. (2013) tested the efficacy of tRNS in treating
tinnitus, comparing the effects to those of tDCS and tACS over
bilateral auditory cortices. The results suggested that tRNS shows
promise as a therapeutic technique, yielding larger effect sizes
than the other stimulation conditions. Palm et al. (2013) reported
a single case in which tRNS with a DC-offset was used over
left dorsolateral prefrontal cortex (anode) and right orbitofrontal
cortex (cathode) to treat negative symptoms in a 29-year old
man with schizophrenia. Moderate improvements were observed
in the target symptoms such as emotional withdrawal, along
with some amelioration of depression and anxiety. Moreover,
the treatment was deemed acceptable and incurred no side
effects.

Of more relevance to the treatment of AVHs, in a case study
design, Haesebaert et al. (2014) used tRNS offset by 1mA to test
efficacy and safety in the treatment of schizophrenia (including
measures of hallucination frequency). The same frontotemporal
electrode montage used in previous tDCS studies [see Section
Transcranial Alternating Current Stimulation (tACS)] was used,
with the anodal electrode placed over left prefrontal cortex and
the cathodal electrode placed over the left TPJ. Although only a
case study (with no control condition), Haesebaert et al. (2014)
showed a decrease in positive and negative symptoms following
stimulation, and demonstrated that the technique seems safe and
tolerable for the patient. Indeed, two studies have reported that
the tactile sensations underneath the electrodes are perceived
less with tRNS than with tDCS (Ambrus et al., 2010; Fertonani
et al., 2011), suggesting that this may be a preferable technique
from the patient’s point of view, as well as potentially enabling
a more comparable sham condition. Future research should
therefore test the efficacy of tRNS applied to TPJ/STG in affecting
cognitive mechanisms associated with AVHs, as well as testing its
therapeutic efficacy in randomized controlled trials.

TECHNICAL ISSUES

Issues with Localization of Targeted

Regions
Neurostimulation treatment for AVH, applied over the left TPJ,
has conventionally used the 10–20 international system, designed
for EEG electrode placement, targeting the point midway
between the T3 and P3 electrodes. However, one problem with
the T3-P3 localization method is that it does not take into
account inter-individual anatomical and functional variations,
which could be one reason why neurostimulation treatment is
not effective for some patients. Amore pragmatic approach using
an individualized strategy, using neuroimaging data to guide the
treatment (neuronavigation), may be able to overcome this issue.

An illustration of how neuronavigation of the TMS coil
may lead to therapeutic success in the field of AVH was

first provided in a number of case reports. Langguth et al.
(2006) used positron emission tomography (PET) with a
patient with a diagnosis of schizophrenia, targeting the point
of maximal activity in the left temporal cortex with low
frequency (1Hz) rTMS over a number of days, which was
followed by a reduction in AVH frequency. Similarly, an fMRI
capture of AVH in a child with early-onset schizophrenia
(Jardri et al., 2007) and somatosensory hallucinations in an
adult schizo-affective patient (Jardri et al., 2008) indicated
that neuronavigation may be a useful strategy to localize
stimulation.

Later studies have compared groups of hallucinating
individuals using either 10–20 based localization methods or
neuronavigation methods. In an open-label trial using fMRI
whilst patients reported AVHs, rTMS sessions were performed
over the individual locations of activation peaks (Sommer et al.,
2007). Seven patients received fMRI-guided rTMS, compared
to 6 patients treated with T3-P3 rTMS. Although, there was a
significant reduction in AVH frequency over the whole sample,
no advantage was identified for the neuronavigated group (which
may have been linked to the lack of statistical power when
comparing small samples). However, a follow-up study with
62 patients, which was split into 3 experimental arms (rTMS
targeted at the area of maximal fMRI activity during AVH,
rTMS directed at the left TPJ using the 10–20 system, and sham
treatment), also found no difference between the localization
methods (Slotema et al., 2011). On the contrary, Klirova et al.
(2013) reported clinical superiority of neuronavigated rTMS
over standard positioning and sham rTMS, although in a smaller
sample of 15.

These findings make it difficult to draw conclusions on
the effect of fMRI/PET guidance. The general linear model
analysis of fMRI used in the described studies has not
been shown to provide reliable results at the individual level
(Foucher, 2013), and it is possible that the approach used
might have been sub-optimal, especially considering recent
models suggesting atypical network activity is more important
in AVH genesis than any one region (Wolf et al., 2011; Ćurčić-
Blake et al., 2015). In a case report providing preliminary
evidence for a network approach, Jardri et al. (2009) showed
that it may be possible to combine activation maps with
fiber bundle tractography between activated functional regions
to determine the optimal stimulation target. One of the
strengths of this approach is the reference to a functional
conceptual framework rather that a “lesional” one; the brain
target can be defined as the best point in the network to
stimulate, rather than simply expecting a change in activity
in one brain region. Indeed, Kindler et al. (2013), using
fMRI, showed widespread changes in superior temporal and
inferior frontal regions after rTMS treatment, demonstrating
wider effects on a network of regions involved in hallucinatory
experiences. This functional approach is in accordance with
findings regarding the propagation of the effects of rTMS in the
entire functional network of a stimulated region (Siebner et al.,
2003), and a randomized controlled trial is currently underway
to validate such an approach (https://clinicaltrials.gov/ct2/show/
NCT01373866).
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State Dependent Effects of

Neurostimulation
The efficacy of tDCS, tACS, and tRNS in changing behavioral
outcomes has been shown over the last decade to be variable at
best, and has recently been criticized as non-replicable (Horvath
et al., 2015). Taking tDCS as the most widely used example, the
concept of increasing or decreasing cortical excitability via anodal
and cathodal stimulation is only truly valid when discussing the
motor system, in which the efficacy and mechanism of tDCS was
originally elucidated (Nitsche et al., 2008). The reason for this
is somewhat obvious; it is easy to examine the excitability and
the functional effects of this excitability using subsequent TMS
and electromyography recording. There are, however, at least
two problems with such a theoretical model being extended to
other brain regions: firstly, motor cortex excitability may have no
bearing on excitability in other regions of the cortex, particularly
secondary cortex (Stewart et al., 2001), and secondly, such a
model only takes into account tDCS application to resting state
neurons in a neurotypical system.

These issues collectively may explain the heterogeneity in
findings relating to anodal and cathodal tDCS effects on behavior
in which the anodal/facilitatory, cathodal/inhibitory dichotomy
often breaks down (Jacobson et al., 2012). It may be that anodal
tDCS is only effective when a task is very familiar (Dockery et al.,
2009) or that cathodal tDCS will only negate practice effects
but not impair the processing of the task per se (Ball et al.,
2013). Even in the motor system, voluntary motor contraction
can reverse the effects of anodal and cathodal stimulation over
M1 (Thirugnanasambandam et al., 2011). As mentioned above,
even motor imagery will change the excitability of M1 neurons
such that beta frequency tACS no longer facilitates MEPs when
imagery is employed, whereas theta frequency tACS will (Feurra
et al., 2013). A concurrent combination of excitability increasing
events such as fast motor practice and anodal tDCS, which
have the same neuronal effect, actually hinders neuroplasticity
due to a non-additive mechanism in which the signal-to-noise
ratio is already saturated (Bortoletto et al., 2015). In higher level
cognition, it is possible to demonstrate a neutralization of the
effect of anodal tDCS over left dorsolateral prefrontal cortex in
executive function (Gill et al., 2015), and for complex tasks, it is
not uncommon to have similar behavioral effects manifested by
both anodal and cathodal tDCS albeit via different mechanisms
(Miniussi et al., 2013; Knight et al., 2015).

These findings illuminate the partnership that exists between
the task demands and its contingent neuronal excitability, and the
effect that neurostimulation has on this network. The behavioral
consequences of neurostimulation cannot be interpreted without
taking these issues into account. This point is critical in the case
of tDCS since it is a neuromodulatory technique, and as such can
only influence the excitability of neurons, meaning that its effects
are dependent on the baseline state of activity. This is in contrast
to TMS which will induce action potentials in the underlying
tissue (Paulus, 2011; though see below).

In addition to the more transient task related factors already
discussed, the state (excitability) of the neurons to be stimulated
can bemodulated by steady state factors such as age or pathology.

There exists recent evidence for the complex interaction between
tDCS and the level of excitation in the systemwhich is modulated
by the task to affect the final behavioral outcome. Aging has been
shown to change the brain both structurally and functionally
leading to characteristic changes in behavior (such as visuospatial
processing in which pseudoneglect, prevalent in younger adults,
disappears in older samples; Benwell et al., 2015). This has been
linked to changes in the dominance of hemispheres over the
lifespan. However, Learmonth et al. (2015) could find no evidence
that age-related changes in excitability modulated tDCS effect.
Rather, the effect of tDCS in their lateralized visual detection
task was state-dependent in relation to task performance at
baseline, with only poor task performers being impaired by
anodal tDCS over the left posterior parietal cortex. This would
seem to suggest that the task’s modulatory effects on neuronal
excitability and its interaction with the modulatory effect of tDCS
is the key, and adds further context to the contention that baseline
performance in addition to practice effects (Dockery et al., 2009;
Ball et al., 2013) have a role to play. To further complicate
matters, there would seem to be a non-linear interaction between

tDCS intensity and baseline performance (Benwell et al., 2015).
Further careful work must be done to untangle and further
define these relationships, which may be important in clinical
applications of tDCS.

The mechanism by which TMS affects the population of
neurons under the stimulating coil has also become clearer in
recent years. There is now robust evidence from a variety of
measures that a TMS pulse will induce an electrical current
that will preferentially activate the least active cohort of neurons
(Silvanto et al., 2007). First demonstrated using an adaptation
paradigm for a variety of visual stimuli, the principle has
since been generalized across different stimulation paradigms
(suprathreshold and subthreshold TMS, as well as theta burst
TMS), different visual areas of the brain, and different paradigms
(priming, color, movement, and orientation contingent color)
using both psychophysical measures and subjective report
(Silvanto et al., 2008).

When considering the use of neurostimulation as a treatment
option in AVHs, therefore, the current knowledge concerning
factors that may influence their effect across cognitive domains
must be integrated. In the case of AVHs, a reduction in activity of
left STG is associated with a reduction in frequency (Kindler et al.,
2013), perhaps providing evidence that the effect of cathodal
tDCS to the left TPJ is consistent with the effects of tDCS applied
over motor cortex. However, if applied concurrently with a task
that would drive neuronal excitability in one controllable way
or another, it may be possible to maximize the clinical effect by

defining the underlying state for each patient. Supporting this

point, there is evidence that rTMS has greater efficacy in patients
with high levels of activity in the left STG pre-treatment (Homan
et al., 2012).

It would therefore seem that a further elucidation of these
aspects of state dependency of neurostimulation in relation to
AVHs would allow us to better tailor a clinical intervention using
non-invasive brain stimulation and create a predictive model for
its efficacy across the clinical sample.
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ACCEPTABILITY ISSUES

In general the acceptability and side-effect profile of
contemporary neurostimulation techniques for AVH treatment
is thought to be good (Sommer et al., 2012), particularly in
comparison to use of antipsychotic medication. Although
many more trials have been conducted using TMS, single-case
reports and group studies suggest that tDCS and tRNS are also
acceptable to patients (Homan et al., 2011; Brunelin et al., 2012;
Palm et al., 2013).

Nevertheless, the use of neurostimulation techniques will only
be appropriate as a treatment option for some people with
AVH and not others. The recommendation of neurostimulation
(specifically TMS) as a treatment for AVH has been criticized
in the past for lacking a strong evidence base, and it has
been suggested that such techniques may ignore important
psychological and social factors that may be better explored via
psychotherapy (e.g., Corstens et al., 2013). Nevertheless, for some
people reduction in AVH frequency and persistence will be a
specific treatment goal, and neurostimulation may prove to be
a viable option.

More broadly, rTMS or tDCS do not appear to be related
to any long-term adverse effects if applied within commonly
used parameters (relating to frequency, output strength, and
stimulation duration in rTMS, and current strength, electrode
size, and stimulation duration in tDCS; Brunoni et al., 2012).
Hoffman et al. (2005), in a study using rTMS to treat AVHs,
reported a higher occurrence of headaches in active rTMS
compared to the sham condition, although other adverse effects
did not occur more in one condition than the other. Recently
developed techniques discussed above (tACS and tRNS) are likely
to have similar acceptability to the patient as tDCS, since they
use similar equipment. There is some evidence to suggest that
the tactile effects of tRNS on the scalp are less perceptible than
tDCS (Ambrus et al., 2010; Fertonani et al., 2011), indicating
that tRNS may be more tolerable to the participant than tDCS;
however, no large-scale study has yet compared the tolerability of
tDCS, tACS, and tRNS in a clinical sample. Nevertheless, these
three electrical stimulation methods are all likely to have higher
tolerability than rTMS, which elicits a larger tactile sensation
on the scalp (although is still only mildly uncomfortable for the
participant).

Use in Adolescent Populations
Neurostimulation may be a promising therapeutic option in
adolescent populations because it might help to avoid the adverse
developmental consequences of anti-psychotic medication, and
frequent suboptimal clinical response (Croarkin et al., 2011).
However, in the absence of clear guidelines on the use of non-
invasive brain stimulation during developmental periods, the
major concern relates to safety. The occurrence of seizures
(i.e., one of the most serious TMS-related adverse effects)
has been extremely rare in adult populations and none were
reported in two large meta-analyses conducted in 850 and
1034 children/adolescents, respectively (Gilbert et al., 2004;
Quintana, 2005). TMS-related seizures are more common in high
frequency (> 5Hz) stimulation procedures, whilst treatment of
AVHs usually uses low frequency (1Hz) stimulation (Gilbert,

2008), further lessening the risk of seizure. Furthermore,
when observed, transitory neurophysiological changes were not
associated with a significant increase in spike-wave discharges
in a population of brain-damaged children (Gilbert et al.,
2004). rTMS was not found to be associated with cochlear
damage or hearing-loss in children or adolescents who received
neurostimulation treatment (Collado-Corona et al., 2001).
Finally, using a self-report acceptability questionnaire, Garvey
et al. (2001) found that for 38 children and adolescents receiving
this treatment, the TMS tolerability ranged between a long drive
and an appointment to the dentist.

Whilst pilot studies investigating the therapeutic efficacy
of rTMS in disorders such as depression, attention-
deficit/hyperactivity or autism have been conducted (Croarkin
et al., 2011), little is known about the efficacy of rTMS on early-
onset AVH. A number of single case-reports have described
clinical improvements in the severity of AVH in patients with
childhood-onset schizophrenia after low-frequency rTMS
(Walter et al., 2001; Fitzgerald et al., 2006; Jardri et al., 2007), and
more recently a case-series highlighted the potential beneficial
effects of low frequency rTMS on alleviating early-onset
refractory hallucinations (Jardri et al., 2012). This case-series
provided the first evidence for a significant improvement in
the severity of AVH and global functioning after 10 sessions
of 1Hz rTMS over the left TPJ in a group of 10 adolescents
with childhood-onset schizophrenia. The therapeutic effect was
sustained at the 1-month follow-up and no specific adverse
effects were observed. Implementing larger controlled trials is
now required to (1) validate 1Hz rTMS against sham in this
population; (2) determine optimized stimulation parameters in
developmental periods; and (3) evaluate the long-term duration
of the therapeutic effect on early-onset AVH.

Treatment of Subtypes of AVH
There is a growing awareness that AVHs are a heterogeneous
phenomenon (Nayani and David, 1996; Jones, 2010; McCarthy-
Jones et al., 2014; Woods et al., 2015). Given the variety in
underlying cognitive and neural processes likely to be involved
in qualitatively distinct AVH subtypes, therapeutic interventions
need to be appropriately targeted at relevant underlying processes
(Smailes et al., 2015). In this section, we consider the potential
applicability of neurostimulation to three common subtypes of
AVH: inner speech, memory and hypervigilance hallucinations.

As outlined above, inner speech hallucinations are proposed
to arise as a result of a misattribution of an utterance generated
in inner speech to an external agent. Targeting selected areas
of the fronto-temporal network therefore presents promising
opportunities for therapeutic management; as described in
Section TMS and tDCS as Treatment Options for Auditory
Verbal Hallucinations, it has previously been suggested that
stimulating the left TPJ may affect cortical areas involved in self-
monitoring, specifically affecting a network of regions involved in
inner speech production (Moseley et al., 2013). This is supported
by a range of evidence suggesting that superior temporal and
temporoparietal regions are involved in discriminating between
self- and non-self-generated actions (Blanke et al., 2002; Wang
et al., 2011; Moseley et al., 2014) as well-being active during
inner speech production (Simons et al., 2010; Alderson-Day and
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Fernyhough, 2015; Alderson-Day et al., 2016). If the mechanism
of action of left TPJ stimulation is indeed via modulation of
activity in a self-monitoring network, it is possible that treatment
using neurostimulation would be most efficacious for patients
experiencing AVHs that are explicable by an inner speech model.

Memory-based AVH are proposed to occur when typical
processes of memory retrieval lead to the aberrant generation
of an intrusive verbal cognition. The content of such cognitions
may relate to the content of what was said during a traumatic
event (Jones, 2010). In one model (Waters et al., 2006), the
occurrence of the intrusion cognition, coupled with a lack
of the contextual information that would usually lead to the
cognition being identified as a memory, results in the cognition
being attributed to an external source. Existence of memory-
based AVHs is supported by cluster analysis of data relating to
phenomenological properties of AVHs (McCarthy-Jones et al.,
2012) indicating that these AVHs may be distinct from those
related to inner speech.

It is unclear whether neurostimulation would be an effective
therapeutic option for memory-based AVHs. Evidence from
fMRI has shown that some AVHs may be preceded by
activation in left parahippocampal regions (Diederen et al., 2010),
which the authors interpret as evidence that areas involved
in memory recollection may dysfunctionally trigger language
related regions, resulting in AVH. Although subcortical regions
such as parahippocampal cortex cannot easily be targeted by
transcranial techniques such as rTMS or tDCS, their interaction
with temporal language regions may be affected by stimulation of
the left TPJ. Furthermore, stimulation of prefrontal regions (as
is common in tDCS montages) may be able to modulate top-
down control involved in metacognitive processes, which may
relate to the intrusiveness with which resurfacing memories are
experienced (Jones and Fernyhough, 2006; Fleming and Dolan,
2012). Some evidence for this comes from the literature on post-
traumatic stress disorder, in which a number of studies have
shown efficacy of high frequency (20Hz) rTMS to the left or
right dorsolateral prefrontal cortex in the reduction of PTSD
symptoms (Boggio et al., 2010). Interestingly, a recent paper
has suggested that some AVHs associated with schizophrenia
and with PTSD may share common phenomenological and
aetiological mechanisms (McCarthy-Jones and Longden, 2015).
Nevertheless, a more in-depth understanding of memory-
based AVH, both phenomenologically and at a neural level,
is required before confident predictions can be made about
neurostimulation efficacy.

A third subtype of AVH, termed hypervigilance AVH
(Dodgson and Gordon, 2009) may differ in its cognitive and
neural substrates from both inner speech and memory-based
AVH. These are defined as the perception of a threat-related
utterance in the context of a noisy environment. Hypervigilance
AVH appear to result from top-down biases toward the
perception of certain emotionally salient stimuli, and have
recently been accounted for within a predictive processing
framework (Wilkinson, 2014). Although, little is known about
the neural basis of hypervigilance AVH, it might be predicted
that cortical areas involved in attentional biases, particularly in
the auditory modality, would be involved in these AVHs. An

extensive body of research using dichotic listening paradigms has
linked AVHs to biased attentional processes (Hugdahl et al., 2008,
2012), with some evidence suggesting that interhemispheric
synchrony (between left and right auditory cortices) may be
atypical in individuals that hallucinate (Mulert et al., 2011;
Steinmann et al., 2014). This may be related to the ability to exert
cognitive control over attentional processes, which could feasibly
be related to hypervigilance AVH. If so, neurostimulation may be
best targeted to normalize activity in bilateral auditory cortical
regions (using anodal and cathodal stimulation), or to enhance
neural synchrony between these regions using gamma-frequency
tACS. Alternatively, it is possible that these AVHs may be more
amenable to psychological therapies which aim to alter patient’s
appraisal of the experiences (Smailes et al., 2015).

Overall, a deeper understanding of the cognitive and neural
mechanisms of different subtypes of AVH is needed before
confident predictions can be made about neurostimulation
efficacy. To date, neuroimaging studies of AVHs simply tend to
compare hallucinating and non-hallucinating patients (usually
with a diagnosis of schizophrenia) with healthy controls, but a
more fruitful approach may be to divide samples into groups
based on phenomenological variables relating to inner speech,
memory, and hypervigilance processes. In this way, treatment
options could be targeted with higher success rates, and in
particular, treatment using techniques such as rTMS, tDCS,
tRNS, or tACS might be applied to different regions, dependent
on the likelihood of efficacy. It is likely that the heterogeneity of
current findings regarding efficacy of neurostimulation treatment
is, at least partially, because some types of AVH are more likely
than others to be affected by stimulation of the left TPJ.

SUMMARY

Here, we have outlined a number of future avenues for research
into the use of neurostimulation techniques as a treatment
option for AVHs. To summarize, whilst studies testing the
efficacy of rTMS and tDCS indicate that they may be effective
at reducing AVH frequency, new techniques such as tACS
and tRNS should be tested, both in clinical trials and in
relation to their effect on self-monitoring and inner speech
processes in healthy populations. This paper has argued that,
due to it’s effects on cortical oscillatory activity, tACS may be
capable of affecting network communication between frontal
and temporal regions, thought to be involved in predictive
models which relate to self-monitoring. tRNS, meanwhile, may
be a more effective option than tDCS, potentially over-riding
homeostatic mechanisms that may lessen the effect of tDCS on
excitability.

There are also outstanding questions relating to the best
approaches to localizing the target of stimulation. The evidence
so far does not strongly support efficacy of neuronavigated rTMS
compared to the T3-P3 method, but further research taking into
account more complex inter-individual differences in structural
and functional connectivity may increase efficacy. An important
future direction for research will also be to explore the best way
to harness state dependent effects of neurostimulation, which
may have the potential to further increase the effectiveness
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of treatment. There are also issues relating to acceptability
and utility in adolescent samples, or individuals experiencing
qualitatively different types of AVH, which will be important to
address in future research.
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Conversion (functional) limb weakness or paralysis (FW) can be a debilitating condition,

and often causes significant distress or impairment in social, occupational, or other

important areas of functioning. Most treatment concepts are multi-disciplinary, containing

a behavioral approach combined with a motor learning program. Non-invasive brain

stimulation (NIBS) methods, such as electroconvulsive therapy (ECT), and transcranial

magnetic stimulation (TMS) have been used in the past few decades to treat FW.

In order to identify all published studies that used NIBS methods such as ECT,

TMS and transcranial direct current stimulation (tDCS) for treating FW patients a

systematic review of the literature was conducted in PubMed and Web of Science. In

a second step, narratives were used to retrospectively determine nominal CGI-I (Clinical

Global Impression scale–Improvement) scores to describe approximate changes of FW

symptoms. We identified two articles (case reports) with ECT used for treatment of

FW, five with TMS with a total of 86 patients, and none with tDCS. In 75 out of 86

patients treated with repetitive (r)TMS a nominal CGI-I score could be estimated, showing

a satisfactory short-term improvement. Fifty-four out of seventy-five identified patients

(72%) had a CGI-I score of 1 (very much improved), 13 (17%) a score of 2 (much

improved), 5 (7%) a score of 3 (minimally improved), and 3 (5%) remained unchanged

(CGI-I = 4). In no case did patients worsen after rTMS treatment, and no severe adverse

effects were reported. At follow-up, symptom improvement was not quantifiable in terms

of CGI-I for the majority of the cases. Patients treated with ECT showed a satisfactory

short-term response (CGI-I= 2), but deterioration of FW symptoms at follow-up. Despite

the predominantly positive results presented in the identified studies and satisfactory

levels of efficacy measured with retrospectively calculated nominal CGI-I scores, any
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assumption of a beneficial effect of NIBS in FW has to be seen with caution, as only few

articles could be retrieved and their quality was mostly poor. This article elucidates how

NIBS might help in FW and gives recommendations for future study designs using NIBS

in this condition.

Keywords: hysterical paralysis, hysterical neuroses, medically unexplained motor symptoms, functional

neurological disorder, functional lesion, psychogenic movement disorders, magnetic stimulation, electroshock

INTRODUCTION

Conversion Disorder is a frequent condition. It is classed under
“dissociative and conversion disorders” in the international
WHO-classification (WHO ICD-10, 1991) and “Functional
Neurological Symptom Disorder (FNS)” in DSM-5 (DSM-5,
2013). The precise prevalence of the disorder is unknown.
The reported incidence is between 4 and 12 cases per 100,000
habitants/year (DSM-5, 2013). In the largest prospective cohort
study, conversion disorder accounted for 5.6% of 3781 Scottish
patients referred from primary care to a National Health Service
neurology clinic (Stone et al., 2009).

Conversion (functional) weakness or paralysis (FW) [DSM-
5 300.11/ICD-10 F44.4], a subgroup of FNS that affect limbs,
can be very incapacitating and causes significant distress or
impairment in social, occupational, or other important areas
of functioning (Table 1 for DSM-5 criteria). In FW, symptoms
either cannot be explained by a neurological condition (or
other general medical condition), or clinical findings are
inconsistent with recognized neurological or medical disease
(DSM-5, 2013). Therefore, in the literature, such disorders have
been referred to as “psychogenic,” “hysterical,” “non-organic”.
or rather unfortunately, “pseudo-neurological” (Nowak and
Fink, 2009). The underlying etiological mechanisms involved
remain unclear. Psychological factors were required in DSM-
IV (former criterion B: “Psychological factors are judged to be
associated with the symptom or deficit because the initiation or
exacerbation of the symptom or deficit is preceded by conflicts
or other stressors”; Carson et al., 2012). This criterion has
been removed in DSM-5. Although conflicts and stressors may
influence patients’ vulnerability there is increasing evidence for
a neurobiological component in the etiology of FW (Liepert
et al., 2008, 2009, 2011). Over the last decade, neuroimaging
findings examining differential brain activity in FW have started
to support a neuro-biological hypothesis (Marshall et al., 1997;
Spence et al., 2000; Vuilleumier et al., 2001; Vuilleumier, 2005;
Burgmer et al., 2006; Stone et al., 2007; de Lange et al., 2008;
Cojan et al., 2009; van Beilen et al., 2011; Ludwig et al.,
2015), for review (Nowak and Fink, 2009). Even if the disorder
is sometimes not easy to differentiate from simulation or
malingering in a phenomenological way, FW is different from
a neurobiological point of view and shares similarities with
hypnotically induced paralysis (Bell et al., 2011; Ludwig et al.,
2015).

FW affecting limbs may be transient but can persist. The
socio-economic disease-burden is significant because of direct
treatment costs and the consequences of an often-permanent
loss of limb function leading to incapacity-related benefits

(Carson et al., 2011). In the past years, various treatment
strategies have been tested in FW related symptoms, including
different forms of physiotherapy (for review Nielsen et al.,
2013), pharmacotherapy (Rampello et al., 1996; Voon and
Lang, 2005), behavioral therapy (Shapiro and Teasell, 2004),
and hypnotherapy (Moene et al., 2002). The reported symptom
recovery is very heterogeneous and varies depending on the
treatment strategy and study. A large amount of new studies
reported marked short-term improvements, mostly in the region
of a 60–70% symptom reduction (Nielsen et al., 2013). However,
long-term outcome, especially in patients with a long duration
of illness at presentation is invariably poor (Feinstein et al.,
2001). Factors related to patient beliefs and disease concepts often
generate difficulties in the treatment of FW. UK neurologists

TABLE 1 | DSM-5 diagnostic criteria for Conversion Disorder (Functional

Neurological Symptom Disorder/FNS).

A. One or more symptoms or altered voluntary motor or sensory function.

B. Clinical findings provide evidence of incompatibility between the symptom and

recognized neurological or medical condition.

C. The symptom or deficit is not better explained by another medical or mental

disorder.

D. The symptom or deficit causes clinically significant distress or impairment in

social, occupational, or other important areas of functioning or warrants medical

evaluation.

Coding note: The ICD-9-CM code for conversion disorder is 300.11, which is

assigned regardless of the symptom type. The ICD-10-CM codes depends on

the symptom type (see below).

Specify symptom type:

• (F44.4) With weakness or paralysis

• (F44.4) With abnormal movement (e.g., tremor, dystonic movement,

myoclonus, gait disorder)

• (F44.4) With swallowing symptoms

• (F44.4) With speech symptoms (e.g., dysphonia, slurred speech)

• (F44.5) With attacks or seizures

• (F44.6) With anesthesia or sensory loss

• (F44.6) With special sensory symptoms

• (F44.7) With mixed symptoms

Specify if:

Acute episode: Symptoms present for <6 months.

Persistent: Symptoms occurring for 6 months or more.

Specify if:

With psychological stressor (specify stressor).

Without psychological stressor.
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describe patients with FNS as being “the most difficult to help”
(Carson et al., 2004). Although there is no agreement on the
most effective therapy for FW, most treatment concepts contain
at least two components: a behavioral approach and a motor
learning program using a multidisciplinary team (Nielsen et al.,
2013).

Non-invasive brain stimulation (NIBS) methods, such
as electroconvulsive therapy (ECT), transcranial magnetic
stimulation (TMS), and transcranial direct current stimulation
(tDCS), have been used in the past decades to treat various
mental disorders and may show beneficial effects in FW
symptoms:

(1) ECT, which was experimentally developed in the late 1930s
(Cerletti, 1940) was the first NIBS method to become
established within the framework of psychiatry. Based on
an electrically induced generalized seizure ECT is used for
the treatment of various mental disorders including affective
and schizophrenia spectrum disorders, and is considered the
most effective treatment in major depression (Taylor, 2008).

(2) TMS is a non-convulsive NIBS method, which was initially
developed for diagnostic purposes in order tomeasuremotor
latencies in the 1980s (Barker et al., 1985), and rapidly
expanded in its repetitive form (rTMS) to a treatment
strategy in the early 1990s. In 2010, the American FDA
approved it for the treatment of therapy-resistant major
depression in adults, although the clinical relevance of
its efficacy remains doubtful (Schönfeldt-Lecuona et al.,
2010; Lepping et al., 2014). The American Psychiatric
Association (APA), the Canadian Network for Mood and
Anxiety Treatments (CANMAT), and the World Federation
of Societies of Biological Psychiatry (WFSBP) have accepted
it as a treatment option for depression. It has been
tested experimentally in other neuropsychiatric conditions
(Lefaucheur et al., 2014).

(3) tDCS is based on a homogeneous electrical field at direct
current (DC) intensities of around 1 mA applied trans-
cranially to accessible cortical areas (Nitsche and Paulus,
2011). tDCS induces long-lasting cortical changes and thus
can be used to manipulate brain excitability via membrane
polarization. The induced after-effects depend on polarity,
duration and intensity of the stimulation (Paulus, 2011).
tDCS is still an experimental treatment method in psychiatry
but has demonstrated potential therapeutic efficacy in
different conditions (Koops et al., 2015; Meron et al., 2015;
Saba et al., 2015).

The exact mechanism of action of any of these NIBS methods
on cortical networks is not yet comprehensively understood.
However, it is known, that ECT facilitates the release of brain
derived neurotrophic factor (BDNF) (Polyakova et al., 2015). It
causes enlargement of hippocampal (and other) regions, possibly
through boosting neurogenesis (Nordanskog et al., 2014). rTMS
and tDCS have been shown to induce long-lasting changes in
cortical excitability in directly stimulated cortical areas (Siebner
and Rothwell, 2003; Powell et al., 2014; Romero Lauro et al., 2014)
and in deeper interconnected brain areas (Strafella et al., 2003,
2004; Pogarell et al., 2007).

Measuring motor evoked potentials (MEP) using TMS
was postulated for the first time to be advantageous in the
management of FW patients by Jellinek et al. (1992). Using a
figure-8 coil placed over the vertex, they performed MEPs of the
first dorsal interosseus muscle for diagnostic purposes in a 25-
year-old man with an acute functional flaccid paraplegia. MEPs
of the paralyzed limb were within the normal range. One week
after diagnostic TMS he experienced a full recovery. The authors
associated the MEP-related muscular activation of the limbs with
his recovery and argued that the patient’s observation of the
brisk (involuntary) limb contraction due to the cortical activation
facilitated the successful symptom management. Schönfeldt-
Lecuona et al. performed the first therapeutic rTMS trial in FW
in 2003 in a patient suffering a right upper limb paralysis leading
to a full and sustained recovery (Schönfeldt-Lecuona et al., 2003).

Our systematic review of the literature was conducted to
identify all published studies that used NIBSmethods for treating
FW patients, and to discuss the potential of NIBS in this disorder.
To achieve this we reviewed all published studies and reports
(articles, published congress abstracts) of the use of TMS [in
every modality: single-pulse(sp)TMS, rTMS including theta-
burst protocol], tDCS and ECT in the treatment of FW affecting
limbs.

METHODS

Search Strategy and Selection Criteria for
the Systematic Review
A literature search was performed using PubMed and Web
of Science databases with the below-elucidated search
strategy. The literature search includes reports published
until the 15 of December 2015. We defined search terms
for the here explored forms of FW and NIBS methods.
The following search terms were used for FW: “conversion
disorder,” “motor conversion disorder,” “conversion weakness,”
“conversion paralysis,” “dissociative weakness,” “dissociative
paralysis,” “dissociative motor symptoms,” “dissociative ∗

plegia,” “psychogenic disorder,” “psychogenic weakness,”
“psychogenic paralysis,” “hysterical weakness,” “hysterical
paralysis,” “hysterical conversion,” “hysterical ∗ plegia,” “non-
organic disorder,” “non-organic weakness,” “non-organic
paralysis,” “non-organic ∗ plegia,” “functional disorder,”
“functional weakness,” “functional paralysis,” “functional ∗

plegia,” “functional neurological symptoms,” and “medically
unexplained neurological symptoms,” [∗plegia, meaning
all forms: mono-, hemi-, para-, tetra-, quadriplegia]. The
following search terms were used for the different types of
NIBS methods explained above: “stimulation,” “stimulation
therapy,” “transcranial magnetic stimulation,” “TMS,” “rTMS,”
“theta-burst∗,” “transcranial direct current stimulation,” “tDCS,”
“electroconvulsive,∗” “electroshock,” and “ECT.”

In a first step, the number of search hits related to each of
the mentioned search terms for FW was retrieved (Figure 1).
In a second step, each of the mentioned search terms related to
FW was linked to all of the mentioned search terms (“AND”)
related to the different types of NIBSmethods (combined search),
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FIGURE 1 | The flowchart delineates the process and the results of the literature search.
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and the respective search hits were checked. Titles and abstracts
related to the retrieved hits identified with the combined search
were then checked manually by two examiners independently
(CSL and MG, see below). In order to detect published
conference and meeting abstracts edited in supplements not
available in PubMed, a second independent search was carried
out in Web of Science with the above mentioned search terms
and then cross-checked. Because of space limitations, only the
PubMed search results are shown in the Figure 1.

Inclusion criteria:

• Therapeutic trials only
• Patients exclusively suffering from FW as described above
• FW patients treated with TMS (in all variants: spTMS, rTMS

including theta-burst TMS), tDCS or ECT
• Any kind of study design: randomized-controlled trials (RCT),

non-RCT, open-label, naturalistic designs; all population sizes
reported were allowed (full study, case series or case report)

Exclusion criteria:

• Non-English, non-German, non-Spanish, non-French
language studies

• Conversion symptoms other than functional weakness or
functional paralysis [non-FW as described here (DSM-5
300.11/ICD-10 F44.4), with or without sensory loss]

• Non therapeutic trial
• Non primary study, duplication, duplicated publication of

data, duplicate patient group
• Insufficient data to evaluate treatment strategy and symptom

outcome
• Disorders of consciousness presented as coma, vegetative state,

minimally conscious state, stupor or catatonia.

Titles and abstracts of the articles retrieved from the combined
search were checked for the presence of data of relevant topics
(see above). Only articles addressing weakness or paralysis
affecting limbs (often also accompanied by loss or reduction
of sensory feeling) were considered. Two examiners (CSL and
MG) then searched the retrieved titles and abstracts by hand and
independently. After retrieval of abstracts fulfilling inclusion-
criteria, full text versions of all identified articles were obtained.
A cross check of the references from retrieved articles was
performed to identify related publications not listed in the
examined databases. Data were extracted independently by
the two authors (CSL and MG). The two data bases were
compared manually and then examined again by both reviewers.
Discrepancies were corrected by reference to the original papers.

Retrospective Reconstruction of the
Clinical Global Impression - Improvement
(CGI-I) Score
From all selected articles, the manuscript content was checked
for clinical descriptions of symptom severity before and after
treatment. The narratives were then used to determine an
approximate change of FW symptoms, using the principles of
the CGI-I scale for a nominal CGI-I score. Narratives were
checked independently by two examiners (CSL and MG) and a

nominal CGI-I score was established. In case of discrepancies,
a consensus decision was reached between the two examiners.
The CGI-I score is a 7-point scale which is commonly used
to describe changes of a patient’s clinical overall improvement
related to a specific treatment. It was developed for use in NIMH
(National Institute of Mental Health)-sponsored clinical trials to
provide a brief, stand-alone assessment of the clinician’s view
of the patient’s global functioning prior to and after initiating a
study (Busner and Targum, 2007). CGI-I comprises the following
categories: 1 = very much improved; 2 = much improved; 3 =

minimally improved; 4 = no change; 5 = minimally worse; 6 =

much worse; 7 = very much worse. If single data were available
a nominal CGI-I was estimated for each patient reported (case
reports and case series). In case of studies not reporting single
data, a nominal CGI-I was calculated for the group of patients
treated with a certain NIBS method.

RESULTS

On December 15, 2015, our literature search resulted in the
following numbers of hits related to the different search terms:
“conversion disorder” n = 2220, “motor conversion disorder” n
= 293, “conversion weakness” n = 174, “conversion paralysis”
n = 21, “dissociative motor symptoms” n = 184, “dissociative
weakness” n = 27, “dissociative paralysis” n = 2, “hysterical
conversion” n = 86, “hysterical weakness” n = 19, “hysterical
paralysis” n = 49, “hysterical paraplegia” n = 15, “functional
weakness” n = 52, “functional paralysis” n = 27, “functional
neurological symptoms” n = 33, “medically unexplained
neurological symptoms” n= 185, “non-organic weakness” n= 9,
“non-organic paralysis” n = 9, “psychogenic weakness” n = 4,
“psychogenic paralysis” n = 25. All in all, the literature search
retrieved 3141 hits. The combined term search led to the results
shown in the Figure 1. The search performed in Web of Science
allowed the identification of one meeting abstract (Kresojevic
et al., 2010) that was not identified using the PubMed database.
We could not retrieve any other relevant publications using Web
of Science, which were not identified using PubMed. Two articles
reported the same patients and therefore had to be excluded
(Schönfeldt-Lecuona et al., 2003; Broersma et al., 2013).

Electroconvulsive Therapy in FW
We identified n = 2 articles in which ECT was performed in
FW (Table 2). In both peer-reviewed articles, a single case was
reported (Giovanoli, 1988; Gaillard et al., 2012).

Case Description
Giovanoli (1988) presented a 61-year old man with a complete
right hand paralysis after superficial laceration of the middle
finger, 11 months duration prior to ECT. Bilateral ECT (Medcraft
B-24) was performed on an outpatient basis 3-times per week
for 2 weeks, then twice weekly for 6 weeks (ECT parameters
not available). Within the first 10 ECT sessions, a progressive
change in color and a decrease in swelling were observed; after the
10th ECT session, approximation of thumb and index finger was
possible; after the 19th ECT edema had disappeared and the hand
exhibited a full range of motion. One week after completion of
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TABLE 2 | Electroconvulsive Therapy (ECT) and Transcranial Magnetic Stimulation (TMS) in functional weakness or paralysis (FW).

Author (year)

Nibs method-study type

Patients and clinical

presentation

Stimulation protocol and technical

data

Symptom development and

efficacy (CGI-I)

Follow-up and other important

issues

Giovanoli, 1988

(ECT)-Case report

Fw pat (male, 61 years),

right hand paralysis, 11

month prior to ect, after

superficial laceration of

middle finger

Ect on outpatient basis. Narcosis with

thiopental sodium (50 mg), atropine (4

mg), and succinylcholine (10 mg).

Bilateral ect (medcraft b-24),

3x/weekly for 2 weeks, then 2x/weekly

for 6 weeks

Progressive improvement from the

first ect in color and skin tone. 1

week after completion fine motor

function of fingers restored (CCI

rating), CGI-I = 2

After 6 month, and after 1 year

patient was not using the hand

any more but it was normal in

appearance (CCI rating), CGI-I =

3

Gaillard et al., 2012

(ECT)-Case report

Fw pat (male 33 years),

quadriplegia, 3 years

prior to ECT

Initially 2–3 ects per week, modality

(ns). Somewhat later 1 ect per week;

than once a fortnight (in order to train

motor skills and maintain mobility). Ect

was performed at increasingly intensity

until a maximum of 1152 mc in order

to reach a seizure of at least 30–40 s

Until the 9th ect the progression in

muscular activity allowed the

patient to perform movements with

increasingly complexity. He gained

progressively more function and

was able to eat without help, and to

manage all activities of daily life in

the perimeter of his room with only

little help. Up to the 25th ect he was

able to walk without help (CCI

rating), CGI-I = 2

Relapse occurred after a while

(ns), with great symptom

fluctuation, dependent on the

momentary circumstances, but

muscular activity remained better

than on admission (CCI rating),

CGI-I = 3

Schönfeldt-Lecuona et al.,

2006

(TMS)-Case series,

open-label

3 FW pat. (1 male) + 1

malingerer. Age mv =

38 years; symptom

duration: 5 weeks to 5

years

F8c, Dantec MacPro X 100, M1

stimulation, 4000 pulses/d, rTMS at

15Hz (2se train, ITI 8 sec), 5 times a

week (working days); I = 110% MT for

the first 2 weeks, then 90% MT for 4 to

12 weeks

All FW improved markedly (CCI

rating)

FW-Pat Nr. 1 CGI-I = 2

FW-Pat Nr. 2 CGI-I = 1

FW-Pat Nr. 3 CGI-I = 2

Improvement sustained at 6 and

12 months (CCI rating)

FW-Pat Nr. 1 CGI-I = 1

FW-Pat Nr. 2 CGI-I = 1

FW-Pat Nr. 1 CGI-I = 2

Chastan and Parain, 2010

(TMS)-Open-label,

retrospective symptom

assessment

70 FW pat., age mv =

24.7 years (8–79);

acute FW in 55 pat.

(median duration 4

days); chronic FW in 15

pat. (median duration

240 days)

Cc, M1 stimulation, 30 pulses every 4

or 5 sec; 1 or 2 session in only 1 day, I

= 100% maximal stimulator output

Immediately or within hours after

rTMS effective in 89% of FW;

ineffective in 11% (CCI rating)

n = 53 pat. (75.7%) CGI-I = 1

n=9 pat. (12.8%) CGI-I = 2

n=5 pat. (7.2%) CGI-I = 3

n = 3 pat. (4.3%) CGI-I = 4

Effect sustained for the majority

after 5 to 6 months. Recurrence

of FW in 8 pat. In those pat.,

repeated rTMS was effective in 6

(CCI rating)

Kresojevic et al., 2010

(TMS)-Case series

1 FW pat. (male 24

years), “hemiparesis

that compromised his

walk.” Duration of

symptoms (ns) 1 PMD

pat. (not entered in the

evaluation)

Cc, vertex stimulation, single rTMS

session with 12 single pulses at initially

30% maximal stimulator output

intensity and increasing I in 10% steps

up to 80% of maximal stimulator

output

“Immediate response, the pat. was

able to walk again independently”

(CCI rating) CGI-I = 2

Recurrence of mild symptoms

after 6 months (partial

deterioration), but mild walk

difficulties did not influence his

daily activities (CCI rating) CGI-I =

3

Gaillard et al., 2012

(TMS)-Case report

1 FW pat. male (33

years), quadriplegia, 6

months prior to rTMS

Coil type and I ns, rTMS at 1 Hz Fr. M1

stimulation, right and left over the

arm-hand area, and right and left over

legs” cortical motor area, 1000 pulses

over each region (total = 4000 pulses

per day), 5 times a week (working

days, over a period of 8 weeks), after

that, twice a week

Progressive amelioration: he was

able to walk again, (rater

impression, CGI-I = 1.5). Further

deterioration led to a new rTMS

treatment causing again symptom

amelioration (CGI-I = 2.5), he was

mobile only with a wheelchair. A

third deterioration led to a new

rTMS (CCI rating), CGII = 2

At follow-up recurrence of FW

occurred (ns); he developed a

phlebitis, pulmonary embolus and

pressure soars, was referred for

ECT (CCI rating), CGI-I = 4

Broersma et al., 2015

(TMS)-placebo-controlled

cross-over, single blinded

11 FW pat. (4 male,

34-65 years), at least a

flaccid hand paralysis;

symptom duration: 4

weeks to 25 years

F8c, Magstim rapid2, contra-lateral

M1 stimulation, 9000 pulses/d, rTMS

at 15Hz (2setrain, ITI 4 sec), 5 times a

week (working days) for 2 weeks; I =

80% MT (11 pat. received active, 8

pat. received placebo rTMS. Placebo

rTMS with an electromagnetic device

(REMP) placed in front of the magnetic

coil at otherwise identical parameters

Primary outcome measure: muscle

strength as measured by

dynamometry; secondary outcome

measure: subjective change in

muscle strength; active rTMS

induced a significantly larger median

increase in objectively measured

muscle strength (24%) compared to

sham rTMS (6%); subjective ratings

showed no statistical difference

between treatments; no CCI rating

No follow-up data available.

pat., patient; F8c, figure-8-coil; Cc, Circular coil; mv, mean value; M1, motor cortex; MT, motor threshold intensity; Fr., Frequency; I, Intensity; d, day; s, seconds; (ns), no specified;

PMD, psychogenic movement disorder; CCI, clinician’s clinical impression; CGI-I, Clinical global impression scale-improvement item: 1 = very much improved; 2 = much improved;

3 = minimally improved; 4 = no change; 5 = minimally worse; 6 = much worse; 7 = very much worse.
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ECT fine motor function of the patient’s fingers was restored (he
was able to button his shirt, tie his shoes and write). At 6 months
follow-up and after 1 year, the patient did not use his hand during
the examination but it was completely normal in appearance. No
specific ECT parameters were stated. CGI-I after ECTwas rated: 2
(much improved). The long-term CGI-I was rated: 3 (minimally
improved).

Gaillard et al. (2012) presented a 33-year old man with
fluctuating quadriplegia, developed 3 years prior to ECT. In total,
35 ECT sessions were performed, initially 2–3 ECT treatments
per week. Subsequently, ECTs were performed less frequently
(first once per week; then once a fortnight) in order to trainmotor
skills and maintain mobility. Until the ninth ECT the progress
in muscular activity allowed the patient to perform movements
with increasing complexity. Progress continued with the patient
gaining progressively more function, being able to eat without
help, and managing all activities of daily living in the perimeter
of his room with little help. Until the 25th ECT he was able
to walk without help. Relapse occurred after a while, with great
symptom fluctuation, dependent on circumstances, but muscular
activity remained better than at admission. ECT was performed
with increasing intensity until a maximum of 1152 mC in order
to reach a seizure of at least 30–40 s. CGI-I after ECT was rated:
2 (much improved). The long term nominal CGI-I was rated: 3
(minimally improved).

Repetitive Transcranial Magnetic
Stimulation (All Variants)
We identified five articles in that TMS/rTMS was performed in
FW affecting limb(s) (Table 2 for characteristics) No articles were
identified reporting theta-burst TMS for the treatment of FW.
Four articles were published in peer-review journals (Schönfeldt-
Lecuona et al., 2006; Chastan and Parain, 2010; Gaillard et al.,
2012; Broersma et al., 2015), and a fifth article was retrieved
from a conference abstract (Kresojevic et al., 2010). Three articles
reported single patients (case reports or case series); only two
articles included a larger sample [n = 70 in Chastan et al.
(Chastan and Parain, 2010) and n= 11 in Broersma et al. (2015)].

Case Description
The study by Schönfeldt-Lecuona et al. (2006) had a prospective
design and a clearly defined stimulation protocol based on
a biological and functional-anatomical etiological hypothesis
(see Discussion). This open-label, non-placebo controlled trial
reported four patients (3 FW, 1 malingerer). Patients received
2 weeks (5-sessions/week) of rTMS in supra-threshold intensity
[110% resting motor threshold (MT)] over the contra-lateral
motor cortex to the paralyzed limb with a focal figure-8 coil
and 4000 stimuli per day. Thereafter, once the patient started
to independently perform own movements of the fingers, sub-
threshold rTMS (90% MT) was continued for 4–12 weeks with
otherwise the same parameters depending on clinical needs. In
all three FW patients rTMS caused a marked amelioration of
symptoms over time that was sustained at 1-year follow-up. The
estimated nominal group-CGI-I after rTMS was rated (for the
3 FW patients): 2 (much improved). The long term CGI-I was

sustained after 1 year at the same level (Table 2 for case related
retrospective calculated CGI-I score).

Gaillard et al. (2012) described the case of a 33-year old man
who had developed a quadriplegia (and anasthesia, December
2004) 6 months before admission. rTMS was performed at 1 Hz
frequency (intensity and coil type not stated) targeting the motor
cortex, right and left, over the arm-hand area, and right and left
over the legs’ cortical motor area (1000 pulses over each region)
with a total of 4000 pulses per day. Initially, treatment was applied
five times a week for 8 weeks, and thereafter twice in a week. The
authors reported marked, progressive symptom amelioration, so
that he was able to walk again. A further deterioration led to a
new rTMS treatment leading again to symptom amelioration (not
otherwise specified), but the patient was then mobile only with
a wheelchair. A third deterioration led to phlebitis, pulmonary
embolism and pressure soars, and ECT was performed (the ECT
performed in this case was illustrated above). CGI-I after the first
rTMS series was rated: 2 (much improved). The long term CGI-I
was rated: 4 (unchanged in relation to rTMS beginning).

Kresojevic et al. (2010) presented two cases treated with
rTMS. One of them (24-year old man) was suffering from a FW
(hemiparesis). This patient was treated in a single session with
12 single pulses using a round coil (at initially 30% maximal
stimulator output intensity and increasing intensity in 10% steps
up to a maximum of 80% stimulator output) over the vertex.
The response to rTMS was stated as immediate (“the patient was
able to walk again independently”). At 6-months follow-up, a
partial deterioration occurred, but he was still able to walk and
minor walking difficulties did not influence his daily activities.
The patients’ CGI-I after TMSwas rated: 2 (much improved). The
long termCGI-I after 6months follow-up was rated: 3 (minimally
improved).

Chastan et al. (Chastan and Parain, 2010) presented a
retrospective analysis of medical records of 70 FW patients
(26 male), who had received TMS. Fifty-seven percent of the
patients had paraplegia, 37% had a monoplegia, 3% had a
tetraplegia, and 3% a hemiplegia. The stimulation protocol was
variable. The TMS was principally used for routine diagnostic
purposes in each patient. An average of 30 pulses were delivered
at about 0.2–0.25 Hz with a circular coil and an intensity of
100% of maximum stimulator output over the motor cortex
(“opposite the correspondence paralysis or on both sides for
bilateral paralysis,” not otherwise specified). Another session of
30 pulses was sometimes added a few minutes later in case
of incomplete improvement. TMS was very effective in 62
patients, with a dramatic improvement in nine, a total recovery
in 53 (immediately in 43 patients, within minutes or hours in
eight patients, within days in two patients), mild improvement
in five, and no effect in three patients. Acute onset of FW
was associated with a better outcome (but not age, gender or
co-morbid psychiatric disorder). CGI-I after TMS was rated
for each reported patient group: 1 (very much improved) for
the majority of the FW patients (n = 53; 76%); 2 (much
improved) for nine patients (13%); 3 (minimally improved) for
five patients (7%); and 4 (unchanged) for three patients (4%).
Five to six months after TMS, recurrence of FW occurred in
eight patients, six of whom were re-stimulated and responded to
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TMS. There was not sufficient information to calculate long-term
CGI-I.

Broersma et al. (2015) presented the first study using a
placebo-controlled cross-over design and reported 11 patients
with FW with at least a flaccid hand paralysis treated with rTMS.
Based on the stimulation parameters proposed by Schönfeldt-
Lecuona et al. (2006), active rTMS was delivered with a figure-
of-8 coil at 15 Hz over the motor cortex contralateral to hand
paralysis (targeting being guided under neuro-navigation in
seven patients) during 30 min once a day, for a total of 10
working days within 2 weeks (Table 2 for detailed parameters).
The placebo condition consisted of small electrical currents
applied with a real electromagnetic device (REMP) placed in
front of the magnetic coil at otherwise identical parameters.
In the study design, the authors attempted to exclude any
other additional therapeutic influences that could result from
suggestion or afferent feedback due to rTMS-related supra-
threshold muscle contraction. To achieve this goal the authors
performed the active condition at an intensity of 80% of MT,
and the communication with the patients was limited as much
as possible. The stimulation condition switched between active
and sham after the first 2 weeks of stimulation with a wash-out
phase of at least 2 months between both conditions. Because
of dropouts, 11 patients received active rTMS and only eight
patients received sham rTMS. The primary outcome measure
was an objective change in muscle strength as measured by
dynamometry after treatment. The secondary outcome measure
was the subjective change in muscle strength after treatment.
In patients who received both treatments, active rTMS induced
a significantly larger median increase in objectively measured
muscle strength (24%) compared to sham rTMS (6%). Eight out
of 11 patients receiving active rTMS showed an improvement
of at least 20% of muscle strength. However, subjective ratings
showed no statistical difference between treatments, i.e., patients
did not really perceive these objectively measured motor
improvements. As the patients’ muscle strength improved, the
authors suggested that rTMS alone could potentially improve
muscle weakness in FW. However, patients did not report
subjective improved functioning of the affected hand, which
Broersma et al. interpreted as an indication that decreasedmuscle
strength is not the core symptom in FW. They thus propose
that rTMS should be applied as add-on therapy to behavioral
approaches in FW. There was not sufficient information to
calculate nominal CGI-I scores.

Nominal CGI-I Score Reconstruction
For patients treated with rTMS we retrieved sufficient
information from the physician-estimated functional changes
reported in the manuscripts by Schönfeldt-Lecuona et al. (2006)
(n = 3), Chastan et al. (n = 70) (Chastan and Parain, 2010),
Kresojevic et al. (2010) (n = 1), and Gaillard et al. (2012) (n
= 1) that allowed the assessment of 75 FW patients. In the
study by Broersma et al. (2015) the main outcome parameter
was muscular strength changes assessed by dynamometer. The
authors reported that patients were assessed neurologically for
sensory deficits, coordination, reflexes and muscle strength at the
beginning and end of rTMS treatment. However, the narratives

provided in the paper did not allow an estimation of nominal
CGI-I scores. Therefore, these patients (n = 11) were excluded
from the analysis. For patients treated with ECT we retrieved
information from the narratives in the articles by Giovanoli
(1988) and Gaillard et al. (2012) that allowed us to assess the two
patients reported.

For the patients treated with rTMS the estimated scores
showed a satisfactory improvement at the short-term: nominal
CGI-I scores were 1 (very much improvement) in 54 of 75
patients (72%) and 2 (much improvement) in 13 patients (17%).
Only five of the treated patients (7%) improved minimally (CGI-
I = 3), and 3 (5%) remained unchanged (CGI-I = 4). Overall,
about 88% of these patients improved markedly (very much or
much improvement) after stimulations. In no case did patients
worsen in relation to rTMS treatment, and no serious adverse
event was reported. A long-term CGI-I could not be estimated
for the largest study by Chastan et al. (n = 70) (Chastan and
Parain, 2010). FW symptoms recurred in eight patients 5–6
month after rTMS. In 62 patients treatment seem to have caused
some amelioration compared to baseline (not stated). In n =

3 cases by Schönfeldt-Lecuona et al. follow-up CGI-I showed a
sustained amelioration (Schönfeldt-Lecuona et al., 2006), while
in the case by Gaillard the estimated long-term CGI-I was rated
4 (Gaillard et al., 2012). Patients treated with ECT showed a
satisfactory response at short-term follow-up as well (ranging
CGI-I = 2), but a deterioration of FW symptoms at long-term
follow-up (ranging CGI-I= 3 in both cases; Table 2).

DISCUSSION

Discussion of Literature Search Results
We concentrated our search exclusively on limb weakness and
limb paralysis, since other forms of FNS (such as impaired
coordination or balance, dystonia, tremor, myoclonus, fainting,
tics, hemiballismus, chorea, parkinsonism, bizarre gait, astasia,
abasia, aphonia, swallowing difficulty, urinary retention, loss of
touch sensation, double vision, blindness, and deafness) might
have a different neurobiological etiology and probably other
functional-anatomical correlates (Ejareh Dar and Kanaan, 2016).
For this reason, we speculate that differential effects of NIBS
methods might come into play when treating different forms of
FNS.

The literature search identified two case reports with ECT
as treatment for FW (Giovanoli, 1988; Gaillard et al., 2012),
five articles with TMS (Schönfeldt-Lecuona et al., 2006; Chastan
and Parain, 2010; Kresojevic et al., 2010; Gaillard et al., 2012;
Broersma et al., 2015), and none for tDCS, with a total of
86 patients. All identified cases and studies reported a short-
term symptom improvement. However, any assumption of a
beneficial effect of NIBS in FW has to be seen with caution,
as the supporting literature is very sparse and the quality
of the small number of identified articles was poor. Major
concerns when examining the efficacy of NIBS in FW include
the heterogeneity of studies with regard to design and stimulation
parameters (paragraph below for more information), the absence
of randomized controlled conditions in all but one trial, and the
fact that the current literature does not allow a meta-analysis of
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outcome data. Most of the included studies were case reports or
case series (5 out of 7).

Study Designs, Parameters, and Outcomes
For TMS, only one study by Broersma et al. used a
prospective, placebo-controlled, cross-over design with an
objectively measured outcome using a dynamometer (Broersma
et al., 2015). All other identified trials had no sham condition and
only used an unstructured physician oriented clinical impression
as outcome measure. The study with the hitherto largest sample
of 70 patients by Chastan et al. (Chastan and Parain, 2010)
was based on a retrospective sample analysis. Moreover, patients
were mostly stimulated for diagnostic purposes and about 60%
of the patients were children or adolescents. In all studies, FW
symptoms and illness duration of the reported patients were
heterogeneous and data were insufficient for a retrospective
re-analysis, which would have allowed symptom clustering
and meta-analysis. In the five identified articles (Schönfeldt-
Lecuona et al., 2006; Chastan and Parain, 2010; Kresojevic et al.,
2010; Gaillard et al., 2012; Broersma et al., 2015) no detailed
information was presented regarding the way patients were
informed and the treatments explained. The magnitude of the
effect of the explanatory model could therefore not be estimated.
The therapeutic effect of the active rTMS in Broersma et al. (2015)
was smaller than the one reported by others; the mean increase
of muscular strength was only about 20% (dynamometer),
but there was no subjective amelioration of symptoms. The
stimulation intensity in that study was deliberately kept at 80%
MT, and therefore did not trigger any muscle contractions. This
may indicate the importance of the patient becoming aware
of movement and intact motor pathways as part of subjective
symptom improvement. Placebo effects are likely to be involved
in the mechanism of action, since in the study of Broersma, six
out of nine patients showed a slight improvement after sham
rTMS.

The stimulation protocol and parameters used differed
considerably between studies. While most studies used low-
frequency stimulation (1 Hz or less), Schönfeldt-Lecuona et al.
(2006) and Broersma et al. (2015) delivered rTMS with 15 Hz,
considered for rTMS to be high-frequency. Most therapeutic
rTMS were performed in a single session, but the studies by
Schönfeldt-Lecuona et al. and Broersma et al. applied a longer
protocol (over weeks).

Estimated Functional Improvement
Despite some limitations, we retrospectively managed to judge
the efficacy of the investigated stimulation methods (rTMS and
ECT) for treating FW patients using the principles of the CGI-I
scale. In total, we identified 88 patients with FW affecting limbs
that received either rTMS or ECT). For the cases in which
a nominal CGI-I could be retrospectively estimated (n = 77)
about 90% of them improved markedly (very much or much
improvement) after stimulations. Only a minority of the treated
patients improved minimally or remained unchanged. In no
case did patients worsen significantly after treatment and no
serious adverse events were reported. At follow-up, symptom

improvement was not quantifiable in terms of CGI-I for the
majority of the cases (Table 2 for detailed information).

ECT vs. rTMS
To our knowledge only two cases of ECT treatment in FW of
limbs have been published (Giovanoli, 1988; Gaillard et al., 2012)
since this technique was established in psychiatry many decades
ago. Both published cases reported dramatic improvements
of limb movement related to the ECT, thus causing a great
improvement of activity of daily living. Besides the known
favorable effects on brain function in major depression, no
specific mechanism of action has been elucidated for ECT in
relation to FW symptoms. One may speculate that the possible
mechanism for short term gains is the reduction of stress due
to the amelioration of psychological precipitating factors and
an improvement in mood after ECT. A major role of a placebo
effect in both described cases accounting for the symptom
improvement cannot be ruled out. On the other hand, in both
cases improvement was not sustained over time, and both
patients had a partial relapse after a while. None of the cases
postulated or tried a continuation or maintenance ECT, which is
recommended for the treatment of major depression when acute
ECT effects do not persist (Petrides et al., 2011). A disadvantage
of the ECT might be the economical aspect compared with
other NIBS methods; the costs of the general anesthesia and the
required specialized personal are included. Given the risks of
the general anesthesia and (reversible) post-treatment cognitive
disturbances, restriction of ECT to the severest and treatment-
resistant FW cases should be considered.

Most of the included articles were related to TMS/rTMS
(n= 5). rTMS may be the NIBS method that is most appropriate
for the use in limb FW for different reasons: (1) rTMS can
acutely provoke a muscular contraction or transient movements
without needing patients cooperation (or intention) to move.
(2) rTMS is relatively easy to apply in FW. This is in contrast
to stimulations outside the motor cortex for other indications,
in which localization strategies for coil positioning are needed
(Schönfeldt-Lecuona et al., 2005). The magnetic pulses applied
using intensities above MT (supra-threshold stimulation) will
trigger a visually noticeable muscle contraction. Because motor
pathways are intact in FW, this technique allows targeting the
desired motor area with sufficient precision (Herwig et al., 2001,
2003). (3) Longer lasting rTMS causes plasticity changes in brain
areas directly under the magnetic coil (Karabanov et al., 2015),
but also trans-synaptic changes in areas far from the stimulation
site (Strafella et al., 2003, 2004; Pogarell et al., 2007). (4) rTMS
is mostly well tolerated, and has no adverse effects if performed
within safety limits (Rossi et al., 2009). rTMS is considered
not to be painful (depending on the intensity, frequency and
train length of trains applied). (5) rTMS treatment is currently
performed by physicians, but can also be performed by trained
allied medical professionals (nurses, technicians, psychologists).
It does not require any anesthetic, and can be performed in
an outpatient setting. (6) The costs per session are lower than
ECT, and rTMS devises are common nowadays in neurology
and psychiatry departments, and in rehabilitation clinics in many
high-income countries.
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Why Might rTMS Work?
Psychological Aspects
A crucial effect of supra-threshold TMS/rTMS in contrast to
other NIBS methods is the patient’s conscious perception of
the externally triggered movements of their paralyzed limb.
This phenomenon is experienced by all patients treated with
rTMS, since prior to every therapeutic trial, single-pulse TMS
with different intensities will be applied over the motor cortex
in order to establish individual MT. In contrast, tDCS can
modulate the excitability of cortical networks but does not
directly produce action potentials on stimulated networks, and
is therefore unable to trigger muscle contractions. Using ECT
in FW, limb movements are actually provoked through the
induced seizures, but the patient is not capable of noticing
them because ECT is performed under general anesthesia. The
patient’s awareness of the muscle contractions due to TMS may
help through a psychological mechanism: depending on the
information received, patients become aware of normal function
of neuromuscular structures. In addition, TMS triggering of
muscle contraction might make patients aware of the possibility
of regaining function. All identified studies showed an excellent
response to TMS, except the one by Broersma et al. It was in
that study that sub-threshold intensity rTMS was used, which
does no provoke a muscular contraction. In addition, rTMS
bears a high technical and methodological complexity in terms
of technical approaches and calibrating steps that have to be
performed prior to the therapeutic application, especially when
MRI-guided localization techniques for coil positioning are used.
Thus, TMSmay generate a placebo effect, which in turn helps the
patient to recover function immediately after stimulation. The
response to rTMS may also be influenced by the information
received and by the style which was used to inform the patients
about the treatment strategy and purpose.

Neurophysiological Aspects
An increasing body of literature data suggest that focal functional
abnormalities in central networks that control motor cortex
activity may play a role in the etiology of FW (Geraldes et al.,
2008; Liepert et al., 2008, 2009, 2011). The most convincing
hypotheses to explain FW affecting limbs include (i) deficient
processing of either motor intention or disruption between
motor intention and motor execution or (ii) an overactive
self-monitoring with enhanced limbic neural activity, which
interferes with movement planning, and initiation within frontal
regions and thereby disrupting motor execution (Voon et al.,
2011). Studies using functional-imagingmethods in patients with
FW demonstrated enhanced neural activity within the anterior
cingulate area or orbito-frontal cortex and reduced neural activity
within prefrontal motor areas during movement execution of
the paralyzed limb (Marshall et al., 1997; Spence et al., 2000;
Stone et al., 2007). These abnormal activation patterns have
been interpreted to reflect an active, but unconscious inhibition
of movement planning and execution. Focused rTMS protocols
with appropriate stimulation parameters might be able to reverse
cortical dysfunction and restore activity in suppressed cortical
motor areas (Schönfeldt-Lecuona et al., 2003, 2006; Chastan
and Parain, 2010; Nielsen et al., 2013). The stimulation site

for rTMS in FW is usually obvious with the primary motor
cortex being the most plausible candidate region. However, the
most challenging issue is still the choice of stimulation protocol
(frequency, intensity, inter-train intervals, duration, and number
of daily sessions) that can provoke a lasting positive change in
cortical network activity. With regard to the question whether
complementary stimulations in other cortical regions than the
primarymotor cortex could enhance therapeutic efficacy of rTMS
in FW, no studies could be found.

Neuromodulatory Aspects
Single-pulse TMS with short protocols (e.g., performed in only
one session for measuring MEPs for diagnostic purposes) might
not be causing a durable change in cortical activity. Long-
lasting changes and thus changes in cortical neuro-plasticity
might only be induced performing longer protocols (e.g., for
one or more weeks) using high-frequency (>1 Hz) or low-
frequency (≤1 Hz), thus leading to long-term potentiation- or
long-term depression-like changes respectively (Pascual-Leone
et al., 1994; Chen et al., 1997; Fitzgerald et al., 2006). In most
identified trials using TMS in FW, cortical stimulations were
performed using repetitive spTMS with frequencies ≤1 Hz for
a very short time (<2 or 3 min; Chastan and Parain, 2010;
Kresojevic et al., 2010; Gaillard et al., 2012). Therefore, no long-
lasting cortical effects could be expected, nor any stable changes
in motor function due to the used protocols. The immediate
and mostly sustained positive responses to the stimulations
must therefore have other reasons. Only few studies used rTMS
protocols that might potentially cause plasticity changes. We
need to stress that not all of these hypotheses of the mechanisms
of action of rTMS have been translated into proven clinically
relevant changes, and more research is needed to be sure if
they have any clinically meaningful effect (McWhirter et al.,
2015). Furthermore, given that rTMS has existed as a technique
since the 1990s, the number of trials published in this field is
amazingly low. Publication bias could be a partial explanation
for this, as may be the paucity of clinicians considering rTMS in
rehabilitation neurology. However, first rTMS therapeutic trials
have been performed to relieve other forms of FNS such as
dystonia, myoclonus, tremor, parkinsonism, stereotypies, non-
epileptic seizures, functional aphonia, or sensory or visual loss
(Chastan et al., 2009, 2011; Dafotakis et al., 2011; Saha et al., 2011;
Garcin et al., 2013; Parain and Chastan, 2014; Shah et al., 2015),
mostly yielding to symptom amelioration.

RECOMMENDATION IN EVIDENCE-BASED
GUIDELINES AND FUTURE STUDY
DESIGNS

In 2014 evidence-based guidelines on rTMS were published and
included recommendations for “Motor Conversion Disorders” in
general (Lefaucheur et al., 2014). The degree of recommendation
on the efficacy of rTMS for motor conversion disorders was:
“No recommendation for low or high frequency rTMS of M1
or delivered at the vertex, using a focal or a non-focal coil”
(Lefaucheur et al., 2014). The Cochrane library has published
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recommendations for TMS in the treatment of schizophrenia,
depression, obsessive-compulsive disorder, amyotrophic lateral
sclerosis, epilepsy and post-traumatic stress disorder (http://
onlinelibrary.wiley.com/cochranelibrary/), but did not address
the topic of FW. Regarding ECT or tDCS, no sources were
identified that reported evidence-based recommendations for its
use in FW or more generally in FNS. Consistent with previous
recommendations for the publication of case reports or case
series (Lepping et al., 2007), and to allow clinically meaningful
analyses from case series, we recommend that the following
information should be included in any publication:

(1) Regarding devices and targeting procedure: the type of
coil, the type of stimulator, the type of pulse waveform,
the definition of the target and of its localization method,
including the type of navigation system (if used), and the
orientation and angle of the coil. Sham rTMS should be
performed using original sham coils. Other alternatives
should be accurately described and the rationale for the
chosen technique should be highlighted.

(2) Regarding stimulation parameters: the intensity of the
stimulation according toMT (resting/activeMT) ormaximal
stimulator output, the frequency and duration of rTMS
trains, the duration of the inter-train interval, the number of
trains applied, the total number of rTMS pulses per session,
the duration of each session, the number of sessions, the
duration of the interval between the sessions, and the total
duration of the treatment. The rationale for the chosen
treatment protocol should be stated.

(3) Regarding ratings for motor symptoms and quality of life:
the outcome assessment should be at least performed using
CGI-I scores. Limb muscular strength should be assessed
for each muscular group (force rated from 0 = complete
paralysis to 5 = normal strength) at the beginning of
treatment and at follow-up (if possible 6 and 12 months after
cessation of treatment). Objective assessment of muscle force
using dynamometers and of quality of life, using validated
questionnaires are desirable. Raters should be blinded to
the stimulation condition. In addition to objective ratings,
the assessments of the treatment efficacy should include
subjective ratings of symptom severity, as there may be a
disparity between the patient’s and the doctor’s rating.

(4) Regarding the explanatory information for patients, the
information received by the patient about the rTMS
procedure and its expected positive or adverse effects
should be outlined. The given information should be
objective. Explanatory information for patients are not yet
standardized and from a therapeutic perspective, its effect
magnitude on clinical symptoms is unknown.

(5) Regarding a control condition, placebo-controlled study
designs would be highly desirable. However, investigators
should be aware that patients who are not treatment-naïve
would easily detect the difference between the two conditions

(particularly due to the perceptible scalp sensations by
active stimulation). Therefore, except when using special
placebo coils that provoke scalp effects similar to an active
stimulation [as in Broersma et al. (2015) and Rossi et al.
(2007)], we suggest that future studies should either be
designed as parallel-arm studies (avoiding sham detection in
a cross-over design) or as head-to-head studies, comparing
active rTMS with usual therapeutic management of FW.

CONCLUSION

The results of our systematic review provide preliminary
evidence that NIBS methods, especially motor cortex rTMS,
may be beneficial in the treatment of conversion weakness and
paralysis. Most included rTMS studies reported acute beneficial
effects on limb function despite heterogeneous protocols. In
particular, the crucial influence of an externally triggered
muscular contraction should be emphasized. Further rTMS trials
should include a control condition, a greater number of sessions,
and longer stimulation protocols with proven lasting effects on
cortical excitability. However, although advances have beenmade
in the last few years both in diagnostic methods and in the
groundwork for a neurobiological model of FW, no definitive
rationale for stimulation parameters and for the optimal setting
is available. Therefore, further basic research in this area is
needed (Aybek et al., 2008). Probably due to practical aspects
the future of ECT in this area is expected to be less promising
than rTMS. Despite this practical advantage, it remains to be
demonstrated that rTMS can have a real therapeutic benefit
in the long term, and any impact on the neural mechanisms
of FW beyond merely inducing psychological or non-specific
placebo effects. Our systematic review contributes to the current
knowledge of rTMS application in the treatment of FW, updating
the reviews previously published by Pollak et al. (2014) and
Parain and Chastan (2014). In summary, the available evidence
to date suggests that the application of NIBS in FW is feasible
and beneficial. However, due to the small number of published
cases in open-label studies, this conclusion should be considered
with caution.

AUTHOR CONTRIBUTIONS

CS, MG, PL made substantial contributions to conception and
design of the review, CS, J-PL, MG performed the literature-
search, analyzed the data, and wrote the manuscript. DN, AS, JL
participated in drafting the manuscript, wrote the manuscript,
and revisited it critically. BC made substantial contributions
to the conception of the review, and revisited the manuscript
critically. All authors gave the final approval of the version to be
published and agreed to be accountable for all aspects of the work
in ensuring that questions related to the accuracy or integrity of
any part of the work are appropriately investigated and resolved.

Frontiers in Neuroscience | www.frontiersin.org March 2016 | Volume 10 | Article 140 | 45

http://onlinelibrary.wiley.com/cochranelibrary/
http://onlinelibrary.wiley.com/cochranelibrary/
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive


Schönfeldt-Lecuona et al. NIBS in Functional Weakness

REFERENCES

Aybek, S., Kanaan, R. A., and David, A. S. (2008). The neuropsychiatry

of conversion disorder. Curr. Opin. Psychiatry 21, 275–280. doi:

10.1097/YCO.0b013e3282f94242

Barker, A. T., Jalinous, R., and Freeston, I. L. (1985). Non-invasive magnetic

stimulation of human motor cortex. Lancet 1, 1106–1107. doi: 10.1016/S0140-

6736(85)92413-4

Bell, V., Oakley, D. A., Halligan, P. W., and Deeley, Q. (2011). Dissociation

in hysteria and hypnosis: evidence from cognitive neuroscience. J. Neurol.

Neurosurg. Psychiatr. 82, 332–339. doi: 10.1136/jnnp.2009.199158

Broersma, M., Koops, E. A., Vroomen, P. C., Van der Hoeven, J. H., Aleman, A.,

Leenders, K. L., et al. (2015). Can repetitive transcranial magnetic stimulation

increase muscle strength in functional neurological paresis? A proof-of-

principle study. Eur. J. Neurol. 22, 866–873. doi: 10.1111/ene.12684

Broersma, M., Kremer, B., Van der Hoeven, J. H., Vroomen, P., Maurits, N. M., and

van Beilen, M. (2013). Effects of rTMS in conversion paralysis. Soc. Proc. Clin.

Neurphysiol. 124:e119. doi: 10.1016/j.clinph.2013.04.193

Burgmer, M., Konrad, C., Jansen, A., Kugel, H., Sommer, J., Heindel, W.,

et al. (2006). Abnormal brain activation during movement observation

in patients with conversion paralysis. Neuroimage 29, 1336–1343. doi:

10.1016/j.neuroimage.2005.08.033

Busner, J., and Targum, S. D. (2007). The clinical global impressions scale: applying

a research tool in clinical practice. Psychiatry (Edgmont). 4, 28–37.

Carson, A., Stone, J., Hibberd, C., Murray, G., Duncan, R., Coleman, R., et al.

(2011). Disability, distress and unemployment in neurology outpatients with

symptoms ‘unexplained by organic disease.’ J. Neurol. Neurosurg. Psychiatr. 8,

810–813. doi: 10.1136/jnnp.2010.220640

Carson, A. J., Brown, R., David, A. S., Duncan, R., Edwards, M. J., Goldstein,

L. H., et al. (2012). Functional (conversion) neurological symptoms: research

since the millennium. J. Neurol. Neurosurg. Psychiatr. 83, 842–850. doi:

10.1136/jnnp-2011-301860

Carson, A. J., Stone, J., Warlow, C., and Sharpe, M. (2004). Patients whom

neurologists find difficult to help. J. Neurol. Neurosurg. Psychiatr. 75,

1776–1778. doi: 10.1136/jnnp.2003.032169

Cerletti, U. (1940). L’Elettroshock. Rivista Sperimentale di Freniatria e Medicina

Legale delle Alienazioni Mentali 64, 209–310.

Chastan, N., Maltete, D., Derrey, S., Guillin, O., Lefaurcheur, R., Lebas, A., et al.

(2011). Psychogenic movement disorders and recovery after motor cortex

transcranial magnetic stimulation. Parkinsonism Relat. Disord. 18(Suppl. 2),

139. doi: 10.1016/S1353-8020(11)70618-6

Chastan, N., and Parain, D. (2010). Psychogenic paralysis and recovery after motor

cortex transcranial magnetic stimulation. Mov. Disord. 25, 1501–1504. doi:

10.1002/mds.23187

Chastan, N., Parain, D., Verin, E., Weber, J., Faure, M. A., and Marie, J.

P. (2009). Psychogenic aphonia: spectacular recovery after motor cortex

transcranial magnetic stimulation. J. Neurol. Neurosurg. Psychiatr. 80, 94. doi:

10.1136/jnnp.2008.154302

Chen, R., Classen, J., Gerloff, C., Celnik, P., Wassermann, E. M., Hallett, M., et al.

(1997). Depression of motor cortex excitability by low-frequency transcranial

magnetic stimulation. Neurology 48, 1398–1403. doi: 10.1212/WNL.48.

5.1398

Cojan, Y., Waber, L., Schwartz, S., Rossier, L., Forster, A., and Vuilleumier,

P. (2009). The brain under self-control: modulation of inhibitory and

monitoring cortical networks during hypnotic paralysis. Neuron 62, 862–875.

doi: 10.1016/j.neuron.2009.05.021

Dafotakis, M., Ameli, M., Vitinius, F.,Weber, R., Albus, C., Fink, G. R., et al. (2011).

[Transcranial magnetic stimulation for psychogenic tremor - a pilot study].

Fortschr. Neurol. Psychiatr. 79, 226–233. doi: 10.1055/s-0029-1246094

de Lange, F. P., Roelofs, K., and Toni, I. (2008). Motor imagery: a window into

the mechanisms and alterations of the motor system. Cortex 44, 494–506. doi:

10.1016/j.cortex.2007.09.002

DSM-5 (2013). Diagnostic and Statistical Manual of Mental Disorders, 5th Edn.

Arlington, VA: American Psychiatric Association.

Ejareh Dar, M., and Kanaan, R. A. (2016). Uncovering the etiology of conversion

disorder: insights from functional neuroimaging.Neuropsychiatr. Dis. Treat. 12,

143–153. doi: 10.2147/NDT.S65880

Feinstein, A., Stergiopoulos, V., Fine, J., and Lang, A. E. (2001). Psychiatric

outcome in patients with a psychogenic movement disorder: a prospective

study. Neuropsychiatry Neuropsychol. Behav. Neurol. 14, 169–176.

Fitzgerald, P. B., Fountain, S., and Daskalakis, Z. J. (2006). A comprehensive

review of the effects of rTMS on motor cortical excitability and inhibition. Clin.

Neurophysiol. 117, 2584–2596. doi: 10.1016/j.clinph.2006.06.712

Gaillard, A., Gaillard, R., Mouaffak, F., Radtchenko, A., and Lôo, H. (2012).

[Case report: electroconvulsive therapy in a 33-year-old man with hysterical

quadriplegia]. Encephale 38, 104–109. doi: 10.1016/j.encep.2011.06.005

Garcin, B., Roze, E., Mesrati, F., Cognat, E., Fournier, E., Vidailhet, M., et al. (2013).

Transcranial magnetic stimulation as an efficient treatment for psychogenic

movement disorders. J. Neurol. Neurosurg. Psychiatr. 84, 1043–1046. doi:

10.1136/jnnp-2012-304062

Geraldes, R., Coelho, M., Rosa, M. M., Severino, L., Castro, J., and de Carvalho, M.

(2008). Abnormal transcranial magnetic stimulation in a patient with presumed

psychogenic paralysis. J. Neurol. Neurosurg. Psychiatr. 79, 1412–1413. doi:

10.1136/jnnp.2008.154583

Giovanoli, E. J. (1988). ECT in a patient with conversion disorder. Convuls. Ther.

4, 236–242.

Herwig, U., Satrapi, P., and Schönfeldt-Lecuona, C. (2003). Using the international

10-20 EEG system for positioning of transcranial magnetic stimulation. Brain

Topogr. 16, 95–99. doi: 10.1023/B:BRAT.0000006333.93597.9d

Herwig, U., Schönfeldt-Lecuona, C., Wunderlich, A. P., von Tiesenhausen, C.,

Thielscher, A., Walter, H., et al. (2001). The navigation of transcranial magnetic

stimulation. Psychiatry Res. 108, 123–131. doi: 10.1016/S0925-4927(01)00121-4

Jellinek, D. A., Bradford, R., Bailey, I., and Symon, L. (1992). The role of motor

evoked potentials in the management of hysterical paraplegia: case report.

Paraplegia 30, 300–302. doi: 10.1038/sc.1992.73

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

Koops, S., van den Brink, H., and Sommer, I. E. (2015). Transcranial direct current

stimulation as a treatment for auditory hallucinations. Front. Psychol. 6:244.

doi: 10.3389/fpsyg.2015.00244

Kresojevic, N., Petrovic, I., Tomic, A., Svetel, M., Radovanovic, S., and Kostic,

V. (2010). “Transcranial magnetic stimulation in therapy of psychogenic

neurological symptoms: two case reports,” in Movement Disorders, Vol. 25:

Meeting Abstract: 101; Supplement: 220 at Conference: 14th International

Congress of Parkinsons Disease and Movement Disorders (Buenos Aires).

Lefaucheur, J.-P., André-Obadia, N., Antal, A., Ayache, S. S., Baeken, C.,

Benninger, D. H., et al. (2014). Evidence-based guidelines on the therapeutic

use of repetitive transcranial magnetic stimulation (rTMS). Clin. Neurophysiol.

125, 2150–2206. doi: 10.1016/j.clinph.2014.05.021

Lepping, P., Russell, I., and Freudenmann, R. W. (2007). Antipsychotic treatment

of primary delusional parasitosis: systematic review. Br. J. Psychiatry 191,

198–205. doi: 10.1192/bjp.bp.106.029660

Lepping, P., Schönfeldt-Lecuona, C., Sambhi, R. S., Lanka, S. V., Lane, S.,

Whittington, R., et al. (2014). A systematic review of the clinical relevance

of repetitive transcranial magnetic stimulation. Acta Psychiatr. Scand. 130,

326–341. doi: 10.1111/acps.12276

Liepert, J., Hassa, T., Tüscher, O., and Schmidt, R. (2008). Electrophysiological

correlates of motor conversion disorder. Mov. Disord. 23, 2171–2176. doi:

10.1002/mds.21994

Liepert, J., Hassa, T., Tüscher, O., and Schmidt, R. (2009). Abnormal motor

excitability in patients with psychogenic paresis. A TMS study. J. Neurol. 256,

121–126. doi: 10.1007/s00415-009-0090-4

Liepert, J., Hassa, T., Tüscher, O., and Schmidt, R. (2011). Motor excitability during

movement imagination and movement observation in psychogenic lower limb

paresis. J. Psychosom. Res. 70, 59–65. doi: 10.1016/j.jpsychores.2010.06.004

Ludwig, V. U., Seitz, J., Schönfeldt-Lecuona, C., Höse, A., Abler, B., Hole, G.,

et al. (2015). The neural correlates of movement intentions: a pilot study

comparing hypnotic and simulated paralysis. Conscious. Cogn. 35, 158–170.

doi: 10.1016/j.concog.2015.05.010

Marshall, J. C., Halligan, P. W., Fink, G. R., Wade, D. T., and Frackowiak, R. S.

(1997). The functional anatomy of a hysterical paralysis. Cognition 64, B1–B8.

doi: 10.1016/S0010-0277(97)00020-6

Frontiers in Neuroscience | www.frontiersin.org March 2016 | Volume 10 | Article 140 | 46

http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive


Schönfeldt-Lecuona et al. NIBS in Functional Weakness

McWhirter, L., Carson, A., and Stone, J. (2015). The body electric: a long view

of electrical therapy for functional neurological disorders. Brain 138(Pt 4),

1113–1120. doi: 10.1093/brain/awv009

Meron, D., Hedger, N., Garner, M., and Baldwin, D. S. (2015). Transcranial direct

current stimulation (tDCS) in the treatment of depression: systematic review

and meta-analysis of efficacy and tolerability. Neurosci. Biobehav. Rev. 57,

46–62. doi: 10.1016/j.neubiorev.2015.07.012

Moene, F. C., Spinhoven, P., Hoogduin, K. A., and van Dyck, R. (2002). A

randomised controlled clinical trial on the additional effect of hypnosis

in a comprehensive treatment programme for in-patients with conversion

disorder of the motor type. Psychother. Psychosom. 71, 66–76. doi: 10.1159/0000

49348

Nielsen, G., Stone, J., and Edwards, M. J. (2013). Physiotherapy for functional

(psychogenic) motor symptoms: a systematic review. J. Psychosom. Res. 75,

93–102. doi: 10.1016/j.jpsychores.2013.05.006

Nitsche, M. A., and Paulus, W. (2011). Transcranial direct current stimulation–

update 2011. Restor. Neurol. Neurosci. 29, 463–492. doi: 10.3233/RNN-2011-

0618

Nordanskog, P., Larsson, M. R., Larsson, E. M., and Johanson, A. (2014).

Hippocampal volume in relation to clinical and cognitive outcome after

electroconvulsive therapy in depression. Acta Psychiatr. Scand. 129, 303–311.

doi: 10.1111/acps.12150

Nowak, D. A., and Fink, G. R. (2009). Psychogenic movement disorders:

aetiology, phenomenology, neuroanatomical correlates and therapeutic

approaches. Neuroimage 47, 1015–1025. doi: 10.1016/j.neuroimage.2009.

04.082

Parain, D., and Chastan, N. (2014). Large-field repetitive transcranial magnetic

stimulation with circular coil in the treatment of functional neurological

symptoms. Neurophysiol. Clin. 44, 425–431. doi: 10.1016/j.neucli.2014.

04.004

Pascual-Leone, A., Valls-Solé, J., Wassermann, E. M., and Hallett, M. (1994).

Responses to rapid-rate transcranial magnetic stimulation of the human motor

cortex. Brain 117(Pt 4), 847–858.

Paulus, W. (2011). Transcranial electrical stimulation (tES - tDCS;

tRNS, tACS) methods. Neuropsychol. Rehabil. 21, 602–617. doi:

10.1080/09602011.2011.557292

Petrides, G., Tobias, K. G., Kellner, C. H., and Rudorfer, M. V. (2011).

Continuation and maintenance electroconvulsive therapy for mood disorders:

review of the literature. Neuropsychobiology 64, 129–140. doi: 10.1159/0003

28943

Pogarell, O., Koch, W., Pöpperl, G., Tatsch, K., Jakob, F., Mulert, C.,

et al. (2007). Acute prefrontal rTMS increases striatal dopamine to a

similar degree as D-amphetamine. Psychiatry Res. 156, 251–255. doi:

10.1016/j.pscychresns.2007.05.002

Pollak, T. A., Nicholson, T. R., Edwards,M. J., andDavid, A. S. (2014). A systematic

review of transcranial magnetic stimulation in the treatment of functional

(conversion) neurological symptoms. J. Neurol. Neurosurg. Psychiatr. 85,

191–197. doi: 10.1136/jnnp-2012-304181

Polyakova, M., Schroeter, M. L., Elzinga, B. M., Holiga, S., Schoenknecht,

P., de Kloet, E. R., et al. (2015). Brain-derived neurotrophic factor and

antidepressive effect of electroconvulsive therapy: systematic review and meta-

analyses of the preclinical and clinical literature. PLoS ONE 10:e0141564. doi:

10.1371/journal.pone.0141564

Powell, T. Y., Boonstra, T. W., Martin, D. M., Loo, C. K., and Breakspear,

M. (2014). Modulation of cortical activity by transcranial direct current

stimulation in patients with affective disorder. PLoS ONE 9:e98503. doi:

10.1371/journal.pone.0098503

Rampello, L., Raffaele, R., Nicoletti, G., Le Pira, F., Malaguarnera, M., and Drago,

F. (1996). Hysterical neurosis of the conversion type: therapeutic activity of

neuroleptics with different hyperprolactinemic potency. Neuropsychobiology

33, 186–188. doi: 10.1159/000119275

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

Rossi, S., Ferro, M., Cincotta, M., Ulivelli, M., Bartalini, S., Miniussi, C.,

et al. (2007). A real electro-magnetic placebo (REMP) device for sham

transcranial magnetic stimulation (TMS). Clin. Neurophysiol. 118, 709–716.

doi: 10.1016/j.clinph.2006.11.005

Rossi, S., Hallett, M., Rossini, P. M., and Pascual-Leone, A. (2009). Safety,

ethical considerations, and application guidelines for the use of transcranial

magnetic stimulation in clinical practice and research. Clin. Neurophysiol. 120,

2008–2039. doi: 10.1016/j.clinph.2009.08.016

Saba, G., Moukheiber, A., and Pelissolo, A. (2015). Transcranial cortical

stimulation in the treatment of obsessive-compulsive disorders: efficacy studies.

Curr. Psychiatry Rep. 17, 36. doi: 10.1007/s11920-015-0571-3

Saha, B. B., Zurowski, M., and Chen, R. (2011). “Failure of motor cortex repetitive

transcranial magnetic stimulation (rTMS) combined with suggestion in the

treatment of chronic psychogenic movement disorders (PMDs): a pilot study,”

in 15th International Congress of Parkinson’s Disease and Movement Disorders

(Toronto, ON).

Schönfeldt-Lecuona, C., Cárdenas-Morales, L., Freudenmann, R. W., Kammer,

T., and Herwig, U. (2010). Transcranial magnetic stimulation in depression–

lessons from the multicentre trials. Restor. Neurol. Neurosci. 28, 569–576. doi:

10.3233/RNN-2010-0561

Schönfeldt-Lecuona, C., Connemann, B. J., Spitzer, M., and Herwig, U. (2003).

Transcranial magnetic stimulation in the reversal ofmotor conversion disorder.

Psychother. Psychosom. 72, 286–288. doi: 10.1159/000071900

Schönfeldt-Lecuona, C., Connemann, B. J., Viviani, R., Spitzer, M., and

Herwig, U. (2006). Transcranial magnetic stimulation in motor conversion

disorder: a short case series. J. Clin. Neurophysiol. 23, 472–475. doi:

10.1097/01.wnp.0000219004.69158.1e

Schönfeldt-Lecuona, C., Thielscher, A., Freudenmann, R. W., Kron, M., Spitzer,

M., and Herwig, U. (2005). Accuracy of stereotaxic positioning of transcranial

magnetic stimulation. Brain Topogr. 17, 253–259. doi: 10.1007/s10548-005-

6033-1

Shah, B. B., Chen, R., Zurowski, M., Kalia, L. V., Gunraj, C., and Lang, A.

E. (2015). Repetitive transcranial magnetic stimulation plus standardized

suggestion of benefit for functional movement disorders: an open label case

series. Parkinsonism Relat. Disord. 21, 407–412. doi: 10.1016/j.parkreldis.2015.

01.013

Shapiro, A. P., and Teasell, R. W. (2004). Behavioural interventions in the

rehabilitation of acute v. chronic non-organic (conversion/factitious) motor

disorders. Br. J. Psychiatry 185, 140–146. doi: 10.1192/bjp.185.2.140

Siebner, H. R., and Rothwell, J. (2003). Transcranial magnetic stimulation: new

insights into representational cortical plasticity. Exp. Brain Res. 148, 1–16. doi:

10.1007/s00221-002-1234-2

Spence, S. A., Crimlisk, H. L., Cope, H., Ron, M. A., and Grasby, P. M. (2000).

Discrete neurophysiological correlates in prefrontal cortex during hysterical

and feigned disorder of movement. Lancet 355, 1243–1244. doi: 10.1016/S0140-

6736(00)02096-1

Stone, J., Carson, A., Duncan, R., Coleman, R., Roberts, R., Warlow, C., et al.

(2009). Symptoms ‘unexplained by organic disease’ in 1144 new neurology out-

patients: how often does the diagnosis change at follow-up? Brain 132(Pt 10),

2878–2888. doi: 10.1093/brain/awp220

Stone, J., Zeman, A., Simonotto, E., Meyer, M., Azuma, R., Flett, S.,

et al. (2007). FMRI in patients with motor conversion symptoms and

controls with simulated weakness. Psychosom. Med. 69, 961–969. doi:

10.1097/PSY.0b013e31815b6c14

Strafella, A. P., Paus, T., Fraraccio, M., and Dagher, A. (2003). Striatal

dopamine release induced by repetitive transcranial magnetic stimulation of

the human motor cortex. Brain 126(Pt 12), 2609–2615. doi: 10.1093/brain/

awg268

Strafella, A. P., Vanderwerf, Y., and Sadikot, A. F. (2004). Transcranial magnetic

stimulation of the human motor cortex influences the neuronal activity of

subthalamic nucleus. Eur. J. Neurosci. 20, 2245–2249. doi: 10.1111/j.1460-

9568.2004.03669.x

Taylor, S. M. (2008). Electroconvulsive therapy, brain-derived neurotrophic

factor, and possible neurorestorative benefit of the clinical

application of electroconvulsive therapy. J. ECT 24, 160–165. doi:

10.1097/YCT.0b013e3181571ad0

van Beilen, M., de Jong, B. M., Gieteling, E. W., Renken, R., and Leenders, K. L.

(2011). Abnormal parietal function in conversion paresis. PLoS ONE 6:e25918.

doi: 10.1371/journal.pone.0025918

Voon, V., Brezing, C., Gallea, C., and Hallett, M. (2011). Aberrant supplementary

motor complex and limbic activity during motor preparation in motor

conversion disorder.Mov. Disord. 26, 2396–2403. doi: 10.1002/mds.23890

Frontiers in Neuroscience | www.frontiersin.org March 2016 | Volume 10 | Article 140 | 47

http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive


Schönfeldt-Lecuona et al. NIBS in Functional Weakness

Voon, V., and Lang, A. E. (2005). Antidepressant treatment outcomes of

psychogenic movement disorder. J. Clin. Psychiatry 66, 1529–1534. doi:

10.4088/JCP.v66n1206

Vuilleumier, P. (2005). Hysterical conversion and brain function. Prog. Brain Res.

150, 309–329. doi: 10.1016/S0079-6123(05)50023-2

Vuilleumier, P., Chicherio, C., Assal, F., Schwartz, S., Slosman, D., and Landis, T.

(2001). Functional neuroanatomical correlates of hysterical sensorimotor loss.

Brain 124(Pt 6), 1077–1090. doi: 10.1093/brain/124.6.1077

WHO ICD-10 (1991). Mental and Behavioral Disorders. Clinical Descriptions and

Diagnostic Guidelines. Geneva: World Health Organization; Tenth Revision of

the International Classification of Diseases.

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 © 2016 Schönfeldt-Lecuona, Lefaucheur, Lepping, Liepert, Connemann,

Sartorius, Nowak and Gahr. 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) or licensor

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 Neuroscience | www.frontiersin.org March 2016 | Volume 10 | Article 140 | 48

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/
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive


REVIEW
published: 16 February 2016

doi: 10.3389/fnins.2016.00030

Frontiers in Neuroscience | www.frontiersin.org February 2016 | Volume 10 | Article 30 |

Edited by:

Ignacio Obeso,

Hospital Universitario Puerta del Sur -

HM Hospitales, Spain

Reviewed by:

Bernd Weber,

Rheinische-Friedrich-Wilhelms

Universität, Germany

Anne Sauvaget,

University Hospital of Nantes, France

*Correspondence:

Jonathan Downar

jonathan.downar@uhn.ca

Specialty section:

This article was submitted to

Neurodegeneration,

a section of the journal

Frontiers in Neuroscience

Received: 17 November 2015

Accepted: 25 January 2016

Published: 16 February 2016

Citation:

Dunlop KA, Woodside B and

Downar J (2016) Targeting Neural

Endophenotypes of Eating Disorders

with Non-invasive Brain Stimulation.

Front. Neurosci. 10:30.

doi: 10.3389/fnins.2016.00030

Targeting Neural Endophenotypes of
Eating Disorders with Non-invasive
Brain Stimulation
Katharine A. Dunlop 1, 2, Blake Woodside 1, 3, 4, 5 and Jonathan Downar 1, 2, 3, 4, 6*

1 Institute of Medical Sciences, University of Toronto, Toronto, ON, Canada, 2MRI-Guided rTMS Clinic, University Health

Network, Toronto, ON, Canada, 3Department of Psychiatry, University Health Network, Toronto, ON, Canada, 4Department

of Psychiatry, University of Toronto, Toronto, ON, Canada, Eating Disorders Program, University Health Network, Toronto,5

ON, Canada, 6 Toronto Western Research Institute, University Health Network, Toronto, ON, Canada

The term “eating disorders” (ED) encompasses a wide variety of disordered eating and

compensatory behaviors, and so the term is associated with considerable clinical and

phenotypic heterogeneity. This heterogeneity makes optimizing treatment techniques

difficult. One class of treatments is non-invasive brain stimulation (NIBS). NIBS,

including repetitive transcranial magnetic stimulation (rTMS) and transcranial direct

current stimulation (tDCS), are accessible forms of neuromodulation that alter the cortical

excitability of a target brain region. It is crucial for NIBS to be successful that the target

is well selected for the patient population in question. Targets may best be selected by

stepping back from conventional DSM-5 diagnostic criteria to identify neural substrates of

more basic phenotypes, including behavior related to rewards and punishment, cognitive

control, and social processes. These phenotypic dimensions have been recently laid out

by the Research Domain Criteria (RDoC) initiative. Consequently, this review is intended

to identify potential dimensions as outlined by the RDoC and the underlying behavioral

and neurobiological targets associated with ED. This review will also identify candidate

targets for NIBS based on these dimensions and review the available literature on rTMS

and tDCS in ED. This review systematically reviews abnormal neural circuitry in ED within

the RDoC framework, and also systematically reviews the available literature investigating

NIBS as a treatment for ED.

Keywords: Eating Disorders (ED), RDoC, rTMS, tDCS, fMRI

INTRODUCTION

The term “eating disorders” (ED) encompasses a wide variety of disordered eating and
compensatory behaviors that inappropriately alter the patient’s body shape or weight, or the
subjective experience of one’s own body shape or weight. According to recent studies, the
lifetime prevalence of EDs is 5.7% for females, and 1.2% in males (Golden et al., 2003; Hudson
et al., 2007; Smink et al., 2014). The lifetime prevalence of the top three EDs according to
the DSM-5 diagnostic criteria is 2.3, 1.7, and 0.8% for adolescent binge eating disorder (BED),
anorexia nervosa (AN), and bulimia nervosa (BN), respectively (Golden et al., 2003; Hudson
et al., 2007; Smink et al., 2014). BED is associated with recurrent episodes of binging, typically
during negative affect (Leehr et al., 2015), and with the absence of inappropriate compensatory
behaviors to avoid weight gain. Both AN and BN are associated with disturbances in the
subjective experience of one’s own body shape or weight; this phenotype is also known as body
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dysmorphia. BN is also defined by recurrent episodes of
binge eating, with inappropriate compensatory behaviors to
avoid weight gain; such behaviors include vomiting, excessive
exercise, laxative misuse or diuretic misuse. In contrast, AN is
defined by the persistent restriction of food, an intense fear of
gaining weight, and a significantly low body weight for one’s
developmental stage. AN has two subtypes, restricting (ANR) and
binge-eating/purging (ANBP), with the latter distinguished from
the former by the presence of binges and/or purges.

Despite a low lifetime prevalence rate relative to other
psychiatric disorders, EDs carry a significant burden of illness,
both socially and individually. Treatment capacity in specialized
ED programs is presently inadequate to meet demand (Hart
et al., 2011), and for patients who do manage to access
specialized programs, economic difficulties and high costs often
hamper treatment adherence (Gatt et al., 2014). EDs are also
associated with a high mortality rate; for one, approximately
10% of AN sufferers will die within 10 years of disease
onset (Sullivan, 1995). According to a recent meta-analysis,
the overall standard mortality ratio (SNR) for AN is 5.86,
higher than schizophrenia (2.8), bipolar disorder (2.1), and
major depression (1.6) (Arcelus et al., 2011). Conventional ED
treatments, including pharmacotherapy, and in- and out-patient
behavioral therapies, are associated with suboptimal recovery
rates (∼50% for AN; ∼45% for BN; ∼50–70% for BED), high
relapse rates (ranging from 9 to 65%), and high chronicity
(∼20% will develop a chronic disorder; Olmsted et al., 2005;
Mitchell et al., 2007; Shapiro et al., 2007; Carter et al., 2012; Hay
et al., 2012; Hilbert et al., 2012; Amianto et al., 2015). ANBP,
in particular, has the poorest prognosis of the eating disorders
(Steinhausen and Weber, 2009). EDs are also highly co-morbid
with other psychiatric disorders, such as major depression
and obsessive-compulsive disorder, whose presence negatively
impacts treatment outcomes (Godart et al., 2003; Crane et al.,
2007; Mischoulon et al., 2011). Thus, new treatment approaches
are urgently needed, especially for the substantial proportion of
ED patients who are unresponsive to conventional treatment
strategies.

Neuromodulation technologies are beginning to emerge as
a promising new treatment option for treatment resistant
ED patients. The potential usefulness of these techniques
was recently illustrated in a pilot study using subgenual
cingulate deep brain stimulation (DBS) to achieve symptomatic
improvements in severe and treatment-refractory AN (Lipsman
et al., 2013). Although potentially powerful, DBS remains for the
moment a fairly invasive treatment, and is available only to small
volumes of patients in specialist neurosurgical centers. A more
accessible alternative is non-invasive brain stimulation (NIBS),
including techniques such as repetitive transcranial magnetic
stimulation (rTMS) and transcranial direct current stimulation
(tDCS). rTMS uses rapid pulses of an electromagnetic field to
elicit action potentials in the target area of cortex. tDCS uses a
weaker intensity electrical stimulus, delivered by scalp electrodes,
to modulate cortical excitability in the underlying regions. Both
NIBS strategies attempt to alter the cortical excitability of a
target brain region to normalize particular disorder-specific
phenotypes. Cortical targets are typically selected based on

abnormal structural or functional attributes in the disorder
relative to healthy controls. Appropriate cortical targeting using
NIBS is critical for optimal treatment efficacy (Fox et al., 2013).
Therefore, a proper understanding of the neural substrates, as
well as the cognitive and behavioral phenotypes accompanying
these substrates, is crucial for optimizing future treatments.

Two major issues associated with NIBS as a treatment for ED
are the tremendous heterogeneity in the cognitive and behavioral
phenotypes of patients within this illness category, and the
dynamic course of the illness, in which patients can switch from
one ED diagnosis to another over time (Garfinkel et al., 1995;
Keel and Mitchell, 1997; Lilenfeld et al., 1998; Sullivan et al.,
1998; Strober et al., 2000; Bulik et al., 2005; Milos et al., 2005).
This variability within a single diagnosis and this malleability of
symptoms is a likely contributor to the limited clinical efficacy of
NIBS (and in conventional treatments more generally) for ED.

Two possible solutions to address this heterogeneity are
genomic methods, such as phenotypic linkage analyses, as
well as neuroimaging methods. Such tools stratify patients
on underlying behavioral, genetic, and neuropathological
dimensions rather than self-reported symptoms alone. Therefore,
these tools may be useful to identify the underlying behavioral
and neuropathological endophenotypes related to more basic
dimensions of behavior, independent of DSM-5 diagnoses.
Such analyses and resulting endophenotypes can also be
related to the behavioral and circuit-based dimensions of the
recently described Research Domain Criteria (Insel et al., 2010)
(RDoC). The RDoC is a recent strategy aimed at integrating
basic neuroscientific knowledge with clinical diagnoses by
first describing fundamental behaviors, described below, as
dimensions. These dimensions are then used to describe
the pathological behaviors of psychiatric disorders. By using
the RDoC schema in combination with neuroimaging and
phenotypic linkage methods, we may be able to identify sufficient
stimulatory targets addressing specific phenotypes such as
restrictive behavior or binging, regardless of DSM-5 diagnosis.
For NIBS treatments, diagnostic systems must be capable of
parsing this heterogeneity using endophenotypes so we may
select the optimal stimulation target for a particular behavioral
marker, or neural substrate.

Here, we will review NIBS as a treatment for the three
most prevalent forms of ED: AN, BN, and BED. First, we will
posit candidate dimensions as outlined by the RDoC and their
underlying behavioral and neurobiological targets associated
with ED as potential candidates for NIBS. Second, we will review
the available literature on rTMS and tDCS as possible treatments
for ED. Lastly, we will discuss the current limitations of the NIBS-
ED field, and opportunities of future study and development.

GOING BEYOND THE DSM-5 DIAGNOSIS:
HOW CAN WE MAXIMIZE EFFICACY?

As discussed above, one of the major obstacles in ED diagnosis
and treatment is the heterogeneity within each diagnostic
category; conversely, comparisons of clinical and psychological
features across patients suggest that there is significant overlap
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between ED diagnoses (Garfinkel et al., 1995; Lilenfeld et al.,
1998; Sullivan et al., 1998; Strober et al., 2000). Compounding
this problem is the evolution of the illness, such that patients
may transition from one diagnostic category to another over
time (Bulik et al., 2005). For example, it is estimated that
approximately 50% of patients initially diagnosed with ANR will
develop binge/purge behaviors, and approximately 30% of BN
patients have a history of AN (Keel and Mitchell, 1997). In
another study following DSM-IV-diagnosed AN and BN, only
one third of subjects retained their original diagnosis after 30
months (Milos et al., 2005). To improve diagnostic consistency
and treatment efficacy may require us to identify more stable,
more granular, and more biologically based subgroups, or
endophenotypes, within the ED population.

Some classification efforts have focused on a single DSM
diagnosis. AN has been subdivided into 3 stable classes
based on co-occurring symptoms: fat-phobic ANR, fat-phobic
ANBP, and non-fat-phobic ANR (Wildes et al., 2013). BN
has been subdivided based on personality attributes (affective-
perfectionistic, impulsive and low-comorbid psychopathology
clusters Wonderlich et al., 2005) and based on presenting
symptoms (binging, purging, and bingeing-purging, Striegel-
Moore et al., 2005).

A number of latent class (LCA) and latent profile analyses
(LPA) have been performed on symptomatic and personality
factors to stratify endophenotypes spanning AN and BN.
One symptom-based LCA found optimal fitting for a 4-group
classification. ANR, ANBP/BN, ANR without OCD, and BN
with only vomiting as purging were the four groups identified
(Keel et al., 2004). Another symptom-based LPA identified 4 ED
classes: binging with multiple types of compensatory behavior;
binging with only vomiting as compensatory behavior; binging
without purging; and low/normal weight with excessive exercise
(Eddy et al., 2009).

As evidenced above, there now exist a variety of different
proposals for how best to subcategorize ED patients, within and
across DSM-5 diagnoses. How, therefore, can we converge upon a
system that offers maximum clinical usefulness? One potentially
fruitful method would be to better characterize the heterogeneity
among ED patients in biological terms, using techniques such
as positron emission tomography (PET), electroencephalography
(EEG) andmagnetic resonance imaging (MRI) to identify distinct
neurobiological substrates underlying the different subgroups
within ED. Clinical endophenotypes could then be tied to
neurobiological substrates, which could in turn serve as targets
for individually- or phenotypically-tailored treatment strategies.

Such an approach would also allow us to describe illnesses
in dimensional rather than categorical terms. For example,
the influential RDoC framework (Insel et al., 2010) includes
dimensional constructs such as positive valence, negative valence,
cognitive systems, social processes, and arousal and regulatory
systems (for a review of how RDoC dimensions relate to ED
neurobiology, see Wildes and Marcus, 2015, Table 1). Many
endophenotypes, previously identified as symptom clusters in
the ED population, can be framed parsimoniously as the result
of pathology affecting these dimensions, either singly or in
combination (Figure 1). An “RDoC formulation” of our ED

TABLE 1 | Overview of the 5 Research Domain Criteria domains as

adapted from Insel et al. (2010) and Morris and Cuthbert (2012).

RDoC Domain Construct

Negative valence systems Active threat/Fear

Potential threat/Anxiety

Sustained threat

Loss

Frustrative nonreward

Positive valence systems Approach motivation

Responsiveness to reward

Reward learning

Habit

Cognitive systems Attention

Perception

Working/Declarative memory

Language

Cognitive/Effortful control

Social processes Imitation/Theory of mind

Social dominance

Facial expression identification

Attachment/Separation

Self-Representation

Arousal/Regulatory systems Arousal

Circadian rhythms

Sleep and wakefulness

endophenotypes carries the advantage of pointing toward specific
cognitive processes, neural pathways, neurotransmitter systems,
molecular targets, or genes that might be targeted for therapeutic
effect. For the purposes of this review, we will confine our
discussion to potential novel uses of NIBS to target specific neural
pathways that are associated with RDoC constructs, as they relate
to specific endophenotypes within the ED population.

RDOC DOMAINS AS ED
ENDOPHENOTYPES AND NIBS TARGETS

For the following section, a systematic review was completed
using PubMed (NIH, http://www.ncbi.nlm.nih.gov/pubmed),
with searches containing the following terms: first, clinical terms
for the three ED diagnoses in this review (bulimia nervosa,
anorexia nervosa, and binge eating disorder), and second, RDoC
related terms as discussed in a recent review on RDoC cognitive
systems (Morris and Cuthbert, 2012).

Negative Valence Systems
Negative valence systems are activated in response to aversive
stimuli, and include fear, anxiety and loss-related behaviors. In a
recent meta-analysis investigating neural activations for negative
and positive affect, negative valence was associated with greater
activation in the amygdala and anterior insula (Lindquist et al.,
2015). The lateral orbitofrontal cortex (OFC) is also associated
with negative valence, particularly during the anticipation and
receipt of punishment (Ursu et al., 2008).
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FIGURE 1 | Cognitive and behavioral phenotypes by RDoC dimension (Insel et al., 2010) for anorexia nervosa, bulimia nervosa, and binge eating

disorder (Schebendach et al., 2007, 2013; Fernández-Aranda et al., 2008; Zastrow et al., 2009; Harrison et al., 2010; Klein et al., 2010; Miyake et al.,

2010; Manwaring et al., 2011; Bohon and Stice, 2012; Hoffman et al., 2012; Steinglass et al., 2012; Chan et al., 2013; Giel et al., 2013; Strigo et al., 2013;

Wu et al., 2013; Glashouwer et al., 2014; Kullmann et al., 2014; Mole et al., 2015; Berg et al., 2015; Racine et al., 2015; Tapajóz P de Sampaio et al.,

2015). NR, Natural Rewards.

A number of studies support the role of negative valence
systems in ED, mainly in behaviors associated with negative
affect, sensitivity to punishment, anxiety, harm avoidance, and
response to the receipt of punishment (Figure 1). For example,
behavioral measures of negative affect and negative urgency are
the two most predictive features before a binge episode in both
BED and BN (Bohon and Stice, 2012; Berg et al., 2015; Leehr
et al., 2015; Racine et al., 2015). On functional neuroimaging, BN
patient reported negative affect is related to neural responsivity
during the anticipation of a food reward in both the striatum
and insula (Bohon and Stice, 2012). This relation suggests that
negative affect and food-reward are inappropriately coupled in
this disorder. More generally, BN patients also have higher neural
responses to negative body image descriptors (Miyake et al.,
2010), in areas associated with the regulation and inhibition of
fear and emotional processing circuits, including the dorsomedial
prefrontal cortex (DMPFC) (Kühn et al., 2011; Åhs et al., 2015).
These findings shed light on the role of negative attentional bias
in the psychopathology of bulimic-type disorders.

Restrictive subtypes of ED also show hypersensitivity on
measures related to negative valence systems. Behaviorally,
exaggerated harm avoidance and sensitivity to punishment
are typically associated with forms of AN (Harrison et al.,
2010). Similarly, on fMRI, AN patients display increased neural
activation in right anterior insula and DLPFC during pain
anticipation, and exaggerated responses to punishment (pain

and monetary losses) in the DLPFC, and the anterior, mid-,
and motor cingulate (Bischoff-Grethe et al., 2013; Strigo et al.,
2013; Bar et al., 2015). Cowdrey and colleagues also found an
exaggerated response to an aversive taste and sight of food in
the insula, striatum and ACC (Cowdrey et al., 2011). Trait-
anxiety is also a common feature of AN, and is associated
with the exaggerated activity of fear-related circuits to food and
body-related cues. Regions of exaggerated response to symptom-
provoking stimuli include the amygdala, hippocampus, insula,
ACC, and medial PFC (Ellison et al., 1998; Frank et al., 2002,
2012b; Seeger et al., 2002; Uher et al., 2004; Friederich et al., 2010;
Vocks et al., 2010). Finally, at the receptor level, PET imaging
reveals increased striatal dopamine binding potential and altered
cingulate serotonergic (increased 5-HT1A, but decreased 5-
HT2A) binding potential is associated with harm avoidance in
AN (Bailer et al., 2004, 2007; Frank et al., 2005).

Summary of Potential Negative Valence Targets
Both bulimic and restrictive-type EDs display some form of
negative valence abnormality on behavioral and neuroimaging
modalities (Figure 2). In ED with a binging component, it
appears that negative affect and food-reward responsivity are
intimately coupled via the exaggerated response of the amygdala,
insula and DMPFC. Restriction-related EDs display a similar
pattern in the amygdala, right anterior insula, DLPFC and
mPFC accompanying aspects of harm avoidance and receipt
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FIGURE 2 | Candidate NIBS targets that address abnormal phenotypes

related to the RDoC negative valence dimension. (A) Candidate negative

valence NIBS targets for anorexia nervosa (AN) (Ellison et al., 1998; Frank

et al., 2002, 2012b; Seeger et al., 2002; Uher et al., 2004; Friederich et al.,

2010; Vocks et al., 2010; Cowdrey et al., 2011; Bischoff-Grethe et al., 2013;

Strigo et al., 2013; Bär et al., 2015). The dorsolateral prefrontal cortex (DL) is

abnormally hyperactive for pain anticipation and the receipt of punishment.

The anterior cingulate cortex (ACC) is hyperactive for aversive food stimuli, the

receipt of punishment, and anxiety. Finally, the anterior insula (IN) is abnormally

hyperactive during anxiety and the anticipation of pain. (B) Candidate negative

valence NIBS targets for bulimia nervosa (BN) and binge eating disorder (BED).

The ACC is abnormally activated for negative words about the body (Miyake

et al., 2010), while the insula is hyperactive during negative affect (Bohon and

Stice, 2012).

of punishment. Frontal regions, particularly the medial PFC
and DMPFC, are thought to inhibit activity of the basolateral
amygdala (BLA) (Cho et al., 2013; Felix-Ortiz et al., 2015).

Hyperactivation of the DMPFC, DLPFC, and anterior
insula during negative valence paradigms has two possible
interpretations. First, these areas may be inhibiting BLA
activity, but insufficiently, in which case excitatory stimulation
may be beneficial. Alternatively, these areas may actually be
inappropriately driving BLA activity in a top-down fashion,
in which case inhibitory stimulation would be preferable.
A key study illustrated these opposite mechanisms in
emotion regulation in healthy controls vs. MDD patients
(Johnstone et al., 2007): during emotional reappraisal, limbic
frontal regions suppressed amygdala activity in controls, but
counterproductively increased amygdala activity in MDD.

For NIBS interventions, direct suppression of the amygdala is
challenging due to its deep location; strategies aimed at damping
negative valence systems will therefore likely target in prefrontal
cortex and insula. Excitatory prefrontal NIBS has been recently
shown to attenuate amygdala-dependent negative processing in
healthy controls (Baeken et al., 2010; Guhn et al., 2014), and
this strategy may be best in “bottom-up” pathology, where

emotional reappraisal/self-regulation systems are underactive
rather than pathologically hyperactive (i.e., in BN and BED).
Conversely, where negative valence systems are driven by “top-
down” pathology, and self-regulation is if anything excessive,
inhibitory stimulation may be preferable. Inhibitory NIBS of
the DMPFC and lateral OFC both show promise in obsessive-
compulsive disorder (Mantovani et al., 2010; Nauczyciel and
Drapier, 2012; Dunlop K. et al., 2015), and these strategies may be
better suited to AN-R, particularly in cases with comorbid OCD.

Positive Valence Systems
Positive valence systems encompass neural circuits related to
motivation, reward seeking, and habit formation behaviors.
According to a recent meta-analysis in healthy controls, positive
stimuli are associated with activity in the VMPFC and ACC
(Lindquist et al., 2015). All three major EDs, AN, BN, and BED,
have been previously shown to be altered in this dimension
(Figure 1).

From a behavioral perspective, AN patients show diminished
sensitivity to conventional reward, as evident on psychometric
measures (Harrison et al., 2010; Glashouwer et al., 2014)
and delay discounting tasks (Steinglass et al., 2012). From a
neurobiological perspective, ANR patients likewise display a
blunted neural response to food reward in the insula and striatum
(Wagner et al., 2008), decreased response to food images in the
insula (Holsen et al., 2012; Oberndorfer et al., 2013b), and altered
striatal activation during a reward-learning paradigm (Wagner
et al., 2007). In a recent fMRI study of delay discounting in
AN patients and healthy controls, AN patients had a marked
preference for delayed rewards, associated with lower activation
in the striatum and dorsal ACC during decision-making; these
behavioral and neural abnormalities normalized to control levels
after treatment (Decker et al., 2014). However, another study
found that weight restoration did not affect choice behavior on
a delay discounting task (Ritschel et al., 2015), suggesting that
a preference for delayed over immediate rewards may be an
endophenotypic feature in low-BMI individuals. In either case,
the identified striatal and prefrontal regions are all involved in
the motivational aspect of reward and food-reward processing.

There is also evidence that reward evaluation is altered in AN,
in which secondary (contextual) rewards such as exercise and
dietary restriction carry higher reward value relative to food or
other primary rewards (Schebendach et al., 2007; Klein et al.,
2010). The so-called “reward contamination theory” of AN posits
a pathological re-configuration of the patient’s reward system
through stress-induced activation of the mesolimbic dopamine
system, via ventral tegmental area opioid receptors. In this
framework, AN behaviors essentially represent a maladaptive,
but well-entrenched type of habit-formation (Keating et al., 2012;
Walsh, 2013).

The findings that support this theory suggest that there is
altered motivational salience for disease-related stimuli. For
example, AN patients tend to rate physical exercise as “pleasant,”
more so than food (Giel et al., 2013). In fact, food-reward in
AN activates a weight-gain fear response (i.e., negative valence
systems) in the amygdala and extrastriate body rather than
positive valence systems from the striatum, orbitofrontal cortex,
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and ACC (Vocks et al., 2011). The DLPFC is also hyperactive
in response to images of food and the anticipation of reward,
suggesting the presence of enhanced cognitive control over food
cues and reward (Ehrlich et al., 2015; Sanders et al., 2015). ANR
patients also have a high prevalence of comorbid OCD (Torresan
et al., 2013). The level of compulsivity predicts the reactivity of
the superior frontal gyrus, ACC and striatum and deactivation
of the PFC to images of high-calorie foods (Rothemund et al.,
2011), and lowered right DLPFC activity is seen in response to
obsessive-compulsive symptom provocation in AN (Suda et al.,
2014). Thus, hypofunctioning of primary reward systems (and
potentially, hyperfunctioning of secondary/contextual reward
systems) may be important target processes in ANR.

In contrast disorders in the BN/BED spectrum are often
associated with elevated primary reward valuation and
reward sensitivity. These are typically associated with a
higher willingness to work for a food reward (Schebendach et al.,
2013), as well as higher impulsivity (Manwaring et al., 2011;
Chan et al., 2013; Mole et al., 2015) At the neural level, BN and
BED patients show increased activity for reward receipt in areas
including the medial OFC, ventral striatum and insula (Schienle
et al., 2009; Frank et al., 2011, 2012a; Radeloff et al., 2012;
Weygandt et al., 2012; Oberndorfer et al., 2013a). BED patients
display hyperactivations in the ventral striatum and inferior
frontal gyrus during reward anticipation, and reduced medial
PFC activity during a monetary incentive delay task (Balodis
et al., 2014, 2013a). On PET imaging, areas like the insula,
PFC and ventral striatum, associated with reward-motivation
and food-reward processing, have altered serotonergic and
dopaminergic binding in BN (Broft et al., 2012; Galusca et al.,
2014). An important associated feature may also be deficient
behavioral self-regulation and impulsivity. BN patients also
show reduced activation in anticipation of a food reward is
seen in ACC and right anterior insula; lower ACC activity
predicts how much the patient will overeat (Frank et al., 2006;
Bohon and Stice, 2011). Parallels have been drawn between the
neural substrates of BN/BED and addiction, due to the similar
alterations to motivation and reward-related circuitry on fMRI
and task-based paradigms between the two psychopathologies
(Filbey et al., 2012).

Summary of Potential Positive Valence Targets
In terms of positive valence systems, it appears that both
restrictive and binging phenotypes of ED display alterations in
incentive salience that is potentially modulated by the opioid
system (Keating et al., 2012; Giuliano and Cottone, 2015;
Figure 3). In the case of ANR, conventional primary rewards
appear to be devalued in favor of pathological secondary or
contextual rewards, such as starvation and excessive exercise.
A broader preference for long-term/contextual over immediate
primary rewards is also apparent in choice behavior during
delay discounting. Neurally, the primary reward systems of
the ventral striatum and ventromedial prefrontal cortex appear
hypoactive, while contextual or secondary reward systems
operating through lateral orbitofrontal and lateral temporal
regions appear hyperactive. Hyperactivity in lateral orbitofrontal
pathways is also strongly associated with OCD, and with

compulsivity in general (Ahmari et al., 2013; Beucke et al., 2013).
This finding would be consistent with the broader phenotype of
ANR. Neurally-based strategies in ANR might therefore include
enhancing primary reward value via medial prefrontal-striatal
pathways, or attenuating secondary reward value via lateral
prefrontal-striatal pathways. For instances where conventional
rewards are less valued than maladaptive ones (restrictive,
fat-phobic ED), inhibitory NIBS over lateral networks for
maladaptive secondary rewards, and excitatory NIBS over medial
networks for conventional rewards, may be a possible therapeutic
protocol to realign incentive-salience mechanisms to normal,
adaptive functioning.

In the case of binge/purge-related EDs, repeated exposures to
the transient reward value of food intake (or the transient anti-
anxiety effect of purging) would cause these behaviors to acquire
pathologically high incentive value (especially in the presence of
negative urgency), via neural mechanisms that parallel those of
addiction. Effective strategies would therefore parallel those for
substance addiction: enhancing cognitive/impulse control over
urges to binge and purge, or suppressing urge intensity.

NIBS strategies for enhancing cognitive control involve
excitatory stimulation of the nodes of the salience network,
including the DLPFC, dACC, and insula (Dunlop et al.,
accepted). Each of these targets have demonstrated efficacy in
substance dependence (Mishra et al., 2010; De Ridder et al., 2011;
Meng et al., 2014), with effects apparently mediated by enhanced
control rather than reduced urge. Recently, excitatory rTMS over
the dACC has been reported to reduce symptoms in treatment-
resistant binge/purge ED, via enhanced integrity of frontostriatal
circuits in the salience network (Dunlop J. et al., 2015).

NIBS may also be capable of suppressing urge, by targeting
frontopolar and ventromedial sites. In one preclinical rTMS
study, substance use disorder patients underwent inhibitory
rTMS over the ventral frontal pole during a task evoked a
cue-related craving response. A single session of inhibitory
rTMS reduced the severity of craving in this group relative
to sham, and stimulation proved capable of engaging core
reward nodes in the ventral striatum, as well as the associated
ventromedial prefrontal regions (Hanlon et al., 2013, 2015). Urge
suppression via inhibitory ventromedial prefrontal stimulation
has yet to be attempted in ED, but would be a reasonable
strategy to complement excitatory salience-network stimulation
in binge/purge-related ED populations.

Cognitive Systems
The cognitive systems dimension refers to processes responsible
for cognitive processing, including attention, perception,
memory, language, and cognitive control. In healthy control
studies, these behaviors are associated with activity in the
DMPFC, DLPFC, and anterior insula (Albares et al., 2014;
Cho et al., 2014; Luo et al., 2014; Reineberg et al., 2015). These
networks tend to be associated with the central executive
and salience resting-state networks (Reineberg et al., 2015),
responsible for response selection and inhibition.

Abnormal cognitive control mechanisms are evident in most
ED populations (Figure 1). On the one hand, BN and BED-
type diagnoses tend to display reduced capacity for impulse and
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FIGURE 3 | Candidate NIBS targets that address abnormal phenotypes related to the RDoC positive valence dimension. (A) Candidate positive valence

NIBS targets for anorexia nervosa (AN) (Wagner et al., 2007, 2008; Rothemund et al., 2011; Vocks et al., 2011; Holsen et al., 2012; Oberndorfer et al., 2013b;

Torresan et al., 2013; Decker et al., 2014; Suda et al., 2014; Ehrlich et al., 2015; Sanders et al., 2015). The dorsolateral prefrontal cortex (DL) is both hyperactive when

the participant views images of food, but hypoactive during symptom, particularly OCD-related, provocation. The anterior cingulate cortex (ACC) is also differentially

activated; it is hyperactive when the participant views images of food, but hypoactive when the participant delays a reward. Also, the insula (IN) is hypoactive when the

participant views images of food. (B) Candidate positive valence NIBS targets for bulimia nervosa (BN) (Frank et al., 2006, 2011; Bohon and Stice, 2011; Broft et al.,

2012; Radeloff et al., 2012; Weygandt et al., 2012; Oberndorfer et al., 2013a; Galusca et al., 2014). The ACC is hypoactive during reward anticipation, and this

hypoactivity predicts later overeating. The orbitofrontal cortex (OFC) is hyperactive during the receipt of a reward. The IN is both hyperactive during the receipt of a

reward, but hypoactive during reward anticipation. (C) Candidate positive valence NIBS targets for binge eating disorder (BED) (Schienle et al., 2009; Frank et al.,

2012a; Weygandt et al., 2012; Balodis et al., 2013a, 2014). Both the OFC and the IN are abnormally hyperactive during the receipt of a reward, while the inferior

frontal gyrus (IFG) is hyperactive during reward anticipation.

cognitive control. This is particularly evident for disease-relevant
stimuli (Wu et al., 2013), but is also apparent for positive
and negative emotional valence images (Tapajóz P de Sampaio
et al., 2015), suggesting a broader endophenotype of deficient
cognitive and behavioral control. In fact, binge episodes are
partially defined by the individual’s loss of control during eating,
and impulse control disorders (ICD) are common comorbidities
(Fernández-Aranda et al., 2008). Purging behaviors are also
associated with higher levels of impulsivity, and different forms
of purgingmay represent separatemanifestations of compulsivity
and impulsivity (Hoffman et al., 2012).

On the other hand, restrictive-type EDs tend to show a
different profile of cognitive control abnormalities. Cognitive
control capacity may appear above normal levels in certain
domains, such as temporal discounting (Steinglass et al., 2012).
However, cognitive control may be abnormal in certain specific
domains related to the illness; for example, for negative valence
images (Tapajóz P de Sampaio et al., 2015), food stimuli
(Oberndorfer et al., 2013b; Sanders et al., 2015), or body-image-
related stimuli (Lee et al., 2014). AN patients also have altered
cognitive control depending on the reward valence of the object,
as the impulse control networks are overly activated for physical
exercise relative to food images in a go/no-go task (Kullmann
et al., 2014). AN patients also show a reduced ability to switch to

an optimal decision-making strategy, called cognitive flexibility
(Zastrow et al., 2009).

From a neural perspective, impulsive-type deficits on response
control tasks are related to lower frontostriatal activations.
BED patients show reduced activity in the inferior frontal
gyrus, ventromedial PFC and insula during the Stroop task,
and this diminished activity is associated with poor dietary
restraint (Balodis et al., 2013b). BED prefrontal hypoactivity has
also been correlated with psychometric measures of attentional
impulsiveness and a disease-relevant go/no-go task (Hege
et al., 2014). BN patients show hypoactivity in frontostriatal
circuitry during cognitive control tasks like the Simon Spatial
Incompatibility task; affected areas include the inferior frontal
gyrus, striatum, ACC, OFC, DLPFC, and middle frontal gyrus
(Marsh et al., 2009, 2011; Celone et al., 2011). On the go/no-go
task, adolescent BN and ANBP patients display hyperactivations
in the ACC and right DLPFC, albeit without impaired task
performance relative to controls (Lock et al., 2011).

AN patients also show hypoactivity in frontostriatal circuits
from the medial PFC on a response inhibition task related to
cognitive control deficits (Oberndorfer et al., 2011; Wierenga
et al., 2014), but hyperconnectivity to a response inhibition task
that used exercise-related stimuli as its cue (Kullmann et al.,
2014). Additionally, AN patients also display poorer performance
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on cognitive flexibility tasks, and this performance is reflected
by lower activity in frontostriatal circuits through the thalamus,
ventral striatum, ACC, middle frontal gyrus, and ventrolateral
PFC (Zastrow et al., 2009; Sato et al., 2013; Garrett et al., 2014;
Wildes et al., 2014; Lao-Kaim et al., 2015). On resting-state fMRI,
higher thalamo-cortical functional connectivity through the
DLPFC and anterior PFC is associated with poorer performance
on the Stroop task and working memory (Biezonski et al., 2015).
Thus, domain-specific abnormalities of cognitive control are
evident at both the behavioral and the neural level in AN.

Summary of Potential Cognitive Control Targets
Both restricting- and binge/purge-type EDs show deficits
on tasks related to cognitive control, including behavioral
inhibition, working memory, selective attention, and cognitive
flexibility (Figures 1, 4). Generally, BED displays poorer response
inhibition and lower activity in the inferior frontal gyrus and
ventromedial PFC, both of which are accessible via excitatory
forms of NIBS. BN and ANBP display lower activity in the
inferior frontal gyrus, ACC, OFC, and DLPFC; all but the
OFC are easily accessible for excitatory NIBS. As noted earlier,
excitatory NIBS of salience-network nodes in DLPFC, DMPFC,
and anterior insula appears to improve cognitive control and
impulsivity even in healthy controls (Cho et al., 2014, 2010;
Meng et al., 2014). Enhanced cognitive control, via improved
frontostriatal connectivity through these salience-network nodes,
may mediate recently reported improvements in binge and purge
behaviors with excitatory DMPFC-rTMS (Dunlop J. et al., 2015).
Similar effects via similar mechanisms should be expected for
excitatory rTMS targeting DLPFC and anterior insula.

For AN, neural correlates of cognitive control show
considerable variability depending on the task and valence
of stimuli. On the one hand, AN patients in some studies
show broad deficits of cognitive control and flexibility,
and hypoactivity of the frontostriatal circuitry, during many
tasks related to cognitive control; hence, excitatory NIBS
might be beneficial if combined with cognitive tasks during
stimulation. On the other hand, patients sometimes show the
reverse pattern of hyperconnectivity and excessive cognitive
control/compulsivity in these same circuits, within illness-
specific domains; excitatory stimulation may therefore be
unhelpful, or could potentially exacerbate illness. In keeping
with this concern, high-frequency DMPFC-rTMS was recently
reported to exert a paradoxical inhibitory effect on frontostriatal
connectivity in a subpopulation of ED patients with high baseline
connectivity; these patients showed symptomatic worsening
rather than improvement (Dunlop J. et al., 2015). Thus, targeting
cognitive control in AN-Rmay require a more nuanced approach
than is the case for binge-purge symptoms.

Social Processing Systems
Social processing systems refer to circuits involved in social
communication, and the perception and understanding of
oneself and others. Targets identified in healthy controls include
the insula, responsible for interoception (Craig, 2002); the
temporoparietral junction, for theory of mind-related processing
(Saxe and Kanwisher, 2003); and higher-order visual processing

regions, for processing one’s own and others’ faces (Hummel
et al., 2013).

This dimension has received less attention in the ED literature
relative to positive/negative valence systems and cognitive
control (Figure 1). However, it may have relevance in AN
patients, who show higher levels of alexithymia, deficits in
visceral sensory perception or “interoception” (Craig, 2002;
Strigo et al., 2013), and distorted perceptions of body shapes
(Suchan et al., 2013). AN patients with higher levels of
alexithymia show lower ACC, PCC, and right temporoparietal
junction (TPJ) activation during social decision-making tasks
(Miyake et al., 2009, 2012; McAdams and Krawczyk, 2011). More
specifically, ANR patients display altered anterior and dorsal
mid-insula activations based on the modality of interoception
they are attending to (Kerr et al., 2015). On resting-state fMRI,
AN patients also display increased functional connectivity from
the anterior insula to the default mode network associated with
self-reported problems with interoceptive awareness, suggesting
a heightened level of cognitive control toward interoceptive
processes (Boehm et al., 2014). AN patients also have altered
neural responses to visually-presented body shapes, particularly
in areas associated with visual processing and reward: the
ventral striatum, extrastriate body area (EBA), DLPFC, parietal
regions, medial PFC, and fusiform gyrus (Cowdrey et al., 2012;
Spangler and Allen, 2012; Castellini et al., 2013; Fladung et al.,
2013; Suchan et al., 2013; Suda et al., 2013; Fonville et al.,
2014). Finally, two recent studies have also identified areas of
abnormal activation in response to benevolent and malevolent
social relationships. During benevolent social relations, AN
patients tend to display reductions in DMPFC, possibility related
to lowered reward valence for social reward and interaction
(McAdams et al., 2015; Via et al., 2015).

In summary, AN patients may show deficits across multiple
domains related to self-perception (alexithymia, interoception,
and body shape perception) and social function (interpersonal
interaction, theory of mind; Figures 1, 5). The latter function
has been successfully enhanced with excitatory DMPFC-rTMS
in autism-spectrum disorder (Enticott et al., 2011, 2014).
During social interactions, AN patients likewise tend to display
DMPFC hypoactivity during social interaction, and so excitatory
stimulation over this region may worth exploring. For self-
perception, relevant targets include anterior insula (alexithymia),
posterior insula (interoception), TPJ and EBA (social cue
perception, body shape perception). NIBS has successfully
targeted each of these regions in other applications (Ciampi
de Andrade et al., 2012; Dinur-Klein et al., 2014; Donaldson
et al., 2015). Excitatory stimulation of the insula and TPJ may
be worth exploring for alexithymia and deficits in interoception.
Conversely, inhibitory stimulation of the TPJ and EBA may be
worth exploring for aberrant self- and body perception.

NIBS TECHNIQUES AS THERAPEUTIC
INTERVENTIONS IN ED

For the following section, a systematic review was completed
using PubMed (NIH, http://www.ncbi.nlm.nih.gov/pubmed),
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FIGURE 4 | Candidate NIBS targets that address abnormal phenotypes related to the RDoC cognitive control dimension. (A) Candidate cognitive control

NIBS targets for anorexia nervosa (AN) (Oberndorfer et al., 2011; Sato et al., 2013; Garrett et al., 2014; Wierenga et al., 2014; Wildes et al., 2014; Biezonski et al.,

2015; Lao-Kaim et al., 2015). The dorsolateral prefrontal cortex (DL) is both hyperactive during interference control tasks (such as the Stroop task), and for working

memory, but hypoactive during cognitive flexibility and set-shifting tasks. The anterior cingulate cortex (ACC) is hypoactive during response inhibition tasks, while the

ventrolateral prefrontal cortex (VL) is hypoactive during cognitive flexibility tasks. (B) Candidate cognitive control NIBS targets for bulimia nervosa (BN) (Marsh et al.,

2009; Rossi and Hallett, 2009; Celone et al., 2011; Lock et al., 2011). Both the ACC and the DL are hyperactive during response inhibition tasks, but hypoactive

during interference control tasks, while both the orbitofrontal cortex (OFC) and inferior frontal gyrus (IFG) are hypoactive during inference control tasks. (C) Candidate

cognitive control NIBS targets for binge eating disorder (BED) (Balodis et al., 2013b; Hege et al., 2014). The ventromedial prefrontal cortex (VM), insula (IN), and IFG

are abnormally hypoactive during interference control, poor dietary restraint, impulsivity, and response inhibition.

with searches containing the following terms: first, clinical terms
for the three ED diagnoses in this review and related phenotypes
(BN, AN, BED, binging, purging, excessive exercise), and second,
NIBS related terms (rTMS, TMS, tDCS).

NIBS Overview: rTMS and tDCS
rTMS applies powerful, focused magnetic field pulses over the
scalp to elicit action potentials in the underlying region of cortex.
Typically, treatment sessions occur once daily, for a total of 20–
30 daily sessions (Carpenter et al., 2012; Solvason et al., 2014).
rTMS mechanisms are thought to involve synaptic plasticity via
long-term potentiation or depression, with the direction of effect
dependent on the stimulation intensity, duration, and pattern
(Pascual-Leone et al., 1998; Maeda et al., 2000). Higher frequency
stimulation (5–20Hz) is usually considered to be excitatory,
while low frequency (<1Hz) stimulation is considered inhibitory
(Pascual-Leone et al., 1994; Chen et al., 1997). More recently,
however, considerable heterogeneity on electrophysiological,
neuroimaging, and clinical measures has been found for most if
not all patterns of rTMS (Maeda et al., 2000; Eldaief et al., 2011;
Dunlop J. et al., 2015; Dunlop K. et al., 2015; Nettekoven et al.,
2015).

tDCS, on the other hand, uses a constant, low amplitude
current to modulate cortical excitability, rather than eliciting
action potentials directly. As with rTMS, sessions typically occur

daily, for a total of 10–30 sessions (Meron et al., 2015). While the
mechanisms of tDCS are still debated, it is likely that modulated
cortical excitability also elicits subtle effects on synaptic plasticity
via long-term potentiation and depression (Brunoni et al.,
2012). Anodal stimulation is considered excitatory, and cathodal
stimulation inhibitory. However, as with rTMS, both types
of tDCS display considerable inter-individual variability in
their effects (Wiethoff et al., 2014). Newer variants such as
transcranial alternating current stimulation (tACS), may exert
more consistent, frequency-specific effects (Voss et al., 2014);
however, their therapeutic potential is poorly understood at
present.

NIBS as a Treatment for BED and Food
Craving
To date, the majority of published NIBS-ED studies have focused
on female patients with abnormally high food craving or urge to
eat, as opposed to a specific formal DSM-5 diagnosis (Tables 2, 3;
McClelland et al., 2013; Grall-Bronnec and Sauvaget, 2014; Val-
Laillet et al., 2015). These preclinical studies typically involve
a single session of stimulation, with subjectively rated cue-
induced craving as the primary outcome.With rTMS, two studies
reported contradictory results for 10Hz stimulation of the left
DLPFC rTMS: one study (n = 28) found decreased craving after
active vs. sham stimulation (Uher et al., 2005), while the other
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FIGURE 5 | Candidate NIBS targets that address abnormal phenotypes

related to the RDoC social processing dimension in anorexia nervosa

(AN) (Cowdrey et al., 2012; Miyake et al., 2012; Spangler and Allen,

2012; Castellini et al., 2013; Fladung et al., 2013; Suda et al., 2013;

Boehm et al., 2014; Fonville et al., 2014; Kerr et al., 2015; McAdams

et al., 2015; Via et al., 2015). The anterior cingulate cortex (ACC), posterior

cingulate cortex (PCC), and temporoparietal junction (TPJ) are abnormally

hypoactive during deficits in social decision-making and alexithymia, while low

insula (IN) activity is related to deficits in interoceptive awareness. The

dorsolateral prefrontal cortex (DL) is both abnormally hyperactive when the

participant views oversized images of themselves, but hypoactive when

viewing images depicting body-checking behavior. The fusiform face area

(FFA) is both abnormally hyperactive when the participant views highly

emotional facial expressions, but hypoactive when viewing distorted body

shapes and images depicting body-checking behavior. The extrastriate body

area (EBA) is both abnormally hyperactive when the participant views images

of their own body, but hypoactive when those images are distorted.

(n = 10) found that active stimulation was no better than sham
in terms of cue-induced craving control (Barth et al., 2011). The
studies differed in stimulation parameters, however, and enrolled
only healthy participants who self-reported having strong food
cravings, but did not carry a formal ED diagnosis. Hence, it may
be difficult to extrapolate these findings to the effects of a full
therapeutic course of 20–30 sessions in patients with pathological
deficits of self-control and a formal ED diagnosis.

There is also a growing body of literature investigating
DLPFC-tDCS as a method to reduce craving and food intake.
In four published studies recruiting individuals with strong food

cravings, a single session of anodal right DLPFC/cathodal left
DLPFC tDCS was able to reduce cue-induced craving, reduce
food intake, and improve the participants’ ability to resist food
relative to sham-tDCS (Fregni et al., 2008; Goldman et al.,
2011; Kekic et al., 2014; Lapenta et al., 2014). Future work
involving tDCS should employ multiple sessions as opposed to
a single session in a randomized, sham-controlled setting, as a
treatment for the inappropriate eating patterns associated with
BED. Studies in populations carrying a formal ED diagnosis, with
significant functional impairment and distress, are also needed.

NIBS as a Treatment for BN
The earliest publication of rTMS as a potential treatment for BN
is a case report of a patient diagnosed with comorbid depression
and BN who achieved an unexpected remission of binge and
purge symptoms and depressive improvements after 10 sessions
of 20Hz rTMS over the left DLPFC (Hausmann et al., 2004;
McClelland et al., 2013; Table 2). Follow-up studies involving
high frequency left DLPFC rTMS have been mixed: one group
found that a single session reduced the urge to eat, the number
of binges 24 h post-rTMS, and salivary cortisol levels (Van den
Eynde et al., 2010; Claudino et al., 2011), while another study
found no difference between active- and sham-rTMS after 15
sessions of 20Hz rTMS over the left DLPFC (Walpoth et al.,
2008). A more recent study applied a single session of excitatory
left DLPFC-rTMS in 8 female patients with BN, and reported
reduced subjective ratings of craving post-rTMS, along with
lower cerebral oxygenation in the DLPFC on near-infrared
spectroscopy (Sutoh et al., 2016). These findings hint at the
potential promise of DLPFC-rTMS for BN, which would be in
keeping with the much more extensive literature demonstrating
that this intervention enhances cognitive control in healthy
subjects (Cho et al., 2010), and patient populations (Van den
Eynde et al., 2010), with therapeutic effects in mechanistically
related disorders such as addiction (Gorelick et al., 2014).

More recently, our group has shifted the rTMS stimulation
target from the DLPFC to the DMPFC, as a potential treatment
for major depression (Downar et al., 2014; Salomons et al., 2014;
Bakker et al., 2015). As with first case report of DLPFC-rTMS for
BN, we too found an unexpected remission of chronic treatment
refractory binge and purge symptoms in an MDD patient with
comorbid BN, following 20 sessions of 10Hz DMPFC-rTMS.
The onset of effect was rapid, occurring in the first week
of treatment, and was maintained for 9 weeks post-treatment
(Downar et al., 2012). In a follow-up, open-label series of 10Hz
DMPFC-rTMS in 28 ED patients with binge/purge behaviors,
we noted ≥ 50% symptom reduction in 57%. On resting-state
fMRI, we found increased resting-state functional connectivity
in fronto-striatal salience network circuits (through DMPFC,
anterior insula, and ventral striatum) specifically in the treatment
responders but not non-responders (Dunlop J. et al., 2015),
consistent with similar findings for DMPFC-rTMS in MDD and
obsessive-compulsive disorder (Salomons et al., 2014; Dunlop K.
et al., 2015). These findings suggest that DMPFC-rTMS may
improve bulimic symptoms through an improvement of top-
down cognitive control over urges, via frontostriatal circuits
through salience-network nodes. Future work should include a
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TABLE 3 | Overview of the available ED-tDCS literature.

Study Subjects Study Anodal Cathodal Stimulation Number of Primary Findings

Design Site Site Intensity sessions Outcome

A

Fregni et al.,

2008

n = 23, HC with

urges to eat

Sham-controlled,

crossover

R-DLPFC L-DLPFC 2mA, 20min 1 Craving VAS, food

consumption

Reduced craving in

active tDCS, less

consumption

Goldman

et al., 2011

n = 19, HC with

urges to eat

Sham-controlled,

crossover

R-DLPFC L-DLPFC 2mA, 20min 1 Craving VAS, Resist

food

Reduced craving,

increased ability to

resist food

Kekic et al.,

2014

n = 20, HC with

urges to eat

Sham-controlled,

crossover

R-DLPFC L-DLPFC 2mA, 20min 1 Craving VAS Reduced craving for

sweet foods

Lapenta

et al., 2014

n = 9, HC with

urges to eat

Sham-controlled,

crossover

R-DLPFC L-DLPFC 2mA, 20min 1 Cue-induced food

craving

Reduced food intake

B

Khedr et al.,

2014

n = 7, AN Open-Label L-DLPFC N/A 2mA, 25min 10, daily EDI and EAT Significant effect of

time on EAT and EDI

A, tDCS studies related to food addiction and urges to eat; B, tDCS studies related to AN.

AN, anorexia nervosa; HC, healthy controls; EAT, eating attitudes test; EDI, eating disorder inventory; L-DLPFC, left dorsolateral prefrontal cortex; R-DLPFC, right dorsolateral prefrontal

cortex; tDCS, transcranial direct current stimulation; VAS, visual analog scale.

sham-controlled arm, along with behavioral measures to better
characterize the cognitive domains mediating the therapeutic
effects of DMPFC-rTMS in BN.

NIBS as a Treatment for AN
To date, there are few published sham-controlled trials on
tDCS and rTMS as treatments for AN (Bainbridge and Brown,
2014; McClelland et al., 2013). One preclinical study in a small
sample of AN patients (n= 10) applied a single session of
10Hz left DLPFC-rTMS, with patients reporting less anxiety and
less feeling full and feeling fat (Table 2; Van den Eynde et al.,
2013). An open-label case series in 5 AN patients applied 20
sessions of excitatory DLPFC-rTMS, reporting improvements
in anxiety, feeling fat/full and urge to restrict/exercise over
the course of treatment, enduring to 6 months; however, these
effects had waned by 12-months post-treatment (McClelland
et al., 2016). Another open-label series in 7 AN patients applied
10 sessions of anodal left DLPFC tDCS (Table 3), reporting
improvements on the Eating Disorders Inventory (EDI) and the
Eating Attitude Test (EAT) (Khedr et al., 2014). Although, these
early publications are promising, further preliminary work in
larger groups, with a longer course and sham control, must be
performed to determine whether rTMS and tDCS are efficacious
treatments for AN.

CONSIDERATIONS FOR FUTURE STUDIES

Patient Selection
In an attempt to limit heterogeneity, inclusion criteria for
NIBS studies in ED patients are often based on DSM-
5 diagnostic categories. However, as noted above, DSM-
5 diagnoses still encompass substantial heterogeneity, and
may conflate neurobiologically distinct endophenotypes. Future
studies enrolling ED patients for NIBS trials should make
efforts to at least characterize the underlying phenotypes within

the clinical populations they are treating, and ideally should
target a specific endophenotype associated with a specific neural
substrate. Such studies should also measure behavioral or
biological markers of this endophenotype to assess whether
the target process was successfully engaged, and whether the
engaged process did indeed mediate any observed symptomatic
improvements.

Intervention Parameters
Several treatment parameters are important to consider when
designing NIBS studies in ED. First, treatment parameters
(protocol, total number of sessions, and number of sessions
per day) needs to be selected, keeping in mind both patient
convenience and therapeutic efficacy. In the older MDD-NIBS
literature, 20–30 sessions of once daily rTMS is the standard
protocol, with sessions lasting up to 45–60min. However, such
schedules are onerous for patients and limit overall clinic
capacity. More recent studies have begun to explore much
briefer protocols, such as 1–3min theta-burst stimulation (Li
et al., 2014), which have been reported to achieve equivalent or
superior outcomes (Bakker et al., 2015). Other protocols, such
as quadripulse stimulation (QPS), have been reported to achieve
much more consistent effects across individuals (Huang et al.,
2005; Tsutsumi et al., 2014). Still other recent MDD trials have
delivered multiple sessions per day (up to five sessions a day), to
complete the full course in 4–10 days rather than the usual 4–
6 weeks (Holtzheimer et al., 2010; Baeken et al., 2014). Future
ED rTMS trials should make use of these innovations to reduce
patient burden, increase capacity or consistency, and accelerate
the pace of improvement.

Concurrent Tasks or Therapies
Another consideration for NIBS trials for ED is whether
stimulation should be applied concurrently with psychotherapy
or a specific cognitive/behavioral task, as opposed to simply
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during rest. This is especially the case if NIBS protocols are
designed based on RDoC dimensions, and targets cortical regions
based on abnormal activation on certain tasks. As discussed
above, many areas, including the ACC/mPFC, DLPFC, insula,
inferior frontal gyrus, and ventrolateral PFC are hyperactive to
some tasks, but hypoactive in others. With stimulation during
rest, it is difficult to assess or constrain the activation state
of the underlying cortical target. Having the patient perform
illness-specific cognitive task has now been shown to enhance
(or reduce) the therapeutic effects of rTMS across several
different indications. For example, reading trauma-related scripts
during rTMS enhanced efficacy for PTSD (Isserles et al., 2013);
undergoing rTMS in the presence of substance cues enhances
efficacy in addiction (Dinur-Klein et al., 2014). Analogous
approaches may be helpful in ED.

Treatment Target
A final consideration for ED-NIBS concerns the feasibility of
the proposed target. Although, targets such as DLPFC, DMPFC,
OFC, and TPJ have now been targeted in a variety of studies,
others such as ventromedial prefrontal cortex or anterior insula
may be difficult to reach without specially designed coils, and
without also stimulating overlying structures. More feasibility
studies are needed to assess how well that these areas can be
engaged with rTMS and tDCS (Chib et al., 2013).

Another consideration during target selection is determining
the appropriate stimulation intensity in the case of rTMS. For
example, treatment intensity is determined by measuring the
resting motor threshold of region of cortex directly posterior
to stimulation site; in these cases, resting motor threshold is
determined by the activation of the thumb or big toe for
DLPFC and DMPFC, respectively (Schutter and van Honk,
2006; Hallett, 2007). It is therefore unclear for novel stimulatory
sites what would be the most appropriate and reliable sites
to determine optimal stimulation intensity. Studies using finite
element modeling may also be helpful for optimizing stimulator
placement and intensity (Nitsche et al., 2012).

The effects of rTMS also dramatically decrease the farther the
site is from the scalp surface (Kozel et al., 2000), and so it is
likely that stimulation intensity will have to be quite large for
deep targets such as anterior insula or VMPFC. If this is the
case, it is likely that pain tolerability will be a factor. In addition,
trigeminal nerve pain, scalp pain, and headaches are common
adverse effects associated with rTMS (Machii et al., 2006; Rossi
and Hallett, 2009). Tolerability will need to be maintained when
stimulating these novel targets, particularly in scalp regions with
trigeminal innervation, such as the frontopolar, orbitofrontal,
or temporopolar regions. This may be challenging for more
intense rTMS protocols, although helmet-shaped “deep TMS”
coil geometries may be somewhat helpful in allowing deep
stimulation of these regions while maintaining tolerability (Roth
et al., 2007). Certain targets (e.g., OFC, frontopolar cortex) may
be more amenable to tDCS, which is relatively painless compared
to rTMS. Another non-invasive technique worthy of future
investigation is cutaneous non-invasive vagus nerve stimulation,
which is also delivered via external electrodes. Its more invasive
counterpart, surgically-implanted vagus nerve stimulation has

recently shown some efficacy for medication-resistant depression
(Ben-Menachem et al., 2015; Grimonprez et al., 2015).

Finally, stimulating multiple targets in a single session might
be the optimal way to address all the abnormal behavioral
dimensions in a given ED patient. Different ED symptom
dimensions map to different cortical targets, and so confining
stimulation to a single target may be insufficient to address
multi-dimensional ED pathology. For example, in BN, excitatory
stimulation of the DMPFC/insula combined with inhibitory
stimulation of the VMPFC may be a more optimal strategy
for enhancing cognitive control while reducing urge intensity.
“Deep TMS” coils have been designed to stimulate multiple
targets simultaneously (Dinur-Klein et al., 2014), and multi-
channel coils allow different protocols at different targets
simultaneously (Roth et al., 2014). However, the therapeutic
effects of sequential vs. simultaneous stimulation have not yet
been compared directly. Further research should be done to
describe the safety, tolerability, clinical efficacy, and neural
mechanisms of stimulating multiple targets, either sequentially
or simultaneously.

CONCLUSION

Neuroimaging, psychometric, and behavioral findings are
converging upon a new approach to classifying psychiatric
disorders, including EDs, in terms of endophenotypes or
symptom dimensions. New proposed frameworks, such as
the RDoC, seek to describe EDs in terms of dysfunction
in specific underlying brain functions such as cognitive
control, positive and negative valence, and social/self-related
cognition. These functions in turn are gradually being linked to
specific neurobiological processes, described at multiple levels
spanning clinical symptomatology, behavioral task performance,
neuroimaging studies of macro-scale network function, and
cellular, molecular, and genetic mechanisms. With the advent
of anatomically focal NIBS interventions, a “neuroanatomical
formulation” of ED pathology may become relevant not only for
basic science, but for clinical care.

At present, neuroanatomical, endophenotypic, and RDoC
formulations of ED pathology must be considered tentative
and preliminary. However, from available literature, it does
appear that some of the tremendous and dynamic heterogeneity
of symptoms in the ED population can be understood
parsimoniously in terms of dysfunction in a few key cognitive
systems and their associated neural circuits. For example, in BN
and BED, binge and purge behaviors may acquire pathologically
strong incentive salience by mechanisms similar to addiction;
impaired cognitive control in turn renders binge/purge urges
hard to resist, particularly during negative affect. NIBS strategies
designed for addiction (e.g., enhancing cognitive control via
salience-network stimulation and damping urge intensity via
ventromedial stimulation) may be helpful in this setting. In
ANR, this strategy may be less helpful; instead, targeting
pathologically overactive negative-valence systems may address
the excessive valuation of secondary over primary rewards,
and the underlying compulsivity. NIBS strategies developed
for OCD (such as inhibitory stimulation of the OFC and
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DMPFC) may be more helpful in this setting. Ancillary NIBS
strategies for AN may also target distortions of body image,
alexithymia, and deficits of interoception via insular, TPJ, and
EBA stimulation. However, it must be acknowledged that nearly
all of these approaches are at present theoretically based, and
lacking even in preclinical support. The field is urgently in need
of future studies in clinical populations, with adequate sample
sizes and sham controls, and using endophenotypic markers to
validate or refute the proposed mechanisms of action for NIBS
in EDs.

To conclude, patients with EDs stand to benefit tremendously
from ongoing progress in three areas: symptom characterization,
diagnostic formulation, and targeted intervention. Recent
initiatives will allow us to make better sense of the heterogeneity
of ED pathology, both across individuals and within individuals
over time. As we improve our abilities to identify robust
symptom clusters, link those clusters to neural substrates,
and target those substrates with NIBS interventions, treatment
outcomes will improve. These advances need not occur
at the expense of existing and well-validated treatment
strategies involving medications, psychotherapy, and behavior
modification. Rather, they will likely work in a synergistic fashion
to complement and facilitate our existing treatment strategies:
enhancing the cognitive control that is a prerequisitive for

successful cognitive-behavioral treatments in BN, or reducing the
compulsivity and rigidity that hampers behavior modification
in AN. Given the considerable patient burden and chronicity
of EDs, these advances in treatment options will be a welcome
change for patients, families and clinicians alike.
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Transcranial magnetic stimulation (TMS) gives rise to muscle responses, known as

motor evoked potentials (MEP), through activation of the motor pathways. Voluntary

contraction causes facilitation of MEPs, which consists of shortening MEP latency,

increasing MEP amplitude and widening MEP duration. While an increase in excitability

of alpha motorneurons and the corticospinal tract can easily explain latency shortening

and amplitude increase, other mechanisms have to be accounted for to explain the

increase in duration. Wemeasured the increase in duration of the MEP during contraction

with respect to rest in a group of healthy volunteers and retrospectively assessed this

parameter in patients who were examined in a standardized fashion during the past 5

years. We included 25 healthy subjects, 21 patients with multiple sclerosis, 33 patients

with acute stroke, 5 patients with hereditary spastic paraparesis, and 5 patients with

signs suggesting psychogenic paresis. We found already significant differences among

groups in the MEP duration at rest, patients with MS had a significantly longer duration,

and patients with stroke had significantly shorter duration, than the other two groups.

The increase in MEP duration during voluntary contraction was different in patients and

in healthy subjects. It was significantly shorter in MS and significantly longer in stroke

patients. It was absent in the five patients with suspected psychogenic weakness. In

patients with HSP, an abnormally increase in duration occurred only in leg muscles. Our

results suggest that the increase in duration of the MEP during contraction may reveal the

contribution of propriospinal interneurons to the activation of alpha motorneurons. This

mechanism may be altered in some diseases and, therefore, the assessment proposed

in this work may have clinical applicability for the differential diagnosis of weakness.

Keywords: motor evoked potential, contraction-induced facilitation, stroke, multiple sclerosis, spastic

paraparesis, psychogenic weakness

INTRODUCTION

Transcranial magnetic stimulation (TMS) gives rise to muscle responses, known as motor evoked
potentials (MEP), through activation of the motor pathways (Amassian et al., 1987; Day et al., 1987,
1989; Rothwell et al., 1987, 1991). Voluntary contraction causes facilitation of the MEPs, which
consists of shortening the MEP latency, increasing the MEP size and widening the MEP duration
resulting in an increase in total MEP area (Mills et al., 1987; Valls-Solé et al., 1994a,b).While latency
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shortening and amplitude increase can be well explained by
assuming that voluntary contraction put more motorneurons
near the firing threshold, the rationale behind the increase in
MEP duration is less clear. On one side, motorneurons should
be firing earlier and more synchronously to give rise to the
shortening of latency and increase in peak amplitude. However,
MEP duration increases beyond the time that theMEPwould end
if elicited at rest. Therefore, some motorneurons should receive
excitatory inputs with latency longer than at rest. This could be
due to activation of slow conducting corticospinal fibers or to the
generation of excitatory inputs at spinal level (Brasil-Neto et al.,
1992; Di Lazzaro et al., 1999, 2001), but it seems contradictory
that slow conducting corticospinal fibers are recruited during
voluntary contraction. Many sources of inhibition lead to the
silent period after synchronized alpha motorneuron firing.
After hyperpolarization prevents motorneurons from immediate
reactivation and inhibitory inputs from Renshaw cells should
reach the motorneuron within few milliseconds (ms) after the
peak. Even if some inhibitory activity may be temporarily
switched off during contraction, this does not justify the presence
of EMG activity at a time when there are no identifiable excitatory
inputs.

The EMG activity that follows the MEP during contraction
is not usually taken into account in clinical assessment through
TMS. The effects of facilitation are usually evaluated by either
the onset latency or the size of the MEP. Onset of silent
period is usually measured from more stable marks such as
the stimulus artifact or MEP latency onset. We argue that
measuring the characteristics of such segment of EMG activity
might be of some clinical applicability. We reasoned that, when
an MEP is elicited during voluntary contraction, inhibitory
inputs generated at spinal level or by the descending volleys
should counteract the excitatory commands to effectively end
the ongoing EMG activity and give way to the silent period.
This may take some time and, meanwhile, the EMG activity
will not be suppressed. We considered that such “MEPtail,” i.e.,
the EMG activity that follows the MEP peak and ends at the
beginning of the silent period, should indicate the relationship
between the strength of the excitatory inputs reaching the
alpha motorneurons during voluntary contraction and the
inhibitory inputs derived from the synchronized activation of
alpha motorneurons at the time of the MEP. Therefore, we
determined the extent of contraction-induced facilitation of the
MEP in healthy subjects, with special attention to the increase
in MEP duration, and performed a retrospective analysis of how
such parameter was affected in various neurological disorders
involving the motor pathway, i.e., multiple sclerosis (MS),
stroke, hereditary spastic paraparesis (HSP), and psychogenic
weakness.

METHODS

We performed a retrospective study of the recordings obtained
within the last 5 years in healthy subjects and patients in
whom we examined facilitation of the MEP in the first dorsal
interosseous muscle (FDI), using a standardized method. We
included 25 healthy subjects, 21 patients with multiple sclerosis,

33 patients with acute ischemic stroke, 5 patients with hereditary
spastic paraparesis, and 5 patients with the clinical diagnosis
of probable psychogenic paresis. In 12 healthy subjects and in
the 5 patients with hereditary spastic paraparesis, we recorded
the MEP also from the tibialis anterior (TA). The overall
inclusion criteria were to have consistently elicitable MEPs at
rest to cortical stimulation and a complete study carried out
by following the protocol summarized below. Patients with
multiple sclerosis were all diagnosed according to the McDonald
criteria (Polman et al., 2011). They all had signs compatible
with mild to moderate involvement of the motor pathway,
with a mean Expanded Disability Status Scale of 3.5 (range
between 2 and 6) and no one above four for the functional
scale on pyramidal signs (Kurtzke, 1983). Patients with stroke
were examined within the first 2 weeks after presentation of the
lesion and had mild to severe hemiparesis due to a subcortical
ischemic middle cerebral artery infarct. Patients with hereditary
spastic paraparesis were all genetically mediated, spastin positive
(SPG4), each of them belonging to a different family. Patients
with psychogenic weakness had all normal diagnostic tests for
possible lesions in the motor pathway and clinical evidence
of inconsistent weakness, out of proportion of examination
findings.

Retrospective data were all collected following a standardized
protocol, which contemplated recording at rest and during a
voluntary contraction of about 30% of maximum. The stimuli
were applied with a Magstim (Magstim Company, Dyfed, UK),
equipped with either a figure-of-8 coil for hand muscles or
a circular coil for leg muscles. Subjects were sitting, relaxed,
and alert. Silver/silver chloride disk electrodes were used for
recording all responses. They were attached bilaterally, in a
belly-tendon montage, over the FDI for the study of upper
limb muscles, which was done in all subjects, and the TA
for the study of lower limb muscles in healthy subjects and
patients with HSP. EMG signals were filtered and amplified,
and traces were recorded using a KeyPointNet electromyograph.
Stimulus intensity was fixed at about 120% resting motor
threshold, which, based on the recommendations of Rossini
et al. (1994), we determined as the minimum stimulus intensity
that gave rise to a MEP of at least 50µV amplitude in at
least 50% of trials when TMS was applied to the appropriate
scalp location for the target muscle, with the subject at
rest. In all instances, we recorded a variable number of
MEPs at each stimulation condition (between 2 and 10) and
superimposed them at their best fit to facilitate parametric
measuring.

In a group of newly recruited 10 healthy subjects, we examined
again the effects of facilitation on the MEP to cortical stimulation
and added the observation of the effects on the MEP elicited
by cervical foraminal stimulation. We asked these subjects to
perform two different levels of muscle contraction: mild (10%
of maximum voluntary contraction) and strong (30% of their
maximum voluntary contraction). At the time of testing, the
participants signed an informed consent and the study protocol
for retrospective data collection, as well as for the new study in
healthy subjects, were approved by the Ethics committee of the
Hospital Clinic of Barcelona.
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DATA ANALYSIS

In each recording, we measured onset latency at the time that
the EMG activity became consistently more than 10% above
background amplitude, whether at rest or during contraction.
Amplitude was measured from the maximum negative peak to
the maximum positive peak. Total MEP duration was measured
from MEP onset latency to the time at which the activity
returned to baseline. We determined the percentage change
for each MEP parameter during contraction with respect to
rest. For the statistical comparison among groups, we chose
to analyze the recordings from the dominant side in healthy
subjects and the most impaired side in patients. In the 10
newly recruited subjects, we examined the effects of level of
muscle contraction (mild and strong) on the MEP onset latency,
peak-to-peak amplitude, and duration. We compared also the
effects of cortical to those of foraminal stimulation. The outcome
measure in which we focused our study was the increase in
duration that takes place during contraction at the tail of the
MEP (tail), as a specific aspect of MEP facilitation. This was
measured in ms as the difference between the end of the MEP
obtained during contraction and the end of the MEP obtained
at rest.

All data were analyzed using SPSS 21.0 (IBM UK, London).
We used repeated measures ANOVA for the analysis of the
effects of level of muscle contraction in healthy subjects (rest,
mild contraction and strong contraction). A One-way analysis
of variance (ANOVA) was used to determine whether there
were significant differences in retrospective data among the three
independent groups with a sizeable number of subjects (healthy
controls, multiple sclerosis, and stroke patients). In the other 2
groups of patients (HSP and psychogenic patients) the sample
was too small to do the analyses. P ≤ 0.05 was considered
statistically significant.

RESULTS

The newly recruited subjects were 5 men and 5 women, with an
age ranging from 32 to 65 (44 ± 7). In the subjects recruited
retrospectively, mean age was significantly higher in patients with
stroke than in the other groups (Table 1). Data were available
from all subjects initially recruited, with no data gaps or missing
information.

TABLE 1 | Demographic and general clinical characteristics of patients

included in the retrospective study.

Stroke MS HSP Psychogenic

Age 67 (6.4)a 52 (3.1) 49 (4.3) 54 (2.4)

Gender (M/F) 21/12 11/10 4/1 5/0

Weakness (MCR) 1–4 2–5 4–5* 0–3**

Most imparied side 14 R/19 L 14 R/7 L Bilateral* 4R/1L

asignificantly higher than in the other groups.

*In leg muscles.

**As for the patients first expression, with no encouragement.

MEPs from the FDI to Cortical and
Foraminal Stimulation in Healthy Subjects
Representative examples of recordings in one of the newly
recruited healthy subject are shown in Figure 1 to cortical and
foraminal stimulation. A summary of the mean data is reported
in Table 2. The effects of contraction on the MEP elicited
with cortical stimulation were the expected ones: shortening of
onset latency, increase in amplitude and increase in duration.
The repeated measures ANOVA for values obtained when
comparing the three conditions (rest, mild contraction, and
strong contraction) showed statistically significant differences
[ANOVA; F(2, 27) = 4.981; p = 0.004]. The post-hoc
analysis showed that all significant differences were found when
comparing contraction to rest (p < 0.05 for latency, amplitude
and duration), but there were no significant differences between
data obtained with mild and strong contraction (p > 0.05
for all comparisons). The MEP tail increased a mean of 4.1ms
(SD = 0.8ms) with mild contraction and 4.4ms (SD = 0.5ms)
with strong contraction (p > 0.05). With foraminal stimulation
there were no significant changes in onset latency, amplitude or
duration, although amplitude, and duration increased in a few
trials in some subjects (Table 2). A burst was consistently seen
at a mean latency of 38.7ms (SD = 5.1ms), interrupting the
post-MEP silent period.

Comparison of Data among Groups
Table 3 shows the summary of retrospective data gathered for
all groups on the MEP at rest and during contraction as well as
the percentage change observed during contraction with respect
to rest for onset latency, peak amplitude and MEP duration.
Representative recordings ofMEPs at rest and during contraction
are shown in Figure 2 for the FDI recordings in each group

FIGURE 1 | MEPs in healthy control subjects at rest and during

contraction, recorded in the first dorsal interosseous muscle to

cortical stimulation (above) and cervical foraminal stimulation (below).

Rest, Recorded at rest; Contr, Recorded during contraction. The vertical lines

illustrate the methods used to measure the MEP tail as one of the aspects of

MEP facilitation with contraction.
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of patients. There were already significant differences among
groups in the characteristics of the MEPs recorded at rest. The
repeatedmeasures one-factor ANOVA, run only on data from the
three groups with a sizeable number of subjects (healthy subjects,
stroke, and MS patients), showed significant differences in onset
latency, peak amplitude, and MEP duration [F(2, 76); p < 0.01 for
all of them]. The post-hoc analyses showed that patients with MS
and stroke had delayed onset latency and smaller peak amplitude
than healthy subjects (p < 0.05 for both groups of patients in
both comparisons). In regard to MEP duration, patients with MS
had a significantly longer duration, while patients with stroke
had significantly shorter duration, than the other two groups
(p < 0.005 for all comparisons).

Muscle contraction induced facilitation to different degrees
in healthy subjects and patients (Table 3). As expected, the

TABLE 2 | Data gathered from 10 newly recruited healthy volunteers on

facilitation of the MEP with mild and strong voluntary muscle

contractions.

Rest Mild % Strong %

CORTICAL STIMULATION

Onset latency (ms) 21.5 (1.8) 19.7 (1.3)* 91.6 19.6 (1.1)* 91.1

Amplitude (mV) 1.1 (0.6) 4.1 (0.7)* 372.7 4.4 (0.9)* 401.0

Duration (ms) 12.7 (2.0) 17.7 (3.3)a 139.3 17.9 (3.9)* 140.9

FORAMINAL STIMULATION

Onset latency (ms) 13.4 (1.1) 13.3 (1.1) 99.2 13.3 (1.0) 99.2

Amplitude (mV) 0.9 (0.5) 1.3 (0.6)* 144.4 1.3 (0.7)* 144.6

Duration (ms) 8.4 (1.7) 8.8 (2.1) 104.7 8.8 (2.2) 104.8

Data are represented as mean and 1 standard deviation (within parenthesis). Data in

the columns labeled % are the ratio between contraction and rest for mild and strong

contractions. Asterisks refer to a significant difference (p < 0.05) with respect to rest, in

the post-hoc analysis after one factor ANOVA.

percentage shortening in onset latency, increase in peak
amplitude, and lengthening in MEP duration, including the
increase in MEP tail, calculated in healthy subjects were all
similar to those reported above on the newly recruited subjects.
The effects of contraction on the MEP in patients were not
uniform, and the percentage change with respect to rest showed
significant differences in all comparisons [ANOVA; F(2, 76); p <

0.05]. The post-hoc analyses indicated a significantly bigger
percentage of onset latency shortening, and a significantly larger
percentage of peak amplitude increase, in stroke than in MS
patients. In MEP duration, differences were found between
groups in all comparisons: There was a smaller increase in MS
patients than in healthy subjects and stroke patients, and a bigger
increase in stroke patients than in healthy subjects and MS
patients (p < 0.05 for all comparisons). No significant differences
with respect to healthy subjects were observed in hand muscles
in patients with HSP but they were observed in leg muscles
(reported below). In patients with psychogenic weakness, MEP
duration was similar at rest and during voluntary contraction,
although a moderate shortening of latency and increase in
amplitude was observed in some traces.

A more striking difference among groups was observed in the
MEP tail (Table 4). The contraction-induced increase in MEP
duration beyond the end of the MEP at rest was significantly
different among most groups, including psychogenic patients, in
the FDI.

MEPs from the Tibialis Anterior
Data were gathered from 12 healthy subjects and the 5 patients
with HSP. Although we did not run comparative statistics
because of the small number of subjects, differences between
the two groups of subjects were already clear at rest (Table 3)
and more so in the percentage increase of MEP duration with
voluntary contraction. ThemeanMEP tail increase was markedly

TABLE 3 | Mean data on MEPs obtained at rest in the healthy subjects and patients included in the retrospective study.

Onset latency Percentage Peak amplitude Percentage MEP duration Percentage

Rest Contr Rest Contr Rest Contr

HV (25) 21.3 (1.9) 19.2 (1.4) 90.14 3.1 (0.7) 6.8 (2.7) 219.35 13.1 (2.3) 17.8 (2.3) 135.88

Stroke (33) 23.6 (3.1)a 20.5 (2.2) 86.86 0.7 (1.3)b 2.2 (3.1)b 307.14 9.3 (4.8)b 18.2 (3.1) 195.70a

MS (21) 25.5 (4.2)a 24.5 (3.3)a 96.08c 1.4 (0.8)b 1.9 (2.2)b 135.71d 19.4 (2.5)a,d 21.7 (3.7) 111.86d

Psychogenic (5) 21.1 (2.2) 20.3 (3.0) 96.21 1.7 (2.3) 2.3 (3.5) 135.29 14.0 (2.1) 14.3 (2.3) 102.14

HSP (5) 22.0 (3.1) 19.9 (2.8) 90.45 2.3 (1.5) 4.8 (3.0) 208.70 14.5 (2.9) 19.1 (4.1) 131.72

HV TA (12) 30.9 (2.8) 28.5 (2.0) 92.23 1.4 (1.0) 2.9 (2.3) 207.14 19.7 (4.5) 29.4 (5.6) 144.16

HSP TA (5) 35.8 (4.7) 35.4 (4.1) 98.88 0.5 (1.2) 0.6 (1.8) 115.38 35.9 (8.4) 36.2 (9.9) 100.83

Data are the mean and one standard deviation (within parenthesis) measured on the MEP recorded in the first dorsal interosseous (except for HV TA and HSP TA, which were recorded

in the tibialis anterior). HV, Healthy volunteers; MS, Multiple sclerosis; HSP, Hereditary spastic paraparesis. The number in parenthesis in the first column refers to the number of patients

included in the analysis.

Onset latency and duration aremeasured inms; peak amplitude inmV. Percentage refers to the percentage of theMEP characteristics during contraction with respect to rest. Superindices

a, b, and c refer to significant differences (p < 0.05) found in the comparison among the three groups with a sizeable sample (healthy subjects, patients with stroke, and patients with

multiple sclerosis).
aSignificantly longer than in healthy subjects.
bSignificantly shorter than in healthy subjects.
cSignificantly longer/larger in MS than in stroke.
dSignificantly smaller/shorter in MS than in stroke.
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FIGURE 2 | Examples of MEP recordings in first dorsal interosseous at

rest and during contraction in multiple sclerosis patients (A), stroke

patients (B), and psychogenic weakness patients (C).

TABLE 4 | Differences in MEP tail among groups of subjects.

Recording Group (N) Increase in MEP tail

FDI Control (25) 4.7 (0.7)

MS (21) 1.4 (1.2)a

Stroke (33) 8.5 (1.8)b

Psychogenic (5) 0.8 (2.1)a

HSP (5) 4.5 (0.9)

TA Control (12) 6.1 (1.1)

HSP (5) 0.5 (0.9)a

Data are the mean calculated among all subjects of the same group. Superindices a and

b refer to the statistical significance measured with the post-hoc comparison after one-

factor ANOVA including all groups recorded in the same muscle.
aSignificantly shorter than in control subjects.
bSignificantly longer than in all other groups.

larger in healthy subjects than in patients (Table 4), with a
significant difference in the unpaired t-test (p < 0.05). Figure 3
shows representative TA recordings from healthy controls and
patients with HSP.

DISCUSSION

The main physiological mechanism for MEP facilitation is,
likely, the increase in spinal motorneuronal excitability. During
voluntary contraction, the descending volley will meet with

FIGURE 3 | MEPs recorded in the tibialis anterior muscle at rest and

during voluntary contraction in a healthy subject (A) and an HSP

patient (B).

more motoneurons available for firing than at rest (Di Lazzaro
et al., 2008). Descending volleys after cortical stimulation in
humans have been recorded with epidural electrodes (Di Lazzaro
et al., 1999). While a direct (D) wave can be obtained with
electrical stimulation, this is usually not so with TMS (Day
et al., 1987; Di Lazzaro et al., 1999), where mostly indirect
(I) waves are recorded. The I waves have an interpeak latency
of about 1.2–2.0ms, up to about 6ms after the D wave (Day
et al., 1987; Boniface et al., 1991; Nakamura et al., 1997). The
ultimate target of such descending volleys is assumedly the
alpha motorneuron, but an unknown number of excitatory and
inhibitory propriospinal interneurons may lay in between. The
number of descending I waves increases little when subjects
perform a voluntary contraction (Di Lazzaro et al., 1999).
Therefore, the large increase in the MEP duration reveals that
facilitation takes place mostly because of summation of inputs
from various sources at the alpha motorneuronal level.

Polyphasic MEPs have been reported so far in various
diseases. In patients with ALS (Kohara et al., 1999), the
authors suggested that polyphasic MEPs were due to activation
of additional motor pathways, such as slow monosynaptic
pyramidal or even polysynaptic pathways in ALS patients. In
patients with DYT11-positive myoclonus-dystonia syndrome
(van der Salm et al., 2009), the authors hypothesized that the
mutation associated with the disease, SGCE gene, could have
caused changes in membrane properties or ion channels, leading
to asynchronous discharge timing of spinal motorneurons
by the descending corticospinal activity. MEP polyphasia has
been also reported in MS, who have already an increase
in MEP duration at rest (Kukowski, 1993), compatible with
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increased temporal dispersion of the impulses reaching the spinal
motorneurons. Recently, in patients with idiopathic generalized
epilepsy (IGE) and first-degree relatives, Chowdhury et al. (2015)
showed increased polyphasia, attributed to abnormal timing and
patterning of the descending volleys in the corticospinal tract,
and suggested that this was a novel endophenotype in this
pathology. No data are available on changes in MEP duration in
patients so far and, specifically in the increase in the MEP tail,
beyond the end of the MEP at rest. We found that this parameter
was the one discriminating better among our groups of subjects.

Patients with MS and HSP had longer duration of MEP
already at rest, with little increase during contraction. In
patients with stroke, if their damaged corticospinal tract was
still excitable, the MEP increased significantly in amplitude and
duration, indicating preservation of spinal mechanisms involved
in contraction-induced facilitation. The only group studied in
which we found no increase in duration was in the patients
with psychogenic weakness. This was probably due to voluntary
absence of energization of alpha motorneurons by these patients.

The mechanisms involved in the increase in MEP duration
with muscle contraction are not clear but our results are
consistent with a role for the excitatory pre-motor interneurons
that are activated by descending inputs from contralateral
corticospinal tract. Patients with MS and HSP, with lesions
in the spinal cord, had increased duration at rest likely
because of dispersion of the descending volley reaching
the alpha motorneuron. These patients could not increase
the synchronization of their motorneuronal firing, and the
possible implication of the interneurons is masked by the
already long duration of the MEP. In patients with stroke,
whose spinal interneurons are not altered, the mechanisms of

contraction-induced facilitation are fully activated, provided that
the volley reaches the spinal level. In opposition, patients with
psychogenic weakness do not perform the maximum voluntary
contraction when requested, and may not set their spinal
interneurons excitability at the level required for facilitation of
the MEP during contraction.

The main limitation of our study is that it is retrospective
and, therefore, it was not specifically designed for the study
of the effects of duration. Even though the data reported here
were generated after standardized recordings with no missing
values, replication of the study is needed before firm conclusions.
Meanwhile, we can conclude that the increase in duration of
the MEP during contraction beyond the end of the resting MEP
may reveal the activation of premotor propriospinal interneurons
by descending inputs. This mechanism may be altered in
some diseases. The patterns of MEP facilitation with voluntary
contraction may differ depending on the disease, and the study
of this feature can be of some clinical utility in the differential
diagnosis of weakness.
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Previous studies suggested that both robot-assisted rehabilitation and non-invasive brain

stimulation can produce a slight improvement in severe chronic stroke patients. It is

still unknown whether their combination can produce synergistic and more consistent

improvements. Safety and efficacy of this combination has been assessed within a

proof-of-principle, double-blinded, semi-randomized, sham-controlled trial. Inhibitory

continuous Theta Burst Stimulation (cTBS) was delivered on the affected hemisphere, in

order to improve the response to the following robot-assisted therapy via a homeostatic

increase of learning capacity. Twenty severe upper limb-impaired chronic stroke patients

were randomized to robot-assisted therapy associated with real or sham cTBS, delivered

for 10 working days. Eight real and nine sham patients completed the study. Change

in Fugl-Meyer was chosen as primary outcome, while changes in several quantitative

indicators of motor performance extracted by the robot as secondary outcomes. The

treatment was well-tolerated by the patients and there were no adverse events. All

patients achieved a small, but significant, Fugl-Meyer improvement (about 5%). The

difference between the real and the sham cTBS groups was not significant. Among

several secondary end points, only the Success Rate (percentage of targets reached by

the patient) improvedmore in the real than in the sham cTBS group. This study shows that

a short intensive robot-assisted rehabilitation produces a slight improvement in severe

upper-limb impaired, even years after the stroke. The association with homeostatic

metaplasticity-promoting non-invasive brain stimulation does not augment the clinical

gain in patients with severe stroke.

Keywords: stroke recovery, robot-assisted rehabilitation, non-invasive brain stimulation, homeostatic plasticity,

robotic assessment of motor performance
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INTRODUCTION

Severe upper limb impairment in chronic stroke patients does
not respond to standard rehabilitation strategies; for this reason
there is the need of new treatments that might be effective in
patients with drastically limited residual movement capacity.
In patients with moderate to severe upper-limb impairment,
a slight improvement have been reported using robot-assisted
rehabilitative treatment, even years after a stroke (Lo et al.,
2010). Another innovative approach for the enhancement of
motor recovery is represented by non-invasive human brain
stimulation techniques, such as repetitive transcranial magnetic
stimulation (rTMS) and transcranial direct current stimulation
(tDCS). These techniques can induce long-lasting changes
in the excitability of central motor circuits via long-term
potentiation/depression (LTP/LTD)-like phenomena (Di Pino
et al., 2014b). A recent study reported amild motor improvement
after 10 sessions of rTMS in a group of severe chronic stroke
patients (Demirtas-Tatlidedea et al., 2015).

Aim of present study was to explore whether the combination
of these two approaches might enhance their positive effects on
motor recovery. To the end of assessing safety and potential
efficacy of the combination of robot-assisted rehabilitation and
non-invasive brain stimulation in a group of chronic stroke
patients with severe upper limb impairment, we designed
a proof-of-principle double blinded semi-randomized sham-
controlled trial. We used continuous theta burst stimulation
(cTBS), a robust form of inhibitory rTMS inducing LTD-like
changes lasting for about 1 h [8]. The choice of employing cTBS
on the affected hemisphere was based on the findings of our
recent study, which suggested that this inhibitory protocol can
improve the response to physical therapy (Di Lazzaro et al.,
2013).Moreover, rTMS protocols suppressing cortical excitability
have been shown to strongly facilitate motor learning in normal
subjects (Jung and Ziemann, 2009). Jung and Ziemann suggested
that such enhancement might involve the phenomenon of
“homeostatic” plasticity, which can be induced in the human
brain using a variety of brain stimulation protocols (Karabanov
et al., 2015). Considering the close link between LTP and
mammalian learning and memory (Malenka and Bear, 2004),
an enhancement of learning after LTD induction might appear
a paradox. However, the experimental studies by Rioult-Pedotti
et al. demonstrated the existence of a homeostatic balance
between learning and the induction of LTP/LTD (Rioult-Pedotti
et al., 2000), thus showing that the ease of producing synaptic
LTP/LTD depends on the prior history of neural activity. In the
context of stroke, this predicts that by delivering a rTMS protocol
that induces LTD-like effects on the stroke-affected hemisphere
before performing rehabilitation, would luckily result in better
relearning (Di Pino et al., 2014a).

MATERIALS AND METHODS

Subjects
The study was performed according to the Oviedo Convention
and approved by the Ethics Committee of Università Campus
Bio-Medico of Rome. Participants provided written informed

consent. Inclusion criteria were: (a) first-ever ischemic stroke
at least 1 year earlier; (b) severe hand function impairment,
defined as score of 3–28 on the Fugl-Meyer Assessment
of sensory motor recovery after stroke, a scale with scores
for upper-limb impairment ranging from 0 (no function) to
66 (normal function); (c) ability to give informed consent
and comprehend instructions. Exclusion criteria were: (a)
concomitant neurological conditions, including any history of
epilepsy and significant comorbidities; (b) cognitive impairment
or any substantial decrease in alertness, language reception, or
attention that might interfere with understanding instructions
for motor testing; (c) apraxia; (d) excessive pain in any joint
of the paretic extremity; (e) contraindications to TMS such
as metal head implants; (f) advanced liver, kidney, cardiac or
pulmonary disease; (g) history of significant alcohol or drug
abuse; (h) depression or use of neuropsychotropic drugs such
as antidepressants or benzodiazepines. The National Institute of
Health Stroke Scale (NIHSS) and the Barthel Index (BI) were
used to evaluate neurological impairment and disability at the
enrolment.

The study was proposed to patients attending the outpatient
clinic for cerebrovascular disorders of Campus Bio-Medico
University Hospital. From April the first, 2013, to September
the 30th, 2014, we screened 143 patients, 13 of whom declined,
110 were excluded, and 20 underwent randomization (Figure 1).
Common reasons for exclusion of patients from the study were
a baseline Fugl-Meyer score outside the required range, history
of epilepsy, and haemorrhagic stroke. Other causes of exclusion
were previous ischemic strokes, stroke occurring <1 year before,
severe cognitive impairment, contraindications to TMS such as
metal head implants or pacemaker, use of neuropsychotropic
drugs such as antidepressants or benzodiazepines.

Experimental Design
Ten patients were randomized to robot-assisted therapy
associated with real cTBS and 10 patients to robot-assisted
therapy associated with sham cTBS, through a randomization
stratification approach. Patients were stratified by using at
baseline measures to ensure that both groups had a similar
distribution regarding degree of impairment. Researcher
randomizing patients and researchers delivering cTBS were not
involved in outcome assessments and data analysis; rehabilitation
doctors, patients, and researchers involved in data analysis were
blind to the type of cTBS delivered (i.e., sham or real), in order
to obtain a double-blinded sham-controlled study design.

Each day, for 10 consecutive working days, each patient
received a session of robotic therapy following the real or
sham stimulation. Patients were evaluated at four time points:
baseline (Baseline), just after the treatment (Post), after 1 (1
Month), and 3 months (3 Months). For all these evaluation
points we assessed the Fugl-Meyer score and Robotic measures
of motor performance (Figure 1). At baseline we also included
the following scales: NIHSS, Rankin Scale, Barthel Index, and
Modified Ashworth Scale (MAS). Spasticity was assessed by MAS
at four different joint of affected arm: shoulder, elbow, wrist, and
fingers. For each patient, a cumulative score was obtained by
summing the scores obtained in the four joints. The cumulative
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FIGURE 1 | Figurative illustration representing the algorithm of the study design, the evaluations carried out, and the treatments delivered. Treatment

(real/sham cTBS + physical therapy) was delivered for 10 consecutive working days. Baseline evaluation was performed in the first day of treatment.

score ranges from 0 (no spasticity) to 16 (maximum spasticity,
i.e., score 4 in all the considered joints).

The combined effect of robotic rehabilitation and brain
stimulation was evaluated on (a) the Fugl Meyer score after
intervention, as compared to baseline (primary outcomemeasure
of clinical improvement) and (b) robot derived measures of
motor performance (secondary outcome measures).

After the 2 weeks of intervention, patients did not receive
any additional physical therapy until the last follow-up
visit (at 3 months). Pharmacological therapy was also
unchanged.

Interventions
Transcranial Brain Stimulation
rTMS was applied over the hand motor area of the affected
hemisphere using a DUOMAG XT stimulator (DEYMED
Diagnostic, Czech Republic) and a figure-of-eight shaped
coil, with the handle pointed posteriorly and approximately
perpendicular to the central sulcus.

Active rTMS used cTBS, in which 3 pulses are given at 50Hz,
repeated every 200ms for a total of 600 pulses. Stimulation
intensity was 80% active motor threshold (AMT) of the affected
hemisphere, defined as the minimum single pulse intensity
required to produce a motor evoked potential >200µV on
more than 5 out of 10 trials from the contracted contralateral
first dorsal interosseous muscle. Whenever AMT over the
affected hemisphere could not be determined because TMS at
maximum stimulator output (MSO) failed to evoke any response,
cTBS intensity was performed at an intensity corresponding to
unaffected hemisphere AMT. Sham rTMS was performed using

the same stimulator at an intensity of 3% of MSO and with
the coil tilted at 90◦; this intensity of stimulation, with this
orientation of the coil, produces auditory sensation similar to the
active stimulation, but has no stimulating effect on the cortex.

Robotic Therapy
The Robot was exploited for the two-fold purpose of delivering
therapy and measuring, objectively and quantitatively, patients’
motor performance. Shoulder-elbow robotic therapy was
delivered with the InMotion2 robotic machine (Interactive
Motion Technologies, Inc.) (Krebs et al., 1998). The InMotion2
(Figure 2) is based on a direct-drive five-bar-linkage SCARA
mechanism that provides two translational degrees of freedom
for elbow and forearm motion. Impedance control enables
the robot to move, guide or perturb the patient’s movement.
Absolute encoders at each motor and a 6-axis force/torque sensor
at the end effector allow measuring robot joint position, robot
Cartesian position (via forward kinematics) and interaction
forces.

In the evaluation phase, the robot was completely passive
while position sensors recorded subject kinematic data. Patients
were asked to perform five blocks of unassisted 16 point-to-point
movements from the center to eight outbound targets along a
circle at a distance of 0.14 m. Patients were required to move with
a self-paced speed in a maximum time slot of 3 s.

Robot data were offline processed to compute quantitative
indicators of temporal and spatial features of motor skill recovery
(Zollo et al., 2011a; Papaleo et al., 2013), i.e.:

Motion Accuracy—It is assessed by means of the area index
and the normalized mean deviation, defined below:
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FIGURE 2 | The InMotion2 robotic machine (Interactive Motion

Technologies, Inc.).

- AREA. It is the area between the desired and the actual
trajectory performed by the patient in the XY plane during the
point-to-point motion; it is expected to decrease as movement
accuracy increases with recovery.

- normalized Mean Deviation (nMD) (Colombo et al., 2008).
It is the mean absolute value of the distance between the
desired path and the curve actually performed by the patient,
normalized on the maximum deviation (or on the length of the
theoretical path). As the patient recovers, the deviation from
the desired path is expected to decrease;

Motion Direction—It is assessed through the aiming angle,
i.e., the angular difference between the target direction and the
direction of the path performed from the starting point up
to peak speed point. It is expected to decrease as movement
direction improves during recovery;

Smoothness (Rohrer et al., 2002)—It is a measure of how
gradually amovement is changing and it is characterized by peaks
and deep valleys in the velocity profile. Smoothness is quantified
through the indicators reported below:

- Speed Metric (SM). It is expressed as the ratio between mean
speed and peak speed. As patient recovers, the normalized
mean velocity increases due to the reduction of peaks and
valleys in the velocity profile;

- Mean Arrest Period Ratio (MAPR). It represents the amount of
time (i.e., the percentage of samples) that the movement speed
exceeds the 10% of the peak speed. The deep valleys (percentage
of pauses during the task execution) in the velocity profile of the
patient hand are expected to reduce as movement smoothness
improves.

Speed—It quantifies the movement velocity by measuring
the Deviation from Ratio between Velocities (DRV), defined as
the absolute deviation of the ratio between peak velocity and
mean velocity from the constant value 1.875 (corresponding to
the value obtained in the minimum jerk trajectory) (Flash and
Hogan, 1985). It is expected to reduce when patient velocity
tends to the bell-shaped velocity profile of the minimum jerk
trajectory.

Movement Duration (MD)—It gives a measure of the task
execution time, evaluated as the time occurred for performing
a point-to-point movement from movement onset to movement
termination. Movement onset is defined as the time instant
where speed exceeds a predefined threshold of 10% of peak
velocity and movement termination is defined as the time
instant where velocity goes below a predefined threshold of
10% of peak velocity. As patient recovers, movement duration
is expected to decreases as a consequence of the improved
efficiency.

Efficiency—It evaluated the measure of patient ability to reach
the target during point-to-point movement; it can be assessed by
means of the path length index and the percentage of successes:

- Path Length (PL). It is defined as the length ratio between the
actual patient curve and the desired straight line, and computed
as the line integral of the trajectory over the Movement
Duration (MD), normalized with respect to the desired path. It
is expected that during recovery the actual patient curve tends
to the desired path and, hence, their ratio tends to one;

- % Successes (SR) (Panarese et al., 2012). It represents the
percentage of times that the patient reaches the target during
a therapy session of point-to-point movements. The increase
of the SR with recovery is expected.

Each day of robotic treatment consisted of three sessions of
320 assisted point-to-point movements, from the center to eight
outbound targets, interspersed by four sessions of 16 unassisted
recorded point-to-point movements. Robot assistance at each
session was tuned on patients’ performance during the 16 point-
to-point sessions. Both during evaluations and during training,
patients were required to move with a self-paced speed in a
maximum time slot of 3 s. Robotic treatment was delivered daily
for 10 consecutive working days. A physical and rehabilitation
medicine doctor attended and assisted patients both during
evaluations and treatment.

Statistics
Statistical analysis was performed using IBM SPSS v22. We
verified that at baseline the two groups were matched regarding
age, sex, and clinical status. Then we investigated the effect
of brain stimulation and robotic rehabilitation on the primary
outcome measure, namely Fugl-Meyer scores, using an ANOVA
mixed model design, with Time (four levels: Baseline, Post, 1
Month, 3 Months) as within subject factor and Group (two
levels: real cTBS and sham cTBS) as between subjects factor. For
the secondary outcome measures (robot derived measures) we
applied a Generalized Estimating Equation approach, as multiple
values were available for each cell of the design (Pellegrino
et al., 2012; Di Lazzaro et al., 2014). The autoregressive (lag =

1) working correlation within subjects was chosen because
measures of motor performance were acquired consecutively.
The study of the Success Rate was performed by means of
the Chi-Square test. The level of significance was set at p <

0.05 and the alpha inflation due to multiple comparisons was
faced according to Bonferroni’s procedure whenever required.
Descriptive statistics is reported as Mean± Standard Error of the
Mean (SE).
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TABLE 1 | Demographic and clinical characteristics of the patients at

baseline.

Real cTBS (n = 8) Sham cTBS (n = 9) P-value

Age (years) 57.88 ± 4.434 56.78 ± 3.202 0.841

Sex (M) 4 4 1.000a

Months since stroke 63.25 ± 25.437 61.33 ± 14.716 0.541b

NIHSS 5.50 ± 0.779 5.00 ± 0.687 0.636c

Rankin 2.88 ± 0.350 3.00 ± 0.333 0.815b

Barthel index 76.88 ± 7.130 77.22 ± 4.648 0.743b

Modified ashworth scale

cumulative score*

5.00 ± 0.597 7.111 ± 1.160 0.140c

Fugl-Meyer 14.50 ± 2.428 12.56 ± 2.243 0.565c

All data are expressed as mean ± standard error.
aChi-Square.
bMann-Whitney.
cTwo tailed independent sample t-test.

*Cumulative score was obtained by summing the scores obtained at four different joints

of affected arm: shoulder, elbow, wrist, and fingers.

RESULTS

Twenty patients underwent randomization (14% of the screened
patients): 10 to robot-assisted therapy associated with real cTBS
and 10 to robot-assisted therapy associated with sham cTBS.
One real patient withdrew consent before the first session of
treatment. One real patient and 1 sham patient withdrew because
of difficulty in reaching the hospital after the third and after the
fifth day of treatment, respectively. Data of these patients was
not included in the analysis. A total of 17 patients completed
the study including the 3 month follow-up: 8 real cTBS patients
(mean age: 57.8± 4.4 years) and 9 sham cTBS (mean age: 56.7±
3.2 years), therefore, 85% of the screened patients completed the
study. For the purposes of the study we applied an on-treatment
analysis (Figure 1). The real and sham groups were matched
regarding age, sex, time elapsed from stroke onset, and clinical
status at baseline (Table 1).

Physicians inquired about adverse events and pain, each day
during the whole stimulation period (10 consecutive working
days) and at each outward control. There were no treatment-
related adverse events. No patient reported pain in the affected
arm subsequent to treatment or required to stop treatment
session for pain or any other unpleasant sensation. In particular,
patients reported no side effects that could be related either to
the robotic treatment (e.g., shoulder, elbow, or wrist pain) or
to cTBS (seizure, syncope, transient headache, local pain, neck
pain, transient cognitive/neuropsychologial changes; Rossi et al.,
2009).

Primary Outcome Measure
The ANOVA Mixed Model with Time (four levels: Baseline,
Post, 1 Month, 3 Months) as within subject factor and Group
(two levels: real cTBS and sham cTBS) as between subjects
factor revealed a significant effect of rehabilitation [FactorTime:
F(1.613, 22.586) = 5.801, p = 0.013], but no effect of the
brain stimulation (Factor Group and Group by Time interaction:
p > 0.200 consistently). The improvement vs. baseline was

FIGURE 3 | Changes in the primary Outcome Measure (Fugl-Meyer

Assessment score) in the Real (red line) and the Sham (green line)

cTBS groups. Compared to Baseline both groups significantly improved at t1

(post-treatment) and t2 (1 month). There is no significant difference between

groups. *p < 0.05.

statistically significant both soon after the intervention (Post)
and at 1 Month follow-up (Bonferroni corrected post-hoc p =

0.30, p = 0.19, respectively). At 3 Months there was an
average additional increase of the Fugl-Meyer score, however
the difference toward Baseline was not significant (Bonferroni
corrected post-hoc p = 0.75) (Figure 3).

Secondary Outcome Measures
Motion Accuracy, Motion Direction, Smoothness,

Speed, Movement Duration
The main finding was a rehabilitation-related improvement
of the motor performance across multiple domains, including
Motion Accuracy, Motion Direction, Smoothness, Speed, and
Movement Duration. In particular all the robot-derivedmeasures,
except normalized Mean Deviation (nMD), consistently showed
a significant factor Time (Area: Wald Chi-Square= 28.019, df =
3, p = 0.000; Aiming angle (alpha): Wald Chi-Square = 44.608,
df = 3, p = 0.000; Speed Metric (SM): Wald Chi-Square
= 126.045, df = 3, p = 0.000; Mean Arrest Period Ratio
(MAPR):Wald Chi-Square = 2.796, df = 3, p = 0.000; DRV :
Wald Chi-Square = 20.275, df = 3, p = 0.000; Movement
Duration (MD): Wald Chi-Square = 52.088, df = 3, p = 0.000).
The Bonferroni corrected comparisons at all the time points
toward Baseline showed a consistent and persistent improvement
for all these measures (Post intervention, at 1 Month and at 3
Months, p < 0.05 consistently). The lack of significant main
factor Group and Group by Time interaction ruled out an effect
of cTBS on these parameters (Figure 4).

Efficiency
The study of the efficiency showed that cTBS over the affected
hemisphere has an impact on the improvement of motor
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FIGURE 4 | Changes in the Secondary Outcome Measures (motor performance parameters extracted by the robot) in the Real (red line) and the Sham

(green line) cTBS groups. Compared to Baseline both groups significantly improved at t1 (post-treatment), t2 (1 month), and t3 (3 months) *p < 0.05. There is no

difference between groups.

performance produced by the rehabilitation. Such effect was not
unveiled by the measure of the path length (PL), for which both
main Factors and interaction were not significant, but became
clear at the analysis of the Success Rate. Indeed, the number of
errors at Baseline (across groups) was 593 and decreased after
the intervention, being 342 at Post, 364 at 1 Month, and 313 at
3 Months. However, the improvement was different in the two
cTBS groups (Chi-Square = 35.576, df = 3, p = 0.000). The
Real cTBS group showed a higher error number (337 vs. 256, Std.
Residual −2.4) at Baseline. However, in spite of this, the study
of the residuals revealed that, compared to the cTBS group, the
errors were significantly more in the sham 1 at Post (Real cTBS
136, Sham cTBS 206, Std. Residuals >1.9) and 1 Month (Real
cTBS 155, Sham cTBS 209, Std residuals = 1.9). Such effect was
no more present at 3 Months (3 Months; Real cTBS 170, Sham
cTBS 143, Std residuals= 1.2) (Figure 5).

DISCUSSION

The present study shows that a robot-assisted rehabilitation
protocol lasting 2 weeks produces a slight, but significant, clinical
improvement in chronic stroke patients with severe upper limb
motor deficits.

This study also shows that non-invasive brain stimulation
delivered as cTBS over the affected hemisphere does not enhance
the clinical gains from this treatment. Indeed, considering
the primary outcome, there was no significant difference
between real and sham-cTBS patients. The improvement in
Fugl-Meyer was significant for both groups immediately after

the intervention and at 1 month follow-up, while it was
not significant at 3 months. At 3 months there was a
slight further increase in the average scores, and the lack of
significance was probably due to the high variability of the
measures.

The mean change in the Fugl-Meyers score was rather limited,
about 5% (3–4 points). However, this might be considered
meaningful in chronic patients, especially in those with severe
impairment (Lo et al., 2010). In a more general sense, a minimum
increase of about five points is required to make a clinically
significant difference (Page et al., 2012), but this threshold was
established in patients with minimum to moderate impairment
and does not fit well with our group of patients with severe
impairment.

It should also be noted that, assuming that a Fugl-Meyers
score difference of at least four points is of clinical interest, in
order to find a significant difference between our two groups a
much larger sample size might be needed (50 patients per group,
Power= 80%, Type I error= 0.05). In any case, the percentage of
the patients assigned to real cTBS who achieved a gain of at least
five points, was slightly higher than the percentage of patients
who achieved this gain in the sham group [3 out of 8 (38%) in
the real group vs. 2 out of 9 (22%) in the sham group].

Interestingly, the mean improvement in the Fugl-Meyer
score is comparable to what has been achieved previously
with longer lasting interventions (12 weeks with 36 1-hour/day
sessions of robot-assisted rehabilitative therapy in the study
of Lo et al., 2010); 8 weeks with a total 24 sessions in the
study by Klamroth-Marganska et al. (2014). In contrast with
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FIGURE 5 | Changes in the Success Rate, a secondary Outcome

Measure broader measure of motor performance representing the

percentage of times that the patient reaches the target. The

improvement in the real cTBS group was higher than in the sham group at t1

(post-treatment) and t2 (1 month). *p < 0.05.

present findings, our previous study in chronic stroke patients
with moderate upper limb deficits suggested that cTBS might
enhance the gain from a late rehabilitation with a standardized
protocol of physical rehabilitation (Di Lazzaro et al., 2013). One
possible explanation for this discrepancy is that robot assisted
rehabilitation attains a maximal benefit in patients with severe
deficits and this cannot be enhanced by brain stimulation because
of a ceiling effect. Another possibility, is that, as suggested by
Daly et al. (2005), a more prolonged robotic therapy is needed
to obtain a consistent improvement in patients with severe
impairment and thus, it cannot be excluded that prolonging
the association of robotic treatment and brain stimulation for
a longer period might result more effective. Finally, a further
possibility could arise from the fact that the affected and
unaffected hemispheres seems to play a different role in mild
vs. severe strokes, so that the hemisphere mainly responsible for
motor recovery in severe stroke is the unaffected one (Di Pino
et al., 2014b). If this is the case, in patients with severe brain
damage, it may be not useful to attempt to promote ipsilesional
reorganization because the manipulation of the excitability of
the affected hemisphere may not produce any advantage in
terms of promoting relearning from rehabilitation. Instead, in
these patients, our future efforts should target the unaffected
hemisphere being its role in recovery more relevant (Di Pino
et al., 2014b).

It should be considered that, for safety concerns, stimulus
intensity was estimated from the unaffected hemisphere, because
this might be hyperexcitable (Di Lazzaro et al., 2010), it might
be that this intensity was below the one needed to activate
intracortical networks of the affected hemisphere. Although cTBS

after effects are produced by stimulus intensities well below
motor threshold (Huang et al., 2005), and although this intensity
produced significant effects in our previous study in patients with
less severe stroke (Di Lazzaro et al., 2013), we cannot exclude that
higher intensity cTBS could produce a more pronounced effect
also in patients with severe stroke.

The study of the robotic measures of motor performance
(secondary outcomes) allowed us a more sensitive and accurate
evaluation of the effects of robotic rehabilitation and brain
stimulation on motor recovery (Pellegrino et al., 2012). These
measures complement the clinical scales and show that our
rehabilitation strategy achieves a significant benefit up to 3
months after the end of the treatment, confirming previous
studies (Prange et al., 2006; Kwakkel et al., 2008; Lo et al.,
2010). A significant improvement was achieved in multiple
domains of motor control in both groups (Motion accuracy,
Motion Direction, Smoothness, Speed, Movement Duration,
Success Rate) with no significant difference between groups.
Only the Success Rate, representing the percentage of times that
the patient reaches the target, improved significantly more in
the real cTBS group than in the sham cTBS one: this might
suggest a mild benefit of cTBS on rehabilitation. Nevertheless,
this finding should be taken extremely cautiously, since the
difference between real and sham groups was not significant
on the other robot-derived measures. Despite the secondary
outcome measures have been analyzed in an independent
fashion, we cannot rule out that the Success Rate, being a
broader measure of motor performance, capitalizes the slight
improvements in multiple domains of motor control, resulting
statistically significant (Zollo et al., 2011a,b). However, it should
also be considered that the success rate was different at baseline
between the groups, this imbalance might influence the changes
observed in the two groups, and this is a further reason that led
to consider with caution the more pronounced improvement in
success rate after real cTBS.

CONCLUSIONS

Our study confirms that robot-assisted rehabilitative treatment
produces a slight improvement years after a stroke and it shows,
for the first time, that an improvement can be obtained even
in patients with severe upper-limb impairment treated daily for
only 10 working days. Moreover, it shows that non-invasive
brain stimulation delivered as cTBS of the affected hemisphere
to promote homeostatic metaplasticity, is not effective in patients
with severe deficits as those enrolled in present study, while
our previous study showed that this approach might be effective
in patients with moderate deficits. It might be that in severe
patients the unaffected hemisphere is more involved in recovery,
thus, the modulation of the excitability of this hemisphere could
produce positive effects. In these patients, it could also be that
the facilitation of the affected hemisphere is more effective
than inhibition. Also, it might be that different strategies for
promoting homeostatic plasticity might produce positive effects
(e.g., protocols of so-called primed stimulation in which low-
frequency rTMS is preceded by a bout of high-frequency rTMS;
Cassidy et al., 2015).
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The implementation of non-invasive brain stimulation
techniques as an additional tool to promote recovery in chronic
stroke patients requires further studies in order to identify the
subgroups of patients that most likely will respond to a particular
intervention.
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Non-invasive transcranial neuronal stimulation, in addition to deep brain stimulation, is

seen as a promising therapeutic and diagnostic approach for an increasing number of

neurological diseases such as epilepsy, cluster headaches, depression, specific type of

blindness, and other central nervous system disfunctions. Improving its effectiveness

and widening its range of use may strongly rely on development of proper stimulation

protocols that are tailored to specific brain circuits and that are based on a deep

knowledge of different neuron types response to stimulation. To this aim, we have

performed a simulation study on the behavior of excitatory and inhibitory neurons subject

to sinusoidal stimulation. Due to the intrinsic difference in membrane conductance

properties of excitatory and inhibitory neurons, we show that their firing is differentially

modulated by the wave parameters. We analyzed the behavior of the two neuronal types

for a broad range of stimulus frequency and amplitude and demonstrated that, within a

small-world network prototype, parameters tuning allow for a selective enhancement or

suppression of the excitation/inhibition ratio.

Keywords: brain stimulation, transcranial stimulation, periodic stimulation, extracellular stimulation, excitatory

and inhibitory neuron, neuronal network, Hodgkin-Huxley model, neurodegenerative diseases

1. INTRODUCTION

Non-invasive brain stimulation—i.e., transcranial magentic and current stimulation (Antal and
Paulus, 2013; Davis and Koningsbruggen, 2013; Dayan et al., 2013; Paulus, 2014; Shin et al., 2015)—
as well as invasive deep brain stimulation (DBS) (McConnell et al., 2012; Miocinovic et al., 2013;
Green and Aziz, 2014; Coenen et al., 2015) deeply rely on electrically inducing changes of the
neuronal transmembrane potential to modify excitability. Electrical stimulation of neurons has
been adopted by many clinicians as means for treatment of a range of neurological disorders. For
example, recent reports show its increasing use in Parkinson’s disease (Krack et al., 2002; Alon et al.,
2012; Obeso et al., 2013; Chou et al., 2015; de Hemptinne et al., 2015), epilepsy (Loddenkemper
et al., 2001; Boex et al., 2007; Boon et al., 2009; Fisher et al., 2010; Nelson et al., 2011; Alarcón
and Valentín, 2012; Berenyi et al., 2012; Orosz et al., 2014; Salanova et al., 2015), certain types of
blindness (Rizzo et al., 2003; Freeman, 2010; Freeman et al., 2010; Antal et al., 2011; Gall et al., 2013),
cluster headaches (Grover et al., 2009; Sillay et al., 2010; Matharu and Zrinzo, 2011; Piacentino
et al., 2014; Hodaj et al., 2015), depression (Miller and Selman, 2009; Jorge and Robinson,
2011; Rizvi et al., 2011; Anderson et al., 2012; Henn, 2012; Cook et al., 2014; Concerto et al.,
2015), obsessive-compulsive disorder (Nuttin et al., 2008; Jiménez-Ponce et al., 2009; Kohl et al.,
2014; Grassi et al., 2015; Islam et al., 2015), and other movement disorders like essential tremor
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(Lozano, 2000; Volkmann and Benecke, 2002; Birdno et al., 2011;
Gironell et al., 2014; Lettieri et al., 2015). However, the outcome
of the method to many of these applications is reported to
be limited due to lack of specificity of the stimulation (Fisher,
2011; Lozano and Lipsman, 2013; Shin et al., 2015). Thus,
improvements are to be expected from protocols allowing for
selective activation or inhibition of specific target neurons or
classes of individual neurons, a strategy that can be broadly
referred to as “differential stimulation” and that can be pursued
by different approaches.

The “differential stimulation” of neurons can be approached
both by means of invasive or non-invasive methods. For
example, extracellular microstimulation has been used to
selectively activate or inactivate neurons in ganglia using anodic
or cathodic currents, respectively (Lu et al., 2008). By an
alternative strategy, McIntyre and Grill reported that charge
balanced asymmetric biphasic stimuli (McIntyre and Grill, 1999,
2000) can differentially activate neurons or fiber-of-passages by
exploiting their difference in voltage thresholds and carefully
tuning relevant stimulus parameters, e.g., amplitude, shape,
frequency, and localization. They also reported on the effect of
stimulus waveform and frequency on central nervous system
(CNS) neurons through a detailed computer-based simulation
of CNS cells and axons (McIntyre and Grill, 2002), where it
was demonstrated that the relative position of the stimulating
electrode plays an important role in activating a neuron. Results
comparing experimental values and modeling prediction of
threshold currents for varied electrode distances have also
been reported (Joucla et al., 2012). Intriguingly, sinusoidal
stimulation with microelectrodes has emerged as a possible
tool to preferentially activate certain retinal cell types (e.g.,
photoreceptors, bipolar, and ganglion cells) (Freeman et al., 2010)
or to induce complex phase-locked firing patterns of cortical
pyramidal neurons (Brumberg and Gutkin, 2007).

How neurons are influenced by continuous or alternating
electric fields depending on their position with respect to
stimulating electrodes, morphology and electrical properties is
matter of intense research also in the case of transcranial electrical
stimulation approaches, such as the resurgent transcranial
current stimulation (TCS) (Ali et al., 2013). For example,
studies on transcranial direct current stimulation (tDCS) have
shown that exposure to a uniform electric field promotes
neuronal bursting and modulates spike timings (Radman
et al., 2009). When alternating fields are considered, such
as those produced by endogenous oscillations (Fröhlich and
McCormick, 2010) and weak external fields (Deans et al.,
2007) or by transcranial alterating current stimulation (tACS)
(Herrmann et al., 2013; Reato et al., 2013), the general
believe is that they can entrain brain oscillations. Furthermore,
recent experimental evidence on tACS in humans supports
the fascinating idea that excitation/inhibition balance (E/I)
can be modulated by tuning the intensity of the stimulation
current (Moliadze et al., 2012). The observation could be
explained assuming that inhibitory neurons are more sensitive
to alternating electrical stimulation and are already activated
at low intensities, whereas excitatory neurons would require
stronger stimulation. Recently, a similar capability on E/I

modulation has been postulated also for tDCS (Krause et al.,
2013).

As a matter of fact, understanding how excitatory and
inhibitory neurons respond to extracellular electrical stimulation
is still an open challenge. A particularly intriguing and clinically
relevant aspect is their response to sinusoidal stimuli, such as
those employed in tACS, and how it varies by tuning stimulus
intensity and over the frequency range (Antal and Paulus, 2013).

This study reports simulation results of excitatory and
inhibitory neurons’ responses upon sinusoidal stimulation using
varied frequencies and amplitudes. We focus on the effect of the
extracellular field generated by the stimulus on action potentials
firing. We found that it is possible, by careful selection of specific
frequencies and amplitudes of the stimulus, to selectively enhance
and inhibit either excitatory or inhibitory neurons. We show
that the approach can be exploited to differentially modulate
neuronal excitability within a network, suggesting its potential
usefulness for non-invasive (e.g., tACS Kanai et al., 2008; Zaehle
et al., 2010; Liew et al., 2014) as well as invasive brain stimulation
(Coenen et al., 2015). Outside the tACS context, the concept can
apply to neuroprosthetic devices (e.g., retinal stimulation using
multicapacitor / multielectrode array, Eickenscheidt et al., 2012;
Ghezzi, 2015; Lewis et al., 2015 and to brain-chip interfacing
applications, Vassanelli et al., 2012; Vassanelli, 2014).

2. METHODS

Single compartment Hodgkin-Huxley (HH) neuron models
(Hodgkin and Huxley, 1952) representing two main cortical
neuron classes were implemented, the “regular spiking” (RS)
excitatory neurons and the “fast spiking” (FS) interneurons
(Connors and Gutnick, 1990). The HH model was chosen
as it more faithfully describes membrane conductances
dynamics with respect to, e.g., an Izhikevich model. This
was of primary importance in our context were the neuronal
response was investigated across a wide range of frequencies.
In the implemented HH model all neurons had two main
voltage-dependent ion channels, the Na+ and the K+,
whose conductances, in conjunction with an adjustable
leak conductance, were sufficient to generate action potentials.
Synaptic interactions were described by conductance-based
synaptic currents that implement ionotropic glutamate receptors
(AMPA and NMDA) and GABA receptors (GABAA) (Destexhe
et al., 1994; Börgers et al., 2005). A small-world network of
neurons was created by randomly connecting a predefined
number of neighboring neurons assigned with a decided
connection probability. The following subsections detail the
models of the two classes of neurons, their synapses, and the
network formation.

2.1. Model Neuron
Each neuron of both classes (RS and FS) was modeled using
single compartment HH type model taken from the literature.
There are many variants of kinetic models in the literature to
govern the generation of action potentials (Herz et al., 2006) and
we selected a model that describes the dynamics of membrane
conductances and was previously adopted to match experimental
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findings (Fröhlich and McCormick, 2010). The constants and
parameters used in the model to generate action potentials (see
Table 1) were taken from the literature (for RS neuron: Traub
et al., 1991 and Mainen et al., 1995; for FS neuron: Wang and

TABLE 1 | Constants and parameters for individual neuron classes with

their units.

Parameters Excitatory Inhibitory Unit

neuron neuron

Membrane capacitance, Cm 1 1 µF/cm2

Sodium reversal potential, VNa 60 55 mV

Potassium reversal potential, VK −90 −90 mV

Leakage reversal potential, VL −65 −65 mV

Max. sodium conductance, gNa 30 35 mS/cm2

Max. potassium conductance, gK 100 9 mS/cm2

Max. leakage conductance, gL 0.1 0.1 mS/cm2

Buzsáki, 1996). The membrane potential, V , was generated using
Equation (1).

Cm
dV

dt
= INa + IK + IL + Isyn + Iapp (1)

Here INa, IK , IL, Isyn, and Iapp are the sodium, potassium, leakage,
synaptic, and applied currents, respectively and were calculated
using Equation (2). All differential equations were solved using
second-order Runge-Kutta method (Press et al., 2007) with a step
size (dt) of 0.05 ms.

INa = gNam
3h(VNa − V)

IK = gKn
4(VK − V)

IL = gL(VL − V) (2)

Isyn = IAMPA + INMDA + IGABAA

Iapp = Cm
dVs

dt

FIGURE 1 | Different firing regimes during sinusoidal stimulation. Excitatory (A) and inhibitory (B) neurons show different firing behaviors upon sinusoidal

stimulation with different frequency and amplitude. The excitatory neurons do not respond to a range of amplitudes of sinusoidal stimulations (10− ∼ 26 mV, “No

Firing” region) and at higher amplitudes (> 26 mV) with frequencies greater than ∼ 10 Hz they show phase lock (“1:1 Phase-lock” region) and intermittent

(“Intermittent” region) firing behavior. Also, at a range of frequencies and amplitudes the excitatory neuron switches between “1:1 Phase-lock” and “Intermittent” firing

[the dotted region in (A), referred as “Knee”]. On the other hand, the inhibitory neurons show bursting behavior in low frequencies [“Burst” region, zoomed in (C)], with

gradual transition to phase-lock (“1:1 Phase-lock” region) and intermittent (“Intermittent” region) firing behavior with increasing amplitude and frequencies of the

sinusoidal stimulations. In the burst region, the inhibitory neuron emits a varied number of action-potentials per cycle of stimulation (C) starting from 2 : 1 to 6 : 1 for the

explored range of frequency and amplitude.

Frontiers in Neuroscience | www.frontiersin.org February 2016 | Volume 10 | Article 62 | 87

http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive


Mahmud and Vassanelli Differential Modulation of Excitatory and Inhibitory Neurons

The symbols gNa, gK , and gL denote the maximum sodium,
potassium, and leakage conductances respectively; VNa, VK , and
VL denote the reversal potentials of those channels; m, h, and n
denote the channel gating variables; IAMPA, INMDA, and IGABAA

denote the synaptic receptor mediated currents; and Cm, V ,
and Vs represent membrane capacitance density, membrane
voltage, and applied voltage (i.e., as generated by transcranial or
intracranial stimulation), respectively. The parameters and units
of the entities are listed in Table 1 and V was calculated in mV.
For the sake of brevity units will be omitted in the rest of the text.

The channel gating variables, i.e., the activation and
inactivation variables for the sodium current (m and h) and
activation variable for the potassium current (n) were calculated
using Equation (3), where x ∈ {m, h, n}, and αx and βx are the
voltage dependent transition rates that govern the values taken
by activation and inactivation variables.

x∞(V) =
αx(V)

αx(V)+ βx(V)
and

dx

dt
= αx(1− x)− βxx (3)

2.1.1. Excitatory Neuron

For the RS neuron, the gating variables were calculated using
Equation (3) with m∞, h∞, and n∞ being the initial states of the
sodium activation, sodium inactivation, and potassium activation
variables, respectively. The voltage dependent transition rates for
each of the m, h, and n gating variables were updated using
Equations (4, 5, 6), respectively.

αm(V) =
0.182(V + 35)

1− exp
[

−(V + 35)
9

] and βm(V) =
−0.124(V − 35)

1− exp
[

(V − 35)
9

]

(4)

αh(V) =
0.024(V + 50)

1− exp
[

−(V + 50)
5

] and βh(V) =
−0.0091(V − 75)

1− exp
[

(V − 75)
5

]

(5)

αn(V) =
0.2(V − 20)

1− exp
[

−(V − 20)
9

] and βn(V) =
−0.002(V − 20)

1− exp
[

(V − 20)
9

]

(6)

2.1.2. Inhibitory Neuron

On the other hand, the voltage dependent transition rates for
each of the m, h, and n gating variables were calculated using
Equations (7, 8, 9), respectively. The initial states of these gating
variables (m∞, h∞, and n∞) were obtained similarly using
Equation (3) with their own transition rates.

αm(V) =
−0.1(V + 35)

−1+ exp
[

−(V + 35)
10

] and

βm(V) = 4 exp

[

−(V + 60)

18

]

(7)

αh(V) = 0.07 exp

[

−(V + 58)

20

]

and

βh(V) =
1

1+ exp
[

−(V + 28)
10

] (8)

αn(V) =
−0.01(V + 34)

−1+ exp
[

−(V + 34)
10

] and

βn(V) = 0.125 exp

[

−(V + 44)

80

]

(9)

2.2. Model Synapses
Both GABAergic and glutamatergic synapses were designed to
provide inhibition and excitation in the network. The inhibitory
synapses were mediated by γ−aminobutyric acid (GABAA)
receptors, whereas the excitatory synapses were mediated
by a combination of α−amino−3−hydroxy−5−methyl−4−
isoxazolepropionic acid (AMPA) and N–methyl–D–aspartate
(NMDA) receptors (Börgers et al., 2005).

The GABAA mediated synaptic currents were modeled
by Equation (10) and summed up for the postsynaptically
connecting GABAA mediated synapses.

IGABAA =
g

NI
∑

si(t)(VI − V)

with

g =

{

gIE, if current neuron is excitatory, and

gII, if current neuron is inhibitory.

(10)

Here g is the strength of the synaptic coupling, NI is the number
of presynaptic inhibitory neurons, VI is the resting potential of
the inhibitory neuron (constant value of −70 was used), V is
the current neuron’s membrane potential, and si is the gating

FIGURE 2 | Excitatory and inhibitory neurons response profile at 38 mV.

The response profile of excitatory and inhibitory neurons as a function of

number of spikes generated per cycle of sinusoidal stimulation at 38 mV. The

applied frequency was from 1 to 500 Hz with a step of 1 Hz for 1–50 Hz, 2 Hz

for 51–150 Hz, 5 Hz for 151–300 Hz, and 25 Hz for 301–500 Hz. The firing

behavior outlined (“Burst,” “1:1 Phase lock,” and “Intermittent”) are in complete

agreement with the reference map shown in Figure 1. The “Knee”

corresponds to the switching behavior (i.e., from 1:1 phase-lock to intermittent

and back to 1:1 phase-lock) of the excitatory neuron in the frequency range

∼50− ∼90 Hz as noticed in Figure 1.
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variable calculated using Equation (11). The gIE and gII denote
the synaptic coupling strength of inhibitory to excitatory and
inhibitory to inhibitory synapses, respectively.

ds

dt
=

1+ tanh(Vpre/10)

2

1− s

τR
−

s

τD
(11)

With τR being the rise time constant (= 0.5 ms), τD being the
decay time constant (= 10 ms) and Vpre being the membrane
potential of the presynaptic neuron.

The AMPA and NMDA mediated synaptic currents
were modeled by Equation (12) and summed up for the
postsynaptically connecting AMPA and NMDA mediated
synapses based on the synapse type under consideration.

IAMPA/NMDA =
g

NE
∑

si(t)(VE − V)

with

g =

{

gEE, if current neuron is excitatory, and

gEI, if current neuron is inhibitory.

(12)

Here NE is the number of presynaptic excitatory neurons with
either AMPA or NMDA type synapses, VE is the resting potential
of the excitatory neuron (constant value of −70 was used), V
is the current neuron’s membrane potential, and si is the gating
variable calculated using either Equation (11) (in case of AMPA
mediated synapses) or Equation (13) (in case of NMDAmediated
synapses). The gEE and gEI denote the synaptic coupling strength
of excitatory to excitatory and excitatory to inhibitory synapses,
respectively.

ds

dt
=

1

1+ 3.57 exp(−0.062Vpost)

1+ tanh(Vpre/10)

2

1− s

τR
−

s

τD
(13)

While calculating gating variables for the AMPA receptors,
Equation (11) with τR = 0.2 ms and τD = 2 ms was
used. On the other hand, the NMDA receptors’ gating
variables were calculated using Equation (13) with rise
time constant τR = 1 ms, decay time constant τD = 100
ms, and Vpost as the postsynaptic neuron’s membrane
potential.

FIGURE 3 | Response of excitatory and inhibitory neurons to different frequencies of sinusoidal stimulations. Stimulating resting state excitatory and

inhibitory neurons with different frequencies (5 Hz, 26 Hz, and 52 Hz) of sinusoids of 38 mV elicited different firing patterns as outlined in Figure 1. In case of the

excitatory neuron 5 Hz stimulation was not enough to elicit action potentials (A), whereas the inhibitory neuron produced bursting activity (B). For 26 Hz action

potentials were elicited in both types of neurons in a phase-locked fashion (C,D), and for 52 Hz the excitatory neuron moved to the intermittent region (E) and the

inhibitory neuron still showed the phase-locked firing (F).
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2.3. Model Small-World Network
A small-world (SW) network topology was considered as a
prototype model of brain neuronal network (Watts and Strogatz,
1998). As per the definition of SW topology, the network is
generated from a ring lattice where each neuron is connecting
to K neighbors at random with a probability p (0 < p < 1). Zero
probability (p = 0) makes the network regular and maximum
probability (p = 1) makes it a random network (Sun et al., 2011)
(see Figure 4A).

The neuronal network consisted of RS excitatory neurons (E)
and FS inhibitory neurons (I) at a ratio of 4:1. The E and I were
synaptically connected using SW topology with K = 33 neurons
and p = 0.165. Noteworthy, all the neurons of the SW network
were subject to the same applied potential, as it can be reasonably
assumed within a small volume of brain tissue that is exposed
to an electric field. The choice of single compartment neurons is
justified by the fact that the region of the axon hillock (considered
to be isopotential with the soma) is by far the most sensitive
to external electric stimulation with respect to action potential
triggering (Nowak and Bullier, 1998).

The design of synapses are described in the Model Synapses
subsection (See Section 2.2). We considered all possible synaptic
connections in the network (i.e., E→E, E→I, I→E, and I→I)
with predefined input strengths of arbitrary units (E→E: 0.1,
E→I: 0.1, I→E: 0.05, and I→I: 0.06) to create the connectivity
weight matrices without recurrent connectivity. We further used
a scaling factor for the excitatory and inhibitory synapses with
values 0.03 and 0.06, respectively.

2.4. Model Background Network
The SW network with RS and FS neurons (see Section
2.3) remained at rest without external input. To simulate

FIGURE 4 | Architecture of the neuronal network. (A). An instance of a

representative small-world network with 25 nodes out of which 6 (K) nodes

were linked via random rewiring with probability p = 0.24. (B). A network

consisting of excitatory (E) and inhibitory (I) neurons at 4 : 1 ratio was created

with E→E, E→I, I→E, and I→I synaptic connectivity. To mimic the

background activity or driving force, another population of excitatory neurons

was used (maroon circle). This background population provided excitatory

inputs to 50% of the excitatory (red circle) and inhibitory (blue circle) neurons to

maintain a stable firing pattern. The excitatory-inhibitory population consisted

of total N (= 200, E = 160, I = 40) neurons, each randomly connected to other

K (= 33) neurons with p (= 0.165) connection probability using undirected

edges creating a small-world network as described in Watts and Strogatz

(1998).

a background noise input and drive the SW network to
spontaneous activity, we used an external neuronal population
not exposed to electric stimulation (called “background
population,” see Figure 4B) consisting of 30 Izhikevich neurons
(see Equations 14, 15) (Izhikevich, 2003) randomly connecting
to 50% neurons in the target population through AMPA
mediated synapses (see Equations 12, 11). In this case, Izhikevich
neurons were preferred to HH neurons because computationally
favorable and considering that they solely represented a source
of spikes.

dv

dt
= 0.04v2 + 5v+ 140− u+ I

du

dt
= a(bv− u)

(14)

with an after-spike resetting function defined by Equation (15).

if v ≥ 30 mV, then

{

v← c

u← u+ d
(15)

Here, v, u, t, and I are membrane potential, membrane
recovery variable representing the Na+ and K+ channel kinetics,
time, and injected current respectively. a is the time scale
of u, b is the sensitivity of u, c is the after-spike resetting
value of v, and d is the after-spike resetting value of u.
The values used for a, b, c, and d are 0.1, 0.2, −65, and 2
respectively. The values of v and c are expressed in mV, and t
in ms.

Each of the neurons in the background population constantly
received a zero-mean Gaussian noise (I in Equations 14) with a
variance of 4.6 that generated enough AMPAmediated excitation

FIGURE 5 | Effect of background activity on network. To test the effect of

differential modulation of excitatory and inhibitory neurons, the small-world

network was fed with excitatory synaptic inputs from a background population

consisting of 30 Izhikevich neurons. These neurons were stimulated with a

randomly generated zero-mean Gaussian noise of variance 4.6. This

generated enough excitatory synaptic conductance to activate the target

population of excitatory and inhibitory neurons. Over 60 trials, the mean firing

frequencies of the excitatory and inhibitory neurons were 30.00 Hz (±0.11 Hz)

and 68.98 Hz (±0.27 Hz), respectively. The two asterisks (‘*’) on the colorbar

represent the mean firing frequencies.
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to activate the target population which then maintained a steady
firing pattern.

3. RESULTS AND DISCUSSION

We first examined how the individual RS excitatory and
FS inhibitory neurons respond to sinusoidal modulation of
their transmembrane potential, e.g., as a result of extracellular
stimulation with alternating current. We assessed different
frequencies and strengths and created maps of firing patterns
for the two types of neurons (see Figure 1). Maps show
how the amplitude-frequency relationship affects the neuronal
firing. Four possible modes were found: (i) non-firing, (ii)
phase-lock firing with one action potential per peak (i.e.,
following a 1:1 relation), (iii) an intermediate condition where
peaks of the sinusoidal modulation were not all associated to

an action potential (i.e., intermittent firing in Figure 1) and
(iv) bursting (i.e., with multiple action potentials per peak).
Interestingly, excitatory neurons displayed the first three modes
of response (Figure 1A): the no firing mode in the very
low frequency range and for low stimulation amplitudes, the
phase-locked behavior in the intermediate frequency range and
for high amplitudes, and the intermittent firing in between.
Conversely, inhibitory neurons were characterized by either
bursting (Figure 1C), phase-locked or intermittent behavior
when moving from the low to the high frequency range
(Figure 1B).

3.1. Differential Modulation of Single
Neurons
Due to intrinsic differences in the membrane properties between
the two classes of neurons, they exhibit variation in their firing

FIGURE 6 | Selective modulation of excitatory and inhibitory neurons in a network. A small-world network of excitatory and inhibitory neurons was stimulated

with three different frequencies of sinusoids (5 Hz: top row, 26 Hz: middle row, and 52 Hz: bottom row) of 38 mV amplitude when the network was silent (left column)

and activated by background excitatory synaptic inputs (right column). Raster plots of the network illustrate that when stimulated with sinusoids, the silent network

showed similar firing patterns as in single neurons (see Figure 2), and the spontaneously active network showed selective modulation of excitatory and inhibitory

neurons. The blue and red colors represent activities of inhibitory and excitatory neurons, respectively.
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patterns while subject to the same periodic modulation as seen
in Figure 1. After simulating the firing behavior of neurons
from both classes for a large range of stimulating sinusoidal
waveforms (frequency range: 1 to 500 Hz, and amplitude
range: 10 to 60 mV), invariant to background perturbations
(i.e., with or without sub-threshold background inputs to the
single neurons), the RS neurons remained silent for a range
of amplitudes and frequencies of the input signals (10 ≤
amplitude ≤ 26 mV, 1 ≤ frequency ≤ 10 Hz), but in the
same range the FS neurons exhibited firing patterns that varied
from bursting to 1:1 phase lock to intermittent, depending on
input signal’s amplitude and frequency. Furthermore, though the
RS neurons responded to input signals with amplitude > 26
mV and frequency > 10 Hz by firing action potentials, the
firing pattern was irregular for the range (26 ≤ amplitude ≤
44 mV, 10 ≤ frequency ≤ 80 Hz), that is the pattern was

FIGURE 7 | Effect of stimulation amplitude on active network. The

network was stimulated with varied amplitude of sinusoids (10 mV to 60 mV

with step of 1) at three different frequencies (5Hz, 26Hz, and 52Hz), as in

Figure 6, when the network was activated by synaptic inputs from the

background population. Even during the presence of background activity,

stimulating the network with different amplitudes of sinusoids, the individual

neurons’ firing behavior was comparable to the ones noticed at 38 mV. The

Y-axis shows the neurons index where 1 to 160 are excitatory and 161 to 200

are inhibitory. The colorbar shows the number of spikes per cycle.

switching between intermittent and 1:1 phase lock depending
on specific amplitude-frequency combinations (dotted area in
Figure 1A). On the contrary, in this range of stimulation, the
FS neurons show steady progression in firing patterns (i.e.,
either “1:1 phase lock to intermittent” or “burst to 1:1 phase
lock to intermittent”) with increasing stimulus strength and
frequency.

To exemplify the firing behavior mapped in Figure 1,
individual neuronal classes were stimulated at 38 mV for the
whole frequency range (1 − 500 Hz). As expected, when the
number of elicited action potentials per sinusoidal cycle was
plotted against the applied frequencies, the individual neuronal
classes showed different firing patterns within given frequency
ranges Figure 2. The inhibitory neuron (blue circled line) showed
bursting behavior (with 4:1, 3:1, and 2:1 action potentials per
cycle ratio) for input signals up to 20 Hz and the excitatory
neuron (red squared line) remained silent for the first 10
Hz. However, during the subsequent range of intermediate
frequencies (20− ∼300 Hz), while the inhibitory neuron fired
1:1 phase-locked action potentials, the excitatory neuron first
fired in a 1:1 phase-locked mode (10− ∼110 Hz) with a short
knee-shaped interval to an intermittent state (∼50− ∼90 Hz),
and then stably reverted to an intermittent regime. In fact,
for the frequencies above 300 Hz both the neuronal classes
showed intermittent firing in agreement with the reference
maps.

To clearly visualize the differential responses of the two
neuronal types to sinusoidal stimulation, we selected three
representative frequencies of sinusoidal input signals (5, 26,
and 52 Hz) from Figure 2. As seen in Figure 3, at 5 Hz, the
inhibitory neuron fires bursts of action potentials (Figure 3B)
but the excitatory neuron remains silent (Figure 3A); at 26 Hz,
both types of neurons fire action potentials 1:1 phase locked
to the stimulation signals (Figure 3C,D); and at 52 Hz, the
excitatory neuron exhibits intermittent firing (Figure 3E) while
the inhibitory neuron still fires in phase to the input signal
(Figure 3F).

3.2. Differential Modulation of Neuronal
Network
We further investigated the effect of differential sinusoidal
stimulation on neurons forming a neuronal network with SW
topology (Figure 4A), a condition more closely resembling real
brain circuits with respect to isolated neurons (Bullmore and
Sporns, 2012). We assessed two distinct network conditions: (i)
when the SW network was silent, i.e., without any external supply
except the test inputs; and (ii) when the SW network was driven
to be spontaneously active.

The latter condition was achieved by adding an external
“background” neuronal population driving the SW network to
a basal activity regime (Figure 4B). The background neuronal
population was activated by perturbing it with zero-mean
Gaussian noise, which caused spikes uniformly distributed in the
population. 50% neurons from both classes in the SW network
received AMPA mediated excitatory synaptic inputs from the
background population which were enough to drive the SW
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FIGURE 8 | Repetitive stimulation changes mean firing rate of excitatory and inhibitory neurons in presence of background activity . Excitatory and

inhibitory neurons of the small-world network had mean firing frequencies of 29.94 Hz (± 0.7 Hz) and 66.56 Hz (± 1.12 Hz), respectively, as a result of excitation

received from the excitatory background population. Sinusoidal stimulation at 38 mV selectively modulated the mean firing rate of excitatory and inhibitory neurons to

15.12 Hz (± 0.2 Hz) and 56.75 Hz (± 0.32 Hz) during 5 Hz, 26.12 Hz (± 0.1 Hz) and 26.24 Hz (± 0.1 Hz) during 26 Hz, and 26.12 Hz (± 0.14 Hz) and 51.99 Hz (± 0.1

Hz) during 52 Hz stimulation. However, fixing the stimulation frequency at 52 Hz and varying the amplitudes, we noticed gradual enhancement of excitatory neuron

only (i.e., from 6.02± 0.12 Hz to 26.47± 0.51 Hz to 47.47± 0.52 Hz) while the inhibitory neuron remained unchanged (54.97± 0.16 Hz).

network (see Figure 5) and generate excitatory and inhibitory
synaptic conductances comparable to those of a real biological
network (Guillamon et al., 2006).

In both network conditions (i.e., silent and spontaneously
active) the individual neurons belonging to different classes
were differentially modulated (see Figures 6, 7). In the
spontaneously active network, differential modulation was
forcing the spontaneously active SW network to a highly
synchronized state (Figure 6, right column). This phenomenon
can be attributed to the modulation of synaptic coupling
in the SW network (Breakspear et al., 2003), and selective
amplification of cortical cells’ responses at preferred frequencies
by intra-network inputs from similarly tuned neurons (Liu et al.,
2007; Rotstein and Nadim, 2014). Conversely, in the case of
the silent network condition, the modulation (Figure 6, left
column) closely matched the single-neuron reference map (see
Figure 1).

Moreover, in response to sinusoidal stimulation with given
amplitudes and frequencies, the neurons exhibit either an
increase or a decrease in their spiking rates with respect to
background activity. The inhibitory neurons in the network
were found to be more susceptible to sinusoids at lower
intensities, matching qualitatively previous experimental
observations (Moliadze et al., 2012), and frequencies (Reato
et al., 2013). As seen in Figure 7, at low frequency (i.e., 5
Hz) with increasing intensity, the inhibitory neurons show
frequent change in action potential firing rate (indicated by
color stripes in figure) compared to excitatory neurons which
fire steadily (indicated by uniform color in figure). The reverse
happens at higher frequencies (i.e., 26 and 52 Hz), where
the excitatory neurons show an increasing enhancement of
firing rates (indicated by color stripes in figure), while the
inhibitory ones fire invariably (indicated by uniform color in

figure). This differential activation of excitatory and inhibitory
neurons gives rise to a change of the excitation/inhibition ratio
(E/I) in the network which is dependent form the amplitude
and frequency of the stimulus, and that may represent a
mechanism behind experimental and clinical observations
during tACS (Antal and Paulus, 2013; Herrmann et al.,
2013).

Dysregulation of E/I has been associated to many CNS
disorders (Eichler and Meier, 2008), characterized by inefficient
information exchange in brain regions. This inefficacy could be
caused by loss of homeostatic control of excitation and inhibition
(Krause et al., 2013), making it crucial to find therapeutic
approaches to restore physiological E/I. To this aim, also on the
basis of our results, the E/I may be modulated by finely tuning
the amplitude and frequency of sinusoidal stimulation. The
concept is evidenced in Figure 8 were we show how, by changing
stimulation parameters, the average activity of excitatory and
inhibitory neurons in a spontaneoulsy active network can be
tuned modulating, in turn, the E/I.

4. CONCLUSION

We provide evidence that, leveraging the different properties
of voltage-dependent membrane conductances in excitatory
and inhibitory neurons, sinusoidal stimuli can be used to
differentially modulate their firing. In particular, basing on
simulations of a network of excitatory and inhibitory neurons
exposed to a sinusoidal modulation of the extracellular potential,
we showed that sinusoidal stimulation could modulate the E/I.
In practice, all electrical stimulation methods adopted in the
experimental and clinical context and causing sinusoidal voltage
changes in the extracellular fluid of the brain tissue could be
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suitable for the purpose. These include implanted electrodes,
such as in DBS, and transcranial non-invasive stimulation
approaches such as tACS. However, further elaboration will
be necessary to assess the real potential of the approach
in clinics. First of all, an unknown contribution will exist
from fibers stimulation by the electric field (Roth and Basser,
1990; Herrmann et al., 2013). Second, synaptic plasticity
phenomena may also influence network dynamics upon
sinusoidal stimulation, as proposed by Antal and Paulus (2013);
Zaehle et al. (2010). Finally, it will be crucial to precisely
estimate the transmembrane potential in neurons during tACS,
taking into account the impedence of the neuronal membrane
and its shunting influence at higher frequencies. In fact,
despite technical advances to strengthen stimulation (Herrmann
et al., 2013), the transmembrane potential modulation caused
by tACS may turn out to be too weak to control E/I
for clinical usage. Despite these unknowns, and in future
perspective, differential sinusoidal stimulation may prove to be
a versatile approach in clinics to restore physiological balance
between excitation and inhibition in a number of neurological
disorders.
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The acute phase of stroke is accompanied by functional changes in the activity and

interplay of both hemispheres. In healthy subjects, gender is known to impact the

functional brain organization. We investigated whether gender influences also acute

stroke functional changes. In thirty-five ischemic stroke patients, we evaluated the

excitability of the affected (AH) and unaffected hemisphere (UH) by measuring resting

and active motor threshold (AMT) and motor-evoked potential amplitude under baseline

conditions and after intermittent theta burst stimulation (iTBS) of AH. We also computed

an index of the excitability balance between the hemispheres, laterality indexes (LI), to

evidence hemispheric asymmetry. AMT differed significantly between AH and UH only in

the male group (p = 0.004), not in females (p > 0.200), and both LIAMT and LIRMT were

significantly higher in males than in females (respectively p = 0.033 and p = 0.042).

LTP-like activity induced by iTBS in AH was more frequent in females. Gender influences

the functional excitability changes that take place after human stroke and the level of

LTP that can be induced by repetitive stimulation. This knowledge is of high value in

the attempt of individualizing to different genders any non-invasive stimulation strategy

designed to foster stroke recovery.

Keywords: acute cerebral infarction, gender, neurophysiology, stroke, transcranial magnetic stimulation

INTRODUCTION

Gender related functional asymmetries between the two cerebral hemispheres have been
documented in healthy human brain (Tomasi and Volkow, 2012). It has been suggested
that they might be responsible for gender differences in cognitive styles (Proust-Lima et al.,
2008), in the incidence of neuropsychiatric disorders (Narr et al., 2001; Baron-Cohen et al.,
2005), and for a gender-specific influence on the functional outcome after unilateral cerebral
lesion (Draca, 2010). Sex-related differences have been also reported after stroke with a worse
functional outcome in women (Lisabeth et al., 2015), however the causes of this sex disparity
in stroke outcome are still largely unknown because demographics, prestroke and clinical
factors cannot explain it. One possibility is that gender has a significant influence on the
functional changes underlying recovery that take place in the brain after a stroke. Non-invasive
brain stimulation techniques provide the opportunity for the functional evaluation of the
human brain. Thanks to these techniques it has been shown that pronounced asymmetrical
functional changes take place in cortex in the acute phase of stroke (Di Pino et al., 2014a,b).
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These changes involve both the affected (AH) and unaffected
(UH) hemispheres and might be correlated with long term
recovery (for review see Di Pino et al., 2014a). Along this line,
it is still unknown whether gender has an effect in stroke-related
acute functional changes in the excitability of AH and UH.

The present study aims at investigating whether gender
influences the cortical functional changes observed in the acute
phase of stroke. To this end, in patients with acute stroke
we evaluated motor cortex excitability by using single pulse
transcranial magnetic stimulation (TMS) and the propensity of
the cortex to undergo LTP- and LTD-like plasticity by means of
a repetitive TMS (rTMS) paradigm, known as intermittent theta
burst stimulation (iTBS). iTBS produces LTP-like changes in the
stimulated hemisphere and LTD-like changes in the contralateral
hemisphere (Di Lazzaro et al., 2008; Suppa et al., 2008). Similar
interhemispheric effects have been observed also using a different
TBS protocol known as continuous TBS, a rTMS paradigm that
produces opposite effects on cortical excitability with LTD-like
changes in the stimulated hemisphere and LTP-like changes in
the contralateral hemisphere (Stefan et al., 2008).

Electrophysiological findings after single pulse TMS and after
iTBS were compared between genders.

MATERIALS AND METHODS

Patients
Thirty-five patients with first-ever stroke were recruited (mean
age = 71.4 years, SER = 1.96, 15F). Inclusion criteria were: (1)
single ischemic stroke (both cortical and subcortical) involving
the middle cerebral artery territory; (2) less than 10 days
post-stroke; (3) hand weakness; (4) recordable muscle evoked
potential (MEP) after TMS of the AH. Exclusion criteria were:
(1) history of seizure; (2) hemorrhagic stroke; (3) concomitant
neurological or other severe medical problems; (4) complete
paralysis of the hand; (5) inability to give informed consent;
(6) concomitant treatment with drugs acting on the central
nervous system; (7) contraindications for TMS studies. In order
to identify at risk patients for post-stroke epilepsy, all patients
underwent an EEG before entering the study and none of them
showed any epileptic abnormality (Rossini and Johnston, 2005).
The evaluation of neurological impairment was based on the
National Institutes of Health Stroke Scale (NIHSS).

All patients underwent brain MRI with a 1.5-T scanner (GE
Signa; General Electric, Milwaukee, WI), and lesion size was
estimated by using the Alberta Stroke Program Early CT Score
(ASPECTS) (Barber et al., 2000).

All the patients signed a written informed consent form. This
study was conducted in accordance with the Helsinki Declaration
of 1975 and was approved by the Ethics Committee of Campus
Bio-Medico University of Rome.

Magnetic Stimulation
Motor Cortex Excitability to Single Pulse TMS
Magnetic stimulation was performed with a high-powerMagstim
200 (MagstimCo., Whitland, Dyfed). A figure-of-eight coil with
external loop diameters of 9 cm was held over the motor

cortex at the optimum scalp position to elicit MEPs in the
contralateral first dorsal interosseous muscle (FDI). The induced
current flowed in a postero-anterior direction. We evaluated
the threshold and amplitude of MEPs. The resting motor
threshold (RMT) was defined as theminimum stimulus intensity,
expressed as the percentage of the maximal output intensity
deliverable by the stimulator, which produced a liminal MEP
(about 50µV in 50% of 10 trials) at rest (Rossini, 2014). The
active motor threshold (AMT) was defined as the minimum
stimulus intensity that produced a liminal MEP (about 200µV
in 50% of 10 trials) during isometric contraction of the tested
muscle (Rossini, 2014). We evaluated the RMT, AMT, and
MEP amplitude elicited stimulating both the AH and UH. The
MEP amplitude was evaluated using a stimulus intensity of
120% RMT with the muscle at rest. Audio-visual feedback of
the electromyographic (EMG) signal at high gain was given
to subjects in order to assist them in maintaining complete
relaxation; trials contaminated by EMG activity were discarded.
Ten data sweeps were collected, and the mean peak-to-peak
amplitude of the MEPs was calculated.

Intermittent Theta Burst Stimulation
iTBS was delivered over the affected motor cortex “hot spot” for
MEPs in the contralateral FDI muscle using a MagPro stimulator
(Medtronic A/S Denmark) connected to a figure-of-eight coil
(MCF B65). Themagnetic stimulus had a biphasic waveformwith
a pulse width of about 280µs and a maximum magnetic field
strength of 1.5 T. The initial direction of the current induced
in the brain was anterior to posterior. The stimulation intensity
was defined in relation to the AMT evaluated using the MagPro
stimulator. An intensity of 80% AMT was used. We applied the
iTBS protocol in which 10 bursts of high frequency stimulation
(3 pulses at 50Hz) are delivered at 5Hz every 10 s, for a total of
600 pulses (Huang et al., 2005). iTBS effects on both hemispheres
were assessed by evaluating the changes of the RMT, AMT,
and MEP amplitude stimulating the AH and UH, before and
immediately after iTBS. MEP amplitude was evaluated as detailed
above.

Statistical Analysis
Main aim of the statistical analysis is to assess the effect of
gender on excitability and plasticity measures. Baseline and
iTBS-dependent excitability changes were tested on RMT, AMT,
MEP amplitude and on the Laterality Index (LI) (Cramer
et al., 1997; Di Lazzaro et al., 2015). The latter is a derived
compound estimate of inter-hemispheric excitability imbalance.
In the case of MEP amplitude, LI is expressed by the following
equation: LIMEP= (MEPUH- MEPAH)/(MEPUH+ MEPAH). On
the contrary, in the case of AMT and RMT the correlation
with excitability is opposite (the lower are the thresholds the
higher is the excitability). Thus, LI is calculated as follow: LIRMT=
(MEPAH - MEPUH)/(MEPUH+ MEPAH) and LIAMT= (MEPAH -
MEPUH)/(MEPUH + MEPAH). LI ranges between −1 and +1;
positive values always indicate higher excitability of the UH. The
bigger the difference from 0, the higher is the inter-hemispheric
imbalance. Gender effect on baseline RMT, AMT, and MEP is
evaluated applying a mixed model ANOVA with Hemisphere
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(two levels: Affected -AH and Unaffected -UH) as within-subjects
factor and Gender (two levels: Female and Male) as between-
subjects factor. A two-tailed independent sample t-test is used
to assess the LI between groups difference. iTBS effect is tested
on RMT, AMT, and MEP amplitude by using a mixed model
ANOVA with Hemisphere (Affected -AH and Unaffected -UH)
and iTBS (Pre and Post) as within-subjects factor and Gender
(Female and Male) as between-subjects factor. The same model
without the factor hemisphere is applied to study iTBS-related
LI changes. Differences between females and males for non-
normal distributed data were checked applying Mann-Whitney
tests. In order to better address the variability of iTBS effects on
MEP amplitude, the proportion of iTBS-induced AH excitability
increase and UH excitability decrease are compared between
groups, by means of Chi-Square test. The correlation between
the clinical status and the neurophysiological data was performed
using Pearson’s correlation coefficients and partial correlations.
The statistical distribution of all the variables is tested by means
of Kolmogorov and Smirnov test. The significance level is set to
0.05. Descriptive statistic is reported as Mean ± Standard Error
of the Mean (SEM).

RESULTS

The average NIHSS at onset was 5.21 ± 0.413. Gender groups
were matched regarding age (F age = 69.87 ± 3.16;M age
= 72.55 ± 2.50, p = 0.505) and clinical status (NIHSS) at
stroke onset (F NIHSS = 4.73 ± 0.66;M NIHSS = 5.58 ±

0.53, p = 0.317). Groups were also matched regarding the
percentage of patients with different lesion site (subcortical
or cortical–subcortical), a pure cortical lesion was present in
3 out of 15 female patients (20%) and in 4 out of 20 male
patients (20%). This is relevant because functional changes
in cortical excitability may be influenced by stroke location
and distribution (Ameli et al., 2009). Lesion size, as evaluated
with the ASPECT score, was comparable in the two groups
(p > 0.200) and resulted 7.47 ± 0.47 for females and 7.40
± 0.36 for males. In a subgroup of 7 females and 8 males
we measured the stroke volume using the procedure described
in Di Lazzaro et al. (2010). The median stroke volume was
1463mmc (range 653–26,514) for females and 2614mmc (range
576–30,102) for males and it was not significantly different
between males and females (Mann-Whitney U-test=27.000,
p = 0.955).

Baseline Brain Excitability Measures
Table 1 summarizes the gender-related difference in basal and
iTBS-induced changes. Considering all patients together, UH
excitability is higher than AH excitability, as probed by RMT,
AMT and MEP amplitude [Factor Hemisphere: p = 0.001,
p = 0.001, p < 0.001, respectively. Figure 1 Upper Panel].
The effect of Gender on hemispheric excitability asymmetry,
revealed by the Hemisphere by Gender interaction, is significant
for AMT [F(1, 32) = 4.449, p = 0.043], with a trend toward
significance for RMT [F(1, 32) = 3.412, p = 0.074], not
significant for MEP amplitude [F(1, 32) = 0.511, p = 0.480].
The post-hoc analysis reveals that AMT is significantly lower

TABLE 1 | Summary of the gender-related difference in basal and

iTBS-induced changes.

DIFFERENT POST-STROKE FUNCTIONAL CHANGES

On MTs Males have higher AMT in the AH

than in the UH (p = 0.004)

Females have higher AMT in the UH

than in the AH (p = 0.056)

On inter hemispheric balance Males have higher inter-hemispheric

asymmetry than females (LIAMT

p = 0.033 and LIRMT p = 0.042)

Males and Females have opposite

inter-hemispheric balance (positive LI

in males and negative in females)

DIFFERENT PROPENSITY TO UNDERGO PLASTIC CHANGES

Pooling both hemispheres together Females undergo a cumulative

(pooling AH and UH together)

increase of brain excitability, while

males a decrease of it

Rate of iTBS effect In the female group there is a higher

rate of increase of AH excitability than

in the male group (p = 0.022)

over the UH only in the Male group (p = 0.004), not in
the Female group (p > 0.200) [Figure 1 Lower Panel and
Tables 1, 2].

Laterality Index
Both LIAMT and LIRMT show significant higher hemispheric
asymmetry for the Male group (p = 0.042), while no significant
difference has been found for LIMEP (Figure 2 and Table 2).

iTBS Effects
Our analysis shows an iTBS by Hemisphere interaction [RMT
p = 0.025; AMT p = 0.001; MEP p < 0.001], suggesting
that there is an effect of iTBS characterized by an excitability
increase over the AH and an excitability decrease over the UH
(Figure 3, Tables 2, 3). RMT shows that Gender influences iTBS
effects on brain excitability [iTBS byGender interaction F(1, 32) =
7.860, p = 0.009]. This effect does not differ depending on the
Hemisphere [iTBS byGender byHemisphere interaction F(1, 32) =
0.081, p = 0.777]. The significant iTBS by Gender interaction
is motivated by a cumulative (both hemispheres together)
mild increase of brain excitability for Females and decrease
of brain excitability for Males (Figure 3, Tables 2, 3). Gender
does not significantly impact on the effect of iTBS on AMT
and MEP.

Laterality Index
iTBS reduces the LI (LIRMT, LIAMT, LIMEP) regardless of the
Gender [iTBS by Gender interaction: LIRMT F(1, 33) = 0.030, p =

0.864; LIAMT F(1, 33) = 0.223, p = 0.640; LIMEP F(1, 33) = 0.001,
p = 0.979]. More in details:

• LIRMT: Pre-iTBS 0.04± 0.04; Post-iTBS 0.03± 0.04, p = 0.022;
• LIAMT:Pre-iTBS 0.05± 0.04; Post-iTBS 0.03± 0.04, p = 0.001;

after iTBS LIAMT remains negative for Female and positive for
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FIGURE 1 | Upper Panel: Baseline excitability measures (MEP, RMT, AMT) in the different hemispheres pooling genders together. The statistical significance refers to

the factor Hemisphere of the ANOVA model. Lower Panel: baseline value of excitability measures divided for gender (female = pink and male = blue). *p < 0.05;

**p < 0.001 Error Bars = SER.

FIGURE 2 | Baseline LI measures. LI baseline measures (MEP, RMT, AMT) in males (blue) and females (pink). *p < 0.05; Error Bars = SER.

Male [factor Gender: F(1, 33) = 4.842, p = 0.035; Post-iTBS
LIAMT Male = 0.092± 0.028; Female= −0.060± 00.4];

• LIMEP: Pre-iTBS 0.41± 0.06; Post-iTBS 0.30± 0.08; p = 0.014.

To better characterize iTBS effects, we also looked at the rate of
subjects reporting iTBS-related effects in the two groups. The rate
of iTBS-induced AH excitability increase is higher in Females (14
out of 15, 93%) than inMales (11 out of 20, 55%; Chi-square p =

0.022). Even if the comparison does not reach a significant level
(Chi-square p = 0.266), the rate of iTBS-induced UH excitability
decrease is higher inMales (16 out of 20, 80%) than in Females (9
out of 15 female, 60%).

The individual level of brain excitability and iTBS effects are
reported in Supplementary Figure 1.

Relationship between Clinical Condition
and Neurophysiological Measures
Pooling together all patients, NIHSS showed a significant
correlation with the AMT LI both before iTBS (AMT LI pre-iTBS
Pearson’s R = 0.328, p = 0.029) and after iTBS (AMT LI post-
iTBS Person’s R = 0.327, p = 0.030). This correlation pattern
did not survive the correction by sex, suggesting that sex might
in fact play also a role in the relationship between measure of
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TABLE 2 | Excitability measures for both AH and UH under baseline conditions and after iTBS.

RMT AMT MEP

PRE POST PRE POST PRE POST

AH UH LI AH UH LI AH UH LI AH UH LI AH UH LI AH UH LI

F Mean 63.21 59.20 −0.04 61.71 59.33 −0.06 42.86 40.27 −0.04 41.57 40.60 −0.06 477.42 911.95 0.40 634.75 792.27 0.29

SER 4.14 2.50 0.07 4.35 2.49 0.07 1.91 1.63 0.07 1.94 1.63 0.07 123.64 199.45 0.10 170.69 160.87 0.12

M Mean 62.05 49.30 0.10 62.05 50.70 0.09 43.75 33.65 0.12 42.90 34.70 0.09 364.51 1048.34 0.42 368.69 807.60 0.31

SER 4.32 2.68 0.03 4.17 2.63 0.03 3.16 1.84 0.03 3.14 1.68 0.03 65.43 186.41 0.07 66.99 130.89 0.11

M+F Mean 62.53 53.54 0.04 61.91 54.40 0.03 43.38 36.49 0.05 42.35 37.23 0.03 411.00 989.89 0.41 478.25 801.03 0.30

SER 3.02 2.02 0.04 2.99 1.96 0.04 1.99 1.37 0.04 1.99 1.27 0.04 63.43 135.09 0.06 82.25 100.20 0.08

RMT, resting motor threshold, expressed as percentage intensity of maximal stimulator output; AMT, active motor threshold expressed as percentage intensity of stimulator output;

MEP, amplitude of motor evoked potentials at 120% of RMT (µ V).

FIGURE 3 | Upper Panel: iTBS effects on excitability measures (MEP, RMT, AMT) on both groups together expressed as Post-iTBS—Pre-iTBS

excitability change. Lower Panel: iTBS effects on both hemispheres (AH and UH) and groups (female = pink and male = blue). iTBS effect on RMT is gender

dependent [iTBS by Gender interaction F(1, 32) = 7.860, *p = 0.009].

cortical excitability and clinical status. The subsequent analysis
performed independently on the two groups showed: (i) absence
of correlation in the male group (ii) strong correlation in the
female group. More in details, in this subgroup we confirmed the
relationship between LI and NIHSS (AMT LI Pre-iTBS Pearson’s
R = 0.500, p = 0.029, AMT LI Post-iTBS Pearson’s R =

0.530, p = 0.021). In other words, a worst clinical condition
is associated to stronger interhemispheric unbalance toward
higher excitability of the UH. Additionally, both before and after
iTBS higher NIHSS scores were associated to higher AH AMT

(Person’s R = 0.601, p = 0.011 before iTBS; Person’s R = 0.649,
p = 0.006, after iTBS).

DISCUSSION

Several studies have reported an asymmetry in the excitability of
the AH and UH to non-invasive brain stimulation after stroke
(Liepert et al., 2000; Manganotti et al., 2002; Shimizu et al., 2002;
Cicinelli et al., 2003; Di Lazzaro et al., 2010, 2014). This is the first
study evaluating the effects of gender on the changes in human
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TABLE 3 | Summary of the ANOVA Mixed Model on iTBS effects on brain

excitability measures.

RMT AMT MEP

Source F(1, 32) p F(1, 32) p F(1, 32) p

Hemisphere 9.462 0.004 8.779 0.006 12.778 0.001

iTBS 0.040 0.843 0.493 0.488 2.284 0.140

Gender 1.192 0.283 0.854 0.362 0.238 0.629

Hemisphere * iTBS 5.558 0.025 13.761 0.001 17.568 0.000

Hemisphere *

Gender

3.465 0.072 4.316 0.046 0.834 0.368

iTBS * Gender 7.860 0.009 1.395 0.246 2.575 0.118

Hemisphere * iTBS

* Gender

0.081 0.777 0.013 0.909 0.226 0.638

brain excitability observed in the acute phase of stroke. We found
sex differences in the functional changes that take place in AH
and UH. The AH showed a lower excitability than the UH in
both men and women, but males have higher excitability in the
UH (lower AMT) and higher inter-hemispheric asymmetry than
females. At a group level, the excitability of the AH is always lower
than of the UH. However, the study of the LI, which takes into
consideration and normalizes subject by subject for the level of
excitability of both hemispheres, reveals that males and females
have opposite inter-hemispheric balance, with higher excitability
of UH in males, vice versa in females.

The meaning of these findings is still uncertain; we can
speculate that they might be correlated with the existence
of gender-related differences in the organizational patterns
of functional cortical connectivity between different brain
areas. Several studies have demonstrated sex differences in the
connectivity of the brain (Gong et al., 2011). The results of the
analysis of the structural connectome of the human brain suggest
that male brains are structured to facilitate intra-hemispheric
cortical connectivity, while female brain displays higher strength
of inter-hemispheric connectivity (Ingalhalikar et al., 2014).
Thus, we can speculate that to facilitate within-hemisphere
connectivity in males there is a higher level of inter-hemispheric
inhibition and, in case of a mono-hemispheric brain lesion,
a lower level of inter-hemispheric inhibition from AH to UH
makes the UH hyper-excitable to transcranial stimulation.

When testing the effects of iTBS of the AH, a rTMS
protocol capable of inducing LTP-like changes in the stimulated
hemisphere, females undergo a cumulative (pooling AH and UH
together) increase of brain excitability, while males a decrease of
it. In the female group, there is a higher rate of increase of AH
excitability than in the male group and a tendency for a lower rate
of decrease of UH excitability. Again men showed a pronounced
effect in UH with a partial correction of the hyper-excitability
associated with a comparable increase in the excitability of AH. In
women, instead, we observed a more pronounced increase in the
excitability of the AH that was associated with a slight increase in
excitability, and not a suppression, of UH.

This is a further demonstration that the establishment of
inter-hemispheric imbalance after stroke should not be given for

grant, rather it is strictly dependent on patient’s individuality.
We recently showed that also the haplotype of Brain-Derived
Neurotrophic Factor (BDNF) gene has a profound influence
on the inter-hemispheric imbalance in cortical excitability (Di
Lazzaro et al., 2015). Indeed, the presence of the Val66Met
BDNF polymorphism is associated with a nine-fold weaker inter-
hemispheric imbalance in cortical excitability as evaluated by
comparing the RMT of the AH and the UH.

Is the imbalance in cortical excitability deleterious for
recovery? As we suggested for BDNF polymorphism (Di Pino
et al., 2014a, 2016), the hyper-excitability of UHmight contribute
to, or might interfere with, recovery depending on the level of
impairment of AH. UH over-activity, observed more commonly
in males, might interfere with paretic limb function in patients
with less severe damage, while it might have a compensatory
role in severely affected patients (Bradnam et al., 2013; Di Pino
et al., 2014a). On the other hand, the limited imbalance between
the hemispheres in females might represent an advantage in
case of limited damage, facilitating the recovery of AH in
the absence of a potentially deleterious interference from the
UH. However, in more severe lesions the compensatory role
of UH seems to be prevalent, and this might be limited in
females by their lower UH hyper-excitability. Overall, this would
reduce the impact of mild stroke in females and of more severe
stroke in males, in line with a lower incidence, but a poorer
prognosis of stroke in females and vice versa in males (Gibson,
2013).

Moreover, the differential functional changes that take place
in the AH and UH in males and females might be adaptive
or maladaptive depending on the degree of corticospinal tract
damage. Gender influences many aspects of stroke including
risk/incidence, diagnosis, symptoms, treatment and outcomes
(Reeves et al., 2008; Appelros et al., 2009; Haast et al., 2012;
Gibson, 2013); our study strongly contributes to highlight that
it also influences the brain response to the damage.

Those considerations warrant further studies aimed at
characterizing the interactions that gender and inter-hemispheric
imbalance have on recovery.

In conclusion, our study suggests the existence of gender-
dependent differences in the functional brain changes that take
place after human stroke, in that it seems that male brain
has greater asymmetry than the female’s. This perfectly fits the
recently advanced hypothesis of a higher strength of inter-
hemispheric connection owned by the female’s healthy brain
(Ingalhalikar et al., 2014).

Male and female individuality could conceivably arise from a
complex interaction of some sort of gender-specific base with a
mosaic of environmental factors. Stroke and its strong plasticity-
inducing potential are, in our opinion, optimal examples of
events that might unveil and amplify those gender-specific
differences, that otherwise might remain unrevealed. Our
findings should suggest to be cautious in designing stroke
studies, especially since sex differences in stroke that might
affect recovery and brain plasticity probably result from a
combination of factors, including elements intrinsic to the sex
chromosomes, as well as the effects of sex hormone exposure,
and not less important cultural and social factors (Cox et al.,
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2006; Vagnerova et al., 2008; Cesaroni et al., 2009; Liu et al.,
2009; Gibson, 2013). For instance, animal model are often used
to provide a better understanding of stroke and of specific
brain recovery patterns (Alkayed et al., 1998; Bacigaluppi et al.,
2010). However, the majority of experimental stroke studies
keeps focusing on using only male animals (Fisher et al.,
2009; Gibson, 2013), despite the Stroke Therapy Academy
Industry Roundtable (STAIR) recommends that neuro-protective
studies should be performed in both male and female rodents
(Fisher et al., 2009). Moreover, the impacts of gender on the
weight of age and hormone-related risk factors needs to be
clarified, since epidemiological studies document an association
between the female gender during the premenopausal years
and a reduced risk of stroke addressing hormonal factors
as potential protective treatments (Gibson et al., 2006, 2009;
Suzuki et al., 2009; Liu and Yang, 2013). We envisage that
a greater experimental plan and the understanding of the
mechanisms underlying gender-related differences in stroke and
responsiveness to neuroprotection and brain plasticity will lead

to more appropriate treatment strategies for patients of both
sexes.
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Background: Recruitment curves (RCs) acquired using transcranial magnetic

stimulation are commonly used in stroke to study physiologic functioning of corticospinal

tracts (CST) from M1. However, it is unclear whether CSTs from higher motor cortices

contribute as well.

Objective: To explore whether integrity of CST from higher motor areas, besides M1,

relates to CST functioning captured using RCs.

Methods: RCs were acquired for a paretic hand muscle in patients with chronic stroke.

Metrics describing gain and overall output of CST were collected. CST integrity was

defined by diffusion tensor imaging. For CST emerging from M1 and higher motor areas,

integrity (fractional anisotropy) was evaluated in the region of the posterior limb of the

internal capsule, the length of CST and in the region of the stroke lesion.

Results: We found that output and gain of RC was related to integrity along the length

of CST emerging from higher motor cortices but not the M1.

Conclusions: Our results suggest that RC parameters in chronic stroke infer function

primarily of CST descending from the higher motor areas but not M1. RCs may thus

serve as a simple, in-expensive means to assess re-mapping of alternate areas that is

generally studied with resource-intensive neuroimaging in stroke.

Keywords: stimulus-response curve, recruitment curve, TMS, DTI, stroke

INTRODUCTION

Transcranial magnetic stimulation (TMS) is a popular non-invasive technique to assess physiology
of corticospinal tracts (CST; Di Lazzaro, 2004). TMS is able to gauge such physiology based on
the principle of electromagnetic induction. Specifically, rapidly alternating currents form the basis
for TMS. These are created by discharging a large capacitor into an insulated coiled wire. The
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produced currents then generate magnetic fields over the scalp
and skull. Electrical currents are induced, which pass unimpeded
to excite superficial areas like the primary motor cortices
(M1). In M1, induced currents trigger volleys along descending
CST pathways that produce motor evoked potentials (MEP) in
contralateral muscles (Di Lazzaro, 2004). The resultant MEP
amplitude is believed to reflect output of the CST pathways. With
increasing TMS intensities, MEP amplitudes typically increase.
By applying a range of increasing intensities, one can study
incremental gains in MEPs that are plotted commonly as a
stimulus-response or a recruitment curve. The slope of the curve
and sum of MEP amplitudes signify gain and output of the
descending CST (Devanne et al., 1997; Ridding and Rothwell,
1997; Boroojerdi et al., 2001;Monti et al., 2001;Ward et al., 2006).

TMS techniques are particularly relevant in stroke. This
is because TMS can index function and recovery of the
paretic upper limb by evaluating CST damage that is typical
of stroke affecting the territory of the middle cerebral artery
(Bogousslavsky and Regli, 1990; Johansen-Berg et al., 2002;
Buffon et al., 2005). For example, several groups have established
that the mere presence or absence of MEPs in paretic muscles can
inform about clinical function (Ward et al., 2006; Stinear et al.,
2007, 2012; Ward, 2011; Levy et al., 2016). Beyond the binary
outcome, recruitment curves offer several additional advantages.
By definition, recruitment curves assay MEPs at a range of
increasing TMS intensities, and as such, illustrate a graded profile
of CST function (Thickbroom et al., 2002). As a result, increases
or decreases in slope or gain of the recruitment curve can
signify recovery more closely than binary outcomes signaling the
presence or absence of MEPs. For example, numerous studies
have shown that decreases in recruitment curve parameters
are indicative of more substantial CST damage, functional
impairment, or poor recovery potential in patients with stroke
(Devanne et al., 1997; Carroll et al., 2001; Liepert et al., 2005;
Talelli et al., 2006; Ward et al., 2006; Lindberg et al., 2007; Lotze
et al., 2012; Cunningham et al., 2014). In fact, graded increases
in the slope of the recruitment curve have been associated
with graded functional gains in recovery (Hummel et al., 2005)
suggesting that metrics that are not binary, but rather based on an
interval scale may serve as an effective monitor for rehabilitation-
related recovery.

Recruitment curves are especially popular in stroke because
they are believed to reflect CST gain and output from the region
most linked to motor function, despite inherent damage, the
primary motor cortex (M1; Devanne et al., 1997). However, given
that other secondary motor cortices contribute to paretic hand
function and recovery in stroke, it is possible that recruitment
curves may also represent functioning of CST from higher motor
areas beyond M1. For example, higher motor areas like the
supplementary motor area (SMA) and premotor cortex (PMC)
can support paretic hand function and recovery via re-mapping
and plasticity changes proportional to the level of damage to CST

Abbreviations: TMS, Transcranial Magnetic Stimulation; DWI, Diffusion

Weighted Imaging; DTI, Diffusion Tensor Imaging; CST, Corticospinal Tract; M1,

PrimaryMotor Cortex; PMC, Premotor Cortex; SMA, SupplementaryMotor Area;

MEP, Motor evoked potential.

from M1 (Weiller et al., 1992; Fries et al., 1993; Seitz et al., 1998;
Liu and Rouiller, 1999; Fridman et al., 2004; Dancause et al., 2005;
Ward et al., 2006, 2007; Bhatt et al., 2007; Takeuchi et al., 2007;
Calautti et al., 2010; Zeiler et al., 2013; Plow et al., 2014). Indeed,
SMA and PMC can offer alternate CST to the paretic upper limb,
contributing in the range of 20–40% of entire CST (Dum and
Strick, 1991; Schulz et al., 2012).

Understanding if there is a role of CST from secondary
motor areas on recruitment curve properties is critical. TMS
is already relevant for neurorehabilitation since it is simple
and in-expensive. Therefore, by gaining this understanding, we
could realize if using TMS generated recruitment curves could
accurately and in-expensively interpret which areas re-map and
contribute to overall CST function during recovery. For this
reason, here we explored whether integrity of CST from PMC
and SMA, besides M1, related to CST function as captured
by recruitment curves in patients with chronic stroke. CST
integrity was measured using diffusion tensor imaging (DTI)
[fractional anisotropy (FA)] due to its long-standing use in
neurology and generally accepted accuracy (Chenevert et al.,
1990; Alexander et al., 2007; Soares et al., 2013). We argued that
if recruitment curve properties were to reflect integrity of CST
from higher motor cortices, then any increase in gain/output
of the recruitment curve would signify their remapping in
recovery. As such, our finding would create an opportunity
to target PMC/SMA with techniques like cortical stimulation
that are believed to boost recovery by boosting functioning of
CST recovery (Fregni and Pascual-Leone, 2007). In addition,
our results could help show that recruitment curves may serve
as a simple, in-expensive means to assess function from areas
generally studied with more resource-intensive structural and
functional imaging in patients with stroke.

To our knowledge, only a pilot study by Lindberg et al.
has directly investigated the relationship between CST integrity
captured using DTI and recruitment curves in stroke. Within
their study, Lindberg and colleagues found that a greater loss
of integrity at the level of the cerebral peduncle was correlated
with a reduced recruitment curve slope (Lindberg et al., 2007).
However, because recent research has suggested that DTI indices
describing CST integrity vary with extent and location of the
lesion, it is critical to capture integrity not just in a single region
but across several regions, and along the length of CST (Liepert
et al., 2005; Zhu et al., 2010; Lindenberg et al., 2012; Schulz
et al., 2012). Therefore, here, we chose to assess CST integrity
at different regions along the path of CST. We captured FA
at the most commonly used regions for analysis—the posterior
limb of internal capsule (PLIC) and mean along the length of
CST (Stinear et al., 2007; Allendorfer et al., 2012; Lindenberg
et al., 2012). We also captured CST integrity in the region of
the stroke lesion. We aimed to learn whether CST integrity at
a specific region- PLIC, lesion or the length of CST pathways-
closely related to neurophysiologicmeasurement of CST function
described using the recruitment curve. We postulated that by
identifying, which regions of CST most contribute to CST
function, it would become possible to use recruitment curves
as means to understand lesion characteristics, lesion load, and
accordingly derive prognosis.
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METHODS

Participants
Twelve patients who suffered a first-ever stroke, and eight
healthy control subjects (68.3 ± 12.4 years) were enrolled
(Table 1). Lesion locations for each patient are demonstrated in
Figure 1. Patients were ≥21 years of age, in the chronic phase
(>6 months) after a unilateral hemorrhagic or ischemic stroke
and possessed at least a trace movement at the wrist, any of
the fingers or the thumb of the paretic upper limb. Patients
with contraindications to TMS, such as intracranial metallic
implants, history of alcohol/substance abuse, seizures, neuro-
and psycho-active medications lowering threshold for seizures,
or cardiac pacemakers were excluded from the study, following
published recommendations (Nitsche et al., 2008; Rossi et al.,
2009; Shellock, 2014). All study procedures were approved by
the Institutional Review Board (IRB) of the Cleveland Clinic
Foundation. All participants provided written informed consent.

Study Design
A schematic of the study design is shown in Figure 2 and
study outcomes are diagrammed in Table 2. Clinical impairment
was evaluated using the Upper Extremity Fugl Meyer score
(UEFM), a commonly used scale that rates distal and proximal
movements and upper limb coordination and reflexes on an
ordinal scale (0–2) for a maximum score of 66 (Fugl-Meyer et al.,
1975; Gladstone et al., 2002). Patients subsequently underwent
magnetic resonance imaging (MRI) and TMS. T1-weighted
MRI was used to quantify lesion locations and lesion volume.
Diffusion-weighted/tensor imaging (DWI/DTI) was acquired to
study CST integrity. In addition, patients underwent functional
MRI (fMRI) during self-paced flexion-extension of the fingers of
each hand. fMRI was acquired to provide for neuro-navigated
TMS (Neggers et al., 2004) to help shorten testing and simplify
thresholding needed to identify optimal site for TMS (details are
provided in Cunningham et al., 2014). Specifically, given that
substantial cortical remapping can occur, by employing fMRI-
guidance, we aimed to add an additional layer of accuracy in our
methodology (Lotze et al., 2006). Finally, fMRI-guided TMS was
used to generate a stimulus-response or recruitment curve from
the first dorsal interosseous (FDI) muscle.

Transcranial Magnetic Stimulation (TMS)
fMRI-guided, single pulse TMS (Magstim 2002, Wales, U.K.)
was delivered using a figure-of-eight coil (diameter 70 mm;
Cunningham et al., 2014). Individuals were seated comfortably
in a chair that allowed them to rest their forearms and hands on a
flat surface. MEPs were recorded in the FDI muscle using surface
electromyography. EMG was acquired using bipolar Ag/AgCl
electrodes (8 mm diameter) positioned over the muscle belly,
with a reference electrode placed on the lateral epicondyle. All
EMG signals were recorded using PowerLab 4/25 set at± 10 mV,
subsequently band-pass filtered (10–2000 Hz) and then recorded
at a sampling rate of 4000 Hz.

Cranial landmarks (nasion, left ear, right ear) of each
individual were registered with respective sites in the MRI via
Brainsight. The voxel with peak fMRI activation in the region of

M1 (or an adjacent site when M1 was damaged) was chosen as
the initial site to study with TMS. Although the fMRI peak was
used as an initial guide, we identified the optimal site for TMS
using careful thresholding. The optimal site (motor hotspot) was
determined by applying TMS across a 10 mm-resolution grid.
The motor hot spot was defined as the site that evoked MEPs
of at least 50 µV peak-to-peak amplitude in the FDI muscle in
three out of five trials at the lowest TMS intensity. The intensity
used to elicit criterionMEPs in the resting state of the muscle was
called the resting motor threshold (RMT) commonly expressed
as % maximum stimulator output, or %MSO (Rossini and Rossi,
2007).We confirmed that resting-state EMG activity was≤10µV
in all patients and controls. Recruitment curves were acquired
in resting state at the hotspot. Ten serial MEPs were collected at
gradient increases in TMS intensity ranging from 90 to 150% of
the RMT. Intensities were presented in a randomized order.

MEPs could not be generated from the ipsilesional hemisphere
in the resting state of paretic FDI in patients 1, 9, and 11; the
absence of resting-state MEPs in not uncommon in patients with
severe loss of corticospinal output (Harris-Love et al., 2011).
These patients were thus excluded from analysis of ipsilesional
recruitment curves though they were included in the analysis of
contralesional recruitment curves (Talelli et al., 2006).

Compound muscle action potentials or M-waves were
acquired to normalize MEP data. Maximum M-waves (M-
MWaves) were elicited by applying a supramaximal electrical
stimulus to the ulnar nerve at the wrist. Electrodes (Ultratrace
1690) were placed at the distal end of the ulnar nerve ∼2 inches
away from the wrist. Increasing stimulus intensities were applied
ranging from 1 to 15 mV for 0.5 to 1.5 ms until a maximum EMG
response was noted.

Diffusion Tensor Imaging (DTI)
DTI was used to quantify CST integrity. Here, a High Angular
Resolution Diffusion Weighted Imaging (HARDI-DWI) dataset
was acquired on a Siemens 3T TIM Trio with 71 diffusion-
weighting gradients (b = 1000 s/mm2) and 8 image volumes (b
= 0 s/mm2) for a total scan time of 12 min. Each DWI scan
allotted for whole brain coverage and 2-mm isotropic voxels (field
of view: 256 × 256 mm, image matrix: 128 × 128, and 52 2-mm
thick slices).

Data Analysis
Lesion Volume and Location
The anatomical location of each patient’s stroke lesion
was determined on T1-weighted MRI images by a
trained neurologist (AM). Lesion volume was defined
using MRIcro, a free, readily-downloadable software
(http://www.mccauslandcenter.sc.edu/mricro/). Lesion volumes
were found using manually drawn regions of interest (ROI)
along a single plane of the stroke lesion (Zhu et al., 2010).

TMS Analysis
Recruitment curves were plotted as intensity (90–150% RMT)
vs. MEP size noted as peak-to-peak amplitude (expressed as raw
values in mV and %M-MWave; Figure 2) (Rossini and Rossi,
2007). For each intensity, MEP size was averaged across all 10
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FIGURE 1 | Lesion locations for the 12 enrolled stroke patients. Images

were adjusted so the lesion would appear in the left hemisphere. Lesion for

patient #6 is enlarged to demonstrate location and size. Lesion volumes are

noted in Table 1.

TMS trials. Twomain parameters were computed: area under the
recruitment curve (RCAUC) and slope (RCSlope). For analysis of
the ipsilesional hemisphere, nine patients were studied whereas,
12 patients were evaluated for the contralesional hemisphere.

RCAUC: Overall CST output.
RCAUC values for each hemisphere were quantified using the
trapezoidal area method (Figure 2). RCAUC for the ipsilesional
hemisphere was expressed relative to RCAUC of the contralesional
hemisphere following Equation 1, with values <1 indicating a
RCAUC for the ipsilesional hemisphere. We chose to normalize
values to the contralesional hemisphere to control for inter-
subject differences (Lindberg et al., 2007; Lotze et al., 2012).

RC AUC Ipsi/Contra =
Ipsilesional RC AUC

Contralesional RC AUC
(1)

RCSlope: Descending CST gain.
To quantify the gain of the stimulus-response curve, all
recruitment curves were fitted, as described previously (Devanne
et al., 1997; Kaelin-Lang and Cohen, 2000; Carroll et al.,
2001; Carson et al., 2013), using a nonlinear sigmoidal model
(Boltzmann Equation) shown in Equation 2.

y =
At − Ab

1+ e(−
x−x0
w )

(2)

The function parameters At and Ab denote the asymptotic y-
values of the sigmoidal function, where the x-range of the
sigmoidal slope was defined as w and the midpoint of the slope
as xo. The x-values were taken to be the %RMT, ranging from 90
to 150%. Therefore, the four function parameters were adjusted
to best fit the modeled y-value to the experimental y-value. The
slope of the sigmoidal curve, the midpoint (inflection point) and
R2 of the fit were recorded (Figure 2; Table 2). A fit above 0.7 was
considered to be indicative of an accurate model (Carson et al.,
2013). The inflection point was defined as the point of 50% of

the maximal MEP for each patient (Table 2). Similar to the AUC,
RCSlope of the ipsilesional hemisphere was expressed relative to
RCSlope of the contralesional hemisphere following Equation 3.

RC SlopeIpsi/Contra =
Ipsilesional Slope

Contralesional Slope
(3)

DTI Analysis
DTI images were corrected for eddy currents and head motion
using FSL (Jenkinson et al., 2012). Whole brain diffusion tensor
maps of FA were calculated by first least-squares fitting of the 71
acquired diffusion profiles to each of the six independent tensor
elements and then determining the final tensor-based value.
Fiber orientation distribution functions (FOD) were used to
account for crossing fibers on the 71 acquired diffusion profiles,
as previously described by our group (Sakaie and Lowe, 2007;
Lowe et al., 2008). Prior to tractography, we applied a threshold
value of 0.2 on all FAmaps. A threshold value of 0.2 has been used
extensively. It is believed to be an optimal level to ensure that
all ROI in the brain, including the centrum semiovale (known
to have inherently low FA values) remain in the FA skeleton in
patients with stroke (Kunimatsu et al., 2004; Zhu et al., 2010).

CSTs were virtually reconstructed using a three-dimensional
random walk probabilistic tracking method (Sakaie and Lowe,
2007; Lowe et al., 2008; Zhang et al., 2013). Briefly, the
track density value of each voxel was used as the probability
distribution to generate stepping directions. Structural masks
of the right and left hemisphere were applied during tracking
and tracts branching outside the brain tissue hemisphere mask
were terminated and not included in analysis. Our probabilistic
tractography was constrained to voxels with more than 95%
of the individual tract-specific connectivity probability, wherein
voxels outside of the 95th percentile were assumed to have a track
density value of zero. A “slice-by-slice” analysis was established by
calculating a mean FA across all non-zero voxels at each z-slice
(Lowe et al., 2008).

Thresholded probabilistic tracking was performed from the
PLIC to the M1, PMC or SMA separately. Seeds were defined
at the level of the PLIC, since the internal capsule is mainly
comprised of CSTwhich control voluntarymovement as opposed
to other tracts such as the corticobulbar (Holodny et al., 2005).
ROI for PLIC were defined directly on the axial plane of the FA
map at the appropriate level of the foramen of Monroe. ROIs for
M1, PMC, and SMA (Figure 2) were drawn onACPC aligned T1-
weighted images based on guidelines (Bhatt et al., 2007) and then
transformed into DTI (b0) space. Errors due to between-space
transformations were corrected manually.

Structural integrity of CST originating from the M1, SMA, or
PMC was compared between the ipsilesional and contralesional
hemispheres using the asymmetry index of FA (described
in Equation 4). The asymmetry index is given by Equation
(4), where values range from −1 to +1; values >0 denoted
increased CST damage on the ipsilesional side. For control
subjects, the right hemisphere (non-dominant) was considered
the ipsilesional side and the left hemisphere (dominant) was the
contralesional.
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FIGURE 2 | Study design and quantitative analysis for assessing relationship between CST integrity assessed using DTI and recruitment curves

captured using TMS. (Top) General flow of experiments for the present study. (Bottom Left) Regions of interest were defined for the posterior limb of the internal

capsule (PLIC), motor cortex (M1), premotor cortex (PMC), and supplementary motor area (SMA). Probabilistic tractography was performed between the PLIC and

each respective motor cortex. Fractional anisotropy (FA) was determined along the length of the reconstructed CST and four indices of asymmetry between

ipsilesional vs. contralesional CST were computed- FALesion, FAPLIC, FAAUC, and FAMean. Indices are denoted in the figure at the bottom left, where FALesion refers to

the asymmetry index within the stroke region, FAPLIC refers to the asymmetry index at the region of the PLIC, and FAAUC and FAMean are a net or average asymmetry

index for the determined CST. Coordinates denote the location of the brain/region of interest in respect to AC-PC alignment, where-in z = +0.00, denotes the level of

alignment between the anterior commissure and posterior commissure. (Bottom Right) Recruitment curves acquired using TMS were modeled using the Boltzmann

Equation and parameters of the curve (Slope, Inflection Point) were extracted for further comparisons. In addition, the area under the recruitment curve (AUC) was

calculated using the trapezoidal area method. Recruitment curve slope and AUC were quantified as an asymmetry measure between the ipsilesional and

contralesional hemisphere.

FAasymmetry =
FAcontralesional − FAipsilesional

FAcontralesional + FAipsilesional
(4)

Since CST integrity can be influenced by stroke location,
overlap with the lesion, and degeneration, we determined FA
asymmetry values for CST integrity at several different regions
(Figure 2). First, we computed the average FA asymmetry along
the entire length of the tract (termed FAMean). Second, a
FA index was determined at the region of the PLIC (termed
FAPLIC), which represents one of the most common forms of
analysis (Stinear et al., 2007). Here, PLIC was defined at the
level of three consecutive axial slices along the CST (Sidaros
et al., 2008; Puig et al., 2011; Park et al., 2013). Third, the
entire area under the FA asymmetry curve was calculated

using the trapezoidal rule (FAAUC) in Matlab (Mathworks,
Inc.). Finally, we evaluated FA asymmetry within the stroke
region (termed FALesion; Grandin et al., 2001; Granziera et al.,
2007, 2010) because substantial reductions in CST integrity
occur near the lesion site (Lindenberg et al., 2012). To help
determine FALesion an expert neurologist (AM) localized the
region of stroke on z-slice levels for each patient. A second
blinded rater (EP) repeated the analysis with excellent inter-
rater reliability [ICC(2) = 0.925]. The mean FA asymmetry
across the stroke region and mirror region in the contralesional
hemisphere was recorded. For all DTI comparisons, patient 6 was
excluded since their stroke (pontine/mesencephalic) was outside
of the investigated CST region and could potentially affect the
accuracy of FA measures within the PLIC due to retrograde
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TABLE 2 | Significance of Outcome Measures.

Analyzed metric Measureable outcomes Physiological representation Significance of change in measurement

Recruitment curve Slope Gain of descending CST ↓ Slope suggests a reduction in the overall strength of output

of structurally available axonal tracts (Devanne et al., 1997)

Area Under the Curve (AUC) Overall CST output ↓ AUC suggests an overall reduction in CST recruitment

and/or poor synchronization of descending volleys (Talelli

et al., 2008)

Fit to model (R2) Accuracy of orderly CST

recruitment

Fit values above 0.7 indicate orderly recruitment (R = 0.84;

Carson et al., 2013)

Inflection point %RMT at which maximum gain is

demonstrated

↓ Inflection point suggests loss of mid- and/or high threshold

motoneuron populations and/or increased inhibitory

components that alter recruitment (Talelli et al., 2006)

Fractional anisotropy (DTI) FAPLIC Average structural integrity of CST

within the PLIC

↑ Fractional anisotropy suggests increased demyelination and

axonal loss within the CST (at the respective measured

location; Alexander et al., 2007)FAMean Average structural integrity of CST

between the seed and target region

of interest

FALesion Average structural integrity of CST

within the stroke region

FAAUC Overall structural integrity of CST

FA, Fractional Anisotropy; CST, Corticospinal tract; AUC, Area Under the Curve; DTI, Diffusion Tensor Imaging.

degeneration (Kobayashi et al., 2005; Liang et al., 2008; Schulz
et al., 2012).

Statistical Analysis
Statistical analysis was performed using Statistical Package
for the Social Sciences (SPSS Inc.). All data was tested for
normality using the Shapiro–Wilk test. For normally distributed
data, a student’s t-test was utilized to analyze differences
between patients and controls. For non-normal data, the Mann–
Whitney U-test was used to determine differences between
patients and controls. Corrections for multiple comparisons
were incorporated when applicable. For all comparisons between
healthy and stroke patients, comparisons were only examined
between the ipsilesional and right control hemisphere (non-
dominant), and the contralesional and left control hemisphere
(dominant; Cunningham et al., 2015).

We utilized a repeated-measures analysis of variance
(ANOVA) with polynomial contrast to determine differences
between FA asymmetry collected at different regions (FAPLIC,
FAMean, FAAUC, and FALesion) in patients with stroke. If
Mauchly’s test of sphericity was violated, we applied a
Greenhouse-Geisser correction for final F-Values. To identify if
FA asymmetry at which particular regions was different, we used
pair-wise comparisons with a Bonferroni confidence interval
adjustment.

We examined the bivariate correlation between FA
asymmetry values and parameters of the recruitment curves
(RC AUCIpsi/Contra, RC SlopeIpsi/Contra) using the Pearson’s
correlation coefficient. Based on the Pearson’s correlation
coefficient criteria, a small (0.1–0.3), medium (0.3–0.5), or large
(0.5–1) association was determined. Inter-rater reliability was
determined using intraclass correlation coefficients (ICCs). ICCs
were calculated using a two-way random-model with consistency

agreement. ICC values >0.8 were defined as excellent agreement
between raters (Danielian et al., 2010). All utilized tests were
two-sided, where p≤ 0.05 was considered statistically significant.

RESULTS

Clinical Assessment
Patient characteristics are presented in Table 1. Age differences
between controls (68.3 ± 12.4 years) and patients (61.3 ±

9.4 years) were not significant (Table 1; t = 1.44, p = 0.166).
All controls and 11 of the 12 patients were right handed as
determined by the Edinburgh Handedness Inventory (EHI; EHI
Patients = 76.3 ± 41.3; Oldfield, 1971). The average lesion
volume was 17.67± 8.22 cm3 (s.e.m.), where strokes affecting the
basal ganglia (n = 5) or PLIC (n = 5) were most common. The
average UEFM score was 43.3± 12.2 (range 15–59).

Recruitment Curve Properties in Patients
with Chronic Stroke
Average RMT for the ipsilesional hemisphere (67.3± 24.3%) was
significantly higher than RMT for the contralesional hemisphere
(46.6 ± 11.4%; t = 2.667; df = 18; p = 0.014) and RMT for
controls (42.8 ± 6.1%; t = −2.773; df = 18; p = 0.013). M-
Mwaves were also not different between patients and controls
[ipsilesional (t = 1.254; df = 18; p = 0.226) and contralesional
(F = 3.405; t =−1.152; df= 18; p= 0.265)].

With regards to recruitment curves, controls had an average
fit (R2) of 0.77 ± 0.072 and 0.95 ± 0.007 in the right and left
hemispheres and patients had a fit of 0.80 ± 0.06 and 0.82
± 0.05 in the ipsilesional (n = 9) and contralesional (n = 12)
hemispheres. Interestingly, fit accuracy was significantly different
between hemispheres in healthy controls (U = 4.5; Z = −2.89;
p = 0.004) due partially to hand dominance (Wittenberg and
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FIGURE 3 | Recruitment curves for stroke subjects and healthy controls. We noted a significant reduction in the gain of descending CST, as shown by the

slope of the recruitment curve, between stroke and healthy controls in both the ipsilesional (n = 9) (A) and contralesional (n = 12) (B) hemispheres. In addition, the

contralesional hemisphere displayed a reduced inflection point in comparison to controls suggesting either loss of higher threshold motoneuron populations and/or

increased inhibitory components in this hemisphere. No significant differences for overall CST output, as shown by the area under the curve (AUC) were noted

between stroke patients and controls in either hemisphere. Inflection points are shown in blue dashes for all conditions. Data in the ipsilesional hemisphere is only

shown for patients eliciting a resting state recruitment curve (n = 9), since muscle activation can influence recruitment curve gradients. In contrast, since all patients

elicited a resting state recruitment curve in the contralesional hemisphere, all patients are presented in panels (B,C). Data was averaged across each subject

population following mathematical modeling, normalized to the max %Maximum MWave (M-Mwave) and plotted ± s.e.m. for each assessed intensity. Recruitment

curves are presented for all patients with stroke (C) and controls (D). Representational motor evoked potentials from patient 10 are shown to the left of the plotted

data. *p = 0.05; **p = 0.07 for control vs. stroke. S, Stroke; Ipsi, Ipsilesional; Contra, Contralesional; RH, Right Hemisphere; LH, Left Hemisphere.

Schaechter, 2009). Recruitment curve parameters in patients
significantly differed from those in healthy controls (Figure 3).
We noted a significantly reduced RCSlope in the ipsilesional
(U = 16; Z = −1.925; p = 0.05) and contralesional (U = 21;
Z =−2.083; p = 0.03) hemispheres (Figures 3A,B; Table 2). No
significant differences in the inflection point were noted between
controls and patients. In addition, while we noted a slight
reduction in RC AUC between patients and controls, significance
was not reached between groups. Taken collectively, we noted
that patients demonstrated reduced CST gain (RCSlope) and

output (RCAUC) in comparison to controls. Recruitment curves
for all stroke subjects and controls are shown in Figures 3C,D,
respectively.

CST Integrity
Next, we assessed CST integrity for tracts descending
from the M1, PMC, and SMA. For these sets of tracts, we
studied FA asymmetry in different regions (FAPLIC, FAMean,
FAAUC, FALesion), and raw FA diffusivity values (Figure 4).
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FIGURE 4 | Fractional anisotropy and fractional anisotropy asymmetry across three sets of corticospinal tracts (CSTs) in patients with stroke and

healthy controls. (Top) Average CST tractography FA asymmetry values between seed and target(s) (n = 11). Higher values of FA asymmetry, indicative of greater

CST damage, were noted along the entire tract in comparison to healthy controls. The CST integrity between tracts descending from the M1, PMC, or SMA was

similar in either patients or controls (n = 8). (Bottom) Raw fractional anisotropy values were plotted along the length from the M1 (left), PMC (middle), and SMA

(right). Patients displayed significantly higher levels of CST damage, as indicated by a decreased area of fractional anisotropy, in both the ipsilesional (differences are

shown with black circles) and contralesional (differences are shown with black triangles) hemispheres in comparison to controls. Significance was defined as p = 0.05.

Coordinates denote the location of the brain/region of interest in respect to AC-PC alignment, where-in z = +0.00, denotes plane of the anterior commissure and the

posterior commissure.

Visual reconstructions of tractrography are demonstrated in
Figures 2, 5.

We first compared CST integrity (FA asymmetry) across tracts
descending from the M1, PMC, and SMA. Though differences
were not significant in controls, in patients, integrity in the region
of the lesion differed [FALesion (F(1.833,20.159) = 6.942; p< 0.006)].
CST from M1 demonstrated significantly more damage at the
region of the lesion (FALesion) in comparison to CST from PMC
(p = 0.04) and SMA (p = 0.02); albeit noted differences were
minor, with an average difference in means of 0.015. Next, we
compared CST integrity (FA asymmetry) between patients and
controls. We found increased FA asymmetry in patients across
all regions of analysis- FAPLIC, FAMean and FAAUC, and FALesion.
FA asymmetry differed based on which region was studied in
patients. We found significant differences between FALesion and
FAMean, and FAPLIC and FAMean for CST descending from theM1
[F(2, 22) = 9.826; p< 0.001], PMC [F(2, 22) = 19.660; p< 0.0001],
and SMA [F(2, 22) = 14.838; p < 0.0001; all p < 0.05; Table 3].
Therefore, CST integrity denoted as FALesion and FAPLIC was
indicative of most damage. Besides FA asymmetry, we compared
values of raw FA between patients and controls (see Table 4 for
values). We found that raw FA was reduced along the majority
of CST from ipsilesional M1, PMC and SMA in patients vs.
controls (all p < 0.05; Figure 4). In addition, we found that the
contralesional hemisphere showed regions of reduced FA in CST
descending fromM1 and the PMC in comparison to controls (all

p < 0.05; Figure 4; Buffon et al., 2005; Schaechter et al., 2009;
Crofts et al., 2011; Dacosta-Aguayo et al., 2014).

Relationship between Recruitment Curves
and CST Integrity
We next examined the relationship between recruitment curves
and integrity of CST from M1, PMC and SMA in patients.
Notably, we found that RC AUCIpsi/Contra was related with FA
asymmetry (p = 0.05) of tracts from PMC and SMA but not of
M1. Specifically, as depicted in Figure 6, RC AUCIpsi/Contra (n
= 8) was negatively correlated with FAMean and FAAUC for CST
from the PMC and the SMA. RC SlopeIpsi/Contra too was only
related to FA asymmetry for tracts from SMA but not from M1.
In particular, we found only one significant correlation between
RC Slope Ipsi/Contra and FAMean for CST descending from the
SMA. Taken collectively, we observed that patients who had both
a reduced gain (RC SlopeIpsi/Contra) and reduced output from
the recruitment curve (RC AUCIpsi/Contra) presented with high
levels of CST damage within the PMC and SMA, as illustrated in
Figure 6.

Finally, similar to other reports, we noted that higher
UEFM (less impairment) was significantly correlated with less
CST damage of ipsilesional tracts and a trending increase in
ipsilesional recruitment curve slope (Figure 7; Ward et al., 2006;
Lindberg et al., 2007; Stinear et al., 2007, 2012).
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TABLE 3 | Fractional Anisotropy (FA) asymmetry indices in patients with stroke (n = 11) and healthy controls (n = 8).

Patient group Control group

Parameter M1 PMC SMA Parameter M1 PMC SMA

FAPLIC 0.126 ± 0.015a 0.134 ± 0.014a 0.140 ± 0.015a FAPLIC 0.009 ± 0.019 −0.018 ± 0.018 −0.027 ± 0.018

FAMean 0.078 ± 0.009b 0.076 ± 0.012b 0.065 ± 0.01b FAMean 0.005 ± 0.003 0.004 ± 0.004 −0.002 ± 0.003

FALesion 0.096 ± 0.01 0.112 ± 0.012 0.109 ± 0.009 FALesion — — —

FAAUC 1.773 ± 0.255 1.791 ± 0.323 1.653 ± 0.234 FAAUC 0.074 ± 0.055 0.112 ± 0.092 −0.018 ± 0.079

aSignificantly different from FAMean (p ≤ 0.01).
bSignificantly different from FALesion (p ≤ 0.04).

TABLE 4 | Non-normalized (raw) fractional anisotropy (FA) diffusivity values for patients with stroke and healthy controls.

Ipsilesional (Patient) Contralesional (Patient)

Parameter M1 PMC SMA Parameter M1 PMC SMA

FAPLIC 0.394 ± 0.014 0.394 ± 0.013 0.397 ± 0.014 FAPLIC 0.505 ± 0.009 0.514 ± 0.013 0.526 ± 0.015

FAMean 0.382 ± 0.008 0.379 ± 0.008 0.386 ± 0.007 FAMean 0.448 ± 0.008 0.445 ± 0.009 0.443 ± 0.010

FALesion 0.387 ± 0.009 0.379 ± 0.011 0.387 ± 0.011 FALesion — — —

Right Hemisphere (Control) Left Hemisphere (Control)

FAPLIC 0.487 ± 0.018 0.508 ± 0.019 0.537 ± 0.018 FAPLIC 0.491 ± 0.014 0.498 ± 0.016 0.517 ± 0.018

FAMean 0.459 ± 0.012 0.464 ± 0.013 0.468 ± 0.014 FAMean 0.465 ± 0.009 0.468 ± 0.012 0.468 ± 0.013

DISCUSSION

The goal of the present study was to assess if recruitment
curves reflect integrity of CST from motor regions beyond
M1 in patients with chronic stroke. Specifically, we aimed to
determine whether CST descending from the PMC and SMA,
in addition to M1, made unique contributions to recruitment
curve properties. The main findings from our study show that
output of the recruitment curve (RC AUCIpsi/Contra) is most
intimately associated with CST integrity from the premotor areas
but not the primary motor cortex (M1). Association varied based
on which regions of CST integrity were investigated (Table 2).
For example, recruitment curve output was most related to
CST integrity measured along the entire length of CST (FAAUC

and FAMean), but not integrity studied at specific regions, like
internal capsule or lesion territory (FALesion and FAPLIC). Based
on our observations, recruitment curves could sensitively capture
re-mapping of function to higher motor cortices, and help
comprehensively infer damage and degeneration that occurs
typically along the length of CST in chronic recovery. As such,
future studies should explore whether TMS-based recruitment
curves can serve as a less expensive, and easy-to-administer proxy
for functional and structural imaging in stroke.

Contribution of Higher Motor Areas to
Recruitment Curve Properties
We have identified that in patients with chronic stroke, CST
function captured by recruitment curves (RC AUCIpsi/Contra) is
most representative of integrity of CST from higher motor areas
(PMC and SMA). This finding is conceivable given that higher

motor areas re-map to contribute to recovery in chronic stroke
(Seitz et al., 1998; Fridman et al., 2004; Dancause et al., 2005;
Ward et al., 2006; Plow et al., 2014). Indeed, re-mapping has been
shown to increase with damage to territories in M1 and loss of
its CST (Weiller et al., 1992; Seitz et al., 1998; Bhatt et al., 2007;
Ward et al., 2007). Thus, in our sample, since raw FA diffusivity
of CST indicated greater damage to CST from M1 than that
to CST from PMC and SMA (Figure 5), it is explainable that
recruitment curve properties were related to residual CST from
PMC and SMA but not damaged CST from M1. Our results
suggest that chronic stroke patients may rely on intact CST from
re-mapped territories in higher motor areas to elicit output in
paretic muscles.

Our results are also possible given that TMS can excite
higher motor areas via cortico-cortical projections from M1
(Lemon, 1999; Klöppel et al., 2008). Indeed, both animal
experiments and human studies have suggested that cortico-
cortical projections between the premotor-motor cortices remain
an important mechanism for trans-synaptic excitation of fast-
conducting pyramidal cells in M1 (Ghosh and Porter, 1988;
Klöppel et al., 2008). However, recruitment of higher motor
areas, whether through remapping or through cortico-cortical
connections, would not result in complete motor recovery given
that they project CST that contain polysynaptic, less-myelinated,
slow-conducting axons than M1 (Boudrias et al., 2006; Ward,
2011). For example, our patients had a UEFM of 43.3 ± 12.2
(max = 66) indicating that they were moderately affected, but
were still in chronic recovery (Duncan et al., 1983). Thus, role
of higher motor areas could be a reasonable proxy given that
CST from M1 are damaged most commonly (Bogousslavsky
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FIGURE 5 | Diffusion weighted imaging (DWI)-based probablistic tractography across patients from primary motor cortex to posterior limb of the

interal capsule. Probablistic tractography was performed across all patients from the posterior limb of the internal capsule (PLIC) to the primary motor cortex (M1) for

each hemisphere. Regions of interest for tractography were defined as outlined in Figure 2 and Section Statistical Analysis. Two dimensional (2D) corticospinal tract

(CST) density maps are shown for each patient, with yellow/orange denoting more dense CSTs. 3D reconstruction of tractography is also displayed for each patient in

yellow. Blue ROIs denote the left hemisphere M1 (see bottom left), while red ROIs denote the right hemisphere M1.

and Regli, 1990; Johansen-Berg et al., 2002; Buffon et al.,
2005).

An interesting finding was that the gain of the recruitment
curve (RC SlopeIpsi/Contra) was only associated with integrity of
CST descending from the SMA. One possibility for this result
is the hierarchy of CST recruitment. Traditionally, motor unit
recruitment following TMS begins with low-threshold, large
diameter CST emerging from M1 (Devanne et al., 1997; Ward
et al., 2006). Then, as the stimulus intensity increases, higher-
threshold, small diameter fibers, such as those from the PMC
and then SMA are recruited (Devanne et al., 1997; Henderson
et al., 2006). Given this order, damage of select high-threshold
fibers in the SMA, which may occur with more extreme damage
(Lukács et al., 2008), could eventually influence the slope of the
recruitment curve and consequently, motor function.

Other Factors Explaining Contribution of Higher

Motor Areas to Recruitment Curve Properties
Some could argue that our result that recruitment curves
represent CST function from anteriorly located higher motor
territories is surprising given that the location of the motor
hotspot, most likely in M1, did not significantly differ between
patients and controls (data not shown). However, we note that
beyond neurophysiologic influence, several other factors may
have affected our observed results. First, TMS using a figure-
eight coil is inherently non-focal. Indeed, it has previously been
shown that while the electrical field strength is maximal under
the middle of the coil, the spatial derivative of the electric field is
also highest below the center of each lobe (Civardi et al., 2001).
Thus, fibers aligned between the middle of the coil and the center
of the anteriorly directed lobe may have become preferentially
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FIGURE 6 | Recruitment curve slope and area under the curve predicts level of corticospinal tract (CST) damage in patients with stroke. (Left) The gain

of descending CST, as indicated by the slope (RC SlopeIpsi/Contra), was found to be significantly negatively correlated with the average structural integrity of CST

(FAMean) for CST descending from the SMA (p = 0.05; n = 8). (Middle) The area under the recruitment curve, a representation of the overall output of stimulated CST

(RC AUCIpsi/Contra), however, had an even stronger relationship with CST damage. Specifically, RC AUCIpsi/Contra was significantly negatively correlated with overall

CST integrity (FAMean and FAAUC ) for CST originating from either the PMC or SMA (p = 0.03). Removal of Patient #9 from analysis did not change observed results.

Filled circles denote significant relationships. (Right) Sample data of stroke patient with severe CST damage (upper; Patient #3) in comparison to patient with

moderate damage (lower; Patient #5), as marked by #3 and #5 in SMA FAMean plots, and their respective FA asymmetry and recruitment curves. Fractional anisotropy

maps (FA) are shown for each patient. Red denotes fibers in the x-axis (left to right), green denotes fibers in the y-axis (anterior to posterior) and blue denotes fibers in

the z-axis (superior to inferior). CST density maps are shown in the top right for each patient, with yellow/orange denoting more dense CSTs.

FIGURE 7 | Relationship between motor impairment (UEFM) and CST integrity and recruitment curves. (A) We observed a trending positive relationship

between the ipsilesional recruitment curve slope and upper extremity fugl-meyer (UEFM). (B) Similarly, a significant positive correlation was noted between UEFM and

the ipsilesional mean raw fractional anisotropy in CST from M1. Higher fractional anisotropy values here denote a more intact tract.
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activated (MacCabee et al., 1993). Therefore, while M1 was likely
activated at the hotspot by TMS, inherent diffuse electric field
spreads that would occur within ∼15 mm from the middle of
the coil may have activated other structures like the PMC and
SMA (MacCabee et al., 1993). Second, several of our patients (n
= 5) had characteristic damage to the posterior part of their PLIC
(Kobayashi et al., 2005; Liang et al., 2008; Schulz et al., 2012). As
a result, M1 CST traveling via the posterior edge of the PLIC may
have been preferentially lost. Thus, variable function of severely
damaged CST from M1 may have rendered its contribution
toward recruitment curve properties moot. In such cases, CST
from less–damaged territories located anteriorly in higher motor
areas could have become recruited due to functional remapping
and/or current spreads (Holodny et al., 2005; Ino et al., 2007; Park
et al., 2008).

The finding that recruitment curve properties were associated
with CST integrity from SMA and PMC can also be understood
when considering differences in TMS intensities. Since the
ipsilesional hemisphere required a significantly higher intensity
to acquire recruitment curves, it is possible that diffuse electric
field spreads recruited greater degree of CST from ipsilesional
than contralesional higher motor territories (Gerschlager et al.,
2001; Teitti et al., 2008). For example, Gerschlager et al. have
suggested that stimulation intensities used to induce common
neurophysiological metrics from the motor cortex, e.g., MEPs,
can activate low threshold premotor pathways as a result of
current spreading. Specifically, since the dorsal premotor cortex
is locatedmore superficially on the surface of the precentral gyrus
in comparison to M1, neurons within these regions are much
more likely to have a lower threshold than neuronal components
deeper within the central sulcus (M1; Geyer et al., 1996; Klöppel
et al., 2008). Thus, even at relatively low RMT, neuronal
ensembles from premotor areas may have been preferentially
activated in our model.

Regardless of other influences, however, we submit
that our observed findings were likely the main result of
neurophysiological phenomenon in patients with chronic
stroke. Indeed, because we found that the hotspot used for TMS
was similar between both the ipsilesional and contralesional
hemisphere in patients and between patients and controls (p
< 0.05 for all comparisons), current spreads may not have
contributed as fully. Specifically, given that the distance of
current spreads is <15 mm but that the distance from M1 to the
PMC is∼25 mm (Rizzo et al., 2004; Boros et al., 2008), the major
contributions were likely due to re-mapping of higher motor
areas in response to the commonly damaged M1.

Alterations in Recruitment Curve
Properties in the Contralesional
Hemisphere
While we expected that the gain and output of descending
tracts would be weaker for the ipsilesional hemisphere, our
finding of decreased output in the contralesional hemisphere
is surprising (Figure 3). A recent study by Bowden et al
has suggested that such a reduced contralesional recruitment
curve may reflect limitations in CST function (Bowden et al.,

2014). Bowden concluded that recruitment order hierarchy,
rather than structural properties, were more affected in the
contralesional hemisphere since patients elicited less output
from lower threshold fibers than controls, despite comparable
MEPs. In contrast, however, we cannot discount that here
the contralesional hemisphere presented with reduced CST
integrity in certain segments (Figure 4) from both the M1 and
PMC. Indeed, reductions in CST integrity in the contralesional
hemisphere have been shown to occur as early as 6 months after
stroke (Schaechter et al., 2009). Recent work has also suggested
that “mirroring damage,” wherein the region homologous to
the stroke region on the contralesional side becomes altered,
can occur as early as 3 months following a stroke (Granziera
et al., 2007, 2010; Crofts et al., 2011). In addition, co-morbidities
associated with stroke (e.g., hypertension, diabetes, history of
smoking) have been suggested to contribute to small-vessel
disease; a condition that could cause subclinical lesions in the
contralesional hemisphere (Prins et al., 2005). Thus, since the
majority of our patients (n = 10) and some of the control
subjects (n = 3) had small-vessel disease risk factors, this may
have also facilitated reduced contralesional integrity. Therefore,
taken collectively, along with functional losses, it is conceivable
that inherent damage in the contralesional hemisphere either
due from the stroke or possible small-vessel disease could have
directly impacted measured output.

Strengths of Chosen DTI and TMS Metrics
Anotable observation was that recruitment curve properties were
most related to CST integrity captured along the length of the
CST (FAMean and FAAUC). One likely explanation for this finding
is based on research inferring that recruitment curve output is
influenced by the amount of residual or intact CST function
(Table 2; Devanne et al., 1997; Talelli et al., 2006). Thus, only
those levels of analysis that accounted for all of the surviving,
damaged and degenerated regions within CST, i.e., FAMean and
FAAUC, showed significant relationships with recruitment curve
metrics. We also observed that analysis of varying regions of
CST integrity resulted in significantly different output values. Of
note, FAPLIC and FALesion were most indicative of damage and
only metrics assessing the entire CST (FAMean and FAAUC) were
reflective of CST function measured by recruitment curves. Such
a result, while explainable given the distinctive definitions of each
of the metrics, has implications on future use of DTI metrics
in longitudinal studies. Specifically, future researchers should
exercise caution when determining how to relate DTI metrics
of CST integrity to neurophysiological or functional outcome
measures. For example, studies that aim to understand the role of
CST damage may benefit from using metrics indicative of regions
of most damage (e.g., FAPLIC and FALesion), while DTI metrics
that assess the net integrity of the CST (e.g., FAMean and FAAUC)
may be more suitable for studies that evaluate relationships with
CST function.

Taken collectively, while our findings here have potential to
inform future DTI studies in stroke, they also create enthusiasm
for the field of TMS. This is because recruitment curve
properties can more closely reflect the graded range of CST
damage following stroke in comparison to binary TMS metrics
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(e.g., RMT, MEP absence/presence; data not shown). Thus,
recruitment curves collected using simple, easy-to-administer
TMS techniques can closely reflect CST function from areas
generally studied with more resource-intensive structural and
functional imaging in patients with stroke. For example, physical
and occupational therapists could employ the use of recruitment
curves to better understand the dynamic and graded changes
in CST integrity that occur immediately after stroke in order to
maximize a patient’s rehabilitation program.

Limitations
Although we attempted to account for potential problems in our
experimental design, our study still suffers from some inherent
limitations. First, as a preliminary study, our results only included
analysis from 12 patients with chronic stroke, wherein we were
unable to record recruitment curves in 3 patients since the
severity of their deficit limited our ability to use existing TMS
methodology to acquire the curve. Thus, even though our sample
size was comparable to sample sizes of other DTI studies in
stroke (Ward et al., 2006; Lindberg et al., 2007; Qiu et al.,
2011; Allendorfer et al., 2012; Lindenberg et al., 2012; Groisser
et al., 2014), future studies with larger sample sizes would be
needed to validate the results found here. Similarly, based on
methodology from previously conducted work in other groups
(Civardi et al., 2001; Butefisch et al., 2003; Rossini and Rossi,
2007), our entire analysis was done in a resting state of the
target muscle (FDI). Thus, it is unclear if the relationships noted
here can be translated to data collected in an active state (Talelli
et al., 2006). Further, we acknowledge that our CST integrity
measures encompassed all motor pathways. Thus, any lower
extremity deficits or damage to lower extremity motor CST in
our patients may have influenced our FA measures, particularly
in the SMA. However, while we acknowledge this limitation, we
remain optimistic about our findings. This is because our results
still emphasize the strength of a more specific modality (TMS)
as an ultimate tool to replace structural imaging. We also cannot
discount that inclusion of patients with hemorrhagic stroke may
have increased data variance; although heterogeneity of lesion
size, etiology, and location was similar to reports by other groups
(Ward et al., 2006; Lindenberg et al., 2012; Demirtas-Tatlidede
et al., 2015). In addition, since comparisons between controls and
patients with stroke did not take into account hand dominance,
our results may have added confound if patients with stroke
displayed a lesion contralateral to their dominant hand. Another
limitation in our study is the use of PLIC as the tractography seed.
While we chose our seed as to focus on CST controlling voluntary
movement (Holodny et al., 2005), future work would need to
evaluate the relationship between recruitment curves and tracts
descending below the PLIC. Finally, by employing a tractography
based analysis, we were unable to relate recruitment curve
properties to a specific region of interest that incorporated all
descending CST (e.g., non-segmented PLIC). Future work would
need to expound upon the results here in order to determine
if overall CST FA displayed a similar role in recruitment
curve output.

CONCLUSIONS

Our study shows that recruitment curves in patients with chronic
stroke may reflect information about CST function mainly
from premotor areas but not those from the primary motor
cortex. Specifically, we noted that CST integrity from premotor
regions was correlated to the output of the recruitment curve
(RC AUCIpsi/Contra). This finding is conceivable since higher
motor cortices undergo remapping in chronic recovery while
M1 CST are substantially damaged (Weiller et al., 1992; Seitz
et al., 1998; Bhatt et al., 2007; Ward et al., 2007). Therefore,
we suggest caution when interpreting areas that contribute
to recovery based on changes in CST function. For example,
it may be that even if recruitment curves acquired in the
territory of M1 show gains in properties, PMC/SMA located
anteriorly could have remapped and instead contributed to
recovery.

Another notable finding was that recruitment curve properties
were sensitive to integrity along the entire length of CST,
taking into account not just the lesion, but also degenerated
regions. Based on these results, we suggest that recruitment
curves may serve as a viable alternative to time- and cost-
intensive imaging modalities when trying to understand CST
integrity in a chronic stroke population. We conclude that
since different regions of CST damage can uniquely define
properties of the recruitment curve, unlike simple TMS metrics
that convey binary decisions like recovery or no recovery
based on mere presence or absence of MEPs, recruitment
curves may serve as a simple, in-expensive means to infer
an understanding about damage and degeneration occurring
throughout the CST, particularly from re-mapped higher motor
regions.
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Essential tremor (ET) is among the most frequent movement disorders. It usually

manifests as a postural and kinematic tremor of the arms, but may also involve the head,

voice, lower limbs, and trunk. An oscillatory network has been proposed as a neural

correlate of ET, and is mainly composed of the olivocerebellar system, thalamus, and

motor cortex. Since pharmacological agents have limited benefits, surgical interventions

like deep brain stimulation are the last-line treatment options for the most severe cases.

Non-invasive brain stimulation techniques, particularly transcranial magnetic or direct

current stimulation, are used to ameliorate ET. Their non-invasiveness, along with their

side effects profile, makes them an appealing treatment option. In addition, peripheral

stimulation has been applied in the same perspective. Hence, the aim of the present

review is to shed light on the emergent use of non-invasive central and peripheral

stimulation techniques in this interesting context.

Keywords: essential tremor, tremor, tDCS, rTMS, TBS, TENS, non-invasive brain stimulation

INTRODUCTION

Essential tremor (ET) is among the most frequent movement disorders in individuals above 40
years of age (Louis et al., 1995; Dogu et al., 2003). Clinically, it manifests as postural and action
tremor of the arms, but may also involve the head, voice, lower limbs, and trunk (Deuschl et al.,
1998; Bain et al., 2000; Elble, 2000; Raethjen and Deuschl, 2012). From an etiological perspective,
it is classified as sporadic or hereditary (Kuhlenbäumer et al., 2014). Despite its high prevalence, its
underlying pathophysiological mechanisms are still not well elucidated. Data from neuroimaging
and neurophysiological studies have put into evidence the existence of a cerebello-thalamo-cortical
(CTC) network for ET (Pinto et al., 2003; Popa et al., 2013; Hallett, 2014). The latter includes the
sensorimotor cortex, olivocerebellar system, red nucleus, and thalamus (Colebatch et al., 1990;
Jenkins et al., 1993; Hallett and Dubinsky, 1993; Wills et al., 1995; Bucher et al., 1997; Boecker
and Brooks, 1998; Deuschl et al., 2000; Pinto et al., 2003; Raethjen et al., 2007; Quattrone et al.,
2008; Shin et al., 2008; Schnitzler et al., 2009; Cerasa et al., 2010; Park et al., 2010; Bagepally et al.,
2012; Paris-Robidas et al., 2012; Raethjen and Deuschl, 2012; Fang et al., 2013; Buijink et al., 2015;
Choi et al., 2015; Shin et al., 2015). The presence of such a circuit was further confirmed by reports
documenting ET disappearance following strokes that involved some of its components (Dupuis
et al., 2010; Lim et al., 2010; Chalah et al., 2015).

Although ET is commonly thought to be a benign condition, affected patients represent a
heterogeneous population (Louis, 2009) and severe cases could be very disabling (Louis, 2005).
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http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org/Neuroscience/editorialboard
http://www.frontiersin.org/Neuroscience/editorialboard
http://www.frontiersin.org/Neuroscience/editorialboard
http://www.frontiersin.org/Neuroscience/editorialboard
http://dx.doi.org/10.3389/fnins.2015.00440
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2015.00440&domain=pdf&date_stamp=2015-11-18
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive
https://creativecommons.org/licenses/by/4.0/
mailto:samarayache@gmail.com
http://dx.doi.org/10.3389/fnins.2015.00440
http://journal.frontiersin.org/article/10.3389/fnins.2015.00440/abstract
http://loop.frontiersin.org/people/241997/overview
http://loop.frontiersin.org/people/14049/overview
http://loop.frontiersin.org/people/190218/overview


Chalah et al. Non-invasive Stimulation and Essential Tremor

In this context, pharmacological agents have yielded modest
benefits (Findley, 1987; Louis, 2000; Deuschl et al., 2011), and
non-adherence to ET medications has been reported (Louis,
2015). Surgical interventions, like the deep brain stimulation, are
the last-line treatment options for the most severe cases (Chopra
et al., 2013). However, they have some limitations related to
their cost and potential side effects (Grimaldi and Manto, 2008).
Nowadays, there is a growing interest in using non-invasive
central and peripheral stimulation techniques as alternatives
to pharmacological and surgical interventions. Hence, in the
present review, we shed light on the emergent use of these
techniques in treating ET. Conversely, we excluded all data
regarding invasive interventions, namely cortical, or deep brain
stimulation.

PRINCIPLES OF NON-INVASIVE BRAIN
STIMULATION TECHNIQUES

In the recent years, two non-invasive brain stimulation (NIBS)
techniques, i.e., repetitive transcranial magnetic stimulation
(rTMS) and transcranial direct current stimulation (tDCS),
gained interest for their potential implication in treating various
neuropsychiatric symptoms (Kuo et al., 2014; Lefaucheur et al.,
2014). These techniques are based on different principles.

To start, rTMS consists of a transcranial delivery of an
electromagnetic field by a stimulation coil positioned on the
patient’s scalp. The induced intracortical current is strong
enough to trigger action potentials according to Faraday’s law
of electromagnetic induction (Lefaucheur, 2012). Thus, it acts
by modulating the cortical excitability in a frequency-dependent
manner, as low (LF) and high (HF) stimulation frequencies
(<1 vs. > 5Hz) have been shown to induce inhibitory and
excitatory effects, respectively (Lefaucheur et al., 2014). Other
than the frequency, various stimulation parameters, such as the
selected cortical target, can influence the clinical effects of rTMS
(Lefaucheur, 2008, 2009, 2012).

In addition to rTMS, new stimulation paradigms are being
developed, of which theta burst stimulation (TBS) is the most
popular (Lefaucheur, 2009). Practically, TBS consists of short
bursts delivered at 5Hz (within the theta range), each burst
consisting of three magnetic pulses delivered at HF (50Hz). TBS
is either applied continuously (cTBS) for 40 s or intermittently
(iTBS) during 2 s every 10 s for a total stimulation time of
200 s. Similar to rTMS, the action of TBS primarily depends
on the stimulation pattern: cTBS and iTBS respectively induce
long-term synaptic depression-like and potentiation-like effects,
when applied over the primary motor cortex (M1) of healthy
individuals (Huang et al., 2005, 2007; Teo et al., 2007; Huang,
2010; Wischnewski and Schutter, 2015).

Beside magnetic stimulation, tDCS has emerged as a
promising neuromodulatory technique. It consists of delivering
an electric current of low intensity (1–2mA) over fewminutes via
two electrodes (anode and cathode) positioned over the scalp. By
doing so, it could induce prolonged yet reversible shifts in cortical
excitability and might modulate the connectivity of various
neural circuits (Priori et al., 1998; Nitsche and Paulus, 2000, 2001;

Priori, 2003; Nitsche et al., 2003a). The polarity of tDCS protocols
determines the neurophysiological outcomes at the level of the
exposed tissues: a depolarization or a hyperpolarization of the
resting membrane potentials would occur following anodal or
cathodal tDCS, respectively (Creutzfeldt et al., 1962; Purpura and
McMurtry, 1965; Nitsche and Paulus, 2011; Paulus et al., 2013;
Filmer et al., 2014). Several parameters mainly related to the
electrodes properties (size, polarity, position), the used current
(strength and shape), and the stimulation duration, can account
for the tDCS effects (Creutzfeldt et al., 1962; Nitsche and Fregni,
2007; Nitsche et al., 2008). tDCS is safe, easily performed, well-
tolerated by the patients with little or no side effects (Poreisz
et al., 2007; Nitsche et al., 2008; Brunoni et al., 2012), and presents
an easier and indistinguishable implementation of sham sessions
compared to rTMS protocols (Gandiga et al., 2006).

FUNCTIONAL UNDERPINNINGS OF
ESSENTIAL TREMOR

Quite before their therapeutic implications, NIBS techniques
have been used to explore the cortical excitability in various
pathologies. For example, using transcranial electrical
stimulation, one study has shown a normal central motor
conduction time in four ET patients, from a series of patients
with various movement disorders (Thompson et al., 1986).
Using transcranial magnetic stimulation, another study has
revealed normal patterns of cortical excitability in ET patients,
as expressed by motor thresholds and motor evoked potentials
amplitude (Romeo et al., 1998). In other works, ET patients
exhibited normal patterns of intracortical inhibition (Hanajima
et al., 1998; Romeo et al., 1998; Shukla et al., 2003; Chuang et al.,
2014) and cerebello-thalamo-cortical inhibition (Pinto et al.,
2003); the latter is a neurophysiological parameter that reflects
the degree of reduction of the motor cortical output via the
activation of cerebellar inhibitory projections (Pinto and Chen,
2001).

It was not until recently that cortical excitability studies have
unveiled abnormal CTC functioning in patients with ET (Chuang
et al., 2014; Bologna et al., 2015). Such results are of particular
interest since they are in line with functional neuroimaging
studies which revealed altered patterns of cortical activation and
inter-regional connectivity within the CTC pathways and non-
motor cortices (Wills et al., 1995; Bucher et al., 1997; Cerasa et al.,
2010; Passamonti et al., 2011; Fang et al., 2013; Popa et al., 2013;
Buijink et al., 2015).

In light of this evidence, the neurotransmitters imbalance has
been speculated to contribute to the pathophysiology of ET. In
this perspective, the glutamatergic metabolism has lately received
some attention, but genetic studies have revealed controversial
outcomes (Thier et al., 2012; García-Martín et al., 2013; Tan
et al., 2013; Yu et al., 2013; Ross et al., 2014). The role of
dopamine was also assessed in a number of studies that tried
anti-psychotics (Pakkenberg and Pakkenberg, 1986; Ceravolo
et al., 1999; Micheli et al., 2002; Yetimalar et al., 2003, 2005)
and dopaminergic drugs (Koller, 1981; Manyam, 1984; Gironell
et al., 2006) in ET management; tremor improvement was only
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observed in the two studies involving olanzapine (Yetimalar
et al., 2003, 2005). Additionally, multidisciplinary studies are
supporting the role of an aberrant GABAergic transmission in
ET production (Louis, 1999; Zesiewicz et al., 2007, 2013; Boecker
et al., 2010; Gironell et al., 2012; Paris-Robidas et al., 2012; Shill
et al., 2012; Boecker, 2013; Helmich et al., 2013; Chuang et al.,
2014; Gironell, 2014; Schneider and Deuschl, 2014). Therefore,
acting on such a neurochemical imbalance might be helpful
in improving ET. Interestingly, some studies have reported
that NIBS after-effects take place through the modulation of
the glutamatergic, GABAergic and dopaminergic transmissions
(Liebetanz et al., 2002; Nitsche et al., 2003b, 2006; Stagg et al.,
2009; Monte-Silva et al., 2011; Foerster et al., 2015). In addition,
studies coupling NIBS techniques with functional neuroimaging
have shown that rTMS, TBS, and tDCS are able to improve the
functional connectivity of various cortico-subcortical networks
(Bestmann et al., 2004; Grefkes et al., 2010; Eldaief et al., 2011;
Keeser et al., 2011; Polanía et al., 2011, 2012a,b; Halko et al., 2014;
Valchev et al., 2015).

Taken together, these data suggest that NIBS techniques would
ameliorate ET by (i) acting on the neurochemical imbalance at
the site of stimulation, (ii) subsequently modulating the local
cortical excitability and by doing so, (iii) restoring the functional
integrity of the CTC network of ET.

NIBS STUDIES AND ESSENTIAL TREMOR

Early neurophysiological studies have assessed the role of NIBS
techniques in modulating the physiological parameters in ET.
Single-pulse TMS over M1 was successively able to reset ongoing
tremor activity (Britton et al., 1993a; Pascual-Leone et al., 1994;
Yu et al., 2001). In a recent study, ET resetting resulted from
applying single-pulse or paired-pulse TMS over M1 or the
supplementary motor area (SMA), but not over the cerebellum
(Lu et al., 2015).

Electrical stimulation was also used in the same setting.
Although early reports have documented a failure of transcranial
motor electrical stimulation in resetting ET (Pascual-Leone et al.,
1994), a new study have provided evidence regarding the ability
of transcranial alternating current stimulation to induce tremor
entrainment when applied over the cerebellum of ET patients
(Brittain et al., 2015).

These data altogether have pushed the research toward
studying the possible therapeutic implementations of NIBS
in terms of ET. A PubMed search using the keywords
rTMS/TBS/tDCS and essential tremor has identified seven
English papers. Their designs and outcomes are reported in
Table 1.

rTMS and Essential Tremor
The first published study involved 10 patients with ET of the
upper limbs, in a double-blind, crossover, and sham-controlled
design (Gironell et al., 2002). The patients received two sessions
of either active or sham 1Hz rTMS over the cerebellum separated
by 1-week free interval. Compared to sham, significant short-
term effects were observed following real rTMS session, as
expressed by the improvement of the tremor clinical rating scale

and tremor frequency on accelerometric studies. However, such
an improvement did not last more than 5min following the
session.

In a second study, 11 ET patients underwent a single session
of 1Hz rTMS over the cerebellum to evaluate the potential
modulation of motor behavior during repetitive finger tapping
movements of the right hand using a sensor-engineered glove
(Avanzino et al., 2009). Seven patients also received sham session
at least 2 weeks apart from the real one. Compared to healthy
controls, ET patients presented lower inter-tapping interval (ITI),
increased coefficient of variation of ITI (ITICV), and longer
touch duration (TD). The latter represents the time when the
thumb and another finger are in contact, before their separation
which results in generation of the rhythmic movement. It is
probably the sum of the time required for the thumb to get an
adequate perception of another touched finger (sensory time),
and the time needed to plan for the next movement (preparatory
time), and by doing so, to maintain the rhythmic tapping
(Georgiou et al., 1995). The cerebellum participates in the timing
of movement and sensation (Rao et al., 2001), and increased
ITICV was previously reported in the context of ET (Farkas et al.,
2006). In the absence of sensory deficits in ET patients (Nahab
et al., 2007), the abnormal TD values hint toward pathological
phenomena at the level of sensorimotor integration, where the
sensory information is used for the initiation of motor planning
(Avanzino et al., 2009). In this study, rTMS reduced the TD values
and normalized the ITI/ITICV values in ET patients in a transient
manner. However, in contrast to the first study by Gironell et al.
(2002), 1Hz rTMS was unable to modify the frequency or the
intensity of ET, which might be explained in part by the lower
stimulation intensity adopted in this study.

A third study included eleven ET patients and eleven healthy
controls (Popa et al., 2013). Here, the resting-state functional
connectivity (rs-FC) of the CTC circuits and default brain
network (DBN) was assessed before and after the application
of five consecutive daily sessions of 1Hz rTMS over the
posterior cerebellar cortex. Stimulation was performed using
a neuronavigation system to target the lobule VIII of both
cerebellar hemispheres. Tremor was assessed using clinical scales
and accelerometric recordings. A significant improvement was
observed on clinical scales, and was associated with a reduction
in tremor amplitude, but not frequency. This improvement
persisted for 3 weeks after the last rTMS session and was
associated with a near-normal restoration of the connectivity
within the CTC network, but not within the DBN. These
findings could reflect pronounced neuroplasticity effects that
might have resulted from the repetition of the stimulation
sessions. In addition, unlike the two previous studies, this one
adopted a neuronavigation-guided paradigm, which might have
an important role in optimizing rTMS protocols (Lefaucheur,
2010).

TBS and Essential Tremor
Two studies have applied cTBS over the motor and premotor
cortices which are the key elements for movement preparation,
selection, and execution. The first one assessed the effects of
cTBS on tremor and cortical excitability in 10 patients with ET

Frontiers in Neuroscience | www.frontiersin.org November 2015 | Volume 9 | Article 440 | 124

http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive


Chalah et al. Non-invasive Stimulation and Essential Tremor

T
A
B
L
E
1
|
N
o
n
-i
n
v
a
s
iv
e
b
ra
in

s
ti
m
u
la
ti
o
n
s
tu
d
ie
s
in

e
s
s
e
n
ti
a
l
tr
e
m
o
r.

R
e
fe
re
n
c
e
s

P
o
p
u
la
ti
o
n

In
te
rv
e
n
ti
o
n

M
e
a
s
u
re
d
o
u
tc
o
m
e

R
e
s
u
lt
s

G
iro

n
e
ll
e
t
a
l.,

2
0
0
2

1
0
E
T
p
a
tie
n
ts

S
in
g
le
se

ss
io
n
o
f
a
c
tiv
e
o
r
sh

a
m

1
H
z
rT
M
S
o
ve
r
th
e

c
e
re
b
e
llu
m

(o
n
th
e
m
id
lin
e
,
2
c
m

b
e
lo
w

in
io
n
)

se
p
a
ra
te
d
b
y
1
w
e
e
k
in
te
rv
a
l

C
lin
ic
a
l(
T
C
R
S
)
a
n
d
a
c
c
e
le
ro
m
e
tr
ic
e
va
lu
a
tio

n

b
e
fo
re

(−
5
m
in
),
im

m
e
d
ia
te
ly
a
ft
e
r
(+
5
m
in
),
a
n
d

1
h
a
ft
e
r
(+
6
0
m
in
)
e
a
c
h
se
ss
io
n

S
h
o
rt
-t
e
rm

c
lin
ic
a
la
n
d
a
c
c
e
le
ro
m
e
tr
ic

im
p
ro
ve
m
e
n
t,
d
is
a
p
p
e
a
rin

g
w
ith

in
5
m
in

a
ft
e
r
th
e

e
n
d
o
f
th
e
a
c
tiv
e
se
ss
io

E
a
c
h
se
ss
io
n
:
2
0
m
in
,
3
0
0
p
u
ls
e
s,

1
0
0
%

o
f
th
e

m
a
xi
m
u
m

o
u
tp
u
t
in
te
n
si
ty

A
va
n
zi
n
o
e
t
a
l.,

2
0
0
9

1
5
E
T
p
a
tie
n
ts

vs
.
1
1
H
C
s

C
o
m
p
a
rin

g
th
e
m
o
to
r
b
e
h
a
vi
o
r
o
f
b
o
th

g
ro
u
p
s
d
u
rin

g

re
p
e
tit
iv
e
fin
g
e
r
ta
p
p
in
g
m
o
ve
m
e
n
ts

o
f
th
e
rig

h
t
h
a
n
d

b
y
th
e
m
e
a
n
s
o
f
a
se
n
so

r-
e
n
g
in
e
e
re
d
g
lo
ve

T
im

in
g
p
ro
p
e
rt
ie
s
a
n
d
m
o
to
r
b
e
h
a
vi
o
r

L
o
n
g
e
r
T
D
,
lo
w
e
r
IT
I,
a
n
d
in
c
re
a
se
d
IT
IC
V
in
E
T

p
a
tie
n
ts

c
o
m
p
a
re
d
to

H
C
s

1
1
E
T

O
n
e
se
ss
io
n
o
f
a
c
tiv
e
o
r
sh

a
m
†
1
H
z
rT
M
S
o
ve
r
th
e

rig
h
t
ip
si
la
te
ra
lc
e
re
b
e
llu
m

(3
c
m

la
te
ra
la
n
d
1
c
m

b
e
n
e
a
th

th
e
in
io
n
)
se
p
a
ra
te
d
b
y
a
t
le
a
st

2
w
e
e
k
in
te
rv
a
l

Tr
a
n
si
e
n
t
re
d
u
c
tio

n
o
f
T
D
va
lu
e
s
a
n
d
n
o
rm

a
liz
a
tio

n

o
f
IT
Ia

n
d
IT
IC
V
va
lu
e
s

E
a
c
h
se
ss
io
n
:
1
0
m
in
,
6
0
0
p
u
ls
e
s,

9
0
%

o
f
R
M
T

N
o
e
ffe

c
ts

o
f
rT
M
S
o
n
th
e
fr
e
q
u
e
n
c
y
a
n
d
in
te
n
si
ty

o
f

tr
e
m
o
r

P
o
p
a
e
t
a
l.,

2
0
1
3

1
1
E
T
p
a
tie
n
ts

vs
.
1
1
H
C
s

5
c
o
n
se
c
u
tiv
e
d
a
ily

a
c
tiv
e
se
ss
io
n
s
o
f
n
e
u
ro
n
a
vi
g
a
te
d

b
ila
te
ra
l1

H
z
rT
M
S
o
ve
r
th
e
p
o
st
e
rio

r
c
e
re
b
e
lla
r
c
o
rt
e
x

(t
a
rg
e
tin

g
lo
b
u
le
V
III
o
f
e
a
c
h
c
e
re
b
e
lla
r
h
e
m
is
p
h
e
re
)

R
s-
F
C
o
f
th
e
C
T
C
n
e
tw

o
rk

a
n
d
D
B
N
(a
s

c
o
n
tr
o
l)
b
e
fo
re

a
n
d
a
ft
e
r
rT
M
S
(d
a
y
1
a
n
d
5
)

Im
p
ro
ve
m
e
n
t
in

rs
-F
C
w
ith

in
C
T
C
n
e
tw

o
rk
,
b
u
t
n
o
t

w
ith

in
D
B
N

E
a
c
h
se
ss
io
n
:
1
5
m
in
,
9
0
0
p
u
ls
e
s,

9
0
%

o
f
th
e
R
M
T

C
lin
ic
a
l(
F
T
M
)
a
n
d
n
e
u
ro
p
h
ys
io
lo
g
ic
a
l

(e
le
c
tr
o
m
yo

g
ra
p
h
ic
a
n
d
a
c
c
e
le
ro
m
e
tr
ic
)
tr
e
m
o
r

a
ss
e
ss
m
e
n
t
a
t
b
a
se
lin
e
,
d
a
y
5
,
d
a
y
1
2
,
a
n
d

d
a
y
2
9
a
ft
e
r
th
e
la
st

se
ss
io
n

L
o
n
g
-t
e
rm

e
ffe

c
ts

la
st
in
g
fo
r
3
w
e
e
ks

a
ft
e
r
th
e
la
st

se
ss
io
n
,
c
o
n
si
st
in
g
in

c
lin
ic
a
ls
c
o
re
s
im

p
ro
ve
m
e
n
t

a
n
d
a
re
d
u
c
tio

n
in

tr
e
m
o
r
a
m
p
lit
u
d
e
(b
u
t
n
o
t

fr
e
q
u
e
n
c
y)

H
e
llr
ie
g
e
le
t
a
l.,

2
0
1
2

1
0
E
T
p
a
tie
n
ts

vs
.
1
0
H
C
s

2
c
T
B
S
se
ss
io
n
s:

o
n
e
re
a
l(
8
0
%

o
f
A
M
T
),
o
n
e
c
o
n
tr
o
l

(3
0
%

o
f
A
M
T
)
o
ve
r
th
e
le
ft
h
a
n
d
m
o
to
r
a
re
a
se
p
a
ra
te
d

b
y
a
t
le
a
st

1
w
e
e
k
in
te
rv
a
l

C
o
rt
ic
o
sp

in
a
le
xc
ita
b
ili
ty

p
a
ra
m
e
te
r

R
e
d
u
c
tio

n
o
f
c
o
rt
ic
o
sp

in
a
le
xc
ita
b
ili
ty

in
th
e

st
im

u
la
te
d
M
1
fo
llo
w
in
g
re
a
lc
T
B
S
in
H
C
s,

b
u
t
n
o
t
in

E
T
p
a
tie
n
ts

E
a
c
h
se
ss
io
n
:
Tw

o
2
0
-s

tr
a
in
s
w
ith

in
te
r-
tr
a
in

in
te
rv
a
lo

f

1
m
in
,
b
u
rs
ts

b
e
in
g
re
p
e
a
te
d
e
ve
ry

2
0
0
m
s

C
lin
ic
a
l(
F
T
M
)
a
n
d
q
u
a
n
tit
a
tiv
e
(a
c
c
e
le
ro
m
e
tr
ic
)

ra
tin

g
o
f
tr
e
m
o
r
b
e
fo
re

a
n
d
a
t
1
0
,
2
5
,
a
n
d

4
0
m
in

a
ft
e
r
c
T
B
S

R
e
d
u
c
tio

n
in

tr
e
m
o
r
a
m
p
lit
u
d
e
,
b
u
t
n
o
t
fr
e
q
u
e
n
c
y

fo
llo
w
in
g
re
a
lc
T
B
S
,
la
st
in
g
fo
r
a
t
le
a
st

4
5
m
in

N
o
si
g
n
ifi
c
a
n
t
c
lin
ic
a
lr
e
d
u
c
tio

n
o
f
E
T
a
ft
e
r
re
a
lc
T
B
S

C
h
u
a
n
g
e
t
a
l.,

2
0
1
4

1
3
E
T
p
a
tie
n
ts

vs
.
1
8
H
C
s

3
c
T
B
S
se
ss
io
n
s:

2
re
a
l(
8
0
%

o
f
A
M
T
)
o
ve
r
th
e
le
ft
M
1

o
r
P
M

a
n
d
1
sh

a
m
£
(6
0
%

o
f
A
M
T,

fli
p
p
e
d
c
o
il)
o
ve
r

M
1
)
se
p
a
ra
te
d
b
y
a
t
le
a
st

1
w
e
e
k

E
xc
ita
b
ili
ty

p
a
ra
m
e
te
rs

(S
IC
I,
C
S
P,

IC
F
)

R
e
d
u
c
e
d
c
T
B
S
su

p
p
re
ss
iv
e
e
ffe

c
t
o
n
m
o
to
r
c
o
rt
ic
a
l

e
xc
ita
b
ili
ty

in
E
T
p
a
tie
n
ts

c
o
m
p
a
re
d
w
ith

H
C
s

E
a
c
h
se
ss
io
n
:
O
n
e
4
0
s-
tr
a
in
,
b
u
rs
ts

b
e
in
g
re
p
e
a
te
d

e
ve
ry

2
0
0
m
s

A
c
c
e
le
ro
m
e
tr
ic
tr
e
m
o
r
re
c
o
rd
in
g
b
e
fo
re

a
n
d

2
2
–2

5
m
in

a
ft
e
r
c
T
B
S

R
e
d
u
c
tio

n
in

tr
e
m
o
r
a
m
p
lit
u
d
e
,
b
u
t
n
o
t
fr
e
q
u
e
n
c
y

fo
llo
w
in
g
m
o
to
r,
p
re
m
o
to
r,
b
u
t
n
o
t
sh

a
m

se
ss
io
n

B
o
lo
g
n
a
e
t
a
l.,

2
0
1
5

1
6
E
T
p
a
tie
n
ts

vs
.
1
1
H
C
s

2
c
T
B
S
se
ss
io
n
s:

o
n
e
re
a
l(
8
0
%

o
f
A
M
T
)
o
ve
r
th
e
rig

h
t

c
e
re
b
e
lla
r
h
e
m
is
p
h
e
re

(3
c
m

la
te
ra
lly

to
a
n
d
1
c
m

b
e
lo
w

th
e
in
io
n
)
a
n
d
o
n
e
sh

a
m

o
ve
r
th
e
n
e
c
k
m
u
sc
le
s

se
p
a
ra
te
d
b
y
a
t
le
a
st

1
w
e
e
k
in
te
rv
a
l

E
xc
ita
b
ili
ty

p
a
ra
m
e
te
rs

(in
p
u
t/
o
u
tp
u
t
c
u
rv
e
)

R
e
d
u
c
e
d
c
T
B
S
su

p
p
re
ss
iv
e
e
ffe

c
t
o
n
m
o
to
r
c
o
rt
ic
a
l

e
xc
ita
b
ili
ty

in
E
T
p
a
tie
n
ts

c
o
m
p
a
re
d
w
ith

H
C
s

E
a
c
h
se
ss
io
n
:
O
n
e
4
0
s-
tr
a
in
,
b
u
rs
ts

b
e
in
g
re
p
e
a
te
d

e
ve
ry

2
0
0
m
s

A
ss
e
ss
m
e
n
t
o
f
tr
e
m
o
r
a
n
d
re
a
c
h
in
g

m
o
ve
m
e
n
ts

a
t
b
a
se
lin
e
,
a
n
d
a
t
5
a
n
d
4
5
m
in

a
ft
e
r
c
T
B
S

N
o
si
g
n
ifi
c
a
n
t
c
h
a
n
g
e
in

tr
e
m
o
r
se
ve
rit
y
a
n
d

re
a
c
h
in
g
m
o
ve
m
e
n
ts

a
ft
e
r
a
n
y
se
ss
io
n

(C
o
n
ti
n
u
e
d
)

Frontiers in Neuroscience | www.frontiersin.org November 2015 | Volume 9 | Article 440 | 125

http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive


Chalah et al. Non-invasive Stimulation and Essential Tremor

T
A
B
L
E
1
|
C
o
n
ti
n
u
e
d

R
e
fe
re
n
c
e
s

P
o
p
u
la
ti
o
n

In
te
rv
e
n
ti
o
n

M
e
a
s
u
re
d
o
u
tc
o
m
e

R
e
s
u
lt
s

G
iro

n
e
ll
e
t
a
l.,

2
0
1
4

1
0
E
T
p
a
tie
n
ts

1
0
c
o
n
se
c
u
tiv
e
d
a
ily

se
ss
io
n
s
o
f
e
ith

e
r
a
c
tiv
e
o
r

sh
a
m
-c
a
th
o
d
a
lc
e
re
b
e
lla
r
tD
C
S
se
p
a
ra
te
d
b
y
a

3
-m

o
n
th

w
a
sh

-o
u
t
p
e
rio

d
.

(t
w
o
c
a
th
o
d
a
le
le
c
tr
o
d
e
s
p
la
c
e
d
sy
m
m
e
tr
ic
a
lly

o
ve
r

b
o
th

c
e
re
b
e
lla
r
h
e
m
is
p
h
e
re
s,

3
c
m

la
te
ra
lt
o
th
e
in
io
n
;

a
n
d
tw

o
a
n
o
d
a
le
le
c
tr
o
d
e
s
p
o
si
tio

n
e
d
o
ve
r
F
p
1
a
n
d

F
p
2
E
E
G

le
a
d
s
p
o
si
tio

n
)

C
lin
ic
a
l(
T
C
R
S
)
a
n
d
a
c
c
e
le
ro
m
e
tr
ic
tr
e
m
o
r

e
va
lu
a
tio

n
b
e
fo
re

(a
t
d
a
y
1
),
d
u
rin

g
(1
0
m
in
a
ft
e
r

o
n
se
t)
a
n
d
6
0
m
in

a
ft
e
r
th
e
fir
st

se
ss
io
n

N
o
si
g
n
ifi
c
a
n
t
a
c
u
te

o
r
lo
n
g
-l
a
st
in
g
tD
C
S
e
ffe

c
ts

in

a
n
y
o
u
tc
o
m
e
m
e
a
su

re

C
lin
ic
a
l(
T
C
R
S
)
a
n
d
a
c
c
e
le
ro
m
e
tr
ic
tr
e
m
o
r

a
ss
e
ss
m
e
n
t;
a
n
d
d
is
a
b
ili
ty

sc
a
le
e
va
lu
a
tio

n

b
e
fo
re

th
e
fir
st

se
ss
io
n
,
a
n
d
a
t
d
a
y
1
0
a
n
d
4
0

a
ft
e
r
th
e
la
st

se
ss
io
n

E
a
c
h
se
ss
io
n
:
2
0
m
in
;
2
m
A

A
M
T,
a
c
ti
ve

m
o
to
r
th
re
s
h
o
ld
;
C
S
P,
c
o
rt
ic
a
l
s
ile
n
t
p
e
ri
o
d
;
c
T
B
S
,
c
o
n
ti
n
u
o
u
s
th
e
ta
b
u
rs
t
s
ti
m
u
la
ti
o
n
;
C
T
C
,
c
e
re
b
e
llo
-t
h
a
la
m
o
-c
o
rt
ic
a
l;
D
B
N
,
d
e
fa
u
lt
b
ra
in
n
e
tw
o
rk
;
E
T,
e
s
s
e
n
ti
a
l
tr
e
m
o
r;
F
T
M
,
F
a
h
n
To
lo
s
a
M
a
ri
n
tr
e
m
o
r
ra
ti
n
g
s
c
a
le
;
H
C
s
,

h
e
a
lt
h
y
c
o
n
tr
o
ls
;
IC
F,
in
tr
a
c
o
rt
ic
a
lf
a
c
ili
ta
ti
o
n
;
IT
I,
in
te
r
ta
p
p
in
g
in
te
rv
a
l;
IT
IC
V
,
c
o
e
ffi
c
ie
n
t
o
f
va
ri
a
ti
o
n
o
f
th
e
in
te
r
ta
p
p
in
g
in
te
rv
a
l;
M
E
P
s
,
M
o
to
r
e
vo
ke
d
p
o
te
n
ti
a
ls
;
M
in
,
m
in
u
te
s
;
M
1
,
p
ri
m
a
ry
m
o
to
r
c
o
rt
e
x;
P
M
,
p
re
m
o
to
r
c
o
rt
e
x;
R
M
T,
re
s
ti
n
g

m
o
to
r
th
re
s
h
o
ld
;
rs
-F
C
,
re
s
ti
n
g
s
ta
te
fu
n
c
ti
o
n
a
lc
o
n
n
e
c
ti
vi
ty
;
rT
M
S
,
R
e
p
e
ti
ti
ve

tr
a
n
s
c
ra
n
ia
lm

a
g
n
e
ti
c
s
ti
m
u
la
ti
o
n
;
S
IC
I,
s
h
o
rt
in
te
rv
a
li
n
tr
a
c
o
rt
ic
a
li
n
h
ib
it
io
n
;
T
C
R
S
,
Tr
e
m
o
r
c
lin
ic
a
lr
a
ti
n
g
s
c
a
le
;
T
D
,
to
u
c
h
d
u
ra
ti
o
n
;
tD
C
S
,
Tr
a
n
s
c
ra
n
ia
ld
ir
e
c
t

c
u
rr
e
n
t
s
ti
m
u
la
ti
o
n
.

†
S
h
a
m
d
e
s
ig
n
w
a
s
u
n
d
e
s
c
ri
b
e
d
a
n
d
p
e
rf
o
rm
e
d
in
s
e
ve
n
p
a
ti
e
n
ts
o
n
ly
.

£
S
h
a
m
s
e
s
s
io
n
w
a
s
p
e
rf
o
rm
e
d
in
1
0
p
a
ti
e
n
ts
o
n
ly
.

and 10 healthy controls (Hellriegel et al., 2012). Each participant
randomly received two sessions of real or control cTBS over the
left hand motor area separated by at least 1 week. A subclinical
reduction in tremor amplitude, but not frequency, was observed
following real cTBS session and lasted for at least 45min.
Hereby, the absence of significant clinical improvement could be
justified by the logarithmic relationship between accelerometric
and clinical tremor assessment (Elble et al., 2006). In line with the
first study, a second cTBS study has found an exclusive reduction
in tremor amplitude following cTBS delivered to the motor and
premotor cortices in 13 patients with ET (Chuang et al., 2014).

Interestingly, in both studies, motor cortical, or corticospinal
excitability was assessed using different variables (Table 1); and
it was shown that the suppressive cTBS effects on cortical
excitability was either reduced or absent in ET patients
compared to healthy controls. This suggests that the observed
improvement in tremor amplitude appears to be independent
of the modulation of the corticospinal motor output. Such
observation is in accordance with recent evidence hinting toward
the occurrence of cTBS-induced behavioral or rs-FC changes,
unrelated to those of cortical excitability (Silvanto et al., 2007;
Gentner et al., 2008; Nettekoven et al., 2014).

The third cTBS study was a randomized, sham-controlled,
double-blind study that assessed the effects of right cerebellar
cTBS in ET patients and healthy controls (Bologna et al., 2015).
The authors did not find any effect of cTBS on clinical or
kinematic measures of tremor. However, as in the two previously
published trials, the suppressive effects of cTBS on cortical
excitability were lost in ET patients compared to their healthy
counterparts.

tDCS and Essential Tremor
Similar to rTMS, the ability of tDCS to modulate the cerebellar
excitability has been previously reported (Galea et al., 2009).
Gironell and colleagues have studied the effects of cathodal
cerebellar tDCS in ten patients with ET (Gironell et al., 2014).
Each patient randomly received two blocks, each consisting of 10
consecutive sessions of either active or sham bilateral cerebellar
tDCS separated by at least 3 months of washout interval. Clinical
and accelerometric studies did not reveal any short-term or long-
term benefits following the real tDCS sessions. However, this
study suffers from some limitations related to the small sample
size and the high intra-subject variability of accelerometric
measures.

Peripheral Stimulation and Essential
Tremor
Besides trying to act at the level of the central oscillators, an
alternative would be to focus on the ET substrates in charge of
transmitting and displaying the symptom, namely the peripheral
nerves and muscles. The efficacy of symptomatic interventions
was tested in tremulous patients regardless of the tremor origin.

Transcutaneous Electrical Nerve
Stimulation
Transcutaneous electrical nerve stimulation (TENS) is a non-
invasive, cheap, and safe technique that consists of delivering
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an electrical current at various frequencies, intensities and pulse
duration on a limited skin surface (Sluka and Walsh, 2003;
Lim et al., 2010). TENS can modulate motor cortex excitability
by acting on the sensory afferent input and the sensorimotor
integration at the cortical level (Tinazzi et al., 2005a). In clinical
practice, TENS is mainly applied to treat pain syndromes of
various origins. In the field of movement disorders, TENS was
also found to have some efficacy in dystonic tremor (Bending
and Cleeves, 1990), writer’s cramp dystonia (Tinazzi et al., 2005b,
2006), and psychogenic movement disorders (Ferrara et al.,
2011).

As for ET, the first study to assess the effects of peripheral
nerve stimulation was reported by Britton et al. (1993b). Here,
the application of supramaximal median nerve shocks at the
elbow (0.5ms square-wave electrical pulse applied as five stimuli,
randomly delivered at 5–8 s of interval; with sufficient intensity
able to produce maximal EMG responses at the flexor carpi
radialis) was able to cause acute inhibition, then synchronization
of the EMG activity in 10 patients with ET, nine patients
with Parkinson’s disease (PD) tremor and nine healthy controls
mimicking wrist tremor.

In another study, Munhoz and colleagues assessed TENS
effects in five patients with ET and two patients suffering from
tremor attributed to peripheral neuropathies (Munhoz et al.,
2003). For this purpose, the cathode was placed over the brachial
plexus with the reference electrode over the C7 spinous process.
A 15-min stimulation was performed, using different settings
(frequencies: 5, 10, 50, and 100Hz; one side vs. the other
side vs. both sides simultaneously). No significant improvement
was observed at any endpoint (accelerometric variables, tremor
rating, and self-reported impression scales) (Munhoz et al., 2003).

Functional Electrical Stimulation
Another alternative to alleviate tremor would be through
performing muscular contraction either voluntarily (Dietz et al.,
1974; Héroux et al., 2010), or through neurostimulation using
the so-called “closed-loop functional electrical stimulation” (FES)
(Elek and Prochazka, 1989; Javidan et al., 1990, 1992; Prochazka
et al., 1992; Gillard et al., 1999). The earliest study was performed
by Javidan and colleagues and involved three patients with ET,
four patients with PD and six patients with multiple sclerosis
(MS) suffering from cerebellar tremor (Javidan et al., 1992). The
authors documented attenuation in tremor amplitude by 73%
in ET, 62% in PD, and 38% in MS. Interestingly, a minor shift
in tremor frequency was observed in MS group, without any
changes in ET or PD patients.

In an attempt to counteract tremor, this method consists of
monitoring joint displacement using a miniature displacement
transducer. The next step is to use the signals acquired from the
joint angle excursions to perform an out-of-phase stimulation,
in order to activate the antagonist muscle during involuntary
activation of the agonist one. Counteracting tremor is possible
via a feedback filter with bandpass characteristics designed to
selectively attenuate tremor (2–5Hz) while barely affecting the
slow voluntary movements. Unfortunately, such a technique
has some limitations. For instance, the FES ability to act on
a given antagonistic pair restricts its role in patients with

ET where the symptom is often multidirectional and involves
multiple joints. In addition, there is still uncertainty regarding
the optimal way of electrodes positioning aiming to stimulate
specific muscle groups. Moreover, despite the positive outcome
of the preliminary study by Javidan et al. (1992), there is an intra-
individual variation in tremor amplitude and frequency, which
might limit the efficacy of FES to a specific frequency range
and hence requires repeated calibrations of the feedback filter
(Javidan et al., 1992). Furthermore, a certain degree of discomfort
and fatigue might result from applying the phasic electrical
stimulation, which makes the technique less appropriate for daily
life usage. In this view, many FES studies have suggested some
solutions to circumvent the faced difficulties.

One of the studies tried to explore if the type of feedback
filter might affect the clinical outcome (Gillard et al., 1999). For
example, a digital filter was found to be superior to its analog
counterpart in terms of tremor attenuation in PD patients (84
vs. 65%, respectively). Other studies proposed that a way to
improve the FES system would be by implementing a control
algorithm that chiefly relies on feedback from inertial sensors
and EMG (Zhang and Ang, 2007; Bó et al., 2008; Widjaja et al.,
2009; Rocon et al., 2010). This issue was further addressed by a
group of authors who applied a new FES system consisting of
hardware and software, in three ET patients, four PD patients
and five healthy controls (Popović Maneski et al., 2011). In this
system, two gyroscopes served the purpose of inertial sensors that
provided real-time estimation of tremor, the data of which being
digitized and delivered to a computer system that implements
an algorithm mainly relying on a Butterworth second-order
adaptive bandpass filter (Popović et al., 2010). Via a high-speed
USB, the computer controls a battery-driven programmable
multichannel stimulator that supports asynchronous activation
of several electrodes. The latter are located over the dorsal and
volar sides of the forearm, and perform a specific out-of-phase
stimulation. The experimental protocol on healthy controls has
proven its efficiency in activating the antagonistic muscles in a
strong and asynchronous manner, which could not be voluntarily
suppressed by the individuals. The intervention was beneficial
in only two of the three ET patients. The current design aimed
to control several upper extremity joints (fingers, wrist, elbow,
and shoulder) and thus was able to overcome the limitations of
the mono-joint design discussed in the first work (Javidan et al.,
1992). Furthermore, it permitted the stimulation of one muscle
group using multi-pad electrodes rather than the previously
used single cathode, which could ensure the selectivity (Popović-
Bijelić et al., 2005; Popović and Popović, 2009; Popovic et al.,
2009; Malešević et al., 2010b) and decrease the stimulation-
induced fatigue (Popovic and Malesevic, 2009; Malešević et al.,
2010a,b). Following the same principles, other studies combined
FES with a brain-computer interface (Grimaldi andManto, 2010;
Rocon et al., 2010). This allows for a multimodal detection of the
movement intentionality by fusing signals from EEG, EMG and
kinematic sensors (in particular gyroscopes and accelerometers).
Another group of authors has relied on EMGdetection combined
with an iterative Hilbert transform to apply FES in six patients
with ET or PD (Dosen et al., 2015). In this study, the tremor was
reduced by 46–81 and 35–48%when using themotor and sensory
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stimulation, respectively, in five of the six studied patients. Thus,
using electrical stimulation below motor threshold seems to be
more effective than the sensory one, and prevents muscle fatigue
and discomfort.

Finally, fixed-intensity FES was suggested as an alternative
to the classical closed-loop FES (Bó et al., 2014). The rationale
was that fixing the intensity might make the intervention more
comfortable and accepted by patients. Keeping in mind that in
ET, the tremor propagates from proximal to peripheral joints, this
technique is intrinsically stabilizing compared to the antiphase
FES stimulation, where an unstable proximal performance might
increase the distal tremor. A single session of fixed-intensity
FES was applied to the wrist or fingers of 10 ET patients
(pulse width: 150µs; frequency: 40Hz; with manual regulation of
stimulation intensity respecting patient’s feeling of discomfort).
The system was similar to the previous ones in a way that it
relies on inertial sensors (gyroscopes and accelerometer) and
high-pass filter. Tremor was suppressed in eight patients, did not
significantly change in one patient, and was exacerbated in one of
them.

CONCLUSION

Although only few data are available, some of the preliminary
results would pave the way for future studies on a larger scale.

Concerning NIBS, the discrepancy encountered in the results
could arise from many factors. On the one hand, all of these
studies had assessed the effects of different NIBS techniques
in small samples (ranging from 10 to 16 ET patients), and
adopted different number of sessions (ranging from 1 to 10
consecutive daily sessions). On the other hand, the fact that ET
patients represent a heterogeneous population with regard to

the functional brain topography, tremor site, and severity, age
of onset, disease duration, pharmacological interventions at the
time of protocol, and the patients’ sensibility to these treatments,
can partly explain the subsequent variation in response to the
performed NIBS interventions. In fact, the variation in pre-
interventional brain connectivity or genetic polymorphisms in
neurotrophic factors can influence NIBS effects (Antal et al.,
2010; Cárdenas-Morales et al., 2014; Nettekoven et al., 2014).

Therefore, improving the outcome of NIBS techniques in ET
patients can be obtained by acting on different parameters, such
as rTMS frequency, TBS pattern, or tDCS polarity. Particularly,
increasing the duration or the number of stimulation sessions
might enhance the therapeutic effect to a meaningful clinical
level, based on the likely dose-dependent effects of these
interventions (Nettekoven et al., 2014). Moreover, considering
the different functional topography seen in ET patients, a
smart attempt to optimize NIBS protocols would be by
individualizing them. This could be achieved by performing
a baseline functional neuroimaging and neurophysiological
interventions in each patient. This approach would improve
the definition of the optimal NIBS targets for image-guided
procedures. Furthermore, future studies should not be limited
to targeting M1 or the cerebellum, but rather should assess the
potential value of other targets in terms of motor or cognitive
improvement.

Besides acting on the disturbed central networks, peripheral
stimulation constitutes a symptomatic approach that proved
some benefits in ET. FES can significantly improve tremor of
various etiologies, but its use is limited by its practical and esthetic
profile. Finally, concerning TENS techniques, only preliminary
data are available and further studies are required before drawing
any conclusion.
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Throughout the first years of the twenty-first century, neurotechnologies such as motor

cortex stimulation (MCS), transcranial magnetic stimulation (TMS), and transcranial direct

current stimulation (tDCS) have attracted scientific attention and been considered as

potential tools to centrally modulate chronic pain, especially for those conditions more

difficult to manage and refractory to all types of available pharmacological therapies.

Interestingly, although the role of the motor cortex in pain has not been fully clarified,

it is one of the cortical areas most commonly targeted by invasive and non-invasive

neuromodulation technologies. Recent studies have provided significant advances

concerning the establishment of the clinical effectiveness of primary MCS to treat

different chronic pain syndromes. Concurrently, the neuromechanisms related to each

method of primary motor cortex (M1) modulation have been unveiled. In this respect,

the most consistent scientific evidence originates from MCS studies, which indicate the

activation of top-down controls driven by M1 stimulation. This concept has also been

applied to explain M1-TMS mechanisms. Nevertheless, activation of remote areas in

the brain, including cortical and subcortical structures, has been reported with both

invasive and non-invasive methods and the participation of major neurotransmitters (e.g.,

glutamate, GABA, and serotonin) as well as the release of endogenous opioids has been

demonstrated. In this critical review, the putative mechanisms underlying the use of MCS

to provide relief from chronic migraine and other types of chronic pain are discussed.

Emphasis is placed on the most recent scientific evidence obtained from chronic pain

research studies involving MCS and non-invasive neuromodulation methods (e.g., tDCS

and TMS), which are analyzed comparatively.

Keywords: chronic pain, headache, migraine, motor cortex stimulation, neuromodulation, transcranial direct

current stimulation, transcranial magnetic stimulation

INTRODUCTION

Pain is clinically identified as an early and disabling symptom, extremely frequent and
common to various diseases. However, rather than simply a sensory phenomenon, pain is
better characterized as a complex experience extending beyond the sensory-discriminative
component of pain, or the individual capacity to identify the nature (e.g., intensity,
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location, and duration) of a particular noxious stimuli.
The affective-emotional aspect of pain (e.g., unpleasantness),
as well the involvement of attention, memory of previous
experiences, and anticipation, termed the cognitive-evaluative
pain dimension, are fundamental pieces of this still challenging
and complex puzzle (Melzack and Casey, 1968; Merskey et al.,
1994; McMahon, 2013).

According to a widely applied definition, pain can be
differentiated into either acute or chronic. Acute pain is produced
by tissue injury and concurrent activation of local nociceptive
transducers. Usually related to trauma, invasive procedures, or
as a symptom occurring during the course of some pathological
process, acute pain characteristically lasts for only a limited
amount of time and resolves as soon as its primary source
ceases. While chronic pain may also be initiated by local injury
or disease, it usually persists for a longer period of time and
tends to be maintained by factors not directly linked to the
original event (Fishman et al., 2010). In fact, the International
Association for the Study of Pain (IASP) defines chronic pain
as pain experienced every day for 3 months over a period of
6 months (Merskey et al., 1994). Chronic pain is not only
a clinical struggle but also a social burden, with enormous
economic costs to healthcare systems across the globe (Patel
et al., 2012). Due to its high prevalence (Verhaak et al., 1998;
Elliott et al., 1999, 2002; Breivik et al., 2006) and deleterious
impact on patients’ quality of life (Patel et al., 2012), chronic
pain receives considerable attention from both clinicians and
researchers worldwide. Most of this attention is focused on better
comprehending the multifaceted biological aspects of chronic
pain and developing novel therapies that will permit more
adequate relief from such an incapacitating condition. In this
respect, recent years have seen an increased research interest
in the study of different methods to modulate the activity of
neurocircuits with the purpose of treating chronic pains. These
methods include both surgical and non-invasive approaches,
and their treatment effects have been studied alone and when
combined with pharmacological therapies. While the clinical
application of brain stimulation techniques dates back to the
last century, the related technologies have evolved considerably
as scientific evidence accumulated within the field (Kumar
and Rizvi, 2014). Furthermore, the efficacy and reliability of
different neuromodulatory methods, with stimulation delivered
to distinct cortical/subcortical and even peripheral zones,
have been tested in the treatment of several chronic pain
disorders. Intriguingly, when retrospectively analyzing the
scientific evidence accumulated throughout the last 25 years, the
stimulation of motor cortical areas, mainly the primary motor
cortex (M1), either non-invasively or by implanted electrodes
has been consistently reported as an effective analgesic strategy
to provide chronic pain relief, especially those of predominantly
neuropathic origins (Tsubokawa et al., 1991a; Hosomi et al., 2013;
Hagenacker et al., 2014; Ngernyam et al., 2015; Radic et al., 2015).

The advent of neuroimaging has allowed for the identification
of an intricate network of brain structures that contributes to the
pain experience and their specific roles in each dimension of the
whole phenomenon. Most of those brain areas are multimodal,
responding to both noxious and salient non-noxious stimuli

(Mouraux et al., 2011). It has been recognized that this network
includes the primary and secondary somatosensory cortices (SI
and SII), the cingulate cortex, the posterior parietal cortex, and
the pre-frontal cortex. Also taking part in this network are the
thalamus, insula, and several brainstem structures, in addition
to other interconnected brain areas. Not surprisingly, there is
relatively scarce information regarding the contribution of the
motor cortex to this process. Although the effects of pain on
motor function have been well-documented, the participation of
motor brain areas in the mechanisms that lead to chronic pain
is still not completely understood (Farina et al., 2003). Therefore,
one question remains unsolved: Why and how is motor cortex
stimulation, in particular M1 stimulation, effective in treating
chronic pain patients?

Based on scientific evidence currently available, this paper
provides a critical review on the topic by exploring the putative
mechanisms that explain the effectiveness of two methods
of non-invasive neuromodulation, transcranial direct current
stimulation (tDCS) and transcranial magnetic stimulation
(TMS), when applied to the motor cortex for the treatment of
chronic pains. To this purpose, the scientific evidence obtained
with the invasive procedure, termed motor cortex stimulation
(MCS), is always used as a reference.

ARE THEY EFFECTIVE?
STATE-OF-THE-ART NON-INVASIVE
NEUROMODULATORY TECHNOLOGIES
AVAILABLE TO AMELIORATE CHRONIC
PAIN

Given the clinical challenges that chronic pain management
presents, scientific pain researchers have directed their focus
toward the development of novel technologies and enhancement
of known strategies that permit the modulation of cortical
excitability in humans through non-invasive or minimally
invasive procedures. Over the past years, several studies
have investigated the analgesic effects of epidural/subdural
MCS, especially in refractory or intractable neuropathic pain
(Meyerson et al., 1993; Tsubokawa et al., 1993; Nguyen et al.,
1999, 2008, 2009; Saitoh et al., 2003; Nuti et al., 2005; Rasche
et al., 2006; Velasco et al., 2008; Fontaine et al., 2009; Lefaucheur
et al., 2009). Regarding non-invasive procedures, the first study
demonstrating the analgesic effects of high-frequency rTMS of
the motor cortex was performed in neuropathic pain patients
(Lefaucheur et al., 2001). Later, the analgesic effects of anodal
tDCS applied to the motor cortex was again reported in patients
with neuropathic pain due to spinal cord injury (Fregni et al.,
2006a) and also in fibromyalgia patients (Fregni et al., 2006b).
In the following years, substantial data has emerged suggesting
that distinct chronic migraine and pain syndromes can be
successfully treated by tDCS (Antal et al., 2010, 2011; Mendonca
et al., 2011; DaSilva et al., 2012; Jensen et al., 2013; Kim et al.,
2013; Viganò et al., 2013; Villamar et al., 2013;Wrigley et al., 2013;
Hagenacker et al., 2014; Schabrun et al., 2014; Bolognini et al.,
2015; Donnell et al., 2015) and/or TMS (Lefaucheur et al., 2010b;
Picarelli et al., 2010; Mhalla et al., 2011; Lee et al., 2012; Hosomi
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et al., 2013; Tzabazis et al., 2013; Hasan et al., 2014). Moreover,
the value of rTMS to predict the long-term effects of MCS has
been reported (Lefaucheur et al., 2004, 2011; André-Obadia et al.,
2006, 2014; Hosomi et al., 2008).

Nevertheless, findings from systematic reviews of the
methodology and results of studies investigating the role of
non-invasive neuromodulation for pain control suggest that
more clinical trials with rigorously designed protocols and
larger samples sizes are still necessary to draw more accurate
conclusions (Klein et al., 2015; Table 1). As reported in a recent
meta-analysis, low or very low-quality evidence indicate that
prefrontal low-frequency repetitive TMS (rTMS) is not effective
for pain control, while a single dose of high-frequency motor
cortex TMS provides short-term pain improvement. Conversely,
according to an international group of experts, in cases of
neuropathic pain the production of analgesic effects by high-
frequency (≥5Hz) rTMS of the motor cortex contralateral to
the pain side has a level A of evidence (Lefaucheur et al., 2014).
However, this statement cannot be extended to other stimulation
settings, targets, or pain conditions. In addition, it is important to
highlight the importance of long-term effects of rTMS protocols
in pain therapy. Because of the short-lasting duration of the
analgesic effects produced, it is still necessary to define and
optimize maintenance protocols before considering rTMS as a
valuable technique for the treatment of neuropathic pain in
routine practice. So far, only a few studies have shown clinical
improvement lasting several months from rTMS in patients
with chronic pain syndromes (Mhalla et al., 2011; Hodaj et al.,
2015).

Regarding tDCS, low-quality evidence does not yet suggest
that it is effective for chronic pain control (O’connell et al.,
2014). On the other hand, it is imperative to consider the
high heterogeneity of the research protocols evaluated, including
important differences with respect to the cortical targets chosen
for stimulation [e.g., motor cortex and dorsolateral prefrontal
cortex (DLPFC)]; differences in the number of stimulations
per subject, with the presence of single and multiple-dose
studies; application of low (≤1Hz) or high frequency (≥5Hz)
stimulation, in the case of TMS; differences in the current
intensity (usually 1 or 2mA), in relation to tDCS; and of
particular relevance, the type of pain disorder evaluated (e.g.,
nociceptive or neuropathic).

Indeed, chronic pain does not represent a single entity but
a spectrum of disorders, triggered, and maintained by complex
mechanisms (Basbaum et al., 2009). Therefore, it is possible
to infer that TMS or tDCS could produce differential effects
on each type of chronic pain disorder. For example, one
systematic review focused on clinical research protocols that
investigated the effects of low and high frequency (LF and
HF, respectively) TMS and anodal tDCS (at intensities of 1
or 2mA) in patients diagnosed with fibromyalgia. The review
concluded that HF rTMS as well as anodal tDCS stimulation of
M1 (M1-tDCS) offer similar pain improvements when compared
to the FDA-approved fibromyalgia pharmaceuticals. The authors
advocate that rTMS and tDCS should be considered when
treating fibromyalgia patients, especially those individuals who
are refractory to other (pharmacological) therapies or who do not T
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tolerate their side effects (Marlow et al., 2013). Likewise, another
meta-analysis supported that anodal M1-tDCS significantly
reduces pain levels (represented by an average of nearly 15%
pain reduction, measured with the visual analog scale—VAS
of pain) in chronic pain patients (Vaseghi et al., 2014). Thus,
despite the mounting evidence supporting the analgesic effects
of non-invasive MCS, it is evident that additional clinical trials
with standardized protocols and more robust data are needed
to establish the extent to which tDCS and TMS can contribute
to chronic pain management. Concurrently it is necessary to
scrutinize the neurophysiological mechanisms as well as the
neurochemical mediation associated with non-invasive brain
stimulation.

HOW DO THEY ACT? PUTATIVE
MECHANISMS OF NON-INVASIVE MOTOR
CORTEX STIMULATION

Despite the large number of studies exploring the clinical
efficacy of non-invasive methods of neuromodulation, their
neurophysiological fundaments are largely unknown and
numerous uncertainties remain. For example, is it possible
to revert ingrained neuroplastic changes with MCS? Do non-
invasive methods of neuromodulation elicit a significant placebo
effect? What scientific evidence has been obtained from basic
sciences and neuroimaging studies and what does this evidence
indicate? Although some of these questions have been at least
partially addressed, one of the most elementary and intriguing
questions persists: How does the stimulation of the motor cortex
grant significant chronic pain relief?

An indication of one possible role of the motor cortex in
pain arose many years ago when in 1971 a published report
revealed cortical removals of both postcentral and precentral
facial representations resulted in facial pain relief (White
and Sweet, 1969; Lende et al., 1971). Yet, the role of the
motor cortex only truly started receiving special attention from
clinicians and researchers after Tsubokawa’s work with MCS
in 1991 (Tsubokawa et al., 1991a,b). Afterwards, this cortical
region became a common target for neuromodulation when
intended to treat pain (Meyerson et al., 1993; Nguyen et al.,
1997; García-Larrea et al., 1999; Saitoh et al., 2000, 2003).
Interestingly, a study using navigation-guided rTMS examined
if significant pain improvement could also be achieved by
stimulating cortical areas other than the precentral gyrus (M1)
in patients with intractable deafferentation pain (Hirayama et al.,
2006). Specifically, the other areas evaluated were the postcentral
gyrus, the supplementary motor area and the premotor cortex
(Hirayama et al., 2006). Confirming previous works, results of the
study found that M1 stimulation produced significant pain relief.
Conversely, stimulation of the adjacent areas was not effective
in the cohort evaluated, corroborating the prominent role of
the primary motor cortex in pain relief, and more precisely the
importance of stimulation over the anterior bank of the central
sulcus for pain treatment. Similarly, an experimental study
involving healthy subjects who volunteered to receive capsaicin
application reported significantly higher analgesic effects of

rTMS over M1 when compared to the stimulation of the DLPFC
and occipital cortex (Sacco et al., 2014). In fact, it has been
described that, at least with MCS, optimal analgesic effects can
be accomplished when the electrodes are positioned over the
somatotopic representation (within M1) of the painful territory.
To this purpose, it is mandatory to work on a detailed functional
and anatomical mapping of the cortical representation of the
painful zone prior to the stimulation (Nguyen et al., 2011).

The neurobiological machinery activated when the motor
cortex is stimulated is a matter of intense debate. The first
studies investigating the mechanisms of MCS pointed to a
decrease in chronic pain-induced thalamic hyperactivity related
to the stimulation (Tsubokawa et al., 1991a, 1993), which led to
the conclusion that antidromic modulation of thalamocortical
pathways could play a role in the analgesia induced by M1
stimulation (Nguyen et al., 2011). In this regard, there are special
features in the structural and functional organization of the
motor cortex that determine the effects following its electrical
stimulation (Amassian and Stewart, 2003). It seems that cathodal
electrical stimulation applied directly to the motor cortex (MCS)
is associated with a preferential activation of the interneurons
that run parallel to the cortical surface and an indirect stimulation
of the pyramidal tract, generating indirect waves (I-waves) at
the spinal cord. On the other hand, anodal electrical cortical
stimulation of the motor cortex would preferentially activate
the pyramidal cell axons, represented by the fibers that run
perpendicularly to the cortical surface, and thus result in a direct
stimulation of the pyramidal tract, producing early direct waves
(D-waves) (Amassian et al., 1987; Amassian and Stewart, 2003;
Nguyen et al., 2011). It has been described that the activation
of the axons that run parallel to the cortical surface and the
indirect generation of I-waves, accomplished through cathodal
precentral gyrus stimulation, optimizes MCS analgesic effects
(Lefaucheur et al., 2010a; Nguyen et al., 2011). Studies have
confirmed that the most effective MCS electrode configuration
for pain control is the one that generates I-waves (Lefaucheur
et al., 2010a). Such findings could indicate that that MCS acts
though the activation of top-down controls associated with
intracortical horizontal fibers, instead of direct stimulation of the
pyramidal tract (Nguyen et al., 2011). The same fundament can
be transposed to rTMS. Similar to cathodal electrical stimulation,
rTMS produces I-waves, and significant pain decrease when its
coil is positioned in an anteroposterior orientation, whereas D-
waves are formed when its coil is positioned in a lateromedial
orientation (André-Obadia et al., 2008; Lefaucheur et al., 2010a;
Nguyen et al., 2011). It has been proposed that the activation of
the fibers that run parallel to the cortical surface in the precentral
gyrus would lead to both orthodromic activation of corticofugal
pathways as well as antidromic activation of thalamocortical
pathways. Thus, it would influence pathways and structures
that are distant from the side of stimulation (Nguyen et al.,
2011).

The general view that the analgesic effects observed with M1
stimulation derives from the activation of areas far beyond the
cortical zone where the stimulus is applied has been confirmed
by neuroimaging studies (García-Larrea et al., 1999; Peyron
et al., 2007). Some of those studies proved the ability of MCS
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to activate adjacent outer brain areas (e.g., orbitofrontal cortex—
OFC, DLPFC) as well as remote inner brain structures, such as
the insula and anterior, middle and posterior cingulate cortex,
the putamen, the thalamus, and portions of the brainstem,
including the periaqueductal gray matter (PAG) and the pons
(García-Larrea et al., 1999; Peyron et al., 2007). Other studies
have proved that rTMS can also influence the activity of a
network that comprises cortical areas (M1, S1, supplementary
motor cortex, dorsal premotor cortex, cingulate cortex, and
insula), as well as the thalamus and basal ganglia (Strafella et al.,
2003; Bestmann et al., 2004). It is important to highlight that
all of those aforementioned elements of the human brain are
largely recognized by their direct or indirect involvement in pain
processing (Peyron et al., 2000; Zubieta et al., 2001). Remarkably,
M1-rTMS consistently interferes with the activity of brain areas
related to the emotional aspects of pain, including the cingulate
cortex and insula, which explains the effects of M1 stimulation on
the affective-emotional dimension of pain (Passard et al., 2007;
Picarelli et al., 2010).

Changes in motor cortex excitability have also been explored
for the purpose of understanding the neurophysiological
aftereffects of M1 stimulation. Single- and paired-pulse TMS
paradigms are important tools to assess motor cortex excitability
parameters, including the resting motor threshold (RMT), the
motor evoked potential (MEP) amplitude, the intracortical
inhibition (ICI), the intracortical facilitation (ICF), and the
electromyographic cortical silent period (CSP) (Ziemann et al.,
1996; Sanger et al., 2001). It has been described that non-
invasive MCS, achieved by tDCS or TMS, is associated with both
immediate and long-lasting changes in motor cortex excitability
(Wassermann et al., 1998; Nitsche and Paulus, 2000, 2001;
Schambra et al., 2003; Jung et al., 2008). Noteworthy, it has
been shown that changes in cortical excitability elicited by rTMS
differ in healthy subjects (Wu et al., 2000; Romero et al., 2002)
and chronic pain patients (Lefaucheur et al., 2006), suggesting
that rTMS effects depend on the degree of cortical excitability
present before the period of stimulation (Lefaucheur et al., 2006).
Furthermore, previous studies have documented both increased
(Schambra et al., 2003) and decreased (Wassermann et al., 1998)
motor cortex excitability in theM1 contralateral to the stimulated
side, which possibly indicates a role of TMS in the modulation of
interhemispheric connections (Schambra et al., 2003).

Surprisingly, similar results could not be replicated with
M1-tDCS. There is also evidence that tDCS does not act on
glutamatergic transcallosal neurons, though it does influence
the activity of ipsilateral inhibitory interneurons that receive
transcallossal projections and that mediate transcallosal
inhibition (Lang et al., 2004).

The results just presented suggest the functional effects of
tDCS have a higher specificity, even though neuroimaging and
computational modeling studies indicate conventional tDCS
montages generate widespread electrical current that flows
throughout outer brain regions and deeper structures (Faria
et al., 2011; DaSilva et al., 2012; Neuling et al., 2012; Antal
et al., 2014). In fact, it has been supported that reinforcement
of both anatomical selectivity (e.g., guiding the electrical current
to specific targets in the brain) and functional selectivity (e.g.,

activity and input selectivity) are required to promote a rational
advancement of tDCS research (Bikson et al., 2013). In order to
enhance the anatomical specificity and possibly its effectiveness
in pain control, novel high-definition (HD)-tDCS montages that
use ring instead of large electrodes have been tailored (DaSilva
et al., 2015). In addition, the evaluation of the electrical current
distribution through computational models have permitted the
development of HD-tDCS montages (e.g., 2 × 2-HD) with the
purpose of targeting specific areas of the motor cortex (e.g.,
head and face homuncular region of M1), thus reproducing the
MCS parameters and principles (DaSilva et al., 2015; Donnell
et al., 2015). However, further studies are necessary to establish
the clinical relevance of enhancing anatomical specificity for
tDCS-induced analgesia.

In addition to the mechanisms previously reported, the
neurochemical mediation associated with the clinical outcomes
of different neuromodulatory techniques has just started to be
unveiled. The involvement of the endogenous opioid system, one
of the most prominent analgesic mechanisms and target of the
majority of opiates in this whole process, was initially indicated
by a study that reported increased release of endogenous opioids
in different pain-related brain areas after MCS (Maarrawi et al.,
2007). Furthermore, it has been verified that the density of opioid
receptor binding in the brain can predict the postoperative pain
relief obtained with MCS in chronic pain patients (Maarrawi
et al., 2013). Similarly, significant endogenous opioid release,
confirmed by decreased binding potential of the selective
µ-opioid receptor agonist [11C]carfentanil in pain-related
regions (e.g., precuneus, PAG, prefrontal cortex, thalamus,
anterior cingulate cortex, and insula), has been associated with
a single session of anodal M1-tDCS in both healthy subjects
(DosSantos et al., 2014) and in a single case of postherpetic
neuralgia (DosSantos et al., 2012). These findings clearly indicate
the contribution of the endogenous opioid system, most likely
exerted through activation of the µ-opioid neurotransmission,
in the analgesic effects induced by non-invasive stimulation
of the motor cortex. Supporting this concept, a TMS study
reported that intravenous administration of the opioid receptor
antagonist naloxone significantly reduces the analgesia achieved
by M1-rTMS. Remarkably, in that particular study naloxone
administration did not impact the analgesic effects of rTMS
when applied to the DLFC (de Andrade et al., 2011), suggesting
that specific neuromechanisms can be elicited when distinct
cortical regions are stimulated. Nevertheless, this conclusion
needs to be explored in depth since another study found naloxone
treatment performed prior to TMS resulted in a significant
decrease of DLFC rTMS-induced analgesia (Taylor et al., 2012).
It is important to emphasize that both naloxone studies were
performed in healthy volunteers and the inclusion of chronic
pain patients might have produced different findings.

It has also been postulated that mechanisms other than the
activation of opioid receptors might contribute to the pain
relief observed with different methods of neuromodulation
(Lefaucheur et al., 2006; Nguyen et al., 2011; Foerster et al.,
2015). Those mechanisms can be associated with the activation
of inhibitory (GABAergic) as well as excitatory (glutamatergic)
pathways. Remarkably, both pathways can be examined through
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the evaluation of some parameters of cortical excitability (e.g.,
ICI, ICF, and CSP) (Ziemann et al., 1996; Sanger et al., 2001).
The scientific evidence currently available indicates that high
frequency (10Hz) rTMS can restore a defective ICI, which
represents an impaired GABAergic neurotransmission present
in chronic neuropathic pain patients (Lefaucheur et al., 2006).
Moreover, according to the data available, the restoration of the
defective ICI by rTMS correlates to the degree of pain relief
(Lefaucheur et al., 2006).

One evidence that supports the involvement of the
glutametergic neurotransmission in the analgesic effects
driven by M1 stimulation is the focal release of dopamine in the
putamen associated with M1-rTMS, an effect possibly induced
by glutamatergic corticostriatal projections, originating in the
stimulated motor cortex (Strafella et al., 2003). In fact, it has
been described that the activation of descending mechanisms of
pain control induced by M1 stimulation in experimental models
of neuropathic pain presumably involves striatal dopamine D2
receptors (DRD2) (Viisanen et al., 2012). Additionally, it has
been recently reported that the genetic regulation of DRD2 by
957C>T polymorphis affects the susceptibility for neuropathic
pain and also pain modulation by rTMS (Jääskeläinen et al.,
2014).

The participation of glutamate N-methyl-D-aspartate
(NMDA) receptors in TMS-induced analgesia has also been
explored. The establishment of this link has its origins in animal
model studies (Ambriz-Tututi et al., 2012) and was confirmed in
a study that showed a decrease in the analgesic effects induced by
both M1 and DLPFC/PFC stimulation after the administration
of the noncompetitive NMDA antagonist ketamine (Ciampi de
Andrade et al., 2014). Such findings also point to the association
between rTMS-induced analgesia and long-term potentiation-
or long-term depression-like mechanisms, since NMDA exerts
predominant control over synaptic plasticity and memory
(Tsien, 2000; Li and Tsien, 2009). NMDA receptors could also
be associated with tDCS-induced neuroplasticity (Liebetanz
et al., 2002). The presence of long-term analgesic effects induced
by rTMS (Lefaucheur et al., 2004) and its dependence on the
frequency of stimulation (André-Obadia et al., 2006) support
the presence of neuroplastic changes associated with rTMS.
Indeed, the dependence on the frequency of stimulation used
to induce synaptic plasticity and the duration exceeding the
stimulation period, are characteristics of long-term potentiation
and long-term depression (Cooke and Bliss, 2006). The ability
of the NMDA-receptor antagonist dextromethorphan (DMO) to
suppress the effects of both anodal and cathodal tDCS on cortical
excitability also supports the contribution of NMDA receptors
and synaptic plasticity to the tDCS effects (Liebetanz et al., 2002).

The results of clinical and experimental studies point to
the participation of GABAergic mechanisms in the analgesia
associated with MCS and M1-TMS (Bestmann et al., 2004;
Lucas et al., 2011; Pagano et al., 2012; Cha et al., 2013).
It has been proposed that such effect could be related to
the thalamic modulation produced by M1 stimulation, which
would act through GABA neurotransmission (Moisset et al.,
2015). Moreover, the participation of the reticular formation
components and monoaminergic projections in the analgesia

induced by M1 stimulation has been examined. There is
evidence from experimental models of neuropathic pain that
the antinociception induced by the electrical stimulation of
M1 possibly involves the rostroventromedial medulla as well as
descending serotoninergic pathways (Viisanen and Pertovaara,
2010b). On the other hand, it has been reported that
coeruleospinal noradrenergic pathways are not essential for
this process (Viisanen and Pertovaara, 2010a). Nevertheless,
considering the still limited scientific evidence, further studies
will be necessary to expand the current knowledge regarding the
neurotransmitters involved in MCS and M1 tDCS.

Recently, studies have also been explored the possible
neurochemical actions of tDCS. Proton magnetic resonance
spectroscopy (1H-MRS) studies demonstrated increases in Glx,
a combined marker of glutamine and glutamate, and N-
acetylaspartate (NAA), which is considered to be a measure of
neuronal integrity, in the parietal cortex underneath the anode
(Clark et al., 2011). Another study reported a significant decrease
in Glx levels in the anterior cingulate cortex, related to active
M1-tDCS (when compared to sham stimulation), in a cohort
of fibromyalgia patients. There was also a trend toward an
increase of GABA levels in the anterior insula when comparing
active tDCS to baseline. Interestingly, the same study found
a significant increase in NAA in the posterior insula when
comparing sham tDCS vs. baseline, suggesting the presence
of a placebo effect associated with M1-tDCS (Foerster et al.,
2015).

Placebo is a factor that must always be considered when
analyzing the effects of chronic pain therapies. Although several
clinical trials involving non-invasive brain stimulation for pain
relief have found significant differences between active and sham
stimulation (Fregni et al., 2006a,b; Lee et al., 2012), considering
the major role of the placebo effect for analgesia (Zubieta and
Stohler, 2009) it is certainly possible that placebo might also
play a role in the benefits of M1 stimulation for chronic pain
treatment. This hypothesis has been recently evaluated with TMS
(André-Obadia et al., 2011). The results suggest that the relative
timing of sham and active TMS is an important factor to the
placebo effect driven by this method. It has been demonstrated
that placebo rTMS produces significant analgesia when applied
after a successful active TMS session. Nevertheless, when
following an unsuccessful active TMS session, placebo TMS tends
to worsen pain. Interestingly, pain scores remained unaltered
only when placebo TMS was applied before an active TMS
session. Taken together, those results could reflect an unconscious
conditioned learning related to placebo TMS. Regarding tDCS,
considering that conventional montages produce widespread
electrical current flow, a reasonable hypothesis that has emerged
is that tDCS could reinforce the same brain networks that are
usually activated by the expectations of clinical improvements
(Schambra et al., 2014). This hypothesis would provide an
alternative explanation for the beneficial effects observed with
tDCS in depression studies, especially when a concurrent training
(e.g., cognitive behavioral therapy) was not adopted and therefore
activity-specificity was absent (Brunoni et al., 2012, 2013). In
a recent study, we were able to demonstrate the presence of
changes in the µ-opioid neurotransmission during both active
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FIGURE 1 | Activation of µ-opioid receptors demonstrated with both

sham (A–C) and real (D–F) tDCS (DosSantos et al., 2014).

and sham tDCS in humans. Surprisingly, we found concurrently
(e.g., precuneus and PAG) as well as unrelated (e.g., PFC in
active tDCS and thalamus during sham stimulation) µ-opioid
activation (Figure 1), indicating that both shared and dissimilar
mechanisms can drive the effects of sham and active tDCS in
human subjects (DosSantos et al., 2014). These findings support
the view that an earlier sham stimulation can build-up the effects
of a subsequent active stimulation (DosSantos et al., 2014) and
that heightening patients expectations with a placebo prior to
active stimulation should also be considered (Schambra et al.,
2014).

CONCLUDING REMARKS

Since the serendipitous observation that M1 stimulation
produces significant clinical improvements in chronic
neuropathic pain patients, this cortical region became the
main target of several neuromodulatory techniques devoted
to ameliorating chronic pain in human subjects. In fact, it has

been reported that the stimulation of cortical regions adjacent
to the primary motor cortex fail to produce similar analgesic
effects, confirming the prominent role of M1 stimulation for
pain control. Nevertheless, the intricate neurophysiological
mechanisms that explain the clinical efficacy of M1 stimulation
for pain relief are not completely understood. Evidence from
MCS studies indicates that its analgesic mechanisms involve
the activation of top-down controls related to the excitation
of intracortical horizontal fibers. This concept can also be
applied to TMS. However, results of neuroimaging studies
also suggest that MCS and TMS act through modulation of
deeper and remote brain structures related to pain, such as the
insula, anterior, cingulate cortex, basal ganglia, thalamus, and
brainstem. Interestingly, enhanced current flow in the same

areas has also been demonstrated with tDCS. In addition, the
neurochemical mediation driven by M1 stimulation has been
recently unveiled in studies involving MCS, TMS, and tDCS.
Opioidergic, glutamatergic, GABAergic and serotoninergic
neurotransmissions are now considered components for the
whole process. Nevertheless, there are still questions that must
be answered, including those regarding the participation
of other mechanisms of endogenous pain control, the
clinical relevance of increasing anatomical and functional
specificity in non-invasive procedures, and the presence
and significance of a placebo effect. The answers to these
questions are expected to be among the future perspectives of
the field.
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Repetitive transcranial magnetic stimulation (rTMS) is a safe and painless method for

stimulating cortical neurons. In neurological realm, rTMS has prevalently been applied to

understand pathophysiological mechanisms underlying movement disorders. However,

this tool has also the potential to be translated into a clinically applicable therapeutic

use. Several available studies supported this hypothesis, but differences in protocols,

clinical enrollment, and variability of rTMS effects across individuals complicate better

understanding of efficient clinical protocols. The aim of this present review is to discuss

to what extent the evidence provided by the therapeutic use of rTMSmay be generalized.

In particular, we attempted to define optimal cortical regions and stimulation protocols

that have been demonstrated to maximize the effectiveness seen in the actual literature

for the three most prevalent hyperkinetic movement disorders: Parkinson’s disease (PD)

with levodopa-induced dyskinesias (LIDs), essential tremor (ET) and dystonia. A total of

28 rTMS studies met our search criteria. Despite clinical and methodological differences,

overall these studies demonstrated that therapeutic applications of rTMS to “normalize”

pathologically decreased or increased levels of cortical activity have given moderate

progress in patient’s quality of life. Moreover, the present literature suggests that altered

pathophysiology in hyperkinetic movement disorders establishes motor, premotor or

cerebellar structures as candidate regions to reset cortico-subcortical pathways back

to normal. Although rTMS has the potential to become a powerful tool for ameliorating

the clinical outcome of hyperkinetic neurological patients, until now there is not a clear

consensus on optimal protocols for these motor disorders. Well-controlled multicenter

randomized clinical trials with high numbers of patients are urgently required.

Keywords: rTMS, Parkinson’s disease, levodopa-induced dyskinesias, essential tremor, dystonia

INTRODUCTION

Alteration in dynamics of neural connectivity is the hallmark of motor and behavioral disease
in humans. Brain connectivity affected by functional deficits will either produce exacerbated
or reduced brain signal and thus the observed clinical symptomatology. In the motor domain,
presence of hyperkinetic movement disorders is typically manifested as increased muscular activity
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that leads to involuntary and unwanted movements, abnormal
postures or combination of both. These are present in
several neurological disorders, such as essential tremor (ET),
dystonia, and Parkinson’s disease (PD). In contrast, hypokinetic
movement disorders represent loss of vigor and movement that
produces rigidity and the inability to initiate and terminate
actions efficiently, present in bradykinesia or freezing of gait
in PD. Current treatments are mainly pharmacological, but
recently functional surgery has made progress in remediation
of uncontrolled and unwanted motor disorders (Fasano and
Lozano, 2015).

The basal ganglia are considered the main neurodegenerative
site of hyper- and hypo-kinetic movement (Middleton and
Strick, 2000; Hamani et al., 2004). Due to its strict relationship
with several brain regions, the basal ganglia are considered
the principal hub of the neural pathways involved in motor
control, which included other regions such as the subthalamic
nucleus (STN), globus pallidum (GP), thalamus, together with
the supplementary motor area (SMA), motor cortex (M1),
and frontal regions (Alexander et al., 1986; Kehagia et al.,
2013). In the last few years, advances in the neurophysiological
and neuroimaging fields have provided alternative scenarios
for understanding the neurobiological mechanisms of motor
disorders. Indeed, several lines of evidence support the notion
that others structures, outside traditional striato-thalamo-cortical
pathways, are strongly involved. In particular, the cerebello-
thalamic circuitry (Pinto et al., 2003; Lehéricy et al., 2013) as well
as intra-cortical connections between the premotor cortex and
the inferior frontal cortex (IFC), would seem to play a key role in
the dysfunctional pathophysiological model of some hyperkinetic
motor disorders (Herz et al., 2014; Cerasa et al., 2015).

When traditional treatments fail or do not reach the expected
motor benefit, it is now possible to modulate the pathological
level of cortical activity using invasive methods such as deep
brain stimulation (Diamond and Jankovic, 2005). However,
considerable effort is being made on applying other methods
that are non-invasive, less costly, and capable of producing
beneficial effects in the long-term. The increasing number
of research and clinical protocols using non-invasive brain
stimulation protocols in patients with neurological conditions
show intermixed effects and reports. To date, therapeutic trials
using repetitive transcranial magnetic stimulation (rTMS) in
PD, ET or dystonia have reported some controversial findings.
The use of inhibitory brain stimulation to reduce excessive and
abnormal cortical activity in hyperkinetic motor disorders is a
potential tool to remediate motor control, posture, muscle tone,
and cognitive problems, but considerable effort is needed to test
the multiple available protocols when using brain stimulation
tools in neurological patients (Ridding and Rothwell, 2007; Elahi
et al., 2009).

The present review aims to focus on studies using transcranial
brain stimulation protocols to modulate hyperkinetic
neurological disorders aimed at clarifying the optimal conditions
in which non-invasive stimulation may be used in movement
disorders. We selected studies with constrained search in
PubMed and Medline using as search terms: dyskinesias,
dystonia, and ET in combination with widely used brain

stimulation terms: TMS, rTMS, and TBS, from inception to
September 25, 2015. Publication lists of relevant studies were
later scanned for potential eligible articles. We summarize key
technical aspects of rTMS with effective results for PD, ET,
and dystonia to propose focused research plans to increase the
positive impact of non-invasive brain stimulation in clinical
practice.

rTMS Protocol for Therapeutic Purpose
rTMS has effects on the brain and behavior that outlast the period
of stimulation due to plastic changes of long-term potentiation or
depression in synaptic connections amongst cortical networks.
Regions or networks with suboptimal functioning after brain
damage or neurodegenerative disease are potential candidates for
neuromodulation therapy. So far, the therapeutic use of rTMS has
been proved effective in patients withmajor depression refractory
to regular treatment (George et al., 2013). In neurological realm,
movement disorders has received much attention with regard
to rTMS therapeutic studies. However, experiments in healthy
subjects suggest that rTMS protocols have short-lived after-
effects. Hence, clinical neuroscience encounters a challenge with
aim boosting longer time-periods of beneficial effects in patient’s
quality of life.

Despite illness, several rTMS protocols may be used for
therapeutic purpose (for review see Ridding and Rothwell, 2007).
The key aspect to consider is how to prolong rTMS positive
effects in clinical conditions and quality of life. Current rTMS
protocols apply low frequency (<1Hz) or high frequency (>1Hz),
as well as single rTMS ormultiple rTMS sessions. Generally, high
frequency stimulation induces an increase in cortical excitability
and low frequency stimulation causes a decrease in cortical
excitability. To benefit plastic and long-term rTMS potentiation,
multiple sessions tend to show stronger and cumulative effects in
clinical and behavioral measures. An alternative use of rTMS is
theta burst stimulation (TBS), consisting of short, repeated bursts
of TMS pulses at 50Hz (Huang et al., 2005). Again, the use of
TBS allows decrease (using continuous TBS) or increase (using
intermittent TBS) of cortical excitability using different sets of
magnetic trains.

The fact that cortical baseline activity may be either
hyperexcitable or hypoexcitable has formed the idea of using
low-frequency rTMS to treat disorders with marked cortical
hyperexcitability, while using high frequency rTMS in conditions
with low cortical excitability. For this reason, in hyperkinetic
motor disorders the rationale behind the application of rTMS
protocol is to reduce abnormal cortical hyperexcitability,
although this is not true in all the circumstances as it depends
on several methodological and clinical factors, discussed in the
present review.

THERAPEUTIC POTENTIAL OF rTMS IN
PARKINSON’S DISEASE PATIENTS

PD is primarily a disorder of response initiation characterized
by an excessive motor inhibition. In particular, bradykinesia
(slowness of voluntary movements), tremor, rigidity, and gait
problems are cardinal motor signs in PD, greatly improved by
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treatments with dopamine replacement therapy. However, PD-
related neurochemical changes are long-lasting and difficult to
contrast by pharmacological interventions. For this reason, new
treatment strategies have been proposed. rTMS has been studied
as an intervention to ameliorate motor symptoms (Edwards et al.,
2008; Elahi et al., 2009), including rigidity and bradykinesia,
motor complications of therapy (e.g., dyskinesias) and non-
motor symptoms, mainly depression and speech (Lefaucheur
et al., 2004). Despite a large heterogeneity among these studies
(Koch, 2013), it was proposed that high frequency rTMS (i.e.,
5Hz) applied over M1 could turn as a gold-standard use in PD
to significantly reduce motor signs as measured by UPDRS-III
(Elahi et al., 2009). Moreover, the diverse results provided by the
literature indicate updating in future interventions, which will
necessitate separation of PDmotor signs in an attempt to separate
the diverse pathophysiology present in tremor, bradykinesia,
rigidity, and gait problems. In case where such separation turns
successful, perhaps we could foresee new ways of understanding
and treating PD symptoms alternatively.

rTMS in Parkinson’s Disease Patients with
Levodopa-Induced Dyskinesias
Nowadays, treating secondary motor signs related to PD
treatments is a possibility based on clear pathophysiological
models to reach effective targets. Despite pharmacological or
non-pharmacological interventions, after 4–6 years of levodopa
therapy, a significant proportion of patients exhibit a decline in
the therapeutic efficacy of levodopa and develop disabling motor
symptoms, termed levodopa-induced dyskinesias (LIDs). The
time-to-onset and severity of this motor complication show large
individual variability thus limiting the long-term use of levodopa
and clinical strategies aimed at reducing LIDs manifestation.

In the last few years, a considerable effort has been
made to understand the neurobiological basis of this motor
complication. LIDs are classically ascribed to the degree of
nigrostriatal neurodegeneration and striatal changes associated
with chronic levodopa therapy (Obeso et al., 2000). These
interact to induce maladaptive striatal plasticity, which has the
effect of altering neuronal activity in striato-pallidal circuits.
The pioneering works of Rascol et al. (1998) and Brooks et al.
(2000) demonstrated in vivo that these abnormal neuronal firing
patterns extended on the brain cortex mainly including the
sensorimotor areas of the cortico-basal ganglia loop.

After these first functional neuroimaging studies, for a
long time no additional neuroimaging investigations have
been performed on LIDs patients. From 2010 to date, new
functional and structural neuroimaging studies have shed new
light on the pathophysiological mechanisms underlying LIDs
suggesting that that LIDs-related symptoms may originate in
brain network beyond the “classical” basal ganglia dysfunctional
model, including cortical regions strongly involved in motor
inhibition processes. Indeed, what has clearly been demonstrated
was that PD patients with LIDs are characterized by dysfunctional
coupling between the prefrontal cortex, including the right IFC
and the SMA and basal ganglia measured at rest (Cerasa et al.,
2015), during a simple finger-tapping task (Cerasa et al., 2012) or
during a GoNo-Go task (Herz et al., 2014, 2015). Moreover, these

functional abnormalities in LIDs patients were also mirrored
by abnormal anatomical changes detected in the SMA and IFC
(Cerasa et al., 2011, 2013a,b). These findings have already raised
an interesting scientific debate on the toxic effects of levodopa
on brain morphometry (Vernon and Modo, 2012; Cerasa et al.,
2014) and on the hypothetical role of the prefrontal cortex as a
new target for brain stimulation useful to decrease the severity
of LIDs (Cerasa and Quattrone, 2014a,b; Obeso and Strafella,
2014a,b; Rothwell and Obeso, 2015), seen to improve motor
inhibition due to compensatory processes of interconnected
regions (Obeso et al., 2013; Zandbelt et al., 2013).

Indeed, to treat secondary effects of principal treatments in
PD such as LIDs is also an actual necessity and priority. Guided
by imaging results, rTMS over regions showing functional
overactivity in LIDs was reported either over the SMA (Koch
et al., 2005; Brusa et al., 2006) or over the IFC (Cerasa et al.,
2015) (Table 1). Otherwise, no significant or moderate effects
emerged when TMS protocol was applied over the primary
motor cortex (Wagle-Shukla et al., 2007; Filipovic et al., 2009;
Kodama et al., 2011; Filipović et al., 2013; Cerasa et al., 2015). In
particular, the Koch’s group was the first in using rTMS approach
with therapeutical purpose (Koch et al., 2005). In 2005, they
demonstrated that one single session of rTMS at low frequency
(1Hz) over the SMA produced significant motor improvements
in eight patients with LIDs. The rationale behind the choice to
stimulate SMA is based either on previous neuroimaging findings
describing functional overactivity in this region (Rascol et al.,
1998; Brooks et al., 2000) or on the notion that repeated sessions
of premotor cortex stimulation induces cumulative changes in
the excitability over the primary motor cortex (Bäumer et al.,
2003). With this in mind, Brusa et al. (2006) tried to translate
this single TMS protocol in a prolonged therapeutic session (5
days), failing to demonstrate a clear beneficial effect. Contrarily,
prolonged session (2 weeks) applied on the bilateral cerebellar
cortex using high frequency (50Hz) cTBS, showed persistent
clinical beneficial effects in LIDs patients for up to 4 weeks
(Koch et al., 2009). To explain this discrepancy, these authors
proposed that this might be dependent upon the fact that the
cerebellum has greater plastic mechanisms involved in motor
learning (Ito, 2008) compared to SMA and therefore could
be susceptible to more sustained rTMS-induced changes, thus
leading to marked clinical beneficial effects. Moreover, recent
evidence suggested a causal role of the effective cerebello-cortical
connectivity in motor inhibition (Picazio and Koch, 2015), a
cognitive domain strongly involved in the pathophysiological
mechanisms of LIDs (Cerasa et al., 2015). The intimate link
between motor inhibition and LIDs has also been confirmed in
a recent study (Cerasa et al., 2015) where it was demonstrated
that a single session of continuous but not intermittent or sham
TBS applied over the right IFC was able to significantly reduce
the amount of dyskinesias as measured by the conventional
abnormal involuntary movement scale (AIMS).

The primary goal of the motor inhibition system (mainly
composed by STN, basal ganglia, SMA, and IFC) is to
control/modulate the primary motor output pathway. Idiopathic
PD is primarily a disorder of response initiation characterized
by an excessive motor inhibition (i.e., akinesia, bradykinesia),
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TABLE 1 | rTMS application on PD with LIDs.

References Sample TMS protocol Anatomical

localization

Main findings

Koch et al., 2005 8 Dyskinetic PD Single Session rTMS train at 1Hz

or 5Hz

SMA Single Session Low frequency (1Hz): reduced

AIMS after 15min

Single Session High frequency (5Hz): induced

a slight but not significant effect

Brusa et al., 2006 10 Dyskinetic PD Single and Prolonged (5 days)

sessions rTMS train at 1Hz

SMA Single Session Low frequency (1Hz): reduced

AIMS and improved UPDRS scores after 15min

Prolonged Session Low frequency (1Hz): failed

to enhance beneficial effects

Wagle-Shukla et al., 2007 6 Dyskinetic PD Prolonged (2 weeks) sessions

rTMS train at 1Hz

M1 Prolonged Session Low frequency (1Hz):

induced a slight but not significant effect

Filipovic et al., 2009 10 Dyskinetic PD Prolonged (4 days) sessions

rTMS train at 1Hz

M1 Prolonged Session Low frequency (1Hz):

induced a modest beneficial effect

Kodama et al., 2011 Case Report PD with painful

off-period dystonia

Single Session rTMS train at

0.9Hz

M1 Single Session Low frequency over M1:

reduced painful dystonia and walking

disturbances

SMA Single Session Low frequency over SMA:

induced no significant effects

Filipović et al., 2013 Case Report PD with diphasic

dyskinesia

Prolonged (4 days) sessions

rTMS train at 1Hz

M1 Prolonged Session Low frequency (1Hz):

yielded beneficial effects in the upper limb

Koch et al., 2009 10 Dyskinetic PD Prolonged (2 weeks) sessions

cTBS 3 pulse bursts at 50Hz

Cerebellum Prolonged Session High frequency (50Hz):

yielded beneficial effects

Cerasa et al., 2015 11 Dyskinetic PD Single Session cTBS 3 pulse

bursts at 50Hz

Right Inferior

Frontal Cortex

Single Session High frequency (50Hz): reduced

AIMS after 45min

M1 Single Session High frequency (50Hz): failed to

enhance beneficial effects

PD, Parkinson’s disease; LIDs, Levodopa-Induced Dyskinesias; SMA, Supplementary Motor Area; M1, Primary motor cortex; rTMS, repetitive Transcranial Magnetic Stimulation; iTBS,

intermittent theta burst Transcranial Magnetic Stimulation; cTBS, continuous theta burst Transcranial Magnetic Stimulation; AIMS, Abnormal Involuntary Movement Scale.

whereas LIDs are clearly a clinical expression of disinhibition of
movement. For this reason, the recent neuroimaging evidence
strongly supports the idea that dysfunctions of the primary
motor system in LIDs patients are related to that of motor
inhibition pathway. However, it remains to be clarified why
clinical beneficial effects are evident after rTMS over the cortical
regions involved in the motor inhibition system (SMA and IFC),
whereas brain stimulation on the primarymotor cortex produced
conflicting results (Wagle-Shukla et al., 2007). Indeed, Wagle-
Shukla et al. (2007), using a prolonged session (2 weeks) of
low frequency (1HZ) rTMS over the primary motor cortex, did
not report evident clinical improvements in 6 PD patients with
LIDs. This preliminary evidence has also been confirmed in a
recent study (Cerasa et al., 2015), despite the employment of a
different TMS protocol [single session high-frequency (50Hz)
cTBS]. Three additional studies, otherwise, reported moderate
evidence about the role of the primary motor cortex as potential
stimulation site for LID treatment. First, Filipovic et al. (2009),
using low-frequency rTMS (1Hz) for 4 consecutive days in
10 PD patients with LIDs, reported residual beneficial clinical
effects in dyskinesia severity. With the same TMS protocol,

these authors found an increased beneficial effect also in one
PD patient with diphasic dyskinesia, which is far less studied
than more common peak-of-dose dyskinesias (Filipović et al.,
2013). Finally, in another case report, 0.9Hz rTMS over primary
motor area significantly reduced the painful dystonia andwalking
disturbances in one dyskinetic patient with painful off-period
dystonia (Kodama et al., 2011).

To sum up, the current literature on therapeutic trials of rTMS
in PD patients with LIDs is in its relative infancy, and nowadays
there is insufficient information to support evidence-based
clinical protocols. However, the search for the most effective
protocol leads us to the conclusion that brain stimulation on
cortical regions part of the motor inhibition network (IFC, SMA,
and cerebellum) might be highly promising as therapeutical sites
for treatment of LID. Otherwise, evidence provided by rTMS
over the primary motor cortex requires further confirmation.
Indeed, while in idiopathic PD a plethora of studies demonstrated
the beneficial effects on motor symptoms after high-frequency
stimulation of the primary motor cortex (Edwards et al., 2008),
in dyskinetic patients the high clinical heterogeneity, as well as
variability in TMS protocols prevents us from making a general
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conclusion about these findings. The lack of consistency is also
dependent upon the fact that advanced neuroimaging has not yet
clarified how levodopa influences neurofunctional activity in the
motor cortex.

THE POTENTIAL USE OF rTMS TO TREAT
DYSTONIA

Dystonia is a hyperkinetic movement disorder mainly
characterized by excessive and painful muscle contraction
producing muscle twists, abnormal posture, and inefficient
moves. Body limbs involved in such muscles alteration classify
the diverse types of dystonia. Focal dystonia are those where
abnormal participation of muscles and gestures give raise to
painful postures within an isolated body region. Meanwhile,
segmental dystonia must involve two or more adjacent body
regions and generalized dystonia, which affects upper and lower
limbs of the body (Marsden, 1976). According to its etiology,
dystonia can be divided into primary dystonia, dystonia plus
syndrome or secondary dystonia (Marsden, 1976). Primary
dystonia corresponds to those patients showing no brain lesions
as revealed by structural MRI scans. It is well known that
primary dystonia can be task-specific, altering movements
involved in fine motor control (such as writer’s cramp), speaking
(dysphonia), playing piano, or running (Breakefield et al., 2008).
This dystonia form may be idiopathic or genetic, based on a
variety of more than 30 genes involved in the disease (Bragg et al.,
2011). Secondary dystonia results from stroke or traumatic brain
injury or induced by certain treatments thus has a certain origin.
However, the causes of most dystonia are unknown but some
monogenic subtype alterations (in DYT1, DYT6, or DYT13) are
considered potentially relevant in developing dystonic motor
symptoms (Bragg et al., 2011).

Considering the etiology heterogeneity in dystonia, its
pathophysiological model may vary across dystonia subtypes.
Based on clinico-pathological studies in patients with
symptomatic dystonia (Marsden et al., 1985) and intracranial
recordings from the GPi and thalamus (Vitek et al., 1999;
Zhuang et al., 2004), dystonia is considered a basal ganglia
disorder (Berardelli et al., 1998; Zheng et al., 2012). Indeed,
DBS produces a significant positive response over the GPi
(Vidailhet et al., 2005) and reduces metabolic activity over
important cortical regions part of fronto-striatal loops [i.e., the
dorsolateral prefrontal cortex (DLPFC) or the orbitofrontal
cortex (OFC); Detante et al., 2004]. Recent findings from
neuropathological data show in a large cohort of adult and child
dystonia significant reductions of substantia nigra neurons as
compared to controls (Iacono et al., 2015). This evidence has
also been confirmed by positron emission tomography (PET)
studies. Indeed, using dopaminergic markers at rest, some
groups have pinpointed cell loss over striatal and cortical regions
in primary dystonia (Otsuka et al., 1992; Berman et al., 2013).
Moreover, increased glucose metabolism over the lentiform
nucleus and cortical motor regions including SMA, lateral
premotor cortex, anterior cingulate cortex (ACC), and DLPFC
have also been reported in primary dystonia (Eidelberg et al.,

1995; Odergren et al., 1998; Ibáñez et al., 1999; Pujol et al., 2000;
Oga et al., 2002; Butterworth et al., 2003; Lerner et al., 2004).
Functional alterations in dystonic patients were also coupled
by underlying anatomical brain abnormalities. Indeed, patients
with cervical dystonia, blepharospasm, or writer’s cramp are
characterized by anatomical changes in the basal ganglia, motor
and premotor cortices, cerebellum and SMA (Eidelberg et al.,
1995; Berardelli et al., 1998; Draganski et al., 2003; Zheng et al.,
2012).

However, dystonia is not only considered to be dependent
upon the basal ganglia-thalamo-cortical pathway (Breakefield
et al., 2008), but recent evidence strongly highlights the
involvement of the cerebellar cortex and its direct connections
with the motor cortex (Lehéricy et al., 2013; Neumann et al.,
2015). Cerebellar modulation over motor cortex seems to
be compromised in dystonia patients and M1 excitability
(i.e., intra-cortical facilitation) seems responsive to cerebellar
rTMS (Brighina et al., 2009). However, it should bear in
mind that although dystonic patients are not characterized by
evident cerebellar motor signs (i.e., loss of balance or frequent
falling), it has been proposed that the cerebellum in dystonia
patients might be involved in compensatory modulation of
the abnormal activity detected in the motor cortex, or as a
potential effective input to modulate basal ganglia dysfunctional
state (Wu and Hallett, 2013). Moreover, previous evidence
points to altered cerebellar activation along the inhibitory motor
circuits in dystonia (Huang et al., 2011; Koch et al., 2014), thus
increasing the probability of such loops as potential candidate for
neuromodulation.

The role of cortico-striatal and cerebellar-thalamo-
cortical loops in dystonia, thus support two open accesses
to cortical neuromodulation over motor, premotor, or cerebellar
targets. The target location problem in dystonia seems rather
straightforward based on current pathophysiological knowledge.
So far, studies using rTMS to treat dystonia motor signs have
reported beneficial clinical effects when targeting stimulation
to motor (Odergren et al., 1998; Ibáñez et al., 1999; Pujol et al.,
2000; Oga et al., 2002; Butterworth et al., 2003; Lerner et al., 2004;
Murase et al., 2005; Allam et al., 2007; Angelakis et al., 2013;
Berman et al., 2013) or somatosensory regions (Borich et al.,
2009; Havrankova et al., 2010), but less clinical beneficial effects
after cerebellar stimulation (Koch et al., 2014; Sadnicka et al.,
2014) (see Table 2). Positive and acute effects after cerebellar
stimulation in one study (Koch et al., 2014) offer new insights
to further assess stimulation protocols with aim maintenance
of prolonged positive effects (although not every study assessed
long-term effects, Table 2). However, the gold-standard in
dystonia seems to be targeting motor regions that produce
functional changes over basal ganglia (Bharath et al., 2015).

The apparent efficient parameters to find positive results
in dystonia seem to be closely associated to the number of
stimulation sessions. Some single session studies have shown
effective results (Murase et al., 2005; Tyvaert et al., 2006; Furuya
et al., 2014) but are less persistent across time. This single session
protocols stimulating premotor regions (at low frequencies)
reported motor improvement (hand writing) in focal hand
dystonia patients (Siebner et al., 1999; Lefaucheur et al., 2004;
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TABLE 2 | rTMS application on dystonia.

References Sample TMS Protocol Anatomical

localization

Main findings

Siebner et al.,

1999

16 WC Single session rTMS at 1Hz,

placebo controlled

M1 Single session yielded positive results as measured

by pen pressure reductions and self-reported

improvement

Lefaucheur

et al., 2004

3 secondary

dystonia

Prolonged sessions (5

consecutive days) rTMS at 1Hz

Premotor Prolonged session yielded positive results in

movement rating scale and decrease in painful axial

spams

Murase et al.,

2005

9 WC Single session (1 day) rTMS at

0.2Hz

Premotor Single session yielded positive results over premotor

site, in decrease contraction and pen pressureSMA

M1

Tyvaert et al.,

2006

8 WC Single session (1 day) rTMS at

1Hz

Premotor Single session yielded positive results in handwriting

velocity and decreased discomfort

Allam et al.,

2007

1 cervical

dyst./WC

Prolonged sessions (5

consecutive days) rTMS at 1Hz

Premotor Prolonged session yielded positive results in a single

case study in cervical dystonia

Borich et al.,

2009

6 FHD Prolonged sessions (5

consecutive days) rTMS at 1Hz

Premotor Prolonged session rTMS yielded reduced cortical

excitability and improved handwriting performance

were observed and maintained at least 10 days9 HC

Havrankova

et al., 2010

20 WC Prolonged sessions (5

consecutive days) rTMS at 1Hz

Somatosensory Prolonged sessions yielded positive results in

subjective and objective writing maintained for

3-week time period

Schneider

et al., 2010

5 WC Single session (1 day) rTMS train

at 5Hz fMRI pre vs. post rTMS

Somatosensory Single session no effects in frequency discrimination

task in patients linked to decrease in GPi5 HC

Benninger

et al., 2011

12 FHD (6

sham)

Prolonged sessions (3 in 1 week)

Cathodal tDCS

M1 contralateral

to FHD

Prolonged sessions of tDCS yielded no positive

effects in clinical measures nor handwriting and

cortical excitability

Kimberley

et al., 2013

12 FHD Prolonged session (5 days) at

1Hz rTMS

Dorsal premotor Prolonged sessions yielded beneficial effects in pen

force at day 1 and 5

Furuya et al.,

2014

10 FHC

(pianists)

Single session of tDCS (cathodal

or anodal over affected or

unaffected side)

M1 Single session yielded rhythm sequence

improvement using cathodal tDCS over affected

cortex10 HC

Sadnicka

et al., 2014

10 WC Single session anodal tDCS

(sham controlled)

Cerebellum Single session tDCS revealed no positive effects in

clinical measures

Koch et al.,

2014

18 cervical

dystonia

Prolonged sessions (2 weeks)

cTBS

Bilateral

cerebellum

Prolonged sessions yielded positive acute results

(immediate effect after 2-week cTBS) in clinical

scales

Bharath et al.,

2015

19 WC

20 HC

Single session (1 day) rTMS train

at 1Hz; fMRI pre vs. post

Premotor Single session reduction in left cerebellum,

thalamus, globus pallidus, putamen, bilateral

supplementary motor area, medial prefrontal lobe

WC, writer’s cramp; HC, healthy controls; FHD, focal hand dystonia; ICD, Idiopathic cervical dystonia; CD, cerebellar dystonia; cTBS, continuous theta burst stimulation; rTMS, repetitive

transcranial magnetic stimulation; tACS, transcranial alternating current stimulation; AMT, active motor threshold; tDCS, transcranial direct current stimulation; M1, primary motor cortex;

SMA, supplementary motor area.

Murase et al., 2005). Others reported beneficial clinical effects,
as measured by subjective clinical evaluations using 1Hz rTMS
(Murase et al., 2005; Tyvaert et al., 2006), but not always single
session turns useful in dystonia (using 5Hz rTMS; Schneider
et al., 2010). Moreover, single sessions are influenced by patient’s

expectancy or state-dependent effects. Studies that opted for
multiple sessions (5 consecutive days) however provide positive
and promising results in clinical terms (Lefaucheur et al., 2004;
Borich et al., 2009; Angelakis et al., 2013; Kimberley et al.,
2013; Koch et al., 2014). Following multiple sessions rTMS,
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TABLE 3 | rTMS application on essential tremor.

References Sample TMS protocol Anatomical

localization

Main findings

Gironell et al.,

2002

10 ET Single sessions (2 days) Active vs.

sham

Cerebellum Single session acute rTMS beneficial effects on tremor,

dissipated in 1 h

rTMS train at 1Hz

Avanzino

et al., 2009

15 ET Single session Right

cerebellum

Single session rTMS yielded beneficial effects on tremor

11 HC rTMS train at 1Hz

Hellriegel

et al., 2012

10 ET Single sessions (2 days) cTBS 3

pulse bursts at 50Hz

Left M1 Single session cTBS M1 produced subclinical beneficial

effects

10 HC 80 vs. 30% AMT

Popa et al.,

2013

11 ET Prolonged sessions (5 consecutive

days)

Bilateral

cerebellum

Prolonged Session rTMS yielded beneficial effects on

tremor during 3 weeks

rTMS train at 1Hz

Chuang et al.,

2014

13 ET Single sessions (3 days) cTBS 3

pulse bursts at 50Hz

M1, premotor

and sham

Single session cTBS modulated cortical excitability for

shorter duration in ET patients18 HC

ET, essential tremor; HC, healthy controls; cTBS, continuous theta burst stimulation; rTMS, repetitive transcranial magnetic stimulation; AMT, active motor threshold; M1, primary motor

cortex.

plastic changes in dystonic patients lasted 10 days post-treatment
(Borich et al., 2009) and importantly, subjective perception of
well-being was maintained for a 3-week period (Havrankova
et al., 2010). Others reported only acute amelioration of dystonic
signs after cTBS, however after cerebellar stimulation (Koch
et al., 2014) thus suggesting premotor regions as responsive for
multiple neuromodulation sessions in dystonia.

Regarding rTMS stimulation protocols, the disparity in
frequency of stimulation (i.e., low vs. high frequencies) is a
solid factor of variability in the current literature. Most of
the available literature reports low frequencies (see Table 3),
although higher ones, i.e., cTBS, do produce enhanced clinical
effects. In Koch et al. (2014), 2-week of TBS applied bilaterally
over the cerebellumwas compared against a shamTBS condition.
Patients under the active stimulation showed ameliorated clinical
conditions acutely, but not persistently, with a marked decrease
in muscle contraction evaluated by a blinded neurologist. In
a similar protocol, following 1Hz rTMS applied over the left
somatosensory parietal region inWC patients (Havrankova et al.,
2010), patients showed subjective and objective improvements
in writing quality during a 3-week time period. Similarly, using
1Hz rTMS over dorsal premotor area produced positive results
in pen force use and general patients mobility (Kimberley et al.,
2013). Such increment in patients response to rTMS may be
driven by the fact that low frequency rTMS seems to modulate
somatosensory integration in patients with dystonia and WC
(Bäumer et al., 2007). Thus, the working hypothesis is that use
of repeated sessions may induce cortical plasticity that induces
facilitation of sensory outputs or facilitation of contralateral
hemisphere (Bharath et al., 2015) to control motor functions.
Further evidence is urgently needed to confirm the use of
multiple rTMS sessions and to determine ways of prolonging its
duration.

Stimulation over cortical premotor and motor regions
connecting with basal ganglia renders a potential treatment in
dystonia characterized by functional and compensatory changes
in the subcortical regions. Still, greater accuracy in the protocols
used to induce subcortical changes are needed. TMS studies
trying to induce enhancement of dystonic signs have mostly
tackled regions part of the basal ganglia motor loops, i.e., motor,
premotor, SMA, and somatosensory regions. The necessity to test
alternative TMS protocols under different dystonic symptoms or
use stimulation techniques in combination with medication or
rehabilitation is obvious.

TURNING DOWN HYPERACTIVE
CEREBELLO-THALAMIC LOOPS IN
ESSENTIAL TREMOR WITH rTMS

ET is a hyperkinetic motor disorder that affects one or more body
parts by inducing involuntary and rhythmic movements. This
may occur in a single limb or at any body part, such as a chin or
head with larger prevalence in upper limbs (Helmich et al., 2013).
Typically, is presented while moving, bilaterally or kinetic tremor
that is visible and persistent. Today, the use of pharmacological
in treatment of ET remains poor and unsatisfactory (Louis,
2015). In contrast, surgical treatment is effective in reducing
hand tremor in 95% of patients and improved function in 74%,
however with added potential risks being an invasive approach
(Sandvik et al., 2012).

ET has been associated with altered oscillatory activity in
the motor loop involving the cerebello-thalamo-cortical network
(Pinto et al., 2003). Several imaging and animal evidence are
in keeping with this view of the disease. Indeed, dysfunctional
activities (measured as fMRI or PET) and anatomical changes
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FIGURE 1 | Optimal brain targets of stimulation for therapeutic

purposes. rTMS targeting the premotor regions and supplementary motor

area (SMA, colored in blue) has been demonstrated as the most plausible site

of stimulation for reducing hyperkinetic motor disorders in PD patients with

levodopa-induced dyskinesias. Moreover, either the premotor or the primary

motor cortices (colored in red) are the most frequently used cortical targets for

dystonic patients. Finally, based on the literature, the cerebellum (colored in

green) has been proposed as the best target for maximizing the effectiveness

of rTMS in patients with essential tremor. Of interest, the premotor region is an

effective region for two hyperkinetic disorders: dyskinesias and dystonia

(colored in red/blue). Figure summarizes (Koch et al., 2005; Brusa et al., 2006;

Tyvaert et al., 2006; Popa et al., 2013).

(gray and white matter atrophies) have been found in the well-
known tremor network (Hallett, 2014), as well as in a plethora of
other brain regions involving M1, GPi, thalamus, or cerebellum
(Passamonti et al., 2011). However, both functional and structural
imaging studies reported convergent findings about the role of
the cerebellum as the most consistent area of pathology in ET.
This hypothesis has also been confirmed by recent post-mortem
studies (Louis et al., 2007, 2011) where it was demonstrated that
the average amount of cerebellar Purkinje cells is reduced 25% in
tremor patients compared to controls.

Either motor or cerebellum regions are the main target
regions to use in neuromodulation for ET. This is mainly guided
following results from cortical infarction over motor regions, in
which ET motor signs disappeared (Le Pira et al., 2004; Kim
et al., 2006). Similarly, single magnetic pulses over M1 seemed to
modulate postural tremor in PD patients (Pascual-Leone et al.,
1994). These results are in part explained by the correlated
frequencies in hand tremor and cortical activity (Hellwig et al.,
2001). Yet, rTMS studies trying to apply long-lasting modulatory
stimulation in ET have focused over cerebellum andM1 (Gironell
et al., 2002, 2014; Avanzino et al., 2009; Hellriegel et al., 2012;
Popa et al., 2013; Chuang et al., 2014).

Overall, four studies reported positive anti-tremoric effects
using prolonged sessions of rTMS, for a time-period of 3 weeks
in ET patients refractory to medical treatment (see Table 3).
Beneficial clinical effects assessed by a tremor rating scale (Fahn-
Tolosa-Marin tremor scale) were shown as acute and lasting

reductions in tremor amplitude and substantial improvement
in functional disability (drawing, writing) after rTMS (Popa
et al., 2013). Moreover, baseline functional connectivity showed
impaired activity in the cerebello-thalamic-cortical loop, a
dysfunction that was reset back to near normal levels after rTMS
(Popa et al., 2013). The lack of a sham group leaves their results
as pending to rule out possible placebo effects.

Historically, the first rTMS application on ET patients was
performed by Gironell et al. (2002), who reported acute positive
effects after a single session of 1Hz rTMS over the cerebellum.
The study was double blind, crossover, and placebo-controlled
design. Their results were significant just in acute evaluation on
subjective assessments performed by patients. The nature of their
study was exploratory with limited sample size and makes results
hard to interpret due to its moderate and transient effects. Next,
a second study (Avanzino et al., 2009) using a single session
of unilateral 1Hz cerebellar TMS stimulation, also reported
a transient improvement in motor scores evaluated using a
tapping task. However, no translational results into clinical scores
were found. By contrast, inhibitory cTBS of the left primary
motor hand area for 2 consecutive days yielded significant
motor benefits by reducing tremor total power, assessed with an
accelerometer (Hellriegel et al., 2012). Similarly, Chuang et al.
(2014) were interested to alter motor cortical dysfunction in ET
by applying cTBS over the primary motor and premotor cortices.
They found that cTBS was capable of producing a suppressive
effect on motor cortical excitability in ET patients, but the
effects lasted for a significantly shorter time compared with
the effect produced in healthy individuals. Clinically speaking,
tremor amplitude was decreased significantly after cTBS but the
tremor frequency remained unchanged. The authors concluded
that inhibitory circuits within the motor cortex are aberrant and
less modifiable in ET patients.

Mechanistically, cerebellar rTMS seems to turn back-to-
normal the altered activity in tremor by re-establishing an
appropriate synaptic plasticity involved in programming of
motor plans (Ito, 2008), resulting in the most plausible
candidate target for ET. It turns, thus, possible to boost tremor
sign reduction using rTMS protocols with bilateral cerebellar
stimulation and low frequency types under multiple rTMS
sessions.

CONCLUSIONS

The results of this systematic review show that there was not
a clear consensus on optimal protocols to be used for these
motor disorders. Future studies are key to consolidate the use
of rTMS in this clinical context in order to reduce hyperkinetic
brain dysfunctions. However, some positive results give clinical
researchers hints of effective neuromodulatory paradigms and
uses. Beneficial effects will most likely be boosted if: (i) prolonged
sessions are possible, (ii) the use of low frequency rTMS
(i.e., 1Hz), (iii) samples selection restricted to those patients
refractory to regular medical treatment, and (iv) choosing the
adequate target based on known cortical regions altered in
pathophysiological models. Figure 1 represents a summary of
candidate regions for treating hyperkinetic dysfunction based on
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the present literature. Optimal cortical regions that have been
demonstrated to maximize the effectiveness of rTMS protocols
are: (i) the premotor cortex and SMA for dyskinesias in PD; (ii)
the motor and premotor cortices for dystonic patients; and (iii)
the cerebellum for patients with ET.

Still, basic procedures or techniques, such as cTBS in tremor
or combined therapies (different motor rehabilitation programs
and rTMS) have not yet been applied in these disorders. Also, if
rTMS protocols are used with patient samples grouped by disease
onset and symptom type we may expand knowledge on patient-
dependent states and how TMS may modulate differently at each
disease stage or symptomatology.

The reader should also note that in this review we neglected
some other important hyperkinetic movement disorders such
as, Huntington’s disease and Tourette syndrome. With respect
to Huntington’s disease where the application of rTMS for
therapeutic purpose is in its relative infancy (Berardelli and
Suppa, 2013; Philpott et al., 2013), the large amount of works

in psychiatric realm supported the notion that non-invasive
brain stimulation is widely recognized as a alternative non-
pharmacological approach for decreasing the frequency and
intensity of tics in patients with Tourette syndrome (Bloch et al.,
2014).

To sum up, the current literature on therapeutic trials of rTMS
in hyperkinetic movement disorders patients is still ambiguous,
and there is need of well-controlled multicenter randomized
clinical trials to define the most effective protocol. However,
advancements in technology, as well as, in pathophysiological
understanding will improve the effectiveness of this safe
and potentially therapeutic option in hyperkinetic movement
disorder patients.
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Quantitative electroencephalography (qEEG) showed that Alzheimer’s disease (AD)

is characterized by increased theta power, decreased alpha and beta power, and

decreased coherence in the alpha and theta band in posterior regions. These

abnormalities are thought to be associated with functional disconnections among

cortical areas, death of cortical neurons, axonal pathology, and cholinergic deficits.

Since transcranial Direct Current Stimulation (tDCS) over the temporo-parietal area

is thought to have beneficial effects in patients with AD, in this study we aimed to

investigate whether tDCS benefits are related to tDCS-induced changes in cortical

activity, as represented by qEEG. A weak anodal current (1.5 mA, 15 min) was

delivered bilaterally over the temporal-parietal lobe to seven subjects with probable

AD (Mini-Mental State Examination, MMSE score >20). EEG (21 electrodes, 10–20

international system) was recorded for 5 min with eyes closed before (baseline, t0)

and 30 min after anodal and cathodal tDCS ended (t1). At the same time points,

patients performed aWord Recognition Task (WRT) to assess workingmemory functions.

The spectral power and the inter- and intra-hemispheric EEG coherence in different

frequency bands (e.g., low frequencies, including delta and theta; high frequencies,

including alpha and beta) were calculated for each subject at t0 and t1. tDCS-induced

changes in EEG neurophysiological markers were correlated with the performance

of patients at the WRT. At baseline, qEEG features in AD patients confirmed that

the decreased high frequency power was correlated with lower MMSE. After anodal

tDCS, we observed an increase in the high-frequency power in the temporo-parietal

area and an increase in the temporo-parieto-occipital coherence that correlated with

the improvement at the WRT. In addition, cathodal tDCS produced a non-specific

effect of decreased theta power all over the scalp that was not correlated with the

clinical observation at the WRT. Our findings disclosed that tDCS induces significant

modulations in the cortical EEG activity in AD patients. The abnormal pattern of EEG

activity observed in AD during memory processing is partially reversed by applying anodal
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tDCS, suggesting that anodal tDCS benefits in AD patients during working memory tasks

are supported by the modulation of cortical activity.

Keywords: transcranial Direct Current Stimulation (tDCS), neuromodulation, Alzheimer’s disease, quantitative

EEG, coherence, spectral analysis

INTRODUCTION

Alzheimer’s disease (AD) is a neurological disorder characterized
by memory loss, severe intellectual impairment, and widespread
cortical atrophy mainly localized in temporal-parietal (TP) lobe
(Guze et al., 1991; Scarpini and Cogiamanian, 2003; Migliaccio
et al., 2012). Morphological and functional data point out an
early involvement of the temporal mesial areas followed by a
progressive spread to the fronto-temporo-parietal areas with
relative maintenance of the primary motor cortex (Kesslak
et al., 1991; Braak et al., 1996; Karas et al., 2003). Functional
neuroimaging studies showed a decreased metabolic activity in
these areas (Haxby et al., 1987; Biegon et al., 1994; De Santi
et al., 2001; Ewers et al., 2011). Brain tissue in AD patients
is characterized by an increase of oxidative stress (OxS), with
damage to proteins, lipids, and DNA oxidation/glycoxidation
processes (Feng and Wang, 2012). OxS is generally an imbalance
in production of Reactive Oxygen Species (ROS) and Reactive
Nitrogen Species (RNS) vs. the antioxidant defense system. OxS
caused by excessive production of ROS, primarily superoxide
anion, is considered the most important mechanism by which
risk factors deprive the endothelium of Nitric Oxide (NO)
(Alusik et al., 2008). AD is hence characterized by a decreased
concentration of NO (Selley, 2003; Guix et al., 2005) that is
thought to contribute to cognitive decline (Katusic and Austin,
2014).

The application of transcranial Direct Current Stimulation
(tDCS), a non-invasive technique for focal modulation of
brain and nerve function (Nitsche and Paulus, 2000, 2001;
Priori, 2003; Paulus, 2004; Wassermann and Grafman, 2005),
over the TP brain areas provided encouraging results on
memory improvement in patients with AD and was proposed
as adjuvant therapy for AD (Ferrucci et al., 2008; Boggio
et al., 2012). The facilitating effect of anodal tDCS is
believed to improve the TP hypoactivation in AD patients,
thus enhancing memory performances (Ferrucci et al., 2008).
However, neither our previous work nor the other literature
on tDCS in AD assessed tDCS effects at the neurophysiological
level.

Quantitative electroencephalography (qEEG) consists in the
application of mathematical algorithms to the EEG signal,
aimed at highlighting “quantitative” information not available
in “qualitative” (or paper-based) EEG analysis. In particular,
EEG analysis in the frequency domain (power spectral analysis)
provides information about the presence of different oscillations
in the EEG that reflect the general arousal levels in the brain.
Coherence analysis can be used to evaluate cortical connections
and to provide additional sources of information about the
topography of synchronous oscillatory activity (Locatelli et al.,
1998; Anghinah et al., 2000; Stevens et al., 2001; Fonseca et al.,
2015). qEEG is now well established for assessing the functional

state of the brain (Gudmundsson et al., 2007), and for supporting
the discrimination of different pathologies (Koberda et al., 2013).

In children with autism, the application of tDCS induced
an improvement in the health/behavior and social domains as
measured by the autism treatment evaluation checklist (ATEC),
that was reflected in an improvement of the cortical activity
pattern measured by EEG (Amatachaya et al., 2015). This study
suggests that EEG analysis can provide a significant contribution
for understanding tDCS-induced neurophysiological changes
correlated to tDCS-induced clinical changes.

The neurophysiological cortical pattern of AD was studied
since 1980s (Klimesch, 1999). Whereas, theta (2.5–7 Hz)
oscillations (i.e., low-frequency activity) appear to be higher in
AD patients than in normal subjects in TP areas, alpha (8–12 Hz)
and beta (13–25 Hz) oscillations (i.e., high-frequency activity) are
lower in AD patients in frontal and TP brain areas (Duffy et al.,
1984; Chiaramonti et al., 1997; Jelic et al., 2000; Kramer et al.,
2007; Koberda et al., 2013; Fonseca et al., 2015). Even though
the definition of frequency band limits may vary according
to the subject population (Klimesch, 1999), the alpha band
power was positively associated with the search and retrieval
mechanisms in long term memory whereas the theta band power
was negatively associated with the information encoding in
the hippocampo-cortical loops (Klimesch, 1999). In addition, a
decreased alpha coherence was found with bipolar recordings
in AD (Leuchter et al., 1992; Wang et al., 2014) particularly in
the inter-hemispheric alpha coherence between occipital sites
(Anghinah et al., 2000) and in temporo-parieto-occipital areas
(Locatelli et al., 1998; Stevens et al., 2001; Jeong, 2004; Wang
et al., 2014) thus suggesting that the alpha coherence decrease
could be related to the lack of influence of subcortical cholinergic
structures on cortical electrical activity. Also, Locatelli et al.
(1998) reported an increase in delta coherence between frontal
and posterior regions in AD patients, but only in a few patients,
whereas others reported decreased theta coherence in the fronto
and parieto-occipital areas (Wang et al., 2014). The decreased
inter-hemispheric theta coherence correlates with lower Quality
of Life indicators in AD patients than in controls (Fonseca et al.,
2015).

Interestingly, the higher density of sources of theta, alpha, and
beta activity were localized in the TP areas in ADpatients whereas
the source of these activities were more distributed in healthy
controls (Vecchio et al., 2013). This suggests that applying tDCS
over TP areas may have an effect also on the EEG pattern. Also,
direct electric fields applied in endothelial cells culture were
shown to increase NO production (Trivedi et al., 2013) thus
suggesting that tDCS may change NO levels. In fact, models of
the electric properties of the brain suggest that the electric field
generated during tDCS in humans is around 1 mV/mm (Neuling
et al., 2012) indicating that endothelial cell-dependent responses
may be triggered during tDCS.
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Because AD is characterized by impaired EEG pattern and
decreased NO levels (Guix et al., 2005; Zhu et al., 2007; Katusic
and Austin, 2014) and since tDCS is thought to affect both
EEG and NO, in this work we investigated whether the effects
of tDCS on memory functions in AD patients were consistent
with tDCS-induced changes in EEG and NO levels, by analyzing
a population of AD patients in which, in a previous work, we
showed that anodal tDCS improved memory functions (Ferrucci
et al., 2008).

METHODS

Patients
We studied a subset of seven subjects (5 women and 2 men;
mean ± SD age 75.4 ± 7.2 years; years of education 11.4 ±

5.5), from the patient set already considered in Ferrucci et al.
(2008). The diagnosis of probable AD was based on the criteria
of NINCDS-ADRDA (McKhann et al., 1984) and the DSM-IV.
All patients were under treatment with cholinesterase inhibitors
(ChEI). The Mini-Mental State Examination (MMSE) score was
above 20 (22.4 ± 1.39). The study was carried out in accordance
with the recommendations of the Ethical Committee of the
Fondazione IRCCS Ca’Granda Ospedale Maggiore Policlinico
with written informed consent from all subjects. All subjects gave
written informed consent in accordance with the Declaration of
Helsinki.

EEG Recordings and Analysis
EEG was recorded in a quiet room, with the subject awake,
seated on a comfortable high-backed chair and with closed
eyes, under healthcare personnel continuous control. Twenty-
one electrodes (Ag/AgCl) were positioned according to the 10–
20 International System using the EBNeuro Mizar-Light system
(EBNeuro, Florence, IT). The sampling frequency was 1024 Hz
with a bandpass of 0.5–500Hz and a sensibility of 7µV/mm. EEG
was recorded for 5 min with eyes closed at baseline (t0) and 30
min (t1) after anodal tDCS (AtDCS) and cathodal tDCS (CtDCS)
(Figure 1).

The software toolbox EEGLAB (Delorme and Makeig, 2004),
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
power spectrum estimation. Power spectra were calculated with
the Welch’s averaged modified periodogram method (Welch,
1967) with a resolution of 1 Hz. Spectral power in the bands
that were identified as neurophysiological biomarkers of AD
were calculated for each subject before and after A- and CtDCS,
namely delta (1–3 Hz), theta (4–7 Hz), alpha (8–12 Hz), and
beta (13–35 Hz). The band definition (in terms of frequency
interval) followed the classical EEG analysis. Spectral power was
calculated on each electrode.

As a measure of synchronization between brain areas,
coherence was estimated as:

Cxy(f ) =

∣

∣Pxy(f )
∣

∣

2

Pxx(f )Pyy(f )

Where x and y are two EEG signals from two different electrodes,
Pxx(f) and Pyy(f ) are the power spectral densities of x and y, and
Pxy(f) is their cross-spectral density.

In particular, inter-hemispheric EEG coherence in the frontal
and antero-temporal (F-A-T) regions (Fp1-F7; Fp2-F8; Fp1-F3;
Fp2-F4; Fp1-C3; Fp2-C4; F7-C3; F8-C4; F3-C3; F4-C4) and in the
temporo-parieto-occipital (TP-O) regions (O1-P3; O2-P4; O1-
T5; O2-T6; O1-C3; O2-C4; P3-C3; P4-C4; T5-C3; T6-C4) were
calculated in the same frequency bands.

tDCS and Memory Task
The full stimulation protocol is described in Ferrucci et al. (2008).
tDCS was delivered at 1.5 mA intensity for 15 min over bilateral
TP areas (above P3-T5 left side and P6-T4 right side according to
the international 10–20 electrode placement system) through a
commercial DC stimulator, connected to thick (0.3mm) saline-
soaked sponge electrodes, two placed over the scalp (active
electrodes) and the other one (reference electrode) over the right
deltoid muscle (for all the details, see Ferrucci et al., 2008). Each
patient underwent two tDCS sessions, one for AtDCS and one
for CtDCS stimulation, in a randomized order, with at least 1-
week interval between the two sessions. tDCS polarity referred to
the active electrodes over the scalp. The wide electrode surface
(scalp electrode 25 cm2; deltoid electrode 64 cm2) avoided the
possible harmful effects of high current density. To guarantee
safety we applied to each stimulation site current at a density of
0.06 mA/cm2 and delivered a total charge of 0.054 C/cm2. These
intensities are below the threshold for tissue damage (Liebetanz
et al., 2009).

Before and after tDCS, recognition memory function was
assessed by a pencil-and-paper word recognition task (WRT)
over a set of 24 words (12 previously seen by the patients, and
12 randomly chosen from a word set), as fully described in our
previous paper (Ferrucci et al., 2008). The difference between the
words correctly recognized as previously seen (true positive) and
those incorrectly recognized as previously seen (false positive)
was considered for the analysis.

Blood Sample Collection
A blood sample was collected to determine plasma levels of
nitrite and nitrate (NO2

+ NO3) both at baseline (t0) and 30
min (t1) after anodal and cathodal tDCS (Figure 1). Venous
blood was drawn from the antecubital vein into a 10-mL EDTA
vacutainer tube (Vacutainer, Becton Dickinson, USA). Plasma
was immediately separated by centrifuge (5702R, Eppendorf,
Germany) at 1000 × g for 10 min at 4◦C. Total NO level (NOx)
determination was performed using the Griess method with a
commercial assay kit: Nitric Oxide (NO2−/NO3−) detection kit
(Fisher Scientific, USA).

Samples were read by the addition of Griess reagents at
545 nm by a microplate reader spectrophotometer (Infinite
M200, Tecan, Austria). The results were expressed in umol/L.
All samples were determined in duplicate and the inter-assay
coefficient of variation was in the range indicated by the
manufacturer.
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FIGURE 1 | Experimental protocol. Transcranial Direct Current Stimulation (tDCS) was applied bilaterally for 15 min over the scalp in the TP areas (above P3-T5 left

side and P6-T4 right side in according to the international 10–20 electrode placement system) at 1.5 mA. At baseline (t0) and 30 min after tDCS end (t1) patients were

assessed through a word recognition task (WRT), EEG recording, and blood sample collection for NOx analysis.

FIGURE 2 | Baseline correlations. Correlation between Mini-Mental State Examination (MMSE score) and EEG spectral powers (SP) in the HF at baseline under the

electrodes in left (A) and right (B) temporo-parietal areas. (C) Correlation between Mini-Mental State Examination (MMSE score) and NOx concentration (uM). Solid

lines represent the linear regression fit.

Data Analysis
As a first step, to establish the relationship between patient’s
cognitive condition and EEG measures, we verified whether
baseline (t0) spectral powers in the area below the tDCS
electrodes correlated with the patient’s MMSE. We did the
same with the NOx concentrations at baseline. Also, we verified
the effect of AtDCS and CtDCS on the WRT task in our
patients that were a subset of those described by Ferrucci et al.
(2008).

We then assessed the effect of tDCS on both EEG spectral
powers of the selected frequency bands (spectral power in a

certain frequency band over a certain electrode) and coherences
(coherence in a certain frequency band between two electrodes)
by calculating the percentage changes of each variable between t0
(baseline) and t1 (30min after tDCS) as:

Delta = (v(t1)− v(t0))/v(t0) (1)

Where v(t) is the value of the spectral or coherence variable at t0
and at t1.

For spectral powers, because the limits of the frequency
bands can vary from patient to patient (Klimesch, 1999), while
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we calculated the spectral power in the classical EEG bands,
we did not consider the bands as completely independent
variables: we considered separately the “low-frequencies” (LF)
(delta and theta) to cover the whole 2–7 Hz band, and the
“high-frequencies” (HF) (alpha and beta), to cover the whole
8–25 Hz band. Also, we considered separately the electrodes
over the frontal (Fp1, Fp2, F3, F4, F7, F8), TP (P3, P4, T3,
T4, T5, T6), central (C3, C4, Cz), and occipital (O1, O2)
areas.

Spectral powers and coherences were normally distributed
(single-sample Kolmogorov–Smirnov tests p > 0.05), and
therefore mean, standard error of the means, and parametric
statistical analyses are presented. Hence, we used a four-way
ANOVA with factors “electrode” (one level for each of the
electrodes in the area), “side” (right and left), “band” (delta and
theta for LF and alpha and beta for HF), and “stimulation”
(AtDCS and CtDCS).

For coherences, we considered separately F-A-T and TP-
O coherences and we run a two-way ANOVA with factors
“electrode pair” (one level for each of the electrode pairs in the
area) and “stimulation” (AtDCS and CtDCS).

Tukey’s honest tests were used for post-hoc analysis.
Probability levels of p < 0.05 were considered significant.

Finally, we assessed the correlation of tDCS-induced memory
function improvement with the tDCS-induced EEG changes that
resulted significant. To do so, Spearman’s correlation coefficient
(p < 0.05) was calculated between spectral powers or coherences
that displayed significant tDCS-induced changes at t0 and t1
and the corresponding WRT result at t0 and t1 (after AtDCS or
CtDCS).

Finally, to disclose the correlation between significant EEG
changes and NOx changes, we calculated the Spearman’s
correlation coefficient (p< 0.05) between spectral power at t0 and
t1 and the corresponding NO level at t0 and t1 (after AtDCS or
CtDCS).

Throughout the text, values are expressed as mean± standard
errors of the mean (SE).

RESULTS

Baseline Evaluation and tDCS Effect on
Memory Functions
Baseline patient’s characteristics are reported in Ferrucci et al.
(2008). We found an inverse correlation between MMSE scores
and spectral powers in the HF under the electrodes in both the
left (T3: R2 = 0.67, p = 0.024; T5: R2 = 0.67, p = 0.023; P3:
R2 = 0.74, p = 0.012) (Figure 2A) and the right TP areas (T4:
R2 = 0.75, p= 0.011; T6: R2 = 0.72, p= 0.015; P4: R2 = 0.62, p=
0.035) (Figure 2B). Even though not reaching significance (R2

=

0.46, p = 0.095), NOx baseline concentrations showed a similar
trend: lower NOx levels are associated with higher MMSE scores
(Figure 2C).

As previously reported on the full population (Ferrucci et al.,
2008), AtDCS improved WRT results in all subjects (t0 vs. t1:
3.1 ± 0.8 vs. 5.6 ± 1.1, p = 0.015), whereas CtDCS tended to
worsen it (t0 vs. t1: 4.5 ± 0.9 vs. 2.6 ± 1.1, p = 0.08). Table 1

TABLE 1 | Individual results at the Word Recognition Task (WRT) and NO

levels before (t0) and after (t1) AtDCS and CtDCS.

Subject AtDCS CtDCS

WRT NOx WRT NOx

t0 t1 t0 t1 t0 t1 t0 t1

1 2.0 2.0 95.0 105.3 3.0 2.0 77.2 74.9

2 1.0 4.0 36.8 36.2 0.0 0.0 38.1 35.5

3 4.0 10.0 39.5 39.5 6.0 5.0 61.0 65.6

4 1.0 3.0 38.9 39.5 7.0 6.0 28.7 31.9

5 2.0 4.0 54.4 53.8 7.0 0.0 47.7 44.0

6 5.0 8.0 38.8 28.4 5.0 5.0 39.1 34.4

7 7.0 8.0 32.4 34.1 4.0 0.0 50.6 52.7

reports individual WRT scores and NO concentrations. All the
patients tolerated the procedure well, and did not experience
adverse effects. None of themwas able to distinguish AtDCS from
CtDCS.

tDCS Effects on EEG Rhythms
In frontal areas, tDCS had no effects on EEG power neither in
the LF nor in the HF. In TP areas, CtDCS significantly decreased
LF below tDCS electrodes (P3 and P4, AtDCS vs. CtDCS: 3.7 ±

7.2% vs. −31.8 ± 4.3%, p = 0.03, Figure 3A upper panel),
whereas AtDCS significantly increasedHF (T3 and T4, AtDCS vs.
CtDCS: 19.2 ± 7.4% vs. −5.2 ± 3.9%, p = 0.02, Figure 3A lower
panel). In central areas, CtDCS significantly decreases LF below
all electrodes (C3, AtDCS vs. CtDCS: 15.7 ± 7.3% vs. −21.9 ±

5.9%, p< 0.0001; C4, AtDCS vs. CtDCS: 1.04± 8.7% vs.−34.7±
3.8%, p < 0.0001; Cz, AtDCS vs. CtDCS: 18.6 ± 8.6% vs. −8.1 ±
8.3%, p < 0.0001; Figure 3B, upper panel). Conversely, AtDCS
increased HF oscillations below C3, whereas CtDCS decreased
them below C4 (C3, AtDCS vs. CtDCS: 13.3 ± 3.9% vs. −7.8 ±

1.9%, p = 0.0005; C4, AtDCS vs. CtDCS: −4.8 ± 5.2% vs. −19.4
± 4.2%, p = 0.007; Figure 3B, lower panel). As well as in the
other areas, CtDCS increased LF in the whole occipital area (O1,
AtDCS vs. CtDCS: 0.22± 6.5% vs.−31.9± 4.7%, p< 0.0001; O2,
AtDCS vs. CtDCS: −3.43 ± 6.0% vs. −25.5 ± 5.6%, p < 0.0001;
Figure 3C), whereas no effect was observed on HF.

tDCS Effects on EEG Coherences
We observed a significant effect of tDCS on the fronto-
antero-temporal (Figure 4) and the temporo-parieto-occipital
(Figure 5) coherences. AtDCS significantly increased the fronto-
antero-temporal coherence in the LF oscillation (Fp1-C3, AtDCS
vs. CtDCS: 36.8 ± 38.5% vs. −5.0 ± 42.6%; F7-C3, AtDCS vs.
CtDCS: 54.2± 18.4% vs. 20.7± 19.6%; F3-C3 AtDCS vs. CtDCS
9.26 ± 6.6% vs. −3.2 ± 5.8%, p = 0.020%; Figure 4). Similarly,
in the temporo-parieto-occipital area, AtDCS significantly
increased both LF and HF coherences, whereas CtDCS decreased
them. More specifically, AtDCS increased LF T5-C3 and O1-C3
cohenrences (T5-C3, AtDCS vs. CtDCS: 4.0 ± 7.9% vs. −7.1 ±

10.8%; p = 0.044; Figure 5A, upper panel; O1-C3, AtDCS vs.
CtDCS: 0.9 ± 5.6% vs. −8.6 ± 4.6%; p = 0.034; Figure 5B) and
it increased HF T5-C3 and O2-C4 coherences (T5-C3, AtDCS vs.
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FIGURE 3 | EEG spectral power (SP) changes induced by Anodal tDCS (AtDCS) and Cathodal tDCS (CtDCS) from statistical analysis (repeated

measures analysis of variance ANOVA; *p < 0.05). The graphical representation of the scalps displays the EEG channels with significant SP changes from

post-hoc test. Violet represents SP increase and orange SP decrease from baseline. The histograms show the mean SP changes (n = 7) after AtDCS (white) and

(Continued)
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FIGURE 3 | Continued

CtDCS (gray). On the y-axis is represented the SP percentage change from baseline and on the x-axis the EEG channels. Results are expressed as mean ± standard

error (SE). (A) EEG SP changes induced by AtDCS and CtDCS in the Temporo-Parietal area in the low-frequency (delta and theta, upper panel) and high-frequency

(alpha and beta, lower panel) bands: T3, T5, P3: left side; T4, T6, P4: right side. (B) EEG SP changes induced by AtDCS and CtDCS in the Central area in the

low-frequency (delta and theta, upper panel) and high-frequency (alpha and beta, lower panel) bands: C3, Cz, C4. (C) EEG SP changes induced by AtDCS and

CtDCS in the Occipital area in the low-frequency (delta and theta, upper panel) and high-frequency (alpha and beta, lower panel) bands: O1, O2.

FIGURE 4 | EEG coherence (Coh) changes induced by Anodal tDCS (AtDCS) and Cathodal tDCS (CtDCS) in the Fronto-Antero-Temporalarea. The panel

shows the significant differences on EEG Coh (two-way repeated measure analysis of variance ANOVA; *p < 0.05) for low-frequency (delta): Fp1-C3, F7-C3, F3-C3.

The graphical representation of the scalps displays the significant difference on EEG Coh (Violet represents Coh increase and orange Coh decrease from baseline).

The bold arrows show the significant differences at post-hoc test. The histograms represent the mean Coh changes (n = 7) after AtDCS (white) and CtDCS (gray). On

the y-axis is represented the Coh percentage change from baseline and on the x-axis the EEG channels. Results are expressed as mean ± standard errors (SE).

CtDCS: 6.3± 7.1% vs.−3.6± 6.9%; p= 0.050; Figure 5A, lower
panel; O2-C4, AtDCS vs. CtDCS: 4.7 ± 10.9% vs. −14.3 ± 6.9%;
p= 0.009; Figure 5C).

Correlation between tDCS Effects on EEG
and Cognitive Performance
The boosting effect of AtDCS on LF coherences significantly
correlated with the cognitive performance at the WRT task
(F7-C3: R2 = 0.31, p = 0.037; O1-T5: R2 = 0.49, p = 0.012)
(Figure 6A). Although not significant, we also observed a trend
toward correlation between the WRT task performance and the
increase of HF power in the TP area (P3: R2 = 0.41, p = 0.10)
(Figure 6B).

In addition, the HF power increase after AtDCS in the TP
areas was directly correlated with an increase in the NOx levels
observed in patients after AtDCS (T3: R2 = 0.30; p = 0.002; T4:
R2 = 0.56; p= 0.012) (Figure 7).

DISCUSSION

In this study, we investigated whether tDCS has an effect on
EEG rhythms and coherences, and whether these changes could
provide insights on the positive effects of tDCS on memory
functions in AD. Our results showed that both A- and CtDCS are
able to modulate cortical electrical activity as measured by qEEG
and that the tDCS-induced modulations in EEG are consistent
with the clinical effects of tDCS on memory in AD patients
(Ferrucci et al., 2008; Boggio et al., 2009, 2012). More specifically,
even though in a limited number of subjects, we observed that
tDCS improves EEG patterns (Figure 8), both acting on the

LF (delta and theta) and the HF (alpha and beta) oscillations.
Whereas, CtDCS produces an unspecific positive decrease in the
LF oscillations in the central-temporal-parietal-occipital areas,
AtDCS has a more specific effect in the stimulation area, by
increasing HF oscillations and coherences. Also, the effects
of AtDCS on spectral powers and coherences correlate both
with the improved clinical performance of the subjects at the
WRT task and with the increased level of NOx following
stimulation. These results suggest that the increased HF power
and LF/HF coherences following AtDCS might be involved
in the improved performance of AD patients at the memory
task. The effect of CtDCS, despite being positive for the EEG
pattern, has no correlation with the performance at the WRT
task.

In fact, the EEG pattern of AD patients described in the
literature suggests that decreased HF spectral powers in the
frontal and TP areas can be involved in the long-term memory
search and retrieval mechanisms (Klimesch, 1999; Koberda et al.,
2013). This is consistent with our findings on the inverse
correlation between patient’s MMSE and basal HF spectral
powers as well as on the direct correlation between HF increase
and WRT improvement after AtDCS. Also, the literature shows
that AD is characterized by abnormal decrease of inter- and
intra- hemispheric EEG coherences that can be representative
of AD widespread cerebral degeneration (Jiang, 2005), and
may indicate an abnormal connectivity between cortical and
subcortical structures (Locatelli et al., 1998; Vecchio et al.,
2016). An increased demand of HF power and coherence in
the temporal areas was observed in AD patients compared
to controls during working memory workload (Hogan et al.,
2003), possibly reflecting an enhanced efforts in patients than
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FIGURE 5 | EEG coherence (Coh) changes induced by Anodal tDCS (AtDCS) and Cathodal tDCS (CtDCS) in the Temporo-Parieto-Occipital area. The

panel shows the significant differences on EEG Coh (two-way repeated measure analysis of variance ANOVA; *p < 0.05) for low-frequency (delta and theta, upper

panel) and high-frequency (alpha and beta, lower panel): O1-P3, O1-T5, T5-C3 (A); low-frequency (delta, theta): O1-P3, O1-C3, P3-C3 (B); high-frequency (alpha,

beta): O1-P3, O2-P4, O1-T5, O2-T6, O1-C3, O2-C4, P3-C3, P4-C4 (C). The graphical representation of the scalps displays the significant difference on EEG Coh

(Violet represents Coh increase and orange Coh decrease from baseline). The bold arrows show the significant differences at post-hoc test. The histograms represent

the mean Coh changes (n = 7) after AtDCS (white) and CtDCS (gray). On the y-axis is represented the Coh percentage change from baseline and on the x-axis the

EEG channels. Results are expressed as mean ± standard errors (SE).

in controls. Hence, AtDCS, by increasing the HF power level
and coherence in the TP areas, could respond to the increased
demand in AD, thus improving WRT performance.

AtDCS, in our findings, also had an increasing effect
on LF coherence, that was positively correlated with better
performances at the WRT. These results complement previous
observations that associated lower theta coherence with poorer
quality of life indicators in AD patients than in controls (Fonseca
et al., 2015).

On the other hand, our data showed that CtDCS has a
widespread decreasing effect on the LF oscillation power not
correlated to the WRT performance. However, the role of theta
band in humans is still to be clarified: the increased theta power
is not specifically associated with AD, but it was observed also
in attention deficit disorders and in traumatic brain injuries
(Koberda et al., 2013; Ulam et al., 2015). Even though the AD

EEG pattern is characterized by an increased activity in the theta
oscillation (Klimesch, 1999; Koberda et al., 2013), this pattern is
not directly related to working memory processing (Hogan et al.,
2003), thus possibly explaining why we did not find a correlation
between the WRT performance and the decrease of theta power.

Our results are in agreement with previous findings on
patients with traumatic brain injury, showing that tDCS-
induced normalization of the EEG pattern correlates with better
performances at neuropsychological tests (Ulam et al., 2015). In
particular, authors report a decreased theta power and increased
alpha power in frontal areas after AtDCS and suggest that the
cumulative effect of consecutive tDCS sessions may regulate
cortical excitability by normalizing frontal EEG pattern.

In addition to EEG features, we provided preliminary data
on the correlation between neurobiological markers and the
memory state: even though observed in the acute stage, higher
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FIGURE 6 | Correlation between cognitive task performance (∆WRT

score) and EEG coherence (Coh) in the LF (A) and HF (B) in the

fronto-central area/temporo-parieto-occipital after AtDCS. The bold

arrows represent the coherences under examination. Single data are

represented as diamonds. Solid lines represent the linear regression fit. The

correlation coefficient (r2) is reported in each panel.

NOx levels after tDCS correlated with both the positive effects
of AtDCS on HF and on LF. Recent findings showed that
tDCS has a role in the neurogenic control of the cerebral
blood flow (Pulgar, 2015) that is directly related to the
development of neurodegenerative diseases (Farkas and Luiten,
2001). Low electrical fields applied to endothelial cells produced
increased NO levels (Trivedi et al., 2013), and, in turn, produce
vasodilatation. These findings suggest that tDCS may act on NO
to increase brain perfusion and improve memory performance.

Despite promising, our results suffer from the limited number
of subjects treated with tDCS that claims for a study on a
larger sample of AD patients. This implied that some trends
in EEG and neurobiological markers did not reach statistical
significance. Also, since the exact definition of EEG band limits
in AD is variable across subjects (Klimesch, 1999), in our
study, we decided to refer to LF oscillations, including delta

FIGURE 7 | Correlation between NOx concentration (uM) and Spectral

Powers (SP, AU) in the HF under the electrodes T3 (A) and T4 (B) after

AtDCS. Single data are represented as diamonds. Solid lines represent the

linear regression fit. The correlation coefficient (R2) is reported in each panel.

FIGURE 8 | Summary of the significant effects induced by AtDCS and

CtDCS on the EEG pattern in the low frequency (A) and the high

frequency (B) oscillations. The graphical representation of the scalps

displays the significant positive (green) and negative (red) effects on EEG

spectral powers (circles) and coherences (arrows).

and theta bands, and HF oscillations, including alpha and beta
bands. Finally, in our subgroup of patients, to avoid subjecting
participants to another long experimental session, we decided
not to record sham EEG. This was in line with our aim, because
we only wanted to investigate whether the effects of tDCS on
memory were reflected by EEG pattern changes. Our results
showed that A- and CtDCS have different effects on the electrical
activity, thus ruling out the possibility that modifications in
the EEG could be observed in any group after tDCS (i.e.,
the second time that EEG is measured). Our results are also
supported by other findings proposing that each tDCS polarity
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can be considered as the best possible control for the other
(Cogiamanian et al., 2008; Truini et al., 2011; Lamy and Boakye,
2013; Bocci et al., 2015).

In conclusion our results provided evidence that tDCS induces
significant modulations in the cortical EEG activity in AD
patients. The abnormal pattern of EEG activity observed in
AD during memory processing is partially reversed by applying
AtDCS, suggesting that AtDCS benefits in AD patients during
working memory tasks are supported by the modulation of
neuronal cortical activity.
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Takeo Nakayama 3, Kunitsugu Kondo 1, Patrick Ragert 6, 7 and Satoshi Tanaka 2*

1 Tokyo Bay Rehabilitation Hospital, Chiba, Japan, 2 Laboratory of Psychology, Hamamatsu University School of Medicine,
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Neurology, Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany, 7 Faculty of Sport Science,
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In healthy subjects, dual hemisphere transcranial direct current stimulation (tDCS)

over the primary (S1) and secondary somatosensory cortices (S2) has been found to

transiently enhance tactile performance. However, the effect of dual hemisphere tDCS

on tactile performance in stroke patients with sensory deficits remains unknown. The

purpose of this study was to investigate whether dual hemisphere tDCS over S1 and S2

could enhance tactile discrimination in stroke patients. We employed a double-blind,

crossover, sham-controlled experimental design. Eight chronic stroke patients with

sensory deficits participated in this study. We used a grating orientation task (GOT)

to measure the tactile discriminative threshold of the affected and non-affected index

fingers before, during, and 10 min after four tDCS conditions. For both the S1 and S2

conditions, we placed an anodal electrode over the lesioned hemisphere and a cathodal

electrode over the opposite hemisphere. We applied tDCS at an intensity of 2 mA for

15 min in both S1 and S2 conditions. We included two sham conditions in which the

positions of the electrodes and the current intensity were identical to that in the S1 and

S2 conditions except that current was delivered for the initial 15 s only. We found that

GOT thresholds for the affected index finger during and 10 min after the S1 and S2

conditions were significantly lower compared with each sham condition. GOT thresholds

were not significantly different between the S1 and S2 conditions at any time point. We

concluded that dual-hemisphere tDCS over S1 and S2 can transiently enhance tactile

discriminative task performance in chronic stroke patients with sensory dysfunction.

Keywords: cortical plasticity, inter-hemispheric inhibition (IHI), palsy, grating orientation, transcranial direct

current stimulation (tDCS), transcranial magnetic stimulation (TMS)
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INTRODUCTION

Transcranial direct current stimulation (tDCS) is a process
by which a weak direct current is passed through the skull,
stimulating specific brain regions (Priori et al., 1998; Nitsche
and Paulus, 2000, 2001; Furubayashi et al., 2008; Tatemoto et al.,
2013). In stroke patients, tDCS over primary motor cortex (M1)
has been found to improve motor performance in the affected
upper/lower extremity (Tanaka et al., 2011; Elsner et al., 2013;
Lüdemann-Podubecká et al., 2014; Pollock et al., 2014; Kang
et al., 2015), as well as heighten muscle strength, motor learning,
gait, and activities of daily living. Furthermore, tDCS has led
to improvements in language and other cognitive functions in
stroke patients (Elsner et al., 2013, 2015; Otal et al., 2015; Yang
et al., 2015). However, the effect of tDCS on sensory dysfunctions
in stroke patients remains unknown.

Previous studies have shown that tDCS can modulate
somatosensory evoked potentials (SEP) and somatosensory
processing (Matsunaga et al., 2004; Dieckhöfer et al., 2006;
Boggio et al., 2008; Song et al., 2011; Costa et al., 2015;
Sugawara et al., 2015; Wang et al., 2015; Nakagawa et al.,
2016). For example, anodal tDCS over M1 led to increased SEP
amplitude (Matsunaga et al., 2004), whereas cathodal tDCS over
the primary somatosensory cortex (S1) led to decreased SEP
amplitude (Dieckhöfer et al., 2006). Behaviorally, cathodal tDCS
over S1 decreased participant performance on a tactile frequency
discrimination task (Rogalewski et al., 2004), while anodal tDCS
over S1 improved tactile spatial discrimination task performance
(Ragert et al., 2008). A recent study reported that the repeated
application of tDCS over S1 improved spatial tactile sensation
in individuals with multiple sclerosis (MS) (Mori et al., 2012).
These findings imply that tDCS may modulate somatosensory
function, making it a potentially useful treatment for patients
with somatosensory dysfunction (Song et al., 2011).

Dual-hemisphere tDCS, in which one hemisphere is excited
while the other is inhibited, can have a powerful effect on
behavioral performance (Vines et al., 2008; Kasahara et al., 2013;
Fujimoto et al., 2014a; Sakai et al., 2014; Koyama et al., 2015). This
improved performance appears to be the combined consequence
of increased excitability in one hemisphere and decreased
excitability in the other, likely via interhemispheric connections.
There is some evidence of interhemispheric interactions between
S1 and S2 in humans (Hoechstetter et al., 2001; Stancak et al.,
2002; Werhahn et al., 2002; Hlushchuk and Hari, 2006; Ragert
et al., 2011). We recently reported that, compared with single-
hemisphere tDCS, a single session of dual-hemisphere tDCS
over the primary somatosensory area (S1) (Fujimoto et al.,
2014a) and secondary somatosensory area (S2) (Fujimoto et al.,
2014b) transiently improved tactile discriminative performance
in healthy subjects. Given these results, dual-hemisphere tDCS
over S1 and/or S2 might improve somatosensory function in
stroke patients with sensory deficits.

Abbreviations: FMA, Fugl-Meyer Assessment; GOT, Grating orientation task;

SIAS, The stroke impairment assessment set; SWM, Semmes-Weuinstein

monofilaments; S1, The primary somatosensory cortex; S2, The secondary

somatosensory cortex; tDCS, Transcranial direct current stimulation; VRS, Verbal

rating scale.

FIGURE 1 | Brain imaging. T1 magnetic resonance imaging (MRI) at the level

of the main stroke for each patient. For patients 3 and 8, the MRI data were

missing. White arrows indicate the location of the lesion. L and R represent the

left and right hemisphere, respectively.

We used a double-blind crossover sham controlled study
design to test two hypotheses. The first was that somatosensory
performance in stroke patients with sensory dysfunction would
be transiently enhanced by a single session of dual-hemisphere
tDCS over S1 and S2, compared with sham stimulation. The
second was that suppression of excitability in the un-affected
hemisphere via cathodal tDCS would further increase excitability
in the affected hemisphere, thus enhancing somatosensory
performance in stroke patients.

MATERIALS AND METHODS

Patients
Ten patients with chronic stroke participated in this study.
However, according to a reviewer’s comment, two patients’ data
(lesions in the brainstem or internal capsule) were excluded from
the analysis in order to make the sample more homogenous.
Thus, eight patients data (3 males and 5 females; mean age
= 61.6 ± 9.0 years) were presented in the present article
(Figure 1 and Table 1). It should be noted that even if the two
excluded patients’ data were added in the analysis, significant
effect of tDCS was still observed, supporting our hypothesis.
Participants met the following inclusion criteria: they had
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TABLE 1 | Patient Information.

Characteristics Patient No. Mean ± SD

1 2 3 4 5 6 7 8

Age, year 58 74 64 46 66 58 56 71 61.6 ± 9.0

Gender F M M F M F F F

Time after stroke, month 60 47 89 49 10 55 49 105 58.0 ± 28.7

Lesion site R corona

radiata

R corona

radiata

R putamen R putamen L thalamus L putamen R subcortex of

parietal lobe

R putamen

MMSE 26 27 30 27 30 30 30 27 28.4 ± 1.8

Handedness, EDS R R R R R R R R

SIAS MOTOR FUNCITON, U/E

Knee mouth test 3 3 3 3 3 3 2 1 2.6 ± 0.7

Finger function test 2 3 1a 1a 3 1b 1c 0 2.0 ± 1.4

SIAS SENSORY FUNCTION*, U/E

Touch 2 2 2 2 1 1 1 1 1.5 ± 0.5

Position 1 2 3 2 2 1 1 2 1.8 ± 0.7

FMA SENSORY FUNCTION**, U/E

Light touch(palm) 1 1 1 1 1 1 1 1 1.0 (all)

Position(thumb) 1 1 2 2 1 1 1 1 1.3 ± 0.5

SWM*** 5 5 5 3 1 1 3 1 3.0 ± 1.9

F, Female; M, Male; R, Right; L, Left; MMSE, Mini Mental State Examination; EDS, Edinburgh Handedness Scale; SIAS, Stroke Impairment Assessment Set; U/E, Upper extremity; FMA,

Fugl-Meyer Assessment; SWM, Semmes Weinstein Monofilament.

*The SIAS is a comprehensive instrument that assesses sensory and motor function in stroke patients on a sensory scale of 0–3, where 0 = complete paralysis, 1 = severe paralysis,

2 = moderate paralysis, 3 = no paralysis, and a motor scale of 0–5, where 0 = complete paralysis, 1 = severe paralysis, 2 = moderate to severe paralysis, 3 = light to moderate

paralysis, 4 = light to no paralysis, 5 = no paralysis.

**The FMA is a comprehensive instrument that assesses sensory function in stroke patients on a scale of 0–2, where 0 = anesthesia, 1 = hypoesthesia or dysesthesia, 2 = normal.

***The Semmes-Weinstein Monofilament Test is an instrument that assesses a light touch function with various narrow monofilaments (2.83, 3.61, 4.31, 4.56, 6.65 Fmg). We counted

2.83, 3.61, 4.31, 4.56, 6.65 Fmg for 5, 4, 3, 2, 1 point.

1a: Minimal voluntary movement or mass flexion.

1b: Mass extension.

1c: Minimal individual movement.

suffered a supratentorial stroke, they exhibited sensory deficits
(excluding complete anesthesia), and they had obtained a Mini
Mental Status Examination score of >24 points (Folstein et al.,
1975). All participants were right hand dominant according
to the Edinburgh Handedness Inventory (Oldfield, 1971), and
none had a history of psychiatric or neurological illness. In the
present study, participants were defined as having a sensory
deficit if they exhibited impaired performance on at least
one measure of sensory function via the stroke impairment
assessment set (SIAS) (Touch or Position) (Chino et al., 1996),
sensory function component of the Fugl-Meyer Assessment
(FMA) (touch and position) (Sanford et al., 1993), or the
Semmes-Weinstein monofilaments (SWM) exam (Semmes et al.,
1960). All participants gave written informed consent before the
experiments, which were approved by the local ethics committee
at the Tokyo Bay Rehabilitation Hospital (No. 68-3).

Experimental Procedure
We employed a double-blind, crossover, sham-controlled
experimental design (Hummel et al., 2005; Gandiga et al., 2006).
We measured performance of both index fingers in the grating
orientation task (GOT) (Johnson and Phillips, 1981; Van Boven
and Johnson, 1994; Nitsche et al., 2003) before, during, and after
dual-hemisphere tDCS over S1 or S2, and before, during, and

after sham tDCS over S1 or S2. We chose S1 and S2 as target
regions because several previous studies have indicated that
performance on the GOT task involves both S1 and S2 (Zhang
et al., 2005; Fujimoto et al., 2014a,b).

All participants were exposed to 4 conditions (dual-
hemisphere S1 tDCS, dual-hemisphere S2 tDCS, and the
equivalent sham conditions for both regions), which were
conducted in separate sessions at least 3 days apart. In the dual-
hemisphere tDCS condition, anodal tDCS was applied over the
lesioned hemisphere and cathodal tDCS was applied over the
other hemisphere. In the sham condition, tDCS was applied over
both hemispheres as in the experimental condition, but for only
the first 15 s of the session.

The order of the four conditions was counterbalanced among
the participants. Both the participants and the experimenter who
measuredGOT performance were blind regarding which sessions
involved actual vs. sham stimulation. However, the experimenter
could discern the S1 from S2 sessions because of the different
electrode configurations. Before commencing the first session,
the participants were familiarized with the tasks. Each session
consisted of 3 task blocks (before, during, and 10 min after
the intervention). After each session, we collected verbal rating
scale (VRS) scores measuring the attention, fatigue, pain, and
discomfort levels of the participants.
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Task
We evaluated spatial tactile discrimination performance using
the GOT (Van Boven and Johnson, 1994). The GOT is a
commonly accepted measure of tactile spatial acuity (Johnson
and Phillips, 1981; Van Boven and Johnson, 1994). Additionally,
a previous study reported that anodal tDCS over S1 had a
facilitative effect on GOT performance (Ragert et al., 2008; Mori
et al., 2012). During the task, participants sat on a chair in
a comfortable position with their eyes covered by a blindfold.
The tactile stimuli were applied using five hemispherical plastic
domes with grooves (1.0, 1.2, 1.5, 2, 3, 4, 6, 8 mm in width)
cut into their surfaces (Tactile Acuity Grating, Miyuki Giken).
Using moderate force, the domes were applied onto the palmar
side of the affected and non-affected index fingers for 2 s. The
tests were performed separately for each index finger and the
test order was counterbalanced among subjects. In each trial,
the grooves of the dome were randomly applied in one of
two directions: parallel or orthogonal to the axis of the index
finger. Immediately after touching the domes, participants were
expected to respond verbally, in a two-alternative force-choice
paradigm, about whether the orientation of the grating of the
presented dome had been parallel or orthogonal. Each dome was
presented 20 times in one block (10 trials for the parallel and
10 trials for the orthogonal direction). In each block, the trials
started with the largest grating (8.0mm) and ended with the
smallest grating (1.0mm). To standardize the above procedures,
we used a custom-made device that enabled the investigator to
control the up-down movements of the domes. To minimize
possible performance variance, a single trained investigator tested
all of the participants. Using the percentage of correct grating
discrimination responses, we calculated the threshold of accurate
orientation detection as a primary outcome measurement. The
threshold was calculated according to the following formula
(Ragert et al., 2008):

Threshold = Gbelow + (0.75− Pbelow) / (Pabove − Pbelow)

× (Gabove − Gbelow) (1)

Gbelow: the grating spacing for which the subjects answered
correctly in less than 75% of the trials
Gabove: the grating spacing for which the subjects answered
correctly in more than 75% of the trials
Pbelow: the percentage of correct responses for Gbelow

Pabove: the percentage of correct responses for Gabove.

Transcranial Direct Current Stimulation
We applied tDCS using a DC Stimulator Plus (NeuroConn,
Germany), which delivered direct current through two sponge
surface electrodes (each with a surface area of 25 cm2). The
intensity of the stimulation was 2mA. In the dual-hemisphere
tDCS condition, direct current was applied for 15 min (including
the initial 15 s during which the current was gradually increased
from 0 and the last 15 s during which it was gradually
decreased to 0). The current density at the stimulation electrodes
was 0.025mA/cm2. These parameters are in accordance with
previously published safety criteria and are far below the
threshold for tissue damage (Nitsche et al., 2003; Poreisz et al.,

2007).We used the same procedure in the sham condition, except
that we applied current for only 15 s (Gandiga et al., 2006).

To identify the regions over the S1 and S2, we obtained T1-
weighted images from all participants using magnetic resonance
imaging (Philips, Intera 1.5T, Netherlands) before the tDCS
experiment. For each participant, the centers of the stimulation
electrodes were placed over the S1 and S2 regions that had
been identified in the individual T1-weighted image. These areas
were localized using a frameless stereotaxic navigation system
(Brainsight2, Rogue Research Inc., Montreal, Canada). Mean
Monteal Neurological Institute (MNI) coordinates for the center
of the targeted locations across participants are follows: left S1
(x,y,z)= (−31.0± 2.1,−34.3± 3.9, 59.7± 2.7); right S1= (34.0
± 3.6, −33.0 ± 4.1, 58.7 ± 2.); left S2 = (−42.7 ± 1.6, −32.3
± 2.0, 14.3 ± 2.3); right S2 (44.0 ± 2.2, −29.7 ± 2.0, 16.3 ±

1.5). Mean coordinates were calculated by means of anatomical
normalization based on MNI coordinate system (Friston et al.,
1995).

Verbal Rating Scale
To address the possibility that the subjective state of the
participants might influence their performance, we asked them
to complete questionnaires in which they used a four-point scale
to rate their levels of attention (1 = no distraction, 4 = highest
level of distraction), fatigue (1 = no fatigue, 4 = highest level of
fatigue), pain (1 = no pain, 4 = strongest pain), and discomfort
(1 = no discomfort, 4= strongest discomfort) at the end of each
intervention (Poreisz et al., 2007).

Statistical Analysis
First, we separately analyzed the effects of the S1 and S2
stimulation compared with each respective sham condition. For
the S1 stimulation condition, we calculated the GOT threshold
for each participant in each block, and then subjected the
threshold to a three-way repeated measures analysis of variance
(ANOVA) with INTERVENTION (dual-hemisphere S1 or sham
stimulation), TIME (pre, during, or 10min after the intervention)
and HAND (paretic or non-paretic hands) as within-subject
factors. We adopted Bonferroni’s test (two-tailed) for multiple-
planned comparisons. We then repeated the same procedure for
the S2 stimulation condition.

Second, we used a paired t-test to directly compare the mean
GOT thresholds for the affected index finger during and 10 min
after the real S1 and S2 simulations.

Finally, we analyzed the VRS scores using Fisher’s exact test.
For all statistics in the present study, the level of significance was
defined as p < 0.05.

RESULTS

Individual data of GOT thresholds was shown in Table 2.

Effects of tDCS Over S1
The three-way repeated measures ANOVA revealed significant
main effects of INTERVENTION [F(1, 7) = 18.71, p < 0.01],
HAND [F(1, 7) = 35.32, p < 0.01], and TIME [F(2, 14) =

14.76, p < 0.01]. Additionally, the three-way interaction among
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TABLE 2 | Individual data of grating orientation task (GOT) thresholds (mm).

Case S1 Sham S1 Dual S2 Sham S2 Dual

Pre During Post 10 min Pre During Post 10 min Pre During Post 10 min Pre During Post 10 min

AFFECTED INDEX FINGER

1 2.17 2.29 2.17 2.38 1.15 1.35 2.00 2.17 2.20 2.17 1.14 1.20

2 7.50 8.00 8.00 7.67 5.33 5.00 7.67 8.00 8.00 8.00 5.00 5.33

3 6.00 6.00 6.00 5.50 2.29 2.20 5.00 4.67 5.33 6.00 2.50 3.00

4 8.00 8.00 7.50 7.00 2.25 3.25 7.50 7.67 7.67 7.00 2.83 3.50

5 8.00 8.00 8.00 8.00 7.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00

6 7.75 7.43 7.71 8.00 6.50 5.00 8.00 7.67 8.00 8.00 7.11 7.00

7 7.33 8.00 8.00 8.00 6.00 5.20 8.00 8.00 7.67 7.50 5.00 4.80

8 8.00 7.50 8.00 7.50 5.50 7.50 8.00 8.00 7.60 7.67 3.33 6.50

mean 6.84 6.90 6.92 6.76 4.50 4.69 6.77 6.77 6.81 6.79 4.37 4.92

SD 2.00 1.98 2.04 1.96 2.25 2.35 2.18 2.18 2.06 1.99 2.36 2.27

NON-AFFECTED INDEX FINGER

1 1.20 1.20 1.10 1.28 1.20 1.10 1.20 1.17 1.20 1.13 1.20 1.13

2 2.00 2.20 2.25 2.20 2.00 2.25 2.00 2.20 2.00 2.00 2.00 2.00

3 4.00 3.50 4.00 3.67 3.20 2.25 4.00 3.50 3.80 3.80 3.63 3.83

4 1.35 1.40 1.35 1.38 1.35 1.25 1.37 1.25 1.30 1.45 1.50 1.45

5 4.50 4.00 3.86 4.00 3.25 3.33 3.43 3.75 3.63 3.63 3.63 3.60

6 2.25 2.33 2.40 2.25 2.17 1.25 2.50 2.67 2.50 3.50 3.00 2.50

7 1.43 1.50 1.44 1.50 1.33 1.26 1.50 1.46 1.50 1.43 1.50 1.50

8 2.50 2.33 2.50 2.50 2.50 2.67 8.00 7.00 7.67 2.71 2.67 2.83

mean 2.40 2.31 2.36 2.35 2.12 1.92 3.00 2.87 2.95 2.46 2.39 2.36

SD 1.23 1.00 1.10 1.02 0.82 0.83 2.25 1.94 2.15 1.09 0.97 1.01

INTERVENTION, HAND, and TIME was significant [F(2, 14) =
14.53, p < 0.01]. This suggests that the real S1 and sham
interventions had different effects on the GOT threshold between
the paretic and non-paretic hand. To further explore this
interaction, we performed a two-way repeated measures ANOVA
for each hand.

In the paretic hand, the two-way repeated measures ANOVA
revealed significant main effects of INTERVENTION [F(1, 7) =
15.89, p < 0.01], TIME [F(2, 14) = 13.17, p < 0.01], and their
interaction [F(2, 14) = 14.90, p < 0.01; Figure 2A]. A post-hoc
analysis revealed that the GOT threshold during tDCS over
S1 was significantly lower than that in the sham condition (p
< 0.01). Additionally, 10 min after tDCS over S1, the GOT
threshold was still significantly lower than that after the sham
stimulation (p < 0.01).

On the non-affected index finger, the main effects of
INTERVENTION [F(1, 7) = 3.69], TIME [F(2, 14) = 3.36], their
interaction [F(2, 14) = 2.53] were not significant (Figure 2B).

Effects of tDCS Over S2
The three-way repeated measures ANOVA revealed significant
main effects of INTERVENTION [F(1, 7) = 6.22, p < 0.05],
HAND [F(1, 7) = 22.41, p < 0.01], and TIME [F(2, 14) =

12.60, p < 0.01]. Additionally, the three-way interaction among
INTERVENTION, HAND, and TIME was significant [F(2, 14) =
9.32, p < 0.01]. This suggests that the real S2 and sham
interventions had different effects on the GOT threshold between

the paretic and non-paretic hand. To further explore this
interaction, we conducted a two-way repeated measures ANOVA
for each hand.

In the paretic hand, the two-way repeated ANOVA revealed
significant main effects of INTERVENTION [F(1, 7) = 15.01, p
< 0.01], TIME [F(2, 14) = 15.40, p < 0.01], and their interaction
[F(2,14) = 12.57, p < 0.01; Figure 2C]. A post-hoc analysis
revealed that the GOT threshold during tDCS over S2 was
significantly lower than in the sham condition (p < 0.01).
Additionally, the GOT threshold 10 min after tDCS over S1 was
still significantly lower than that after the sham stimulation (p <

0.01).
On the non-affected index finger, the main effects of

INTERVENTION [F(1, 7) = 0.78], TIME [F(2, 14) = 0.88]
and their interaction [F(2, 14) = 0.32] were not significant
(Figure 2D). These data indicate that there were no significant
differences in GOT thresholds between the real S2 and sham
stimulation on the non-affected index finger.

Got Thresholds in S1 and S2 Stimulation
Conditions
We compared the mean GOT thresholds for the affected index
finger during and 10 min after the S1 and S2 tDCS stimulation
sessions. We found no significant differences in the mean GOT
thresholds between the S1 and S2 stimulations during [mean
threshold of S1 stimulation = 4.50 ± 2.25; mean threshold of
S2 stimulation = 4.37 ± 2.36; t(7) = 0.38, p = 0.72] or 10 min
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FIGURE 2 | Results of grating orientation task in dual-hemisphere S1 and S2 tDCS. The mean threshold is plotted as a time course relative to the intervention,

with bars indicating standard deviation (SD). (A) Indicates the effect of the stimulation on the affected index finger when adopting tDCS over S1. (B) Indicates the

effect of the stimulation on the non-affected index finger when adopting tDCS over S1. (C) Indicates the effect of the stimulation over the affected index finger when

adopting tDCS over S2. (D) Indicates the effect of the stimulation on the non-affected index finger when adopting tDCS over S2. Compared with sham tDCS (white

circle, p < 0.05), dual-hemisphere tDCS (black circle) significantly improved the grating orientation threshold for the affected index finger during and 10 min after the

stimulation over both S1 and S2. However, we found no significant effects of tDCS on the non-affected index finger, regardless of stimulation site.

after the intervention [mean threshold of S1 stimulation = 4.69
± 2.35; mean threshold of S2 stimulation = 4.92 ± 2.27; t(7) =
0.73, p = 0.49]. These results suggest that the GOT thresholds
were not statistically different between the S1 and S2 stimulation
sites.

Psychological Data
None of the participants reported side effects. The VRS
scores recorded after each intervention revealed that the tDCS
did not significantly influence participant levels of attention,
fatigue, pain, or discomfort (Table 3). Thus, we expect that the
confounding effects of these factors are minimal in this study.

DISCUSSION

Our results indicate that both dual-hemisphere S1 and S2
tDCS transiently improved tactile spatial discrimination task
performance compared with sham stimulation in stroke patients
with sensory deficits. This effect was specific to the affected
index finger. The effecter-specificity of the modulation indicated
that general effects, such as changes in attention, fatigue, or
pain/discomfort, did not cause the results. The VRS scores
supported this notion.

Previous studies with stroke patients have reported that tDCS
can enhance motor (Hummel et al., 2005; Hummel and Cohen,
2006; Tanaka et al., 2011), language, and cognitive functions
(Shah et al., 2013; Flöel, 2014). Regarding sensory deficits,
previous studies have reported on the therapeutic effect of tDCS
in patients with multiple sclerosis, peripheral nerve neuropathic
pain, and tinnitus (Mori et al., 2012; Nizard et al., 2012; Song
et al., 2012). However, to the best of our knowledge, the present
study is the first to show that tDCS can improve somatosensory
function in stroke patients with sensory deficits.

Our finding that dual-hemisphere tDCS over S1 and S2
improved the GOT threshold in stroke patients is consistent
with the findings of a previous study that showed that dual-
hemisphere tDCS over the bilateral S1 and S2 enhanced GOT
performance in healthy subjects (Fujimoto et al., 2014a,b). In
our dual-hemisphere tDCS protocol, the anodal tDCS might
have increased the excitability of the affected hemisphere,
thus affecting tactile spatial discrimination in the affected
index finger. Concurrently, decreased excitability in un-affected
hemisphere induced by cathodal tDCS might have further
increased excitability in the affected hemisphere through a
reduction in interhemispheric inhibition (Werhahn et al., 2002;
Hlushchuk and Hari, 2006; Ragert et al., 2011). We speculate
that the combined effect of increased excitability in the affected

Frontiers in Neuroscience | www.frontiersin.org March 2016 | Volume 10 | Article 128 | 171

http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive


Fujimoto et al. Dual-Hemisphere Sensory tDCS for Stroke

TABLE 3 | Questionnaire scores after each intervention.

Dual S1 Sham S1 Dual S2 Sham S2 Statistics (Fisher’s exact test)

Attention 1.13 ± 0.35 1.00 1.00 1.00 Non-significant

Fatigue 1.00 1.00 1.00 1.00 Non-significant

Pain 1.13 ± 0.35 1.00 1.13 ± 0.35 1.00 Non-significant

Discomfort 1.38 ± 0.52 1.00 1.25 ± 0.46 1.13 ± 0.35 Non-significant

1.00:All of participants points 1. Data represent the group mean ± SD. Attention was scored on a scale of 1–4 (1 = no distraction; 4 = highest level of distraction). Fatigue was

scored on a scale of 1–4 (1 = no fatigue; 4 = highest level of fatigue). Pain was scored on a scale of 1–4 (1 = no pain; 4 = strongest pain). Discomfort was scored on a scale of 1–4 (1

= no discomfort; 4 = strongest discomfort).

hemisphere via anodal tDCS and decreased excitability in the
un-affected hemisphere via cathodal tDCS might have led to the
observed behavioral gain.

In the present study, we exclusively used dual-hemisphere
tDCS. Thus, we cannot rule out the possibility that single-
hemisphere tDCS might have been sufficient to improve tactile
discrimination performance in our sample of stroke patients.
However, in previous experiments with healthy subjects, dual-
hemisphere tDCS elicited a more robust improvement in
performance compared with single-hemisphere tDCS (Fujimoto
et al., 2014a,b). Therefore, it is reasonable to expect that dual-
hemisphere tDCS represents a more powerful strategy for
improving tactile spatial discrimination performance in stroke
patients compared with single-hemisphere tDCS (Vines et al.,
2008; Kasahara et al., 2013; Fujimoto et al., 2014a; Sakai et al.,
2014; Koyama et al., 2015). Future studies could clarify this issue
by investigating the effects of single-hemisphere stimulation on
behavior.

In the present study, we found the degree of improvement
in GOT performance elicited by S1 and S2 stimulation to
be comparable. Therefore, we cannot make a judgment about
which somatosensory cortex is a more suitable target for
sensory improvement in stroke patients. This result is consistent
with previous neuroimaging findings that both S1 and S2 are
important for the performance of tactile spatial discrimination
tasks (Zhang et al., 2005).

One limitation in the present study was that the patients were
relatively heterogeneous in terms of stroke localization (corona
radiate, putamen, thalamus, and subcortical region). Therefore, it
is difficult to conclude whether the observed reduction in tactile
threshold is due to a potentiation or improvement of an impaired
sensory tract by tDCS. Stroke patients with more homogeneus

pathology should be investigated in future. On the other hand,
the heterogeneity in the present study could be strength when we
consider the wider therapeutic impact of tDCS in real life.

To conclude, our study appears to be the first double-
blind, cross-over, sham-controlled experiment to demonstrate
that dual-hemisphere tDCS over S1 and S2 can enhance tactile
spatial discrimination in chronic stroke patients with sensory
deficits. Our results provide evidence for the efficacy of tDCS
in improving somatosensory function after chronic stroke.
Although our small number of subjects may limit the strength
of our conclusion, our findings raise the possibility that repeated
applications of tDCS, combined with rehabilitation training,

might have a long-term beneficial effect on somatosensory
performance in stoke patients, as shown with upper limb motor
training (Reis et al., 2009; Lefebvre et al., 2012). Testing this
hypothesis will be relevant to the clinical application of non-
invasive cortical stimulation.
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Alzheimer’s and Parkinson’s disease are the two most common neurodegenerative

disorders. They develop after a progressive death of many neurons in the brain. Although

therapies are available to treat the signs and symptoms of both diseases, the progression

of neuronal death remains relentless, and it has proved difficult to slow or stop. Hence,

there is a need to develop neuroprotective or disease-modifying treatments that stabilize

this degeneration. Red to infrared light therapy (λ =600–1070 nm), and in particular light

in the near infrared (NIr) range, is emerging as a safe and effective therapy that is capable

of arresting neuronal death. Previous studies have used NIr to treat tissue stressed by

hypoxia, toxic insult, genetic mutation andmitochondrial dysfunction with much success.

Here we propose NIr therapy as a neuroprotective or disease-modifying treatment for

Alzheimer’s and Parkinson’s patients.

Keywords: disease-modifying, neuroprotection, photobiomodulation, amyloid plaques, tau protein

INTRODUCTION

Several recent studies in animal models of Alzheimer’s and Parkinson’s disease have reported that
low-level near infrared light (NIr) therapy not only mitigates the behavioral deficits associated with
these conditions but also has neuroprotective effects, slowing the underlying death of neurons.
Current clinical therapies for both diseases do not achieve a comparable slowing of degeneration
and neuroprotection, though they do relieve motor signs in Parkinson’s disease and, to a lesser
extent, the cognitive, and memory deficits in Alzheimer’s disease. In this review, we consider the
evidence for neuroprotection by NIr in animal models of these diseases, the putative mechanisms
by which NIr may work to protect cells against insult, the safety of NIr therapy and finally, the
potential effective use of NIr therapy in patients. First, we provide an overview of Alzheimer’s and
Parkinson’s disease and current treatment options for these conditions.

Abbreviations: AchEIs, acetylcholinesterase inhibitors; ATP, adenosine triphosphate; LED, light emitting diode; MPP+, 1-

methyl-4-phenylpyridinium;MPTP,methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NIr, near infrared light; NMDA, N-methyl-

d-aspartate receptor; SNc, substantia nigra pars compacta; 6OHDA, 6 hydroxydopamine.
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OVERVIEW AND CURRENT TREATMENT
OPTIONS FOR ALZHEIMER’S AND
PARKINSON’S DISEASE

Neurodegeneration refers to a progressive death of neurons,
by either genetic environmental or currently unknown factors.
It includes a range of disorders, with the two most common
being Alzheimer’s and Parkinson’s disease. Over time, as more
and more neurons die, the signs and symptoms associated with
each disorder worsen, making many routine day-day activities
increasingly more difficult for patients (Tierney et al., 2013;
Schapira et al., 2014; Brettschneider et al., 2015; Coppedè and
Migliore, 2015; Goedert, 2015; Herrup, 2015; Nelson and Tabet,
2015). In the sections that follow, the different patterns of
neurodegeneration, clinical syndromes and current treatments
for each disease will be considered separately.

Alzheimer’s Disease
Alzheimer’s disease is the name given to an age-related, insidious-
onset, progressive dementia. Individuals suffer progressive
memory and cognitive decline and an overall loss of executive
function (Herrup, 2015; Nelson and Tabet, 2015). There is
an insidious death of neurons across large areas of the brain
(Figure 1); all cortical regions, in particular entorhinal cortex and
hippocampus, together with some subcortical regions, including
the basal nucleus of Meynert, dorsal raphe, and locus coeruleus,
suffer extensive neuronal death (Goedert, 2015; Herrup, 2015).
The disease gained its name after the German neurologist Alois
Alzheimer (1907, 1911) described three features of the end-stage
brain. Two of the three features are proteinopathies (of β-amyloid
and hyperphosphorylated tau); the third is now called gliosis
or inflammation. Many other abnormalities have since been
described in the dementing brain, from small vessel hemorrhage
to oxidative stress (see below).

The Alzheimer’s brain is characterized by a distinct pathology
featuring numerous extracellular β-amyloid plaques and
intracellular neurofibrillary tangles. The β-amyloid peptide,
forming the bulk of the plaques, results from the cleavage
of its precursor, the amyloid precursor protein, while the
neurofibrillary tangles are made up of hyperphosphorylated
tau protein (Braak and Braak, 1995; Hardy and Selkoe, 2002;
Goedert and Spillantini, 2006). Although these pathologies
have a similar overall topography across the brain, being
found in largely the same regions, they tend to have different
patterns of development. The β-amyloid plaques appear first
in the cortex and then later across subcortical regions, while
hyperphosphorylated tau is first observed in the subcortex (e.g.,
locus coeruleus) and then later across the cortex (Brettschneider
et al., 2015).

Debate concerning the cause of this dementia is robust. In
the rare early-onset forms (<65 years), there are strong genetic
links, with mutations of amyloid precursor protein or presenilins
giving rise to an autosomal dominant inheritance pattern of
the disease. The majority of the transgenic animal models of
the disease are, in fact, based on mutations of these proteins
(e.g., Garcia-Alloza et al., 2006; van Eersel et al., 2010). In the
more common late-onset forms (>65 years), genetic associations

are not as strong, with the underlying causes and mechanisms
being unclear (Coppedè and Migliore, 2015; Goedert, 2015;
Herrup, 2015). A number of different hypotheses have been
championed, the most popular of which is the amyloid cascade
hypothesis, which proposes that the accumulation of β-amyloid
in the brain—whether by genetic mutation or other unknown
factors—is the primary driver of pathogenesis, namely the
formation of tangles and subsequent neuronal death (Hardy and
Selkoe, 2002). Inmore recent times, Alzheimer’s pathogenesis has
been proposed to be generated by protein assemblies adopting
alternative conformations and becoming self-propagating, like
prions (Recasens et al., 2014; Brettschneider et al., 2015;
Goedert, 2015). An alternative hypothesis suggests that the
proteinopathies occur downstream from the prime cause, which
is microvascular hemorrhage (Cullen et al., 2005, 2006; Stone,
2008). In this latter view, Alzheimer’s disease is a vasculopathy,
a form of vascular dementia (De la Torre, 2004). In essence, this
hypothesis proposes that the breakdown of cerebral capillaries
as a consequence of aging results in microhemorrhages that in
turn lead to the formation of plaques, tangles, and subsequent
neuronal death (Cullen et al., 2005, 2006; Stone, 2008). We have
argued recently that the dementia is best understood as a pulse-
induced vascular dementia affecting primarily small cerebral
vessels and that the link to age arises from the age-related
hardening of the aorta, which intensifies the destructiveness of
the pulse; that the pathology and symptoms of the disease are
all downstream outcomes of pulse-induced damage to cerebral
vessels (Stone et al., 2015). Finally, there is the hypothesis
that mitochondrial dysfunction is a major contributor to the
neuronal death (Swerdlow and Khan, 2004; Chaturvedi and
Beal, 2008; Gonzalez-Lima et al., 2014; Coppedè and Migliore,
2015). As the organelles responsible for fuelling cell function, if
mitochondria become damaged or dysfunctional, their efficacy
and ATP (adenosine triphosphate) yield would be reduced. This
process would lead to an increase in toxic reactive oxygen species,
generating oxidative stress and subsequent neuronal death, as
observed in Alzheimer’s disease (Swerdlow and Khan, 2004;
Chaturvedi and Beal, 2008; Gonzalez-Lima et al., 2014; Coppedè
andMigliore, 2015). It should be noted that each of these putative
pathogenic processes need not be mutually exclusive, and that all
probably play some role in the disease process (Stone et al., 2015).

The current treatment options for patients with Alzheimer’s
disease are limited. These include acetylcholinesterase inhibitors
(AChEIs) and N-methyl-d-aspartate receptor (NMDA)
antagonists. AChEIs work to slow the rate of cognitive
decline by inhibiting the degradation of acetylcholine, the major
neurotransmitter associated with attention and memory, while
NMDA antagonists work to prevent neurotoxicity in the brain,
in particular in regions that are important for memory formation
and learning. Unfortunately, these drugs are not efficacious
in most patients, may have some toxic side effects and at best
provide only minor palliative symptomatic relief (Nelson and
Tabet, 2015).

Parkinson’s Disease
The clinical syndrome and neuropathology of Parkinson’s disease
are very different to Alzheimer’s disease. Parkinson’s patients
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FIGURE 1 | The major brain sites of pathology in Alzheimer’s and Parkinson’s patients. For Alzheimer’s disease, green shade indicates major regions of cell

loss and β-amyloid plaques and tau pathology, while in Parkinson’s disease, red shade indicates sites of major cell loss and α-synuclein pathology.

have predominately motor signs, including resting tremor,
lead-pipe rigidity, akinesia, and/or bradykinesia (Bergman and
Deuschl, 2002; Jankovic and Poewe, 2012). There may also be
some cognitive impairment but this generally develops very
late in the disease process (Cosgrove et al., 2015). Unlike
Alzheimer’s patients, there are no plaques or tangles and the
zones of neurodegeneration are more limited, at least initially. In
Parkinson’s patients, there is a progressive death of many neurons
in the brainstem, in particular the dopaminergic cells in the
substantia nigra pars compacta (SNc) of the midbrain (Figure 1;
Rinne, 1993; Blandini et al., 2000; Bergman and Deuschl, 2002).
The loss of these cells leads subsequently to a reduction in the
levels of dopamine in the striatum that, in turn, manifests as
the distinct signs of the disease (Blandini et al., 2000; Bergman
and Deuschl, 2002). In addition to this primary loss of brainstem
dopaminergic cells, there are also localized regions of pathology
in the olfactory bulb, dorsal motor nucleus of the vagus nerve and
locus coeruleus (Figure 1) and in much later stages of the disease,
across the cortex (Del Tredici and Braak, 2013; Brettschneider
et al., 2015).

As with Alzheimer’s disease, the factors that cause Parkinson’s
disease and mechanisms of neuronal death are not clear. In
the rarer, early-onset forms of Parkinson’s disease (10–15%),
strong genetic links have been established, with several gene
mutations having been identified (e.g., parkin, PINK1; Corti
and Brice, 2013). There are many transgenic animal models
of the disease, the most relevant involving mutations of the

presynaptic protein, α-synuclein (Blesa et al., 2012; Bezard et al.,
2013). In the more common late-onset of forms of the disease,
the genetic links are much weaker and the causes remain
unknown. As with Alzheimer’s disease, several hypotheses have
been championed. First, the abnormal accumulation α-synuclein
in cells (synucleinopathy)—whether by genetic mutation or other
unknown factors—has been suggested to be the primary factor
driving the neuronal death (Gitler et al., 2009). The abnormal
accumulation of this protein in cells (i.e., Lewy bodies) is thought
to have prion-like propagation (Brettschneider et al., 2015;
Goedert, 2015). Second, there is evidence that Parkinson’s disease
arises after exposure to a neurotoxin, for example paraquat,
rotenone, 6OHDA (6 hydroxydopamine) or MPTP (methyl-4-
phenyl-1,2,3,6-tetrahydropyridine). Indeed, many of the animal
models of the disease are based on exposure to these toxins
(Blesa et al., 2012). Third, there are reports proposing a role for
vascular dysfunction in Parkinson’s pathogenesis. In particular,
it has been suggested that the process of neuronal death begins
after endothelial cell damage and impairment of blood-brain
barrier function (Farkas et al., 2000; Kortekaas et al., 2005; Carvey
et al., 2009; Grammas et al., 2011). Further, the toxins that
induce parkinsonism in animal models, namely 6OHDA and
MPTP, have been shown to generate substantial disruption of the
blood-brain barrier (Carvey et al., 2009). Finally, mitochondrial
dysfunction—caused by either toxic insult, genetic mutation,
vascular damage, or unknown factors—is considered central
in the pathogenesis of Parkinson’s disease (Fukae et al., 2007;
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Exner et al., 2012). This dysfunction leads to a reduction of key
cellular functions and subsequent neuronal death (see above).
Many of these proposed mechanisms of neuronal death—from
mitochondrial dysfunction to vascular compromise and from
abnormal protein assemblies to prion-like propagation—are
similar to those described above for Alzheimer’s disease and are
likely to all contribute to the pathological process, not being
mutually exclusive.

For Parkinson’s patients, there are more treatment options
available than for Alzheimer’s patients. Most Parkinson’s patients
are treated initially with dopamine replacement drug therapy,
which aims to replace the dopamine lost from the system. This
therapy is highly efficacious at reducing motor signs initially, but
with prolonged use, its efficacy tapers and side-effects develop
(e.g., dyskinesias; Bergman and Deuschl, 2002; Jankovic and
Poewe, 2012). At these stages, patients are usually recommended
for surgery with high frequency deep brain stimulation, most
commonly targeting the subthalamic nucleus (Benabid et al.,
2009). This surgery aims to correct the abnormal function of the
basal ganglia circuitry caused by the loss of dopamine and, as
with the drug therapy, is very effective in treating the signs of the
disease. However, for both dopamine drug therapy and surgery,
there is little, if any, evidence for neuroprotection in Parkinson’s
patients (Olanow et al., 2008; Jankovic and Poewe, 2012; Bezard
et al., 2013; Schapira et al., 2014).

In summary, the neuropathology and patterns of
neurodegeneration across the brain in Alzheimer’s and
Parkinson’s disease are very different, hence resulting in very
different signs and symptoms. However, there are similarities
in the proposed mechanisms of neuronal death in each disease.
The current treatments for patients of both diseases offer at best
symptomatic relief (particularly in Parkinson’s disease) but do
not provide neuroprotection or are not disease-modifying, at
least in humans.

FROM THE BENCH TO THE CLINIC: THE
EVIDENCE FOR NEUROPROTECTION BY
NEAR INFRARED LIGHT (NIr) TREATMENT
IN ALZHEIMER’S AND PARKINSON’S
DISEASE

Low-level laser or LED (light emitting diode) therapy using
red to infrared light (λ = 600–1070 nm), conflated here to
the term “near infrared light” (NIr), is an emerging, putative
neuroprotective treatment that is showing promise in several pre-
clinical models of disease. For example, NIr has been reported
beneficial in animal models of retinal disease (Eells et al.,
2004; Natoli et al., 2010, 2013; Albarracin et al., 2013; Begum
et al., 2013; Gkotsi et al., 2014), traumatic brain (Ando et al.,
2011; Oron et al., 2012; Quirk et al., 2012a; Xuan et al., 2013,
2014, 2015) and optic nerve (Fitzgerald et al., 2010) injury,
experimentally-induced stroke (Lapchak et al., 2004; DeTaboada
et al., 2006; Oron et al., 2006), familial amyotrophic lateral
sclerosis (Moges et al., 2009), multiple sclerosis (Muili et al.,
2012), Parkinson’s disease (Liang et al., 2008; Whelan et al.,
2008; Ying et al., 2008; Shaw et al., 2010; Peoples et al., 2012;

Moro et al., 2013, 2014; Purushothuman et al., 2013; Vos et al.,
2013; Johnstone et al., 2014a,b; Darlot et al., 2015; El Massri
et al., 2015; Reinhart et al., 2015a,b) and Alzheimer’s disease
(Michalikova et al., 2008; DeTaboada et al., 2011; Grillo et al.,
2013; Purushothuman et al., 2014, 2015). In humans, NIr therapy
has been reported to improve executive, cognitive, and emotional
functions (Barrett and Gonzalez-Lima, 2013; Blanco et al., 2015),
together with performance in a range of clinical tests after
ischaemic stroke (Lampl et al., 2007; Lapchak, 2010), brain
trauma (Naeser et al., 2011, 2014), depression (Schiffer et al.,
2009) and in age-related macular degeneration (Merry et al.,
2012). The fact that NIr therapy has been reported to be effective
in so many different models of disease and in a range of neural
systems suggests that it is not a targeted therapy, but instead,
acts to mitigate ubiquitous processes relating to cell damage and
death. Recent work indicates that NIr is effective in reducing
neuronal death induced by apoptosis, but not necrosis (Quirk
et al., 2012a). The pathway to apoptosis is likely to involve a
critical decline in cellular energy production (Galluzzi et al.,
2012), that NIr may help to restore (Hamblin and Demidova,
2006; Liang et al., 2008; Ying et al., 2008; Desmet et al., 2009; Rojas
and Gonzalez-Lima, 2011; Chung et al., 2012; Begum et al., 2013;
Gkotsi et al., 2014). This mechanism is presumably common
to all the above mentioned conditions and is perhaps why NIr
therapy has such broad potential applications. In the context of
Alzheimer’s and Parkinson’s disease, although they have distinct
initiating causes, both diseases converge on common pathways
of inflammation and oxidative stress, mitochondrial dysfunction
and neuronal death, indicating that NIr may be beneficial to both
through the same protective mechanisms.

NIr for Alzheimer’s Disease
The majority of the studies reporting beneficial effects of NIr
treatment in Alzheimer’s disease or dementia have been in
transgenic animal models, in particular those displaying β-
amyloid (APP/PS1: DeTaboada et al., 2011; Purushothuman
et al., 2014, 2015; TASTPM; Grillo et al., 2013; CD1: Michalikova
et al., 2008), or tau (K369I: Purushothuman et al., 2014, 2015)
pathologies (Table 1). In general, with either acute (weeks;
Michalikova et al., 2008) or more chronic (months; DeTaboada
et al., 2011; Grillo et al., 2013; Purushothuman et al., 2014,
2015) NIr treatment, these studies have reported reductions in β-
amyloid plaques, neurofibrillary tangles of hyperphosphorylated
tau protein, inflammation and oxidative stress, together with
increased ATP levels and improved overall mitochondrial
function. In addition, NIr reduced the characteristic cognitive
deficits associated with the CD1 (Michalikova et al., 2008) and
APP/PS1 (DeTaboada et al., 2011) transgenic mouse models. One
in vitro study reported that, after internalization of β-amyloid
into human neuroblastoma cells, NIr treatment increased ATP
levels and overall cell number, while reducing β-amyloid
aggregates (Sommer et al., 2012).

To the best of our knowledge, there have been no major
publications—at least in peer-reviewed journals—on the efficacy
of NIr in Alzheimer’s patients. There are some web pages
referring to either an Alzheimer extracranial “helmet,” housing
many LEDs of wavelengths ranging from 660 to 1070 nm (e.g.,
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TABLE 1 | Studies reporting on NIr treatment in Alzheimer’s disease.

Findings with NIr application Study Model Species

↑ Cell survival Sommer et al., 2012 In vitro (neuroblastoma cells internalized with β-amyloid) Human cells

↑ ATP content

↓ β-amyloid aggregates

↓ β-amyloid plaques Purushothuman et al., 2014, 2015 APP/PS1, K3691 transgenics (chronic) Mouse

↓ Oxidative stress

↓ hyperphosphorylated tau

↓ β-amyloid plaques DeTaboada et al., 2011 APP transgenic (chronic) Mouse

↓ Inflammation

↑ ATP content

↑ Mitochondrial function

↓ β-amyloid plaques Grillo et al., 2013 TASTPM transgenic (chronic) Mouse

↓ Oxidative stress

↓ Hyperphosphorylated tau

↑ Heat shock proteins

↑ Cognitive behavioral deficits Michalikova et al., 2008 CD1 transgenic (acute) Mouse

DeTaboada et al., 2011 APP transgenic (chronic)

http://www.emersonww.com/InfraredHelmet.htm; http://www.
science20.com/news_releases/can_this_infra_red_helmet_cure_
alzheimers_in_10_minutes_a_day; http://www.instructables.
com/id/LED-helmet-for-dementia-alzheimers-parkinsons), or
an intranasal device delivering NIr to the brain (http://www.
mediclights.com/wp-content/uploads/2013/11/Alzheimer-with-
intranasal-light-08-22-13-1.pdf). However, there are no reports,
either published, or in progress, of clinical trials on Alzheimer’s
patients. Two clinical studies by Naeser et al. (2011, 2014) have
reported improvements in executive function, learning and
memory after NIr treatment—delivered via an extracranial
helmet-like device using two LEDs—in a small number of
patients suffering chronic traumatic brain injury. Further, there
are two human studies in healthy individuals reporting that NIr
therapy improves attention and short-term memory (Barrett and
Gonzalez-Lima, 2013) and executive functions (Blanco et al.,
2015). Although these studies are promising in the sense that NIr
therapy resulted in cognitive improvements, the subjects were
not Alzheimer’s patients.

NIr for Parkinson’s Disease
Mainly due to the existence of effective toxin-based in vitro and
in vivomodels, there have been considerably more reports on the
beneficial effects of NIr for Parkinson’s disease (Table 2). The first
studies to report neuroprotection byNIr after parkinsonian insult
demonstrated that NIr treatment reduced cell death, increased
ATP content and decreased levels of oxidative stress in rat
striatal and cortical cells exposed to the parkinsonian toxins
rotenone and MPP+ (1-methyl-4-phenylpyridium) in vitro
(Liang et al., 2008; Ying et al., 2008). In cultures of human
neuroblastoma cells engineered to overexpress α-synuclein,
NIr increased mitochondrial function and reduced oxidative

stress after MPP+ (1-methyl-4-phenylpyridinium) exposure
(Trimmer et al., 2009; Quirk et al., 2012b). Further, in hybrid
cells bearing mitochondrial DNA from Parkinson’s patients,
mitochondrial movement along axons improved substantially
after NIr treatment, with movement restored to near control
levels (Trimmer et al., 2009).

There have also been many in vivo studies of NIr-induced
neuroprotection in various animal models of Parkinson’s disease
(Table 2). In MPTP-treated mice (Shaw et al., 2010; Peoples
et al., 2012; Moro et al., 2013, 2014; Johnstone et al., 2014b;
El Massri et al., 2015; Reinhart et al., 2015b) and 6OHDA-
lesioned rats (Reinhart et al., 2015a), NIr treatment saved many
dopaminergic cells from death. Further, results were similar
whether the therapy was applied before, at the same time
or well after the insult, indicating that NIr both conditions
healthy neurons to resist a subsequent insult and rescues
damaged neurons following an insult (Peoples et al., 2012).
The rescue of neurons is particularly relevant to the clinical
reality of the parkinsonian condition, in which individuals have,
at presentation, already suffered significant degeneration, so
that treatment follows neuronal loss. In the K369I transgenic
mouse model of frontotemporal dementia, which also shows
parkinsonian signs and a chronic and progressive degeneration
of dopaminergic cells in the SNc, NIr treatment decreased
oxidative stress and hyperphosphorylated tau and increased
dopaminergic cell survival in the SNc (Purushothuman et al.,
2013). Recently, NIr therapy has been used in a non-human
primate MPTP model of Parkinson’s disease with very promising
results. All of the NIr-treated MPTP monkeys had a greater
number of surviving dopaminergic nigral cells and striatal
terminations compared to those that were not treated (Darlot
et al., 2015).
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Together with preserving dopaminergic cell survival, NIr has
been shown to correct abnormal neuronal activity generated
by the parkinsonian condition (Shaw et al., 2012). Using
Fos immunohistochemistry (a well-established measure of cell
activity), the overactivity of neuronal firing in the subthalamic
region, characteristic of parkinsonian cases, was reduced
substantially after NIr therapy. This reduction did not quite reach
control levels, indicating that the restoration was partial, and
was attributed to the functional repair of damaged dopaminergic
cells in the SNc, allowing these cells to resume producing and

releasing dopamine at their terminals in the striatum (Shaw
et al., 2012). This functional restoration may well-underlie the
improved motor behavior observed after NIr treatment (see
below).

A number of previous studies have reported clear
improvements inmotor behavior in animalmodels of Parkinson’s
disease following NIr treatment. In MPTP-treated mice, NIr
therapy improved various parameters of locomotion, for example
mobility, and velocity (Whelan et al., 2008; Moro et al., 2013;
Reinhart et al., 2015b). NIr treatment also delayed disease

TABLE 2 | Studies reporting on NIr treatment in Parkinson’s disease.

Findings with NIr application Study Model Species

↑ Cell survival (striatal and cortical cells) Liang et al., 2008; Ying et al., 2008 In vitro (rotenone, MPTP) Rat cells

↑ ATP content

↓ Oxidative stress

↑ Mitochondrial function Quirk et al., 2012b In vitro (neuroblastoma cells

overexpressing <-synuclein)

Human cells

↓ Oxidative stress

↑ mitochondrial movement Trimmer et al., 2009 In vitro (hybrid cells with mitochondrial

DNA from Parkinson’s disease

patients)

Human cells

↑ Cell survival (TH+ cells) Shaw et al., 2010 MPTP (acute) Mouse

↑ Cell survival (TH+ cells) Peoples et al., 2012 MPTP (chronic)

↑ Cell survival (TH+ cells) Purushothuman et al., 2013 K369I transgenic (chronic)

↑ Cell survival (TH+ cells) Moro et al., 2013, 2014; Johnstone

et al., 2014b

MPTP (acute)

↑ Cell survival (TH+ cells) El Massri et al., 2015 MPTP (acute, sub-chronic)

↑ Cell survival (TH+ cells) Reinhart et al., 2015b MPTP (acute)

↑ Cell survival (TH+ cells) Reinhart et al., 2015a 6OHDA hemi-parkinsonian Rat

↑ Cell survival (TH+ and Nissl-stained cells) Darlot et al., 2015 MPTP (sub-acute) Monkey

↓ Oxidative stress Purushothuman et al., 2013 K369I transgenic (chronic) Mouse

↓ Hyperphosphorylated tau

↑ Flight Vos et al., 2013 pink1 mutant Flies

↑ Complex IV-dependent respiration

↓ Mutant mitochondria defects

↓ Abnormal basal ganglia activity Shaw et al., 2012 MPTP (acute) Mouse

(Fos immunoreactivity)

↑ Locomotive behavior Whelan et al., 2008 MPTP (acute) Mouse

Desmet et al., 2009 MPTP (acute)

Quirk et al., 2012b A53T(<-synuclein transgenic)

Moro et al., 2013; Reinhart et al.,

2015b

MPTP (acute)

↓ Apomorphine-induced rotations Reinhart et al., 2015a 6OHDA hemi-parkinsonian Rat

↑ Locomotive behavior, clinical signs Darlot et al., 2015 MPTP (sub-acute) Monkey

↓ Clinical signs Zhao et al., 2003; Maloney et al.,

2010; Burchman, 2011

Parkinson’s patients Human

Quietmind Foundation trial (http://

www.youtube.com/watch?v=9X-

hjgay7pg)
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progression and reduced the severity of the disease phenotype
in transgenic mice expressing the A53T human α-synuclein
mutation (Quirk et al., 2012b). Further, NIr treatment reduced
apomorphine-induced rotational behavior in a 6OHDA-lesioned
hemiparkinsonian rat model (Reinhart et al., 2015a). There
is also evidence that NIr treatment rescues flight and mutant
mitochondria defects, together with promoting complex
IV-dependent respiration, in pink1 mutant flies (Vos et al.,
2013). Perhaps the strongest evidence for improved behavioral
outcomes after NIr treatment has been in the MPTP-treated
monkey model of the disease. The NIr-treated MPTP monkeys
all had reduced clinical signs compared to untreated MPTP
monkeys; these reductions in clinical signs were still evident well
after the period of NIr treatment, in fact up to 3 weeks after in
many of the cases. This indicates that the therapeutic effects of
NIr are long-lasting and not confined to periods when NIr is
being applied (Darlot et al., 2015).

As with Alzheimer’s disease, there have been few reports to
date on the efficacy of NIr treatment in Parkinson’s disease
patients (Table 2). From the Quietmind Foundation trial, there
is a linked YouTube video (http://www.youtube.com/watch?
v=9X-hjgay7pg) of a Parkinson’s patient displaying improved
movement and reduced tremor after extracranial application
of NIr, but few details are provided. There is a recent
non-controlled and non-randomized clinical report indicating
improved speech, cognition, freezing episodes and gait after
extracranial NIr therapy in parkinsonian patients (Maloney
et al., 2010); there are also some clinical reports suggesting
improvements in parkinsonian signs in the majority of patients
after NIr application through an intranasal device (Zhao et al.,
2003). Finally, there is a serendipitous finding in one Parkinson’s
patient that was treated with NIr for a dental problem. This
patient was reported to display a reduction in his parkinsonian
signs following NIr treatment to the posterior regions of the
cranium/upper neck (Burchman, 2011).

In summary, a number of experimental studies have
demonstrated that NIr therapy improves motor behavior and
provides neuroprotection in various rodent models of both
Alzheimer’s and Parkinson’s disease; for Parkinson’s disease, these
benefits have been reported in a non-human primate model as
well. However, the evidence for therapeutic benefit at the clinical
level is far sparser, prompting the need for systematic, large-
scale clinical trials of NIr therapy in Alzheimer’s and Parkinson’s
patients.

HOW DOES NIr WORK TO
NEUROPROTECT?

The mechanisms that underpin NIr-induced neuroprotection
are not entirely clear, although they appear to operate in at
least two different biological levels. First, NIr acts at a cellular
level, activating intracellular cascades that ultimately contribute
to the survival of the target, and possibly neighboring, cells
and/or stimulating neurogenesis. Second, NIr appears capable
of triggering systemic protective mechanisms; this presumably
involves as yet unidentified circulating cellular or humoral

factors that can transduce protective effects to the brain
(Figure 2).

Direct Stimulation of Cells
There is a large body of work reporting that a number of
molecular and cellular systems are influenced byNIr. At a cellular
level, NIr displays a biphasic dose-response curve, suggesting
that NIr is a low-level stressor of cells and that the activation of
endogenous cellular stress response systems is likely to be central
to its efficacy (Hamblin and Demidova, 2006; Desmet et al., 2009;
Rojas and Gonzalez-Lima, 2011; Chung et al., 2012). The main
direct target of NIr appears to be cytochrome c oxidase, a key
enzyme of the mitochondrial respiratory chain (Figure 2A). This
enzyme is a photoacceptor of light in the NIr range; NIr exposure
produces a redox change in cytochrome c oxidase which causes
a transient change in mitochondrial membrane potential, leading
to increase ATP production and a burst in low levels of reactive
oxygen species (Hamblin and Demidova, 2006; Desmet et al.,
2009; Rojas and Gonzalez-Lima, 2011; Chung et al., 2012). This,
in turns, triggers a cascade of secondary downstream signaling
pathways that collectively stimulate endogenous cell protection
and repair mechanisms (Hamblin and Demidova, 2006; Desmet
et al., 2009; Chung et al., 2012; Rojas and Gonzalez-Lima,
2011). This modulation of multiple molecular systems appears
capable of both conditioning neurons to resist future damage
and accelerating repair of neurons damaged by a previous or
continuing insult (e.g., Liang et al., 2008; Ying et al., 2008).

In addition to protecting and repairing damaged or
dysfunctional neurons, there is emerging evidence from
mouse models of traumatic brain injury that NIr also stimulates
neurogenesis and synaptogenesis (Figure 2A). In a series of
studies using a mouse model of traumatic brain injury, Xuan
and colleagues found that a NIr treatment regime that improved
neurological performance (Xuan et al., 2013), also increased
markers of neuroprogenitor proliferation in the hippocampal
region (i.e., dentate gyrus) and subventricular zone (Xuan
et al., 2014), brain regions known to harbor neural stems cells.
Other early responses in these regions included up-regulation
of brain-derived neurotrophic factor, which was associated
with subsequent up-regulation of synaptogenesis markers in
the lesion site (Xuan et al., 2013). Similar observations of
NIr-induced increases in neuroprogenitor cell proliferation in
the subventricular zone have been made in a rat model of stroke
(Oron et al., 2006).

It should be noted that these studies have focussed on the effect
of NIr on neurons; similar NIr-induced cellular mechanisms
may also be at play within brain capillary endothelial cells
(Figure 2A). Mitochondrial dysfunction of these cells has been
related to various vascular conditions, including atherosclerosis
and hypertension (Tang et al., 2014). In the context of
neurodegeneration, both Alzheimer’s and Parkinson’s disease
have been implicated as vascular disorders, with suggestions that
the neurodegenerative process begins with the breakdown of the
integrity of small cerebral vessels and the blood-brain barrier
(see above). This “breakdown” may begin with mitochondrial
dysfunction (Grammas et al., 2011). Following, we propose that
NIr-induced neuroprotection in Alzheimer’s and Parkinson’s
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disease might involve repair of the damaged mitochondria in
local endothelial cells, leading subsequently to a restoration of
the integrity of the endothelial network and blood-brain barrier
in the region, resulting ultimately in improved neuronal survival
(Figure 2A).

Indirect Stimulation of Systemic Factors
In addition to direct beneficial actions on damaged cells, there
is increasing evidence that NIr treatment might also activate
a more global, systemic response (Figure 2B). This evidence
arises from the observation that local application of NIr to a
particular body part can induce beneficial effects in distant body
tissues (Braverman et al., 1989; Stone et al., 2013; Johnstone
et al., 2014a,b, 2015). For example, neuroprotection of the mouse
brain against MPTP insult has been demonstrated following
the “remote” application of NIr to the dorsum of the animal,
with no direct application to the head (Stone et al., 2013;
Johnstone et al., 2014a,b, 2015). While the mechanism remains
unknown, it presumably involves the stimulation of one or
more circulating molecules or cell types. One possibility is
the stimulation of immune cells, for example mast cells and
macrophages, that could help neuroprotect cells in the brain
(Byrnes et al., 2005; Chung et al., 2012; Muili et al., 2012).
There may also be effects on inflammatory mediators, as NIr is
associated with down-regulation of pro-inflammatory cytokines
and up-regulation of anti-inflammatory cytokines (Muili et al.,
2012). In addition, bone marrow-derived stem cells may also be
involved; a series of studies has demonstrated that NIr exposure
increases proliferation of c-kit-positive cells in the bone marrow
and that, following myocardial infarction in rats, these cells
are mobilized and recruited specifically to the site of damage
where they are associated with a reduction in myocardial infarct
size and ventricular dilatation (Tuby et al., 2011). These cells,
together with immune cells, may release trophic factors (e.g.,
nerve growth factor, brain-derived neurotrophic factor) that
improve the function of dying cells and help their survival (Hou
et al., 2008).

Another possibility is for a signaling system between
mitochondria in different body tissues. Mitochondria in
distress in one body tissue have been suggested to produce
an unidentified extracellular signal (mitokine) that is then
transmitted to cells in remote body tissues and as a consequence
induces a mitochondrial stress response (Durieux et al., 2011;
Taylor et al., 2014). In relation to NIr and Alzheimer’s and
Parkinson’s disease, NIr applied to remote tissue may prompt
a signal system between mitochondria of peripheral tissues
and brain, inducing repair mechanisms in the damaged cells
in the brain (Johnstone et al., 2014a,b, 2015). Taken all
together, the systemic mechanisms underlying remote NIr-
induced neuroprotection may share similarities with other
remote tissue protection phenomena—these include remote
ischaemic conditioning, where induction of brief ischaemic
episodes in one organ provides protection of other distant
organs (Hausenloy and Yellon, 2008; Yetgin et al., 2012), and
the so-called “abscopal” effect sometimes observed in radiation
treatment of metastatic cancer, where treatment targeted at a
tumor leads to not only a shrinking of the local tumor but also

a shrinking of tumors far from the treated area (Postow et al.,
2012).

More research is required to understand the interplay between
direct cellular and indirect systemic mechanisms of NIr-induced
protection. Both appear capable of acting independently—the
findings of numerous in vitro cell culture studies reporting
that NIr is neuroprotective, indicate clearly that the indirect
systemic effect is not necessary for NIr-induced neuroprotection
and repair of damaged neurons (Hamblin and Demidova, 2006;
Desmet et al., 2009; Rojas and Gonzalez-Lima, 2011; Chung
et al., 2012), while accumulating evidence from mouse models
suggest remote NIr application provides neuroprotection in the
absence of direct NIr stimulation (Johnstone et al., 2014b, 2015;
Farfara et al., 2015). The phenomenon of indirect NIr-induced
neuroprotection is likely to involve the same mechanisms,
at a cellular level, as those that provide neuroprotection to
damaged cells with direct NIr stimulation (i.e., stimulation
of mitochondrial function; Figure 2A). Although the concept
of indirect, remote NIr therapy holds promise for future
applications, it is not yet as fully understood and developed
as direct NIr therapy, thus our subsequent discussion will
focus primarily on direct NIr stimulation. Further, some early
results in an animal model of Parkinson’s disease suggest that,
although remote NIr provides neuroprotection, this protection
was not as robust as when NIr was applied directly to the
head (Stone et al., 2013; Johnstone et al., 2014b; presumably
stimulating local neurons and/or endothelial cells). In other
words, neuroprotection was achieved with both local and remote
NIr treatment, but the local treatment was the more effective.
As a working hypothesis, we suggest that direct stimulation
of the mitochondria and reparative mechanisms, either in the
neurons themselves or in the local endothelial cells (and/or
stimulation of neurogenesis), forms the primary mechanism
of NIr-induced neuroprotection. A more systemic (indirect)
stimulation of immune and/or stem cells may form a secondary
and complementary mechanism. We suggest that stimulation of
both direct and indirect mechanisms would generate maximum
NIr-induced neuroprotection.

IS NIr THERAPY SAFE?

To date, there are no reports of major safety issues nor side-effects
after NIr treatment. The commercial LED panels for NIr therapy
have already received non-significant risk status by the Food
and Drug Administration and previous studies have indicated
no adverse impact on brain tissue structure and function after
NIr treatment (power range from ∼1 to 700mW/cm2; Desmet
et al., 2006; Hamblin and Demidova, 2006; Ilic et al., 2006; Zivin
et al., 2009; McCarthy et al., 2010; Naeser et al., 2011, 2014; Rojas
and Gonzalez-Lima, 2011; Chung et al., 2012; Tata andWaynant,
2012; Quirk et al., 2012a,b; Moro et al., 2014). There is one
sole account of some neuronal damage and negative behavioral
outcomes inmice, but this was evident after an exceptionally high
power intensity (750mW/cm2; Ilic et al., 2006), approximately
one hundred times higher than the dose required to elicit a
therapeutic response (e.g., <10mW/cm2). Hence, when taken
together, these data indicate that when NIr was applied at
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FIGURE 2 | The putative NIr protective mechanisms in the brain. (A) Direct NIr stimulation of the mitochondria of the damaged neurons or endothelial cells. This

stimulation would repair the damage leading to neuronal protection. NIr may also stimulate neurogenesis in the hippocampus and/or synaptogenesis in the damaged

neurons (B) indirect (remote) stimulation via circulating immune cells and/or bone marrow stem cells leading to neuronal protection. The latter is similar to the so-called

“abscopal” effect in the treatment of cancer metastasis. We suggest that the primary mechanism is the direct effect, of neurons and/or of endothelial cells, while the

systemic indirect effect forms a secondary supportive mechanism.
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therapeutic doses (and even well above these doses), its impact
on body tissue was overwhelmingly positive, and had a very large
safety margin of application (Desmet et al., 2006; Hamblin and
Demidova, 2006; Ilic et al., 2006; Zivin et al., 2009; McCarthy
et al., 2010; Naeser et al., 2011, 2014; Rojas and Gonzalez-Lima,
2011; Chung et al., 2012; Tata and Waynant, 2012; Quirk et al.,
2012a,b; Moro et al., 2014). Further, there appears to be no
longer-term side effects associated with NIr application; in a
long-term study in rats, no adverse effects were noted after daily
treatment for 12 months (McCarthy et al., 2010).

NIr THERAPY IN ALZHEIMER’S AND
PARKINSON’S DISEASE PATIENTS: CAN IT
WORK?

The key question that still remains is whether NIr therapy can
be neuroprotective in humans. In order for maximum effect,
the primary goal would be for sufficient NIr signal to reach the
main zones of pathology, to elicit a protective, or reparative
effect within damaged cells (and perhaps also neurogenesis);
a secondary goal would be for the NIr signal to also trigger
systemic neuroprotective factors, for example circulating cells or
molecules (see above).

The issue of NIr reaching the zones of pathology is of most
concern in humans. There are no such concerns when there are
few or no tissue barriers, as in the culture dish (Eells et al., 2004;
Wong-Riley et al., 2005; Liang et al., 2008; Ying et al., 2008), the
retina (Natoli et al., 2010, 2013; Albarracin et al., 2013; Begum
et al., 2013) or in the mouse brain (Shaw et al., 2010; Peoples
et al., 2012; Moro et al., 2013; Purushothuman et al., 2013, 2014,
2015; Johnstone et al., 2014b; El Massri et al., 2015; Reinhart et al.,
2015b). But can NIr be effective when there are many intervening
body tissues, namely skin, thick cranium, and meninges, and
brain parenchyma, as in humans?

Previous studies have estimated that NIr can be measured—
through body tissues—at a distance of 20–30mm from the
transmission source (Lapchak et al., 2004; Byrnes et al., 2005;
Zivin et al., 2009), albeit with a considerable dissipation of signal
(DeTaboada et al., 2006; Zivin et al., 2009; Shaw et al., 2010;
Abdo et al., 2013; Moro et al., 2014). For example, Moro et al.
(2014) have noted that at a distance of 10mm through brain
parenchyma, the NIr signal is <1% of that emitted from the
source. They estimated a 65% reduction of signal across each
millimeter of brain tissue.

For Alzheimer’s patients, the NIr signal—when applied from
an extracranial source—should be able to reach the main zones
of pathology located in the cortex, 8–10mm below the cranium,
and have therapeutic effects (Figure 3). Indeed, there have been
several human studies reporting that NIr therapy is beneficial
when the target region is in the cortex, for example in patients
suffering trauma (Naeser et al., 2011, 2014), stroke (Lampl et al.,
2007; Lapchak, 2010) or depression (Schiffer et al., 2009). Further,
NIr therapy has been shown to improve higher-order cortical
functions in healthy individuals, such as sustained attention
and short-term memory (Barrett and Gonzalez-Lima, 2013),
together with executive functions (Blanco et al., 2015). Hence,
in Alzheimer’s disease, NIr-induced neuroprotection appears

feasible because the main zones of pathology are in superficial
structures seemingly within reach from an extracranial source.

For Parkinson’s patients, the distance from cranium to the
main zone of pathology in the brainstem is much greater,
being 80–100mm (Johnstone et al., 2014a). Hence, it is unlikely
that NIr signal from an extracranial source would reach the
target cells (Figure 3); at these distances, the signal would be at
best extremely weak and probably undetectable. This presents
a clear limitation in the use of extracranially-applied NIr as
a neuroprotective treatment in Parkinson’s patients. For these
reasons, we have developed a novel method of delivering effective
NIr signal to deeper brainstem structures, using an intracranial
optical fiber device. This device, when implanted within the
brain parenchyma near the region of pathology, delivers NIr
in effective doses for neuroprotection, for improved behavioral
outcomes and with no toxicity to surrounding tissues in both
rodents (Moro et al., 2014; Reinhart et al., 2015a) and non-human
primates (Darlot et al., 2015).

We should note that in Parkinson’s patients, although
extracranially-delivered NIr may not reach the zones of
pathology in the brainstem and hence, we argue, have
limited neuroprotection, it may nevertheless provide some
purely symptomatic effects. In Parkinson’s disease, there is
much abnormal activity in the cortex (Samuel et al., 1997;
Sabatini et al., 2000; Haslinger et al., 2001), a structure
that is within range of NIr signal when applied from an
extracranial source (see above). NIr may help normalize
this neural activity, leading to improvements in movement
(Johnstone et al., 2014a). Here, the NIr therapy would impact
on the abnormal neural circuitry that has resulted from
the loss of dopaminergic cells, rather than on the diseased
dopaminergic cells themselves. This form of NIr treatment
would be purely symptomatic, rather than neuroprotective.
We propose that such symptomatic treatment by NIr, namely
clinical improvements without any underlying changes to
the pathology, would be short-term; for long-lasting clinical
improvements, we suggest that a reduction in the pathology
through neuroprotection would be required. Hence, for
neuroprotective and maximum therapeutic effects in Parkinson’s
disease, NIr would need to be applied via the intracranial optical
fiber device (Figure 3).

In summary, there are clear indications that NIr can be an
effective neuroprotective treatment for both neurodegenerative
diseases, although the modes of delivery would be different; while
extracranial NIr therapy would suffice for Alzheimer’s disease,
intracranial NIr therapy would be required for Parkinson’s
disease (Figure 3).

WHAT WOULD BE THE ADVANTAGES OF
USING NIr THERAPY?

There would be several key advantages for the use of NIr
therapy over current treatments for both Alzheimer’s and
Parkinson’s disease. First and foremost, NIr has the potential
to be neuroprotective. A growing body of pre-clinical evidence
indicates that NIr therapy slows or stops disease pathology (Liang
et al., 2008; Ying et al., 2008; Shaw et al., 2010; Peoples et al.,
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FIGURE 3 | Potential NIr applications in Alzheimer’s and Parkinson’s patients. For effective neuroprotection, NIr could be applied extracranially in Alzheimer’s

disease (e.g., in the form of a helmet) and intracranially in Parkinson’s disease (e.g., in the form of an optical fiber linked to a LED or laser source). NIr would be

delivered very close to the diseased cells in the neocortex (for Alzheimer’s) and brainstem SNc (for Parkinson’s). In Parkinson’s patients selected for deep brain

stimulation, the NIr optical fiber could be implanted surgically at the same time, for neuroprotection of remaining dopaminergic cells (see text for details).

2012; Moro et al., 2013; Purushothuman et al., 2013, 2014,
2015; Johnstone et al., 2014b; El Massri et al., 2015; Reinhart
et al., 2015a,b). This is something that the current mainstay
of treatments for both diseases—drug therapy—does not do.
Second, it is safe, with no reported side effects (see above). Third,
treatment would be simple. For potential neuroprotection in
Alzheimer’s disease, patients would apply the NIr extracranially,
perhaps in the form of a helmet or a hand held device, over the
entire cranium; in Parkinson’s disease, patients would require
a minimally invasive surgical stereotactic procedure for the
insertion of a NIr optical device within the brain; in some
cases, this procedure might be undertaken at the same time as
stereotactic surgery for deep brain stimulation (see below). This
device would be linked to a battery source and pacemaker device
(as with patients receiving deep brain stimulation; Benabid et al.,
2009) applying the NIr to the brainstem when required. The
procedural risks would be comparable to those of single electrode
deep brain stimulation.

CONCLUSIONS AND IMPLICATIONS OF
FUTURE THERAPY

Although in its infancy, with the bulk of results still at the
pre-clinical “proof of concept” stage, NIr therapy has the
potential to develop into a safe and effective neuroprotective
treatment for patients with Alzheimer’s and Parkinson’s disease

(and presumably other neurodegenerative diseases such multiple
sclerosis and amyotrophic lateral sclerosis). If NIr was applied
at early stages of the disease process, for example at first
diagnosis, it could potentially slow further progression by
protecting neurons from death. Consequently, over time, the
greater neuronal survival would lessen the clinical signs and
symptoms. Further, NIr therapy—because of its lack of side-
effects and neuroprotective potential—is amenable to use in
conjunction with other treatments. For example, patients may
have NIr therapy with a reduced dosage of drugs as a first
line treatment; the potential neuroprotective effect of NIr could
prolong the efficacy of the drug therapy. Further, in Parkinson’s
patients selected for deep brain stimulation, they may also have
an NIr optical fiber implanted surgically at the same time,
thereby potentially offering neuroprotection of the remaining
dopaminergic cells. There is much to do in further developing
this treatment, but the therapeutic possibilities are many and
the potential outcomes very exciting. We await the outcomes
of major clinical trials using NIr therapy on these patients with
much anticipation.
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Non-invasive brain stimulation techniques, including transcranial direct current

stimulation (t-DCS) have been used in the rehabilitation of cognitive function in a spectrum

of neurological disorders. The present review outlines methodological communalities

and differences of t-DCS procedures in neurocognitive rehabilitation. We consider

the efficacy of tDCS for the management of specific cognitive deficits in four main

neurological disorders by providing a critical analysis of recent studies that have

used t-DCS to improve cognition in patients with Parkinson’s Disease, Alzheimer’s

Disease, Hemi-spatial Neglect, and Aphasia. The evidence from this innovative approach

to cognitive rehabilitation suggests that tDCS can influence cognition. However, the

results show a high variability between studies both in terms of the methodological

approach adopted and the cognitive functions targeted. The review also focuses both

on methodological issues such as technical aspects of the stimulation (electrode position

and dimension; current intensity; duration of protocol) and on the inclusion of appropriate

assessment tools for cognition. A further aspect considered is the optimal timing for

administration of tDCS: before, during or after cognitive rehabilitation. We conclude that

more studies using common methodology are needed to gain a better understanding of

the efficacy of tDCS as a new tool for rehabilitation of cognitive disorders in a range of

neurological disorders.

Keywords: transcranial direct current stimulation (tDCS), cognitive rehabilitation, neurocognitive disorders,

unilateral neglect, Aphasia, Parkinson’s disease (PD), Alzheimer’s disease (AD)

INTRODUCTION

The fifth edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-5)
presented a structure for the diagnosis of neurocognitive disorders. It differentiated “mild” and
“major” neurocognitive disorders which may be due to diverse etiologies (Sachdev et al., 2014).
Neurocognitive disorders (NCD) are described by decline from a premorbidly reached level of
cognitive functioning. The NCD category includes distinct clinical characteristics in which the
primary clinical deficit is acquired and is in cognitive function. The prevalence of NCD increases
exponentially with age and at the presentmoment there are no effective pharmacological treatments
for these cognitive deficits. Thus, in the context of rapid population aging worldwide, it becomes
important to find new strategies to deal with NCD. Specifically, Parkinson’s Disease, Alzheimer’s
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Disease, Vascular Disease are particularly debilitating conditions
with cognitive sequelae which have increased in prevalence over
the years and are a burden for society.

In the last decades non-invasive brain stimulation (NIBS)
techniques have rapidly become an important approach as
potential therapeutic tools to improve the outcome of cognitive
rehabilitation in patients affected by stroke, neurodegenerative
disorders, or psychiatric diseases (Rossini et al., 2015). The
two most commonly used techniques for non-invasive brain
stimulation (NIBS) are transcranial magnetic stimulation
(TMS) (including single pulse TMS, repetitive(rTMS) and
theta burst TMS) and transcranial electrical stimulation (tES)
(including transcranial direct current stimulation (tDCS), high-
definition tDCS, transcranial alternating current stimulation
(tACS), transcranial random noise stimulation (tRNS; Peterchev
et al., 2012). NIBS apply different electromagnetic principles
to non-invasively influence neural activity: TMS involves
neurostimulation and neuromodulation of neural tissue,
including cerebral cortex, spinal roots, and cranial and peripheral
nerves, whereas tES is a purely neuromodulatory intervention
(Rothwell, 1997). In other words, tDCS using weak current,
unlike TMS is not able to discharge resting axons to produce
action potentials, although it can be used to modulate cortical
excitability. In tDCS surface electrodes (anode and cathode)
inject low amplitude direct current (0.5–2 mA) through the
scalp and brain. In early studies tDCS was combined with TMS
to investigate modification of primary motor cortex cortical
excitability by recording motor evoked potentials (MEPs) (Priori
et al., 1998; Nitsche and Paulus, 2000). The mechanisms are
not yet clear but presumably the current induces changes in the
resting membrane potential of neurons. These changes appear
to be polarity specific with anodal depolarization and cathodal
hyperpolarization of resting membrane potential (Nitsche and
Paulus, 2000; Nitsche et al., 2003). Some studies have been
performed in order to understand the physiological mechanisms
and it seems that neuroplastic after-effects are N-methyl-D-
aspartate (NMDA) receptor dependent (Liebetanz et al., 2002;
Nitsche et al., 2004). In fact, it has been shown that the effects
can be modified, prolonged or even reversed by drugs acting
on the central nervous system (Stagg and Nitsche, 2011). It is
noteworthy that NMDA receptors have been reported to have
a critical role in synaptic plasticity and long term potentiation
(LTP) affecting learning and memory. However, these studies are
in the motor domain and it is still not clear to what extent these
findings are transferable to other areas of the brain.

Nonetheless, during the last decade a growing body of
experimental work have extensively explored the effects of
tDCS on brain areas other than the primary motor cortex
with encouraging results. These studies have demonstrated
significant effects of tDCS on cognitive processes as assessed by
a variety of cognitive tasks not only in healthy participants but
also in clinical populations. As a consequence, there has been
growing interest to use tDCS as a safe and relatively low-cost
technique for neurological and neuropsychological rehabilitation
as demonstrated by recent reviews of this topic for various
cognitive deficits (Fasotti and van Kessel, 2013; Elder and Taylor,
2014; Flöel, 2014; de Aguiar et al., 2015).

The present paper intends to review recent evidence
of tDCS for neurocognitive rehabilitation. Our first aim
is to discuss the key issues that have emerged from the
studies that have demonstrated potential therapeutic
applications of t-DCS in neurocognitive disorders. Four
clinical conditions will be considered namely Parkinson’s
Disease, Alzheimer’s Disease, Unilateral Hemispatial Neglect and
Aphasia. The second aim is give the reader an illustration
of the methodological communalities and differences
of the studies published so far. Finally, we propose a
framework of factors that should be taken into account for
an increased understanding of the functional role of tDCS in
improving symptoms in patients suffering from neurocognitive
disorders.

METHODS

Searches were conducted using the online database Pubmed
and manual searches of references in relevant papers. The
review period was from 2000 to 2015. Articles were identified
by carrying out a comprehensive review of published research
papers that have used tDCS to improve cognition in patients with
Parkinson’s Disease, Alzheimer’s Disease, Unilateral Hemispatial
Neglect and Aphasia. Search terms were ((Parkinson’s
Disease[Title/Abstract]) AND tDCS [Title/Abstract]) AND
(cognitive OR memory OR executive functions OR semantic
fluency); ((Alzheimer’s Disease or Alzheimer [Title/Abstract])
AND tDCS [Title/Abstract]) AND ((rehabilitation OR
cognitive OR memory OR working memory OR attention
OR cognition)); ((Neglect[Title/Abstract]) AND tDCS OR
transcranial direct current[Title/Abstract]) AND (rehabilitation
OR visuospatial attention); ((Aphasia[Title/Abstract]) AND
tDCS OR transcranial direct current [Title/Abstract]) AND
(rehabilitation OR language OR anomia). The initial search
identified 122 titles and abstracts. The abstracts and full
paper were reviewed to eliminate articles according to the
following exclusion criteria: (1) review articles (2) papers that
did not include patients with a diagnosis of Parkinson’s
Disease, Alzheimer’s Disease, Hemi-spatial Neglect or
Aphasia (3) studies that did not focus on cognitive abilities
(4) the investigation of other non-motor symptoms or
other neuropsychiatric symptoms that were not specified
in this review. In total 34 articles met our inclusion criteria
(Figure 1).

APPLICATION OF t-DCS FOR COGNITIVE
REHABILITATION

In this section we will review evidence on the use of tDCS
for cognitive rehabilitation in patients with Parkinson’s Disease,
Alzheimer’s Disease, Hemispatial Neglect or Aphasia. For each
disorder we start with a concise description of the main features
of cognitive deficit, followed by a detailed review of the studies.
The methodological details of parameters of stimulation used
in these studies are presented in Table 1. Patient characteristics,
experimental design, cognitive domains targeted, tasks used
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FIGURE 1 | Database key words search strategy.

as outcome measures and main results are summarized in
Table 2. In Figures 2A–D is a visual representation of the
electrode montage which could be useful to compare the
studies.

Parkinson’s Disease (PD)
PD is a chronic and progressive neurodegenerative disorder.
PD affects one out of 100 people who are aged older than
60 years in industrialized countries. PD primarily affects
dopamine producing neurons in an area of the brain called
the substantia nigra pars compacta. The loss of these specific
neurons causes motor symptoms characterized by resting tremor,
rigidity, bradykinesia and postural instability. These symptoms
are the basis for a diagnosis of PD. Mild Neurocognitive
disorders (mNCDs) are also common in PD even in the
earliest stages of the disease and significantly impair the
quality of life (QoL) of patients (Schrag et al., 2000) and
caregivers (Schrag et al., 2006). mNCDs in PD include
fronto-striatal syndrome due to dopaminergic shortage and
include deficits of executive functions, such as planning,
mental flexibility and working memory (Kehagia et al.,
2010; Dirnberger and Jahanshahi, 2013). As the disease

progresses, cognitive deficits spread into other cognitive domains
and may deteriorate into major Neurocognitive Disorders
interfering with independence in everyday activities (Litvan et al.,
2011).

To date, in patients with idiopathic PD three studies have
evaluated the efficacy of tDCS on executive functions. Boggio
et al. (2006) investigated tDCS effects on 18 patients (mean
AGE = 61 45–71; mean MMSE = 24.4) diagnosed idiopathic
PD using a three-back working memory task. Patients performed
the task during anodal tDCS (A-tDCS) on left dorsolateral
prefrontal cortex (L-DLPFC), A-tDCS on motor cortex (M1)
and sham. In addition, the authors tested whether the effects
depended on the intensity of stimulation; performing a control
experiment with different intensities a constant current of 1
mA or 2 mA that was applied for 20 min. The authors
found that after a single session of 2 mA A-tDCS over the
L-DLPFC patients improved in the accuracy of the 3-back
memory task. The other stimulation conditions (sham, 1 mA
A-tDCS on L-DLPFC or A-tDCS on M1) were not effective.
Their results were recently reinforced by a controlled cross-
over, tDCS combined fMRI single session study of Pereira and
colleagues. In this study (Pereira et al., 2013) 16 patients (mean
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TABLE 2 | Patient characteristics, experimental design, cognitive domains, tasks used as outcome measures and main results of studies which used

tDCS for cognitive rehabilitation in Parkinson’s disease, Alzheimer’ disease, unilateral neglect, or aphasia.

Author and year Sample Experimental

design

Target cognitive domain Neuropsychological

measures

Main results

PARKINSON’S DISEASE

Boggio et al.

(2006)

Idiopathic Parkinson

N = 18

Randomized

controlled

cross over

Working Memory Computerized 3 n-back task A-tDCS (2mA) of left DLPFC

improved accuracy as compared

with the other conditions

Pereira et al.

(2013)

Idiopathic Parkinson

N = 16

Randomized

controlled

cross over

Executive Functions Computerized verbal fluency

task

(phonemic fluency, semantic

fluency)

A-tDCS L-DLPFC improved

performance on the phonemic

fluency task as compared

L-TPC A-tDCS

Doruk et al. (2014) Idiopathic Parkinson

N = 18

Randomized

controlled

between subject

Abstract Reasoning

Executive Functions

Selective Attention

Visuo-spatial abilities

Working Memory

TMT A-B, WCST,

DIGSP-BW- FW,

HPVOT,CPM, Stroop Test

Both left and right DLPFC A-tDCS

groups improved at the 1-month

follow-up in TMT-B as compared

with sham; no changes in WSCT,

PCL, WM, CPM, HVOT,STROOP,

and Digit Span

ALZHEIMER’S DISEASE

Ferrucci et al.

(2008)

AD N = 10

(criteria MMSE≥20)

Randomized

controlled

cross over

Episodic Memory

Attention

word recognition task

visual attention task

Improvement of accuracy of word

recognition memory after A-tDCS;

no changes in visual attention

Boggio et al.

(2008)

AD N = 10

(criteria 12<MMSE<25)

Randomized

controlled

cross over

Executive Functions

Selective Attention

Working Memory

visual recognition,

DIGSP-BW- FW, Stroop

Improvement of visual recognition

memory after both temporal and

prefrontal A-tDCS;no changes in

stroop and digit span

Boggio et al.

(2012)

AD N = 15

(MMSE>15)

Randomized

controlled

cross over

Executive Functions

Selective Attention

Working Memory

Global Functioning

Computerized recognition

memory task, visual

attention task, ADAS-cog,

MMSE

Improvement of visual recognition

memory after A-tDCS persist for 4

weeks; no changes in other

measures

Cotelli et al. (2014) AD

N = 36

(Mild to moderate AD)

Randomized

controlled

between subject

Attention

Episodic Memory Executive

Functions Functional status

Language

Praxia

Semantic Memory

Computerized Face-name

association task, MMSE,

ADL, IADL, Picture naming

task, BADA, RBMT, RAVLT,

ROCFC, TMT A-B

Both sham and real tDCS led to

improvement in FNAT performance;

persist 12 weeks only for the

placebo group. no changes in other

measures

Khedr et al. (2014) AD N = 34

(criteria 12<MMSE<23)

Randomized

controlled

between subject

Global Functioning

Intelligence

MMSE,WAIS-III both A-tDCS and C-tDCS improved

MMSE in contrast to sham; only

C-tDCS improved performance in

the subscales of WAIS-III

Suemoto et al.

(2014)

AD N = 40

(criteria 10<MMSE<20)

Randomized

controlled

cross over

Global Functioning MMSE,ADAS-COG No effects of repetitive A-tDCS L-

DLPFC on cognitive measure tested

Penolazzi et al.

(2014)

AD N = 1

(MMSE=23)

Single-case

controlled

cross over

Episodic Memory

Executive Functions

Working Memory Selective

Attention

Praxia

Visuo-spatial abilities

Computerized word and

visual recognition, verbal

fluency, CPT, ENB-2

A-tDCS+CT condition had few

effects on the cognitive measures;

A-tDCS+CT induced a stability of

the patient’s global cognitive

functioning lasting 3 months as

compare to sham+CT condition

UNILATERAL HEMISPATIAL NEGLECT

Ko et al. (2008) Subacute stroke Neglect

N = 15

Randomized

controlled

Cross-over

Neglect

Visuo-spatial search

Attention

Line bisection, letter and

figure

cancelation

A-tDCS compare to sham improved

both neglect tests performance.

Sparing et al.

(2009)

Subacute and chronic

stroke Neglect N = 10

Randomized

controlled

Cross-over

Neglect

Visuo-spatial search

Attention

Computerized line bisection

and visual detection tasks

C-tDCS over the unlesioned

hemisphere and A-tDCS over

lesioned hemisphere reduced

symptoms of visuospatial neglect

Sunwoo et al.

(2013)

Chronic stroke

N = 10

Randomized

controlled

cross over

Neglect

Visuo-spatial search

Attention

Line Bisection test, Star

cancelation test

Both dual- and the single-mode

tDCS improved performance in the

line bisection test as compare to

sham.

No changes in the star cancelation

test

(Continued)
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TABLE 2 | Continued

Author and year Sample Experimental

design

Target cognitive domain Neuropsychological

measures

Main results

Brem et al. (2014) Subacute stroke Neglect

N = 1

Single-case

controlled

double-blind

Neglect

Visuo-spatial search

Attention

TAP,NET,ADL Biparietal tDCS stimulation,

improved covert attention allocation

toward left-sided invalid stimuli, line

bisection and copying as compared

to sham stimulation

Smit et al. (2015) Chronic stroke

N = 5

Double-blind

randomized

controlled

cross-over

Neglect

Visuo-spatial search

Attention

BIT No A-tDCS effects were observed

for the BIT subtests

APHASIA

Monti et al. (2008) Chronic stroke

Non-fluent aphasia

N = 8 (Broca’s N = 4;

Global N = 4)

Randomized

controlled

Cross-over

Language

(naming abilities)

Computerized overt picture

naming task

C-tDCS improved accuracy in

picture naming as compare to sham

and A-tDCS

Baker et al. (2010) Chronic stroke

N = 10 (Anomic aphasia

N = 6; Broca’s aphasia N

= 4)

Randomized

controlled

Cross-over

Language

(naming abilities)

Computerized picture-word

matching task

A-tDCS improved naming accuracy

as compared to sham;

improvement persist after 1 week

Fiori et al. (2011) Chronic stroke N = 3

Non-fluent

aphasia

Double-blind

randomized

controlled

cross-over

Language

(naming abilities)

Object naming A-tDCS improved naming accuracy

and RTs as compared to sham;

improvement persist after 3 weeks

in two patients

Flöel et al. (2011) Chronic stroke

Aphasia (type n.a.)

N = 12

Randomized

controlled

Cross-over

Language

(naming abilities)

Computerized naming task Both A-tDCS and C-tDCS improved

naming accuracy; effects of A-tDCS

persist after 2 weeks

Fridriksson et al.

(2011)

Chronic stroke

Fluent aphasia

N = 8

Randomized

controlled

Cross-over

Language

(naming abilities)

Verbal word-picture

matching task

A-tDCS improved naming RTs as

compared to sham; improvement

persist after 3 weeks

Jung et al. (2011) Acute, subacute, chronic

stroke

Aphasia N = 37

Pretest-Posttest

Design

(no sham control

group)

Language Aphasia quotient and

Korean Western Aphasia

Battery

C-tDCS improved aphasia

symptoms

Kang et al. (2011) Chronic stroke

Aphasia N = 10

Global (n = 3), Broca’s

(n = 4),

anomic (=2), tanscortical

motor (n = 1)

Double-Blind

Randomized

controlled

Cross-over

LF

(naming abilities)

Naming, picture-word

Matching task

C-tDCS improved naming accuracy

as compared to sham

Vines et al. (2011) Chronic stroke Moderate

to severe Non-fluent

aphasia N = 6

Randomized

controlled

Cross-over

Language

(naming abilities)

(verbal fluency)

Verbal fluency tasks, picture

description and picture

naming.

A-tDCS improved speech fluency

as compared to sham

You et al. (2011) Subacute stroke

Global Aphasia N = 21

Randomized

controlled

between subject

Language

(Auditory Verbal

Comprehension)

Auditory Verbal

Comprehension

C-tDCS improved auditory verbal

comprehension as compared to

A-tDCS and sham

Lee et al. (2013) Chronic stroke

Aphasia N = 11 (Broca’s

N = 4; Anomic N = 5;

Transcortical Motor N =

2)

Randomized

controlled

Cross-over

Language

(naming abilities)

Picture naming test and

picture description

Both single and dual tDCS

condition improved naming

accuracy and RTs as compared to

sham

Polanowska et al.

(2013)

Subacute stroke Aphasia

(moderate to severe)

N = 37

Randomized,

double-blind,

controlled

Language Boston Diagnostic Aphasia

Examination

No differences between A-tDCS

and sham group (both improved)

Rosso et al. (2014) Chronic stroke

two groups with (N = 11)

or without (N = 14)

infarction in the L-Broca’s

area. Non-fluent aphasia

Randomized

controlled

cross-over

Language

(naming abilities)

Computerized

picture-naming task

C-tDCS improved picture naming

accuracy in the group with lesion in

the L- Broca’s area as compared to

the other group

(Continued)
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TABLE 2 | Continued

Author and year Sample Experimental

design

Target cognitive domain Neuropsychological

measures

Main results

Santos et al.

(2013)

Chronic stroke

Aphasia N = 19 (Broca’s

N = 8;Anomic N = 7;

Mixed N = 4)

Pretest-Posttest

Design

(no sham control

group)

Language

(oral comprehension,

writing, naming and verbal

fluency)

Oral language

comprehension, copying,

dictation, reading, writing,

naming and verbal fluency

A-tDCS improved comprehension,

naming and verbal fluency for

animals name; no changes in other

outcomes

Volpato et al.

(2013)

Chronic stroke N = 8

aphasia (Wernike’s N =

2; Broca’s N = 1;Anomic

N =2; Transcortical

sensory =1; Transcortical

Motor N = 1; Conduction

N = 1)

Randomized

controlled

Cross-over

Language

(naming abilities)

Computerized picture

naming task

No differences between A-tDCS

and sham for object and action

naming task

Marangolo et al.

(2014)

Chronic stroke N = 7

Non-fluent aphasia

Randomized

controlled

Cross-over

Language

(naming abilities)

Computerized action

naming task

A-tDCS on Broca’s area improved

naming accuracy as compared with

sham; the effects persist at

follow-up 1 week and 4weeks

Vestito et al. (2014) Chronic stroke Aphasia N

= 3

controlled

Cross-over

Language

(naming abilities)

Computerized picture

naming task

A-tDCS improved naming accuracy

as compared to sham;

improvement persist after 16 weeks

Manenti et al.

(2015)

Chronic stroke non-fluent

aphasia N = 1

Pre test-Post test

Design (no control

group)

Language

(naming abilities)

Word verb naming Bi-hemispheric DLPFC tDCS

improve verb-naming performances

Shah-Basak et al.

(2015)

Chronic stroke non-fluent

aphasia (mild to severe)

N = 12

Randomized

controlled

Cross-over

Language

(naming abilities)

Computerized picture

naming task

C-tDCS improved naming as

compared to sham

Wu et al. (2015) Subacute stroke

N = 12

Randomized

controlled

Cross-over

Language

(naming abilities)

(comprehension)

Computerized picture

naming auditory

word-picture identification

A-tDSC improved picture naming

and auditory identification as

compared with sham

Randomized Controlled Cross Over, over time, each participant receives an intervention in a random sequence.

Randomized controlled between subject, the various experimental treatments are given to different groups of subjects.

tDCS, transcranial direct current stimulation; A-tDCS, anodal electrode tDCS; C-tDCS, cathodal electrode tDCS; sham, placebo tDCS; ADAS-cog, Alzheimer’s Disease Assessment

Scale-cognitive subscale; ADL, activities of daily living; BADA, Batteria per l’Analisi dei Deficit Afasici; BIT, behavioral inattention test; CPM, colored progressive matrices; DIGSP-BW- FW,

digit span backwards-forwards; ENB-2, Esame Neuropsicologico Breve-2; FNAT, face-naming association task; HPVOT, Hooper Visual Organization Test; IADL, Indice di dipendenza

nelle attività strumentali della vita quotidiana; MMSE, Mini Mental State Examination; NET, Neglect-Test; RAVLT, Rey auditory verbal learning test; RBMT, River mead behavioral memory

test; ROCFC, Rey osterrieth Complex figure copy; TAP, Test for Attentional Performance; TMT A-B, Trail making test A-B;WCST, Wisconsin card sorting test; WAIS-III, Wechsler Adult

Intelligence Scale-Third edition.

AGE= 61.5± 0.9; mean MMSE= 27.7) diagnosed as idiopathic
PD were randomized to receive A-tDCS on L-DLPFC (F3) or
A-tDCS on L-TPC (P3-T5) and immediately after performed
a verbal fluency task inside the scanner. The authors found
an improvement on the phonemic fluency task after a single
session A-tDCS over the L-DLPFC. Furthermore, fMRI analysis
of connectivity demonstrated that A-tDCS applied over the L-
DLPFC produced a greater activation of the specific functional
networks engaged by the task compared to A-tDCS over temporo
parietal cortex TPC. While these two studies demonstrated that
tDCS may improve specific components of executive function,
the effects were short-lasting and did not generalize to everyday
functioning. A subsequent multicenter study then investigated
the efficacy of a multiple sessions protocol in idiopathic PD
patients on multiple cognitive domains including executive
function, attention, perceptual-motor abilities, learning and
memory. Here, 10 consecutive sessions (over 2 weeks) of A-
tDCS over L-DLPFC or A-tDCS over R-DLPFC or sham, were
administered by a randomized between subject design on 18
patients (6 in each group). Cognitive functions were evaluated

before, at the end of stimulation sessions and at 1 month
follow-up. It was found A-tDCS over both the L and R-DLPFC
compared to sham improved performance only on Trial Making
Test B at the 1-month follow-up but not on the other outcome
measures.

Overall, these studies demonstrate that A-tDCS over the
prefrontal cortex may be effective for improving executive
functions, but it must be emphasized that these studies lack
sufficient numbers of patients, statistical power and more
importantly transfer of benefits into everyday functioning. Across
the studies, there is a general agreement on the parameters
of stimulation. While the positions of active electrode A-
L-DLPFC(F3) and reference contralateral supraorbital and also
the intensity (2 mA) and the duration (20 min) of stimulation are
the same or similar in all studies, it is not clear what the criteria
are for selection of the outcome criteria, such as reliability or
validity. Furthermore, it is unclear what the most sensitive test to
measure tDCS efficacy on cognitive domains may be. In sum, this
evidence encourages and warrants further investigation. In future
studies shared methodology are necessary to allow comparison
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FIGURE 2 | Scale representation of tDCS electrode montage of the reviewed studies with reference to the EEG international 10–20 system. In (A)

legend of electrodes size and polarity and electrode montage in Parkinson’s disease studies (Boggio et al., 2006; Pereira et al., 2013; Doruk et al., 2014), (B)

Alzheimer’s disease (Boggio et al., 2008, 2012; Ferrucci et al., 2008; Cotelli et al., 2014; Khedr et al., 2014; Penolazzi et al., 2014; Suemoto et al., 2014), (C) unilateral

Neglect (Ko et al., 2008; Sparing et al., 2009; Sunwoo et al., 2013; Brem et al., 2014; Smit et al., 2015), and (D1,D2) Aphasia (Monti et al., 2008; Flöel et al., 2011;

Fiori et al., 2011; Jung et al., 2011; Kang et al., 2011; You et al., 2011; Lee et al., 2013; Polanowska et al., 2013; Santos et al., 2013; Volpato et al., 2013; Marangolo

et al., 2014; Manenti et al., 2015; Wu et al., 2015).
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across studies and to assert the usefulness of tDCS for cognitive
rehabilitation in PD.

Alzheimer’s Disease (AD)
Alzheimer’s disease (AD) is a progressive disease that arises on
a neuropathological background of amyloid plaques (APs) and
neurofibrillary tangles (NFTs). AD is the most common form of
major NCD, where symptoms gradually progress over a number
of years with memory loss and decline of intellectual abilities
serious enough to interfere with daily life. This disturbance
is related to the degree of brain atrophy in medial temporal
lobe involving entorhinal cortex and hippocampus, and also
prefrontal areas. Memory disturbances appear early, at first
affecting the ability to learn and retrieve information, and later
causing impairments in recognition memory and attention.
Ferrucci et al. (2008) in a randomized cross-over study tested
10 AD patients (mean AGE = 75.2 years; MMSE = 22.7
overlapping 1.8) on recognition memory and visual attention.
Patients underwent a single session protocol of A-tDCS or
C-tDCS or sham over bilateral temporo-parietal areas (two
electrodes on the scalp and one reference on deltoid). Before and
30 min after stimulation patients performed a word recognition
test and a visual attention test. It was found that A-tDCS
increased accuracy in word recognition memory, and conversely
C-tDCS decreased accuracy. Performance on visual attention did
not change. A successive randomized cross over single session
study of Boggio et al. (2008) assessed the efficacy of A-tDCS
on recognition memory, working memory and attention in 10
AD patients (MMSE between 12 and 25). Patients participated
in three separate sessions to receive A-tDCS over left temporal
cortex (L-TC) or A-tDCS over the L-DLPFC or sham. For all
conditions, the reference, cathode electrode (35 cm2) was placed
over the right supraorbital area. Stimulation was delivered during
a Visual Recognition Memory task, Stroop, or Digit Span task,
with the order randomized across participants. Tasks started
10 min after stimulation onset and lasted until the end of
stimulation. Each condition was separated by at least 48 h. It
was found that both A-tDCS over temporal or prefrontal cortex
improved Visual Recognition Memory performance compared
to sham. Attentional performance measured by the Stroop was
unchanged. Albeit these two studies showed that A-tDCS may
positively modulate aspects of memory, the effects were small and
without any follow-up measures. To overcome these limitations,
3 years later, Boggio and colleagues performed a multicenter,
cross-over multiple sessions follow-up study. Here, fifteen AD
patients underwent five consecutive A-tDCS over L-TPC and
R-TPC bilaterally or sham. Visual Recognition Memory, visual
attention and general cognition (MMSE) were assessed before,
immediately after the end of stimulation sessions and at 4 weeks
follow-up. They found that A-tDCS patients improved on Visual
Recognition Memory compared to sham. Moreover, these effect
persisted 4 weeks after the end of stimulation. There were no
changes in visual attention or general cognition.

To date, two studies have assessed the combined use of tDCS
and cognitive training. Cotelli et al. (2014) evaluated for the
first time the impact of tDCS combined with individualized
associative memory training (iMT-FNAT) on specific associative

memory test and learning and memory, attention, language and
perceptual-motor domains. Here, 10 consecutive sessions (over 2
weeks) of A-tDCS over the L-DLPFC during iMT or A-tDCS over
the L-DLPFC during motor training or sham tDCS during iMT;
were administered in a randomized between subject design in 36
patients (12 in each group). Neuropsychological assessment and
Face-Name Association memory Task (FNAT) were completed at
4 time points (before, 2 weeks after, 3 and 6 months after). An
improvement only in selectively trained stimuli induced by iMT
irrespective of site by both A-tDCS and sham tDCS group was
found. In other words A-tDCS over the L-DLPFC did not have
an additive effect on the FNAT computerized training. Moreover,
the improvement was task-stimuli specific and did not generalize
to other domains. In a subsequent single case study Pennolazzi
and colleagues examined the effectiveness of tDCS combined
with Individualized Computerized Task (iCT) performance
(Penolazzi et al., 2014). An AD patient of 60 years (MMSE
23) underwent 10 sessions A-tDCS over the L-DLPFC followed
by iCT. iCT (based on the patient’s impairment) included
verbal working memory task, phonemic fluency task and
continuous performance task. Effects on cognitive performance
were evaluated by the iCT and by extensive neuropsychological
assessment of global cognitive functioning. The authors found
iCT combined with anodal stimulation to be better than iCT
combined with the sham. Thus, combined 10 daily sessions of
A-tDCS over the left prefrontal cortex and iCT slowed down the
cognitive decline of the patient more than iCT alone.

The differences in the latter two studies (Cotelli et al., 2014;
Penolazzi et al., 2014) may emerge from the key methodological
variations between them such as training during stimulation
(Cotelli) or training follow stimulation (Penolazzi). Moreover,
the authors utilized diverse cognitive training together with
different outcome measures to assess stimulation effects. In
addition Cotelli et al. used an extra-cephalic reference and
Penolazzi et al. a cephalic reference which will have resulted in
a different current flow.

Recently there have been two studies with a larger number of
patients than previous studies. Suemoto et al. (2014) examined
the efficacy of A-tDCS in 40 moderately cognitively impaired
AD patients (MMSE 10–20) for apathy and global cognitive
functioning. Here, six sessions of A-tDCS on L-DLPFC, vs. sham,
were administered in a randomized cross-over design. Patients
were evaluated at baseline, after the first and the second week of
stimulation, and after 1 week without intervention. The authors
found that A-tDCS had no effect on apathy or on global cognitive
performance, or the ADAS-Cog sub-items. This study shows
that repeated A-tDCS over the left prefrontal cortex in patients
with a state of relatively advanced deterioration is not able to
improve their cognitive deficits or apathy. In a multiple session, 2
months follow up study of Khedr et al. (2014) 34 patients (mean
AGE= 69.7 years; meanMMSE= 18.1 range 12–23) were tested.
Here, ten sessions of A-tDCS or C-tDCS over the L-DLPFC, vs.
sham, were administered in a randomized between subjects study
design. Global cognitive functioning (MMSE) and Intelligence
(WAIS-III) were assessed at four time points (baseline; end of
the 10 sessions; 1 and 2 months after the end). Furthermore,
motor cortical excitability and the P300 event-related potential
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were assessed at baseline and after the last tDCS session. The
authors found that 10 sessions of both A-tDCS or C-tDCS over
the L-DLPFC improved MMSE compared to sham with a further
increase at 1 and 2 months follow-up. Only C-tDCS seemed to
have a minor positive effect on a subscale of the WAIS-III.

To sum up, there is some evidence from randomized
controlled clinical studies showing a beneficial effect of A-tDCS
on some specific components of memory. However, it is evident
that there is a great deal of methodological heterogeneity across
these studies. First, there are diverse stimulation protocols
adopted, only two studies used the same location and size
of the electrodes (Boggio et al., 2008; Suemoto et al., 2014).
Additionally, some studies preferred an extra-cephalic reference
to avoid unwelcome interference effects from brain areas
underlying the reference electrode. In general, a better definition
of stimulation protocols needs to be provided. Second, most of
these studies do not consider the fact that cognitively impaired
patients can be highly variable in the manifestation of their
cognitive problems and in some cases group variability between
patients and within a patient from 1 day to the next can
mask the effectiveness of a treatment. Third, by and large
most studies did not measure whether the improvement in
a specific task has generalized to everyday life. Indeed it is
imperative to discriminate between increase in performance on
a specific cognitive task and recovery in more general daily
life activities demanding that cognitive function. Further studies
should consider the individual characteristics of each patient,
better define stimulation parameters and outcome measures and
look at translation into everyday cognitive functioning.

Unilateral Spatial Neglect
Unilateral spatial neglect is a neurological syndrome that
develops following damage to one hemisphere of the brain. It is
characterized by a deficit in attention to and awareness of one
side of space. It is defined by the inability of a person to process
and perceive stimuli on one side of the body or environment,
where that inability is not due to a lack of sensation. Unilateral
spatial neglect results most commonly from brain injury to the
right cerebral hemisphere, causing visual neglect of the left-hand
side of space.

Overall, the rational for the studies using tCDS in patients
with unilateral neglect is based on Kinsbourne’s interhemispheric
conflict model. According to this model parietal lobes may
exercise interhemispheric inhibition through the connections of
the corpus callosum balancing allocation of visuospatial attention
toward both hemifields. Brain lesions, as a result of stroke,
damage this balance. For this reason A-tDCS is applied to the
lesioned hemisphere to increase cortical excitability and the
C-tDCS to inhibit the over-activated unlesioned hemisphere.

In a double-blind, crossover, controlled experiment Ko et al.
(2008) enrolled 15 right-handed subacute stroke patients (mean
Age = 62.1 ± 8.8 years; mean time post-onset = 29–99
days) with left visuospatial neglect due to right-sided cortical
and/or subcortical vascular lesions. Patients participated in a
single session protocol of A-tDCS over the right parietal cortex
(R-PC) (damaged hemisphere). Before and after “treatment”
patients performed a line bisection test and a cancelation test.

The authors found an improvement of performance in both
tests, indicating a recovery of neglect symptoms, compared to
sham. Sparing and colleagues in a randomized cross-over study
(Sparing et al., 2009) tested 10 right-handed patients (mean age
= 57.3 years; mean time post-onset 2.9–3.5 months) with left
visuospatial neglect due to right-sided vascular lesions. Here,
a single session of A-tDCS over the right posterior parietal
cortex (R-PPC; damaged hemisphere) or C-tDCS over the left
posterior parietal cortex (L-PPC) were conducted. A visual search
task and a computerized Line Bisection task were administered
before and after tDCS. The authors found that both C-tDCS
over the undamaged PPC A-tDCS over the damaged PPC
reduced symptoms of visuospatial neglect. More recently, a
rather unconventional protocol was pursued by Sunwoo et al.
(2013) [14], who used two stimulators and four electrodes on
the scalp. A double-blind randomized cross-over study was
performed to assess the impact of dual-mode montage with
A-tDCS over the R-PPC(P4) and C-tDCS over the L-PPC(P3)
concurrently, and to compare single-mode A-tDCS over the R-
PPC alone and sham on 10 patients with chronic stroke induced
neglect (mean age= 62.6 years± 13.3 mean time post-onset 27.8
± 60.4 months). Before and after “treatment” patients performed
a line bisection test and cancelation test. It was found that both
dual-mode and single-mode tDCS were safe and beneficial for
neglect symptoms.

Two studies assessed the impact of multiple sessions of tDCS
on Neglect patients. A combined approach was followed by
Brem et al. (2014), who combined tDCS and cognitive training.
Here, five consecutive sessions of ordinary neglect therapy
combined with biparietal A-tDCS over the R-PPC and C-tDCS
over the L-PPC, vs. sham, were administered in a double-blind,
single case cross-over design in a 72-year-old, ambidextrous
male patient with stroke of the right posterior cerebral artery.
Neuropsychological assessment before and after treatment were
evaluated by Test for Attentional Performance (TAP) (which
includes covert attention, alertness, visual field) and the Neglect-
Test (NET) (line bisection, cancelation, copying). Furthermore,
generalization on activities of daily living (ADL) was also
evaluated. It was found that with bilaterally active PPC tDCS
improvement was significantly higher than during standard
neglect therapy alone or sham. The authors highlighted for the
first time the additive effects of tDCS and standard neglect
therapy on functional improvement. Importantly the beneficial
effects of tDCS was maintained over a follow-up period of
1 week and 3 months. A subsequent study by Smit et al.
(2015) evaluated the immediate and long-term effects of multiple
sessions of tDCS on five severe chronic hemispatial neglect
patients. Here, five consecutive sessions of bilateral A-tDCS
over the R-PPC and C-tDCS over the L-PPC, vs. sham, were
conducted in a randomized double-blind cross-over design.
Neuropsychological assessment before and after treatment by
Behavioral Attention Test (BIT) indicated no symptomatic
improvement after bilaterally PPC tDCS stimulation.While these
two studies examined the effects of multiple sessions of tDCS,
Brem and colleagues tested a single stroke patient in the subacute
phase, while Smit and colleagues tested five stroke patients in the
chronic phase.
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In summary, these results are encouraging, but further clinical
trials with larger number of patients and follow up are needed.
Moreover, translation of symptoms amelioration into everyday
activities need to be measured.

Aphasia
Aphasia is an impairment of language, affecting the production
or comprehension of speech and the ability to read or write.
Aphasia is always due to injury to the brain most commonly
from a stroke, particularly in older individuals. Aphasia can be
so severe as to make communication with the patient almost
impossible, or it can be very mild. It may affect mainly a single
aspect of language use, such as the ability to retrieve the names
of objects, or the ability to put words together into sentences, or
the ability to read. Generally multiple aspects of communication
are impaired. In this form of aphasia, speech output is severely
reduced and is limited mainly to short utterances of less than four
words. Vocabulary access is limited and the formation of sounds
by individuals with Broca’s aphasia is often laborious and clumsy.
The person may understand speech relatively well and be able to
read, but be limited in writing. Broca’s aphasia is often referred
to as a ‘non fluent aphasia’ because of the halting and effortful
quality of speech.

In patients who suffer from non-fluent aphasia the studies so
far evaluated the immediate effect of tDCS on naming abilities.

The first study was conducted by Monti et al. (2008), who
included eight right-handed chronic non-fluent aphasic patients
in a randomized controlled cross-over study. They tested the
effect of A-tDCS or C-tDCS over the left Broca’s area (damaged
hemisphere; crossing point between T3-Fz and F7- Cz) and sham
on picture naming task accuracy. An improvement in accuracy
after C-tDCS compared to A-tDCS and sham was found. It is
worth noting that this study is not in line with the Neglect studies
cited above in which A-tDCS was applied over the damaged
hemisphere and C-tDCS over the intact hemisphere. Even so
these study are difficult to compare because of the differences in
the parameters adopted.

Subsequent studies evaluated the effect of A-tDCS over the
left damaged hemisphere during naming training in post-stroke
non-fluent aphasia patients on naming task accuracy with mixed
evidence.

Fiori et al. (2011) tested three aphasic patients with anomic
difficulties using a picture-naming task. In a randomized double-
blind cross-over study, they administered five consecutive
sessions of A-tDCS over the Wernicke’s area (CP5), vs. sham
applied during intensive anomia training. The authors found a
significant improvement in the picture-naming task accuracy.

More recently, in eight stroke patients with distinct types of
aphasia, Volpato et al. (2013) examined the effect of A-tDCS
on naming abilities. Here, ten consecutive sessions over 2 weeks
of A-tDCS over the L-Broca’s area, vs. sham were administered
in a randomized cross-over design. The authors found no
significant differences between A-tDCS and sham on naming
abilities. Similarly, in a randomized between subjects study,
Polanowska et al. (2013) conducted 15 sessions of A-tDCS
over L-Broca’s area followed by language training. Patients were
assessed by Boston Diagnostic Aphasia Examination before,

immediately after treatment and at 3 months follow up. Again,
the authors found no significant differences between A-tDCS
and sham groups. In another small sample study, three patients
with chronic stroke, in a cross-over design, received naming
training during A-tDCS over the left frontal perilesional areas
vs. sham. Vestito et al. (2014) found that naming abilities, as
assessed by a computerized naming task, improved in the A-tDCS
group compared to the sham group. A rather unconventional
protocol was followed by Lee et al. who simultaneously used two
stimulators. A randomized cross-over study were performed to
assess the impact of a dual-mode montage with A-tDCS over
the L-IFG(F7) and C-tDCS over the R-IFG(F8) concurrently,
compared to single-mode A-tDCS over the L-IFG alone and
sham on 11 patients with chronic stroke-induced aphasia. During
the last 15 min of tDCS, speech therapy was provided. Before and
after treatment, patients performed a picture naming test and a
picture description test. It was found that both dual-mode and
single-mode tDCS improved naming accuracy and reaction times
compared to sham. More recently, Wu et al. (2015) examined 12
sub-acute stroke patients with aphasia using a picture naming
task and an auditory picture identification task. Moreover, they
measured cortical excitability by electroencephalography (EEG)
nonlinear dynamics analysis. In a randomized controlled cross-
over study they administered A-tDCS over the L-posterior
perisylvian region vs. sham and patients received 20 sessions of
speech therapy. The authors found an improvement in picture
naming and auditory comprehension after A-tDCS compared
with sham. Furthermore, EEG analysis indicated that naming
improvement correlated with higher activation in the brain
language network.

Two other studies used an innovative approach to position
the electrodes. Baker et al. (2010) in a randomized controlled
cross-over study tested 10 patients in the chronic phase with mild
to moderate post stroke non-fluent aphasia. They administered
five consecutive sessions of A-tDCS over the left frontal cortex
vs. sham during computerized anomia training. Each patient
performed a naming task inside the scanner. Then fMRI results
for each individual was used to place the electrodes. A significant
improvement in naming accuracy after A-tDCS compared
to sham was reported. The improvement was maintained 1
week after treatment. In a subsequent study Fridriksson et al.
(2011) tested eight patients with stroke-induced fluent aphasia
utilizing the same picture naming task and electrodes placement
procedure. Here, five consecutive sessions of A-tDCS vs. sham
were administered in a randomized controlled cross-over design.
Reduced RTs during naming were also found after A-tDCS which
was maintained after 3 weeks.

Some studies assessed the long-term therapeutic benefits of
tDCS on naming. In the chronic stage, Marangolo et al. (2014)
included seven patients with stroke-induced non-fluent aphasia
in a randomized controlled cross-over study. They administered
five consecutive sessions of A-tDCS over the L-Wernicke’s area
or L-Broca’s area vs. sham during training for action naming.
Training consisted of three groups of video clips representing
actions that patients had to name. Naming accuracy was assessed
before treatment, immediately after and at 1 and 2 weeks follow-
up. The authors found significantly improved accuracy after
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A-tDCS over the Broca’s area compared to Wernicke’s area and
sham. The effect persisted at 4 weeks follow-up. This result
highlights the functional importance of Broca’s area in verb
processing. Manenti et al. (2015) included one chronic stroke
patient with non-fluent aphasia in a pretest posttest design study
without sham control. Here, twenty consecutive sessions of bi-
hemispheric A-tDCS over the L-DLPFC and C-tDCS on R-
DLPFC were followed by individualized verb anomia training.
An extensive language evaluation was completed before, after
treatment and at 12, 24, and 48 weeks after. The authors found
an improvement in verb naming and a decrease in self-perceived
difficulties in social situations and improved linguistic abilities
suggesting an impact of the treatment on the daily life of the
patient. Importantly, the authors asserted that this effect persisted
48 weeks after stimulation.

Two studies attempted to improve aphasia symptoms by
stimulating the right hemispheric homolog areas. In the chronic
stage, Flöel et al. (2011) included 12 patients with moderate to
severe aphasia in a randomized controlled cross-over study. Here,
A-tDCS or C-tDCS over the R-temporo parietal cortex (R-TPC)
vs. sham combined with anomia training were conducted. The
authors found that A-tDCS significantly enhanced the overall
training effects compared to sham and the effect persisted after
2 weeks. Similarly, in a randomized controlled cross-over study,
Vines et al. (2011) enrolled six patients with moderate to severe
aphasia. They used A-tDCS over the right inferior frontal gyrus
(R-IFG) during melodic intonation therapy (MIT) for three
consecutive days. They reported that combining A-tDCS with
MIT significantly improved verbal fluency compared to sham
with MIT.

Other studies attempted to restore language abilities by
suppressing the right homolog language areas with C-tDCS. In
the sub-acute stage, You et al. (2011) included 21 patients with
comprehension impairment in a randomized controlled between
subjects design. Here, ten sessions of conventional speech therapy
were combined with A-tDCS over the left superior temporal
gyrus or C-tDCS over the right superior temporal gyrus or sham.
It was found that auditory verbal comprehension improved
after C-tDCS over the right hemisphere compared to A-tDCS
and sham. Similarly, in a double-blind randomized controlled
study, Kang et al. found that five consecutive sessions of C-tDCS
over the R-Broca’s area combined with word-retrieval training
improved performance in picture-word matching task.

Three studies concentrated on factors associated with
response to C-tDCS protocol. Jung et al. (2011) included 37
stroke patients from acute to chronic in a pretest posttest design
study without sham control group. Here, ten consecutive sessions
of C-tDCS over the R-inferio frontal gyrus were administered.
The authors assessed the effect of tDCS by the Korean version
of Western aphasia Battery. Using regression statistical models
it was found recovery after C-tDCS was more in patients
with less severe aphasia who had started “treatment” within
the first months after stroke. In a more recent, randomized
controlled cross-over study, Rosso et al. (2014) adopted an
innovative fMRI combined tDCS approach looking for inter-
individual variability. They found C-tDCS over the R-Brocas’s
area improved performance on a computerized picture naming

task. More importantly the authors found that improvements
in naming after C-tDCS of the R-Broca’s area relies on several
structural and functional factors.

One study assessed the efficacy of an individualized tDCS
treatment in stroke-induced non fluent aphasia in chronic
patients. Shah-Basak et al. (2015) ingeniously took into account
the individual variability in response to tDCS. In the first phase
of the study the authors individualized the protocol based on
individual responses to the A-tDCS or C-tDCS over the L-
IFG or R-IFG. Then in a randomized cross-over study, 10
sessions of active tDCS or sham were administered during a
picture naming task. Language abilities were assessed before,
after treatment, 2 weeks and 2 months after. Aphasia symptoms
improved after the active tDCS treatment compared to sham and
the improvement remained 2 month after the end of treatment.
This study suggests that an individualized protocol may be
effective in improving stroke-induced chronic aphasia symptoms
overcoming the high variability between patients.

An unusual approach was followed by Santos et al. (2013).
They included nine teenaged chronic stroke sufferers from non–
fluent aphasia in a pretest posttest design study without sham
control group. Here, ten consecutive sessions of A-tDCS over
the primary motor cortex (M1) of the healthy hemisphere
were administered. Language level was assessed before and
immediately after the treatment. They found a significantly
improved performance in sentence comprehension, naming and
specific animal name category verbal fluency.

In sum, there are some randomized controlled evidence that
indicated a favorable effect of tDCS in improving language
symptoms related to aphasia. Again, there is a great deal
of methodological heterogeneity across these studies. Various
approaches have been undertaken including the application of
A-tDCS over the left damaged hemisphere concomitant to a
naming training or to restore naming abilities by suppressing the
activation of the right homolog language areas with C-tDCS. In
a rather original fashion, one study took individual differences in
response of tDCS into account.

METHODOLOGICAL ISSUES

Clinical and Demographic Characteristics
of Samples
It is important to remember that neurodegeneration or insult or
injury to the brain does not affect two people identically. Such
individual differences also lead to differences in the evolution of
the disease. Even though patients have been diagnosed with the
same disorder there are substantial differences between them. In
the case of progressive degenerative diseases such as PD and AD,
the evolution and progression of the disease is unique in each case
and each person responds differently to treatment.

Furthermore, numerous studies have argued that there are
some important factors that can affect the evolution of NCD.
Cognitive Reserve (CR), for instance, is a factor that would
be reasonable to consider in the case of neurodegenerative
disorders (Stern, 2002). CR is a term describing the resilience
of the brain following the brain damage. CR is defined as the
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ability to optimize or maximize performance through differential
recruitment of brain networks (Scarmeas et al., 2003). It depends
on factors such as education, profession, lifestyle and leisure
activities which play an important role in determining howmany
alternative resources are available to be used to compensate for
the cognitive deficits.

With regards to medical conditions that occur after a brain
injury such as unilateral spatial neglect and aphasia there are
many points to consider. First, it is almost impossible to
find two patients with damage that affects exactly the same
part of the brain because of anatomical differences between
individuals. Cerebral infarction and hemorrhage may be more
or less circumscribed involving diverse brain areas. Second,
even if we find two patients with exactly the same injury the
two individuals could have a different ability to recover or to
compensate. Third, in patients who have suffered a stroke an
important aspect to consider is whether patients are treated in the
subacute phase (within 6 months) or in the chronic phase. It has
been suggested that the brain is more sensitive to reorganization
during the months immediately after the stroke. Fourth, it would
be important to consider the pre-morbid cognitive state of the
participants.

Selection of patients for inclusion in the experimental group
is an important and sometimes difficult process in this areas of
research. Group variability can affect the outcome of a study.
It is extremely important to minimize the heterogeneity of
patients in order to gain a better understanding of tDCS as a
therapeutic technique. Bearing this in mind, there are remarkable
differences in the demographic and clinical characteristics of
patients undergoing tDCS treatment in the studies examined
(see Table 2). For example, regarding AD in the study of Boggio
et al. (2008) there is a huge intragroup variability. A patient
with an MMSE score of 12 (moderate cognitive impairment)
is in the same group as a patient with an MMSE score of 25
(mild cognitive impairment). These patients were comparable for
age, respectively 85 and 89, but different for years of education,
respectively 4 and 11 years. Suemoto and colleagues recruited
patients and divided them into two groups with mean ages of
79.4 and 81.6 years; 5 and 4.5 years of education and a MMSE
score of 15 and 15.4 (Suemoto et al., 2014); while in the single
case study of Penolazzi et al the patient’s age was 60 years, with 18
years of education and an MMSE of 23 (Penolazzi et al., 2014). In
the study of Khedr et al. (2014) the average age of the three groups
of patients recruited was 68.5, 70.7, 67.3 years and MMSE scores
of 18.4, 18.8, and 16.9; and years of education was not reported..
Regarding PD, Boggio et al. (2006) recruited patients with a score
of 36.8 for Experiment 1 and 43 for Experiment 2 on the UPDRS
while in the study of Pereira et al. (2013) patients were recruited
with a mean score of 13.3 on the UPDRS. Furthermore, in the
study of Boggio et al the average years of education of the patients
was 4.7 years for Experiment 1 and 5.3 years for Experiment 2;
while in the study of Pereira et al the patients’ average schooling
was 12.3 years. With regards to unilateral spatial neglect, there
are remarkable intragroup differences in the site of damage of
the patients. In the studies reviewed in the same experimental
group there are patients with damage limited to the basal ganglia,
patients with more extensive lesions covering frontal, temporal

and parietal lobes or frontal parietal occipital lobes. Another
factor on which the patients differed is the duration of illness
post onset. Most of the studies recruited patients in the subacute
phase within 6 months after stroke (Ko et al., 2008; Sparing et al.,
2009; Brem et al., 2014). Only two studies enrolled patients in the
chronic phase (Sunwoo et al., 2013; Smit et al., 2015).

In the existing studies, it is often neglected that clinical
features of patients may affect the outcome of tDCS. To date, little
importance has been given to patient characteristics which could
in part explain the variability in the response to the tDCS. Future
studies should try to control as much as possible factors that
may influence the outcome of therapeutic application of tDCS
in cognitive rehabilitation.

tDCS Parameters, Electric Fields and
Neuroanatomy
tDCS scalp surface anodal and cathodal electrodes inject low
amplitude direct currents (0.5–2mA) through the head and these
currents are applied from few seconds to several minutes. This
results in an electric field and a current density generated in the
scalp and brain. In the studies which first measured the impact of
this electric field on the human brain, tDCS was combined with
TMS to investigate modification of cortical excitability. The first
study to explore cortical excitability investigated the effects of up
to 0.5 mA currents applied using an M1-chin montage on the
size of the motor evoked potential (MEP) (Priori et al., 1998).
However, the first “modern” study to use the standard current
and electrode parameters was published 2 years later (Nitsche and
Paulus, 2000).

Generally if the anode is placed above the motor cortex, after
DC stimulation, single pulse TMS will result in a larger MEP
(Day et al., 1987; Rothwell, 1997). If the cathode is placed over
the motor cortex, the MEP size will be reduced. Thus, long-
lasting and polarity-dependent changes in neural excitability of
the human cortex are elicited. This effect is conceivably due
to depolarization of somatic membrane potentials by anodal
currents and hyperpolarization of soma by cathodal currents, as
observed in animal studies (Bindman et al., 1964).

Several studies have been performed in humans in order to
understand the physiological mechanisms of tDCS. It has been
shown that the effects on the MEP can be modified, prolonged
or even reversed by drugs acting on the central nervous system
(Stagg andNitsche, 2011). Importantly, it seems that neuroplastic
after-effects of tDCS are NMDA-receptor dependent (Liebetanz
et al., 2002). Moreover, anodal after-effects can be selectively
suppressed by both the sodium channel blocker carbamazepine
and the calcium channel blocker flunarizine (Nitsche et al.,
2003). These studies demonstrated that is possible to measure in
humans the effects of direct current application by TMS at the
motor cortex.

Based upon what is known about the process of MEP
production a growing interest for examining the anodal and
cathodal tDCS effects on other brain areas has emerged. It is
worth noting that it is absolutely unclear whether it is possible to
generalize these processes in the modification of MEPs to other
more complex cognitive processes. In spite of this during the last
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decade a considerable amount of literature has been published
on the capacity of tDCS to alter human brain functions over
numerous brain areas and in the treatment of a wide range
of diseases. This interest has been facilitated by the fact that
from a neuroscience point of view, the causal and interventional
nature of tDCS is particularly exciting. This exponential growth
of published works is somewhat surprising if we consider that
the understanding of the basic principles of tDCS have not yet
been achieved. Perceiving, remembering, reasoning and language
are more complex processes than MEPs. Moreover, many studies
are based on the theoretical assumption that placing the anode
electrode over the area of interest would enhance precisely the
activity of the target region and conversely placing the cathode
would decrease the activity, which raises a number of problematic
points. One problem with this approach is the low spatial
resolution of tDCS. The rationale that putting an electrode on the
scalp over a region of the brain results in a precise stimulation of
that region, and only the target region is unlikely to be accurate.
Indeed the major drawback is that the amount and distribution
of current flow fluctuates extensively as a function of individual
physiology and anatomy. So investigators who use tDCS are not
in a position to make accurate inferences about the operation
of a specific brain area. It is not sufficient to only examine the
behavioral outcome to ascertain the specific involvement of a
brain area and rule out the possible role of another area.

It therefore follows that an urgent question that needs to be
asked is how the current is distributed in the brain during tDCS.
To answer this question recently modern mathematical models
that integrate structural resonance magnetic images (MRI), have
been developed to understand the distribution of the electric
field in the brain (Bikson et al., 2012; Datta et al., 2012). These
modeling approaches showed that the effects of administering
a current in the brain using a particular configuration of the
electrodes are the result of many factors such as the spatial
distribution of the electric field induced in the gray matter (GM)
and white matter (WM), the orientation of the electric field
relative to the neurons and many other factors (Miranda et al.,
2013).

In light of this complexity, the application of tDCS
to neurocognitive disorders should consider the brain
morphological heterogeneity of patients. Along these lines
it is difficult to conceive that the same stimulation protocols with
the same parameters of stimulation may be optimal in different
patients. For instance, in the case of degenerative disorders
characterized by marked atrophy such as AD it is difficult to
conceive that the same dose of tDCS is optimal in two different
patients as suggested by Mahdavi et al. (2014). An interesting
parallel in this regard is with deep brain stimulation (DBS). DBS
is a neurosurgical procedure in which an electrode is implanted
in the brain and is controlled by a neurostimulator. In DBS the
patient’s behavioral state is used as an indicator of how to change
the parameters. That is to say that the frequency, pulse width
and voltage of stimulation are adjusted based on the positive
response of the symptoms of each patient and simultaneous
avoidance of side-effects (Kringelbach et al., 2007).

It is evident that tDCS of both the normal and the
diseased brain depends on a number of factors such as the

stimulation parameters including the electrode localization,
duration and intensity (see Table 3 and Figure 3) of stimulation
and also the patient characteristics such as age, disease stage,
years of education and premorbid level of functioning which
influence cognitive reserve. The studies we reviewed above show
remarkable differences regarding the criteria for selecting the
patients, the placement of the electrodes, the duration and
intensity of stimulation (see Tables 1, 2) and this makes it very
difficult to compare the results across studies. More research into
the complex dynamics of the current flow it is essential before
obtaining a definitive optimization of stimulation protocols (see
de Berker et al., 2013).

Further research in this area may include an integration of
data coming from other techniques such as functional magnetic
resonance imaging (fMRI) and magnetoenchephalografy (MEG).
In the coming years, it is important to work toward optimizing
tDCS protocols for cognitive rehabilitation based on the initial
response of each patient to this therapeutic application.

State of the Brain during Stimulation
An important and fundamental question that remains to be
addressed is “Why does depolarizing cells by administering

TABLE 3 | Current Density (mA/cm2) of different electrode dimensions.

Max Current Intensity (mA)

Electrode size (cm2) 1 1,2 1,5 2

16 0.063 0.075 0.094 0.130

24 0.042 0.050 0.062 0.083

25 0.040 0.048 0.060 0.080

30 0.033 0.040 0.050 0.067

35 0.029 0.034 0.043 0.057

60 0.017 0.020 0.025 0.033

64 0.016 0.019 0.023 0.031

100 0.010 0.012 0.015 0.020

FIGURE 3 | Current Density (mA/cm2) as a function of electrode size.
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a very weak current in the brain modify elaborate cognitive
processes?” The theoretical model that may be relevant to
answering this complex question is stochastic resonance (SR).
SR has been observed throughout nature and it has been
reported in physiological neural populations and networks
(McDonnell and Ward, 2011). “SR is observed when noise added
to a system changes the system’s behavior. Stochastic resonance
(SR) is a phenomenon in which a signal that is normally
too weak to be detected by a sensor, can be enhanced by
adding white noise to the signal, which contains a spectrum of
frequencies. A proportioned amount of added noise results in the
maximum enhancement a disproportionate noise intensity degrade
detectability or information” (Moss, 2004).

Along similar lines, conceptualizing the administration of
tDCS as adding noise to the brain system, one can argue
that when a proportionate amount of noise enters the system
it would maximize behavioral performance, and conversely if
disproportionate noise enters the system it would not produce
any effect or worse behavioral performance. This model seems
appropriate to explain the high variability in the reported effects
of tDCS (Jacobson et al., 2011; Horvath et al., 2015). The
implication of the SR model is that the activity status of the
system is important. In this case the system is the brain. It follows
that the activity of the brain during tDCS is extremely important
in determining the overall effect of the stimulation as previously
suggested by Silvanto et al. (2008) and more recently by Miniussi
et al. (2013). First, a critical factor which is necessary to consider
is whether stimulation should be applied during behavioral /
cognitive treatment or whether stimulation should be applied
offline. Second, following the SRmodel, it is necessary to consider
how many sessions are needed to change the behavior of the
“brain system.” Third, not only the timing of stimulation and
the number of sessions but also the difficulty of the task or
training must be considered. Depending on the level of difficulty
of the task that the patients have to engage in, more or less
cognitive resources would be required, which is also an important
variable. Fourth, it is extremely important to determine whether
any improvement generalized on untrained cognitive tasks.
Evidences indicates that cognitive enhancement can occur at
the expense of other cognitive functions (Iuculano and Cohen
Kadosh, 2013). To our knowledge very few publications in the
literature have also measured other cognitive domains (different
from that central for the study) to control for possible cognitive

side effects. Future studies should consider all these factors for a
more effective therapeutic protocol.

GENERAL CONCLUSIONS

The present review considered the application of tDCS for
the cognitive rehabilitation of four neurocognitive disorders:
Parkinson’s Disease, Alzheimer’s Disease, Unilateral Hemispatial
Neglect and Aphasia. While in PD there is a general agreement
on the parameters of stimulation, what might constitute the
most sensitive test to measure t-DCS efficacy on cognitive
domains remains unclear. By contrast, for AD, unilateral neglect
and aphasia, the variability across studies in the stimulation

parameters used, the target site of tDCS stimulation and on the
intensity of the stimulation, makes drawing firm conclusions
about efficacy more difficult.

Nevertheless, most of the studies reviewed reported a positive
effect of tDCS in all these neurocognitive disorders. However, in
cognitive rehabilitation it is critical to move beyond statistical
significance and consider clinical significance of effects. Such
positive evidence of tDCS-induced cognitive benefit cannot be
considered as fully reliable due to methodological limits of the
studies, particularly the lack of long-term follow-up to establish
the durability and longevity of the observed beneficial effects
and specific testing to establish whether the beneficial effects of
tDCS observed in the laboratory/clinic generalized to everyday
cognitive functioning and activities of daily living. Production of
long-lasting and generalizable cognitive improvement by tDCS is
essential to ensure clinical significance andmeaningfulness of the
benefits.

The field may benefit from drawing up some guidelines
for application of tDCS as a therapeutic approach
for NCDs.
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