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Abstract: Transcranial direct current stimulation (tDCS) is a non-invasive brain stimulation technique
that is being investigated for a variety of neurological and psychiatric conditions. Preliminary
evidence suggests that tDCS may be useful in the treatment of Tourette Syndrome (TS). This paper
reviews the literature on the use of tDCS in commonly occurring comorbid conditions that are relevant
to its proposed use in TS. We describe the protocol for a double-blind, crossover, sham-controlled trial
of tDCS (Trial ID: ACTRN12615000592549, registered at www.anzctr.org.au) investigating the efficacy,
feasibility, safety, and tolerability of tDCS in patients with TS aged 12 years and over. The intervention
consists of cathodal tDCS positioned over the Supplementary Motor Area. Patients receive either
sham tDCS for three weeks followed by six weeks of active tDCS (1.4 mA, 18 sessions over six weeks),
or six weeks of active sessions followed by three weeks of sham sessions, with follow-up at three
and six months. Pilot findings from two patients are presented. There was a reduction in the
frequency and intensity of patients’ tics and premonitory urges, as well as evidence of improvements
in inhibitory function, over the course of treatment. Larger scale studies are indicated to ascertain
the maintenance of symptom improvement over time, as well as the long-term consequences of the
repetitions of sessions.
Keywords: Tourette Syndrome; transcranial direct current stimulation (tDCS); treatment

1. Introduction
Tourette’s disorder, also called Tourette Syndrome (TS), is a childhood onset neuropsychiatric
disorder, characterised by the presence of multiple motor, and one or more vocal, tics that persist
for over one year [1]. Once thought to be a rare disorder, the prevalence of TS is now understood to
be approximately 1% in the general population during childhood [2,3]. TS is associated with social,
emotional, and academic problems, including poor social skills, low self-esteem, mood and anxiety
disorders, and underperformance in school environments [4,5].
Several classes of drugs are prescribed to control tics in patients with TS, the most common being
antipsychotics and alpha-2 adrenergic agonists, but these are often associated with significant side
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effects and are only effective in some patients [6]. Concerns about side effects are particularly pertinent
for young patients. A parent survey of 740 children with TS found that 36% of parents reported that
medication treatment was difficult for their child due to drug-induced side effects, and 43% of parents
expressed avoidance of tic medication due to concerns about adverse effects [7].
Systematic and meta-analytic reviews have found Habit Reversal Therapy (HRT) to be an efficacious
intervention for children and adults with TS [8,9]. For example, in a randomised controlled trial (RCT),
Comprehensive Behavioural Intervention for Tics (CBIT), incorporating HRT, relaxation training,
and trigger deterrent strategies, was found to be significantly more effective than psychoeducation
and supportive therapy, with 87% of participants reporting sustained tic improvements six months
post-intervention [10]. However, while there was a statistically significant decline in the Yale Global
Tic Severity Scale (YGTSS) Total Tic score among both children (effect size = 0.68) and adults
(effect size = 0.57) receiving CBIT when compared to the control group, roughly half of the participants
receiving CBIT did not show meaningful improvement [11].
Thus, while pharmacotherapy and behavioural treatments such as CBIT are effective interventions
for tics, there are still a significant number of TS patients who do not tolerate or benefit from these
methods of treatment, and it is important to explore other models of intervention.
A growing body of evidence suggests that brain stimulation techniques may have a promising
role in the diagnosis, monitoring, and treatment of a variety of neurological and psychiatric conditions,
including TS. For example, Transcranial Magnetic Stimulation (TMS), a non-invasive technique,
may correct abnormal cortical excitability activity in patients with TS through the repetitive generation
of a brief, powerful magnetic field by a coil positioned over the scalp that induces an electric
current in the brain [12]. Previous research indicates that TMS is safe and well-tolerated in
children and adolescents, with only mild and temporary side effects reported, including headache
and sleepiness [12,13]. TMS has also been shown to be effective in the treatment of TS among
children and adolescents aged 7–16 years, with significant improvements in clinical symptoms
lasting up to six months [12]. However, TMS requires extensive training to administer and is
non-portable. Deep Brain Stimulation (DBS) is also being increasingly used to treat refractory cases [14].
DBS, however, has obvious limitations being significantly invasive. Primary benefits of tDCS, another
non-invasive brain stimulation technique, are its affordability, portability, and ease of use, with the
potential for self-administration by patients at home. Despite such promising attributes, there is very
little evidence to date to support the use of tDCS in the treatment of TS. This paper provides a review
of the literature relevant to the use of tDCS in TS, and preliminary findings from a pilot study aimed to
evaluate the use of tDCS to treat TS by targeting an important locus of inhibitory control in the cortex,
proposed as the primary deficit in TS [15–17].
1.1. Background to tDCS
tDCS is a form of neuromodulation that uses a constant, low current, delivered to the cortical brain
area of interest via electrodes positioned on the scalp. The current modulates the neuronal excitability
by altering the resting membrane potential of the stimulated neurons [18]. Anodal stimulation is used
to increase cortical excitability in the stimulated area, while cathodal stimulation is used to inhibit
neuronal excitability [19]. Current delivery has the capacity to induce neuromodulatory changes in
cortical activity, including prolonged changes in neuronal excitability beyond the period of direct
stimulation [20,21]. Sustained changes in neuronal excitability are thought to be driven by a cascade
of events at the molecular and cellular level involving glutaminergic, dopaminergic, serotonergic,
and GABAergic activity modulation and synaptic plasticity [22,23].
tDCS is more affordable, flexible, and simple to operate than other neuromodulation techniques
and is becoming one of the most investigated of the non-invasive brain stimulation modalities [23].
A factor influencing attrition rates for neurostimulation treatments is the need for consecutive dosing
regimens. Supporting the flexibility in scheduling of tDCS treatment regimes, a study assessing the
impact on efficacy of non-continuous treatment sessions found that scheduling up to two treatment-free
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days during a ten-day acute treatment regime did not modify the clinical efficacy of tDCS treatment
for depression [24]. The potential for increased flexibility in treatment regime and the capacity for
tDCS to be undertaken at home is likely to afford greater access to treatment and superior retention
rates when compared to solely clinic-based neurostimulation interventions such as TMS.
The safety and tolerability of tDCS has been well established in adults, with the limited adverse
side effects being uncommon, mild, and short-lived [25]. There is a building evidence base to show
that tDCS is safe and well-tolerated among children and adolescents with a range of neurological
and psychiatric disorders [18]. In a literature review that included 191 child subjects who underwent
tDCS, no children experienced any major side effects. Transient side effects reported include scalp
redness, tingling, itching, and scalp discomfort. Side effects were experienced for no longer than
two hours and in less than 12 percent of children and adolescents [18]. Nevertheless, studies with
longitudinal assessment are warranted in children, and further data on the tolerability within specific
dosage parameters will be useful in the development of safety guidelines for the use of tDCS in this
age cohort.
1.2. Indications for tDCS Reported in the Literature for Commonly Occurring Comorbid Conditions with TS
Research has demonstrated the efficacy of tDCS for the treatment of a range of psychiatric
conditions that often occur comorbidly with TS, including Major Depressive Disorder (MDD),
Obsessive Compulsive Disorder (OCD), and Attention Deficit Hyperactivity Disorder (ADHD) [26].
Novel research has described its utilisation in the treatment of movement disorders [27], Alzheimer’s
disease [28], addiction [29], tinnitus [30], eating disorders [31], and psychosis [32,33]. Research into
its capacity to improve the cognitive deficits associated with various disorders has also begun,
with encouraging early results [34]. The following is a brief introduction to the indications for
tDCS for the treatment of conditions that are commonly comorbid with TS that may have related
underlying deficits. Thorough reviews of the wider indications for tDCS are available elsewhere
(see, for example [35–37]).
MDD: Depression has been the most extensively studied indication for tDCS in the treatment of
psychiatric disorders. The mechanism of action of tDCS for the treatment of depression is speculated
to involve enhancement of neural activation in the left dorsolateral prefrontal cortex (DLPFC) via
anodal stimulation and/or reducing neural activity on the right DLPFC via cathodal stimulation [38].
Several meta-analyses have concluded that tDCS produces robust and clinically meaningful effects
in the treatment of depression [39–41]. Among patients with depression, tDCS has also been found
to result in improved attention, concentration, and psychomotor speed [42]. A recent meta-analysis
of individual patient data concluded that tDCS treatment for acute depressive episodes produced
comparable positive effect sizes to those reported for antidepressant drug therapy in primary care and
for TMS [40]. Further, a recently published evidence-based guideline for the therapeutic use of tDCS
supported its use in the treatment of MDD using anodal tDCS over the left DLPFC in patients with
and without drug-treatment-resistant depression [37].
The longer-term efficacy of tDCS in treating major depression has been examined in one study
that demonstrated a sustained anti-depressant effect without maintenance therapy at three-month
follow up [43]. Additionally, factors influencing relapse rates post tDCS were investigated in a study
that demonstrated increased relapse rates in patient groups with a higher level of treatment resistance
prior to commencing tDCS [44].
OCD: tDCS has shown promising results in the treatment of OCD [45]. A case series observed
significant clinical improvement utilising tDCS as an adjunctive therapy with routine selective
serotonin reuptake inhibitor (SSRI) treatment in SSRI-resistant OCD [46]. A preliminary study
demonstrated cathodal but not anodal tDCS applied over the pre-Supplementary Motor Area (SMA)
significantly improved OCD symptoms [47]. A recent case study of twice-daily tDCS over 10 days also
demonstrated significantly decreased OCD symptoms, as well as reduced symptoms of depression
and anxiety [48].
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ADHD: Contemporary interest has been reported in the literature regarding the use of tDCS in the
treatment of ADHD in both children and adults [49,50]. A recent exploratory study demonstrated that
anodal tDCS treatment targeting the prefrontal cortex significantly reduced the clinical symptoms of
inattention and impulsivity in adolescents with ADHD [51]. Supporting the potential use of tDCS in the
treatment of ADHD has been the reported post-tDCS improvement in behavioral inhibition, attention,
and memory in healthy clinical populations [34,50,52,53]. The use of tDCS to enhance psychological
interventions such as cognitive training has also shown promising results. Further research into the
efficacy of tDCS as a combination treatment within other psychological treatment frameworks is
warranted [54].
1.3. Treatment Factors Affecting tDCS Efficacy
While early results are promising for the use of tDCS in the treatment of various neurological and
psychiatric disorders, predictors of individual response and optimisation of stimulation parameters
including electrode placement, electrode size, current dosage, and frequency of treatments are yet to
be established [40,55]. Consistency of reporting and use of specific parameters in future research will
be important in assessing the relationship between treatment parameters and efficacy.
Electrode positioning appears to be critical despite the tDCS electrical fields being relatively
non-focal [56,57]. The impact of how neural stimulation in a specific cortical area affects adjacent
areas remains unclear, and the potential to simultaneously increase and decrease activation in separate
cortical regions could be explored [58]. Optimising the efficiency of tDCS current delivery via electrode
placement and specific electrode configurations with the use of computational models has been
demonstrated in the literature and may be another avenue for further optimisation of efficacy [59].
This provides a potential avenue for research into the improvement of tDCS treatment efficacy for
various neuropsychiatric indications via more selective stimulation targets.
Preliminary research into the potential effects of pharmacological agent exposure and
augmentation in relation to predictors of response to tDCS has generated interesting findings.
Enhancement of anodal tDCS effects on cortical excitability has been demonstrated with
pharmacological augmentation by SSRIs [60], amphetamines (a noradrenergic transporter and
competitive inhibitor of dopamine transporters) [61], and D-cycloserine (an NMDA agonist) [62].
Similarly, the effect of pharmacological agents on cathodal tDCS has been explored. Cathodal tDCS
effects have demonstrated enhancement with L dopa (a dopamine precursor) [63], and rivastigmine
(a cholinesterase inhibitor) has demonstrated a stabilisation of cathodal tDCS effects [64]. In clinical
samples, early findings from a naturalistic study suggested the efficacy of tDCS for the treatment
of MDD may be reduced in patients who have had prior benzodiazepine treatment and improved
with those who had prior treatment with dual reuptake inhibitors, indicating prospects for further
research [65]. A recent study examining clinical predictors of response to tDCS among patients with
treatment-resistant depression showed that cognitive disturbance and psychomotor retardation were
predictive factors for a reduction in depressive symptoms following tDCS [66].
1.4. Proposed Mechanism of Action of tDCS for the Treatment of TS
Neuroimaging has implicated the SMA as a locus of dysfunction in TS, with activity in the SMA
being positively correlated with tic severity [67,68]. However, the role of SMA in TS could be either
generative, i.e., SMA over-activation represents the generation of urge [69], or conversely, given the key
role that SMA is thought to play in the network for inhibitory control [70], it could represent an attempt
at tic suppression. Significant TMS work shows that suppressing excitability in the SMA leads to
a reduction of tics [71–74], favouring the explanation that over-activation in the SMA may contribute to
the genesis of TS. Furthermore, it has been demonstrated recently that cathodal (inhibitory) tDCS over
the SMA can prevent the behavioural expression of action impulses [75]. It is therefore expected that
the administration of cathodal tDCS to the SMA among patients with TS would result in a decrease in
premonitory urges and a reduction in the frequency and severity of patients’ tics.
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1.5. Previous Research on the Use of tDCS for Treatment of TS
Excepting a promising report of two adult cases with TS who received cathodal tDCS over the
motor areas of the cerebral cortex [76], and a case report on a 16 year-old investigating the effect of
cathodal tDCS over the pre-SMA in a patient with TS [77], no blinded study to date has investigated
tDCS as a therapeutic intervention for TS. This is despite extensive previous research demonstrating
its safety and tolerability across age ranges in other neurological and common comorbid psychiatric
disorders [18].
2. Description of a Study Protocol for a Double-Blind, Crossover, Sham-Controlled Trial of tDCS
In this context, we sought to undertake a clinical pilot of a double-blind, crossover, sham-controlled
trial of tDCS, examining the feasibility, safety, tolerability, and preliminary efficacy of tDCS for
treatment of TS in individuals aged over 12 years (Trial ID: ACTRN12615000592549, registered at
www.anzctr.org.au). This study will provide preliminary data on efficacy outcomes that will be useful
in informing a subsequent RCT. The study is planned as the first-ever extensive clinical trial of tDCS
to the SMA as a therapy for TS. The protocol is described in the remainder of this paper, and data
presented from two adult participants on whom the protocol was piloted.
2.1. Hypotheses
We hypothesise that administration of tDCS, by electrically stimulating a cortical area important
for the generation and control of movements, namely the SMA, will result in improved inhibitory
control and a decrease in the frequency and severity of participants’ tics. We also propose that the ability
to rapidly suppress prepotent action, as measured by a modified go no-go task, will be negatively
correlated with the occurrence of tics among patients with TS.
2.2. Methods
Study design: Participants will receive a course of tDCS, three times per week for six weeks
(a total of 18 tDCS sessions). To allow for contingencies, participants will be required to complete
a minimum of two and a maximum of three sessions in any one week, and to complete the total
18 sessions. Participants will be tested in a crossover design with double-blind random allocation,
whereby half the participants will receive sham sessions for three weeks followed by six weeks of
tDCS, while the other half will receive six weeks of active sessions followed by three weeks of sham
sessions. Symptom severity measures will be administered at several time points (baseline, Week 3,
Week 6, Week 9, 3 months, and 6 months).
Sampling: We aim to recruit eight participants for the initial clinical study, not including the
two adult participants that the study protocol has been piloted on. As this is not a definitive RCT,
sample size is not based on formal power calculations based on effect sizes. The proposed sample
size is comparable to that used in several trials of non-invasive brain stimulation procedures among
children and adolescents [18].
Inclusion criteria:
1. Participant aged over 12 years (written consent will be provided by parent/guardian for those
aged 12 to 18 years).
2. Participant meets criteria for a primary diagnosis of DSM-5 Tourette’s Disorder: presence of
multiple motor and one or more vocal tics that have persisted for more than one year with onset before
18 years of age [1].
3. Participants taking psychotropic medications to manage tics will be included as long as the
dose had been stable for at least six weeks prior to participation, with no planned changes during the
course of the study.
Exclusion criteria:
1. Unacceptable risk factors for unsafe administration or side effects of tDCS (implanted cranial
devices, previous head or brain injury, skin lesions on scalp at proposed electrode sites, epilepsy or
history of seizures, drug abuse).
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2. Participants not fluent in English will be excluded from the trial for safety reasons.
3. Participants who have a primary psychiatric or medical diagnosis apart from TS. While participants
with comorbidities commonly associated with a primary diagnosis of TS (such as OCD and ADHD)
will be included, those with any major psychiatric conditions such as psychosis or Bipolar Disorder
will be excluded.
4. Pregnancy.
Recruitment: Participants will be recruited to the study through an advertisement via the Tourette
Syndrome Association of Australia’s website.
tDCS administration: tDCS will be administered via sponge electrodes (stimulating electrode
25 cm2 ) soaked in saline and held in place by a neoprene cap, with the cathode positioned over the
anterior portion of the SMA (4 cm in front of the vertex/Cz) and the return electrode positioned over
the right deltoid. The current intensity will be given at up to 1.4 mA (milliamps) for a duration of
20 min per session. The first two treatment sessions will be undertaken at the research centre and
the remaining treatments will be conducted in patients’ homes using a portable unit. Settings on the
unit will be pre-programmed and unable to be changed by the participants. All sessions conducted at
participants’ homes will be supervised remotely by the study’s medical practitioner via audio-visual
link. Parental supervision during treatment will be required for all participants aged under 18 years.
Outcome measures: Outcome measures will be administered at baseline, week three, week six,
week nine, three months, and six months, with the exception of inhibitory function, which will not be
assessed at three-month follow-up.
Tic frequency and severity: Tic frequency and severity will be assessed via the YGTSS [3]. A brief
version of the National Hospital Interview Schedule for the assessment of Gilles de la Tourette syndrome
(NHIS), the Tic Screening Questionnaire, will be administered at baseline to objectively evaluate the
presence and severity of overall tics and related behaviours as well as comorbidities.
The Parent Tic Questionnaire (PTQ) and the parallel Adult Tic Questionnaire (ATQ) will be used
as measures of tic severity during the previous week [78]. Participants (either the patient or his/her
parents) will be asked to indicate the presence or absence of 14 motor and 14 vocal tics. Participants
will then be asked to rate each endorsed tic on a scale of 1 to 4 in both frequency and intensity, such that
scores for each tic range from 0 (tic not present, i.e., if participants indicate absence of the tic) to
8 (maximum frequency and intensity). The sum of all 28 individual tic scores yields a total score
(maximum score 224), with higher scores indicating greater tic severity. The measure shows good
internal consistency, temporal stability, and convergent and discriminant validity [78].
The Premonitory Urge for Tics Scale (PUTS) will also be utilised as a self-report scale designed to
measure the subjective intensity and character of premonitory urges in TS [79]. The PUTS includes
ten qualitative items rated on a scale ranging from 1 (not at all true) to 4 (very much true), generating
a total score between 10 and 40 that indicates both the frequency and intensity of premonitory urges.
The PUTS has good internal consistency, temporal stability, and convergent validity when used with
children aged over 10 years [79].
Inhibitory function: Alterations in the ability to appropriately inhibit prepotent motor actions have
been linked to TS [80,81]. The Go No-Go task (GNG; [82]) is a psychophysical measure designed to
assess ability to inhibit inappropriate actions. In this task, participants are instructed to make rapid
responses to (usually) visually presented “Go” signals and to withhold that response when the signal
is a “No-Go”. “Go” signals are typically more frequent than “no-go” signals so that the tendency to
respond is dominant and becomes the prepotent state. The primary measure that indexes the potency of
inhibitory function is the rate of false alarms following the presentation of the no-go signal. In this study,
we will use the modification demonstrated by Los [83] that combines the explicit inhibitory measures of
the GNG task with implicit inhibitory control measures embedded in the variable foreperiod paradigm.
The variable foreperiod design presents participants with response imperatives at one of two or more
intervals, requiring withholding of the response throughout the duration of the foreperiod until the
imperative indicates that it is appropriate to activate the response. This novel approach presents
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a methodological advancement in the study of inhibitory control in TS, as a limitation of current
measures of inhibitory control is the ability of the patient to make changes to their response tendencies
in order to compensate for inhibitory deficits [84,85]. The GNG task, as a measure of the ability to
inhibit inappropriate responses, has good reliability for commission errors [86], which, when combined
with a strong factor structure [87], indicates a strong internal structure [88]. Further, the GNG task
demonstrates strong content validity [89], precisely measuring the ability of the participant to withhold
a response. Importantly, in respect to the current study, the GNG has been shown to be sensitive to
interventions [90] and associated with clinical outcomes [91].
Assessment of side effects: At the end of each tDCS session, a medical practitioner on the
research team will screen for the presence of any of the following side effects: itchiness, dizziness,
light headedness, fatigue, blurred vision, headache, or nausea. If of any of these are answered positively,
the duration of the symptom/s will be monitored and, if these do not dissipate within an hour, which is
typical of tDCS, the participant will be referred for assessment by an on-call medical practitioner.
Pilot findings and discussion: The study protocol, up to and including the three-month
follow-up, has been piloted on two adult participants, both male. These participants will not be
included in the actual trial, and thus publication of results does not compromise blinding or constitute
double reporting. Using random allocation, both pilot participants received six weeks of active tDCS
treatment first, followed by three weeks of sham stimulation. They remained blind to this. The sessions
were well tolerated and no side effects were reported by either of the two participants. YGTSS data
was not collected for these participants, but will be for all future participants.
ATQ scores: As shown in Table 1, there was a reduction in the frequency and severity of both pilot
participants’ tics (as rated using the ATQ) over the course of treatment. Participant 1’s ATQ score
further decreased between the end of treatment and the three-month follow-up. However, there was
an increase in Participant 2’s ATQ score over this same period such that his ATQ score at three-month
follow-up indicated greater tic severity and frequency than at baseline. Given the preliminary nature
of the data, it is not possible to determine whether improvements that had been made over the course
of treatment were not maintained due to treatment inefficacy, or whether additional stressors that were
present at the time of the three-month follow-up may have adversely affected this participant’s tics.
Table 1. Adult Tic Questionnaire (ATQ) scores.

Participant 1
Participant 2

Pre-Treatment

After 3 Weeks of
Active tDCS

After 6 Weeks of
Active tDCS

Post-Treatment
(6 Weeks Active +
3 Weeks Sham)

3 Months
Post-Treatment

83
34

66
29

54
27

54
18

47
39

PUTS scores: As shown in Table 2, there was a reduction in the frequency and intensity of
both pilot participants’ premonitory urges (as rated using the PUTS) over the course of treatment.
Following treatment, both participants had scores (22 and 24 for Participant 1 and 2, respectively)
that fell in the medium intensity range for premonitory urges, compared to pre-treatment scores that
indicated high intensity (25) and extremely high intensity with probable severe impairment (34) for
Participants 1 and 2, respectively. These improvements were largely maintained for both participants
between the end of treatment and the three-month follow-up.
Table 2. Premonitory Urge for Tics Scale (PUTS) scores.

Participant 1
Participant 2

Pre-Treatment

After 3 Weeks of
Active tDCS

After 6 Weeks of
Active tDCS

Post-Treatment
(6 Weeks Active +
3 Weeks Sham)

3 Months
Post-Treatment

25
34

22
29

23
27

22
24

22
25

Brain Sci.
7, 1617, 161
Brain2017,
Sci. 2017,

8 of 13
8 of 13

Inhibitory function: The main dependent variable on the go-no go task is the proportion of
Inhibitory function: The main dependent variable on the go-no go task is the proportion of
commission errors on the no-go trials. Figure 1 shows the mean percentage of commission errors
commission errors on the no-go trials. Figure 1 shows the mean percentage of commission errors across
across
participants
as a offunction
treatment
status. Both
participants
displayed
a
thethe
two two
participants
as a function
treatmentofstatus.
Both participants
displayed
a surprisingly
low
surprisingly
low
rate
of
commission
errors
at
baseline,
likely
in
part
due
to
the
relatively
high
rate of commission errors at baseline, likely in part due to the relatively high proportion of no-go trials
proportion
ofHowever,
no-go trials
we used.participants
However,exhibited
on average,
participants
a reduction
in the
we used.
on average,
a reduction
in the exhibited
rate of commission
errors
rate of
commission
of tDCS
seemed
to rebound
once
the
active
during
the activeerrors
phase during
of tDCS the
that active
seemedphase
to rebound
oncethat
the active
treatment
ceased.
Note
that
inhibitory
function
not assessed
at three-month
follow-up.
treatment
ceased.
Noteisthat
inhibitory
function is not
assessed at three-month follow-up.

Figure
1. Mean
commission
errors
of total
totalno-go
no-gotrials
trials
= 2).
percentage
Figure
1. Mean
commission
errorsasasa apercentage
percentage of
(n (n
= 2).
TheThe
percentage
of of
commission
errors
reduced
during
the
phaseand
andthen
thenrebounded
rebounded
post-treatment.
commission
errors
reduced
during
theactive
activetreatment
treatment phase
post-treatment.
Post-treatment
is after
threeweeks
weeksofofsham
sham stimulation.
stimulation. A:
B: B:
After
3 weeks
of of
Post-treatment
is after
thethe
three
A:Pre-treatment;
Pre-treatment;
After
3 weeks
active
transcranial
direct
current
stimulation
(tDCS);
C:
After
6
weeks
of
active
tDCS;
D:
Post-treatment
active transcranial direct current stimulation (tDCS); C: After 6 weeks of active tDCS; D:
(6 weeks active
+ 3 weeks
sham).
Post-treatment
(6 weeks
active
+ 3 weeks sham).

3. Conclusions
3. Conclusions
Available evidence from the literature and our pilot findings suggest that tDCS is safe and well

Available evidence from the literature and our pilot findings suggest that tDCS is safe and well
tolerated. Data from our two pilot participants revealed clinical improvement, suggesting a potential
tolerated. Data from our two pilot participants revealed clinical improvement, suggesting a potential
role for tDCS in the treatment of TS. However, the mechanism of action is not clear. At this early stage,
role for
thetotreatment
of TS.
However,
the
mechanism
of action
is not
clear.
At this
theretDCS
does in
seem
be a reduction
in the
number of
commission
errors
committed
in the
go no-go
taskearly
stage,between
there does
seemvs.tosham
be aphase
reduction
in However,
the number
ofthat
commission
errors
committed
in the go
the active
of tDCS.
given
this reduction
did not
persist beyond
no-gothetask
between
the rebounding
active vs. sham
phase
of tDCS.
However,
givenit that
this
treatment
phase,
to baseline
once
tDCS treatment
ceased,
seems
lessreduction
likely that did
the not
persist
beyond for
thethe
treatment
phase,
rebounding
to baseline
once
tDCS
ceased, it seems
mechanism
enhancement
in voluntary
inhibition
is directly
linked
to treatment
the clinical improvement.
Future that
studies
a larger
of participants
are indicated,
with long
term follow-up
less likely
theinvolving
mechanism
for number
the enhancement
in voluntary
inhibition
is directly
linked to
to the
ascertain
the
maintenance
of
symptom
improvement
over
time.
clinical improvement. Future studies involving a larger number of participants are indicated, with
long Acknowledgments:
term follow-up toThe
ascertain
the maintenance of symptom improvement over time.
authors would like to thank the Tourette Syndrome Association Australia for the
assistance in patient recruitment and the participants for their involvement in the study. Paul F. Sowman
was supported by
theauthors
Australian
Research
Council
and was also
supported
Acknowledgments:
The
would
like to
thank(DE130100868,
the Tourette DP170103148)
Syndrome Association
Australia
for the
by the Australian Research Council Centre of Excellence for Cognition and its Disorders (CE110001021)
assistance
in patient recruitment and the participants for their involvement in the study. Paul F. Sowman was
(http://www.ccd.edu.au).
supported by the Australian Research Council (DE130100868, DP170103148) and was also supported by the
Author Contributions: Valsamma Eapen and Paul F. Sowman conceived and designed the study assisted by
Australian
Research Council Centre of Excellence for Cognition and its Disorders (CE110001021)
Amelia Walter; Veena Raghupathy and Richard Baker conducted the clinical assessments. Jordan J. Wehrman
(http://www.ccd.edu.au).
designed, programmed and analysed the inhibition tests. All authors contributed to the manuscript through data
management or in writing up the paper.

Author Contributions: Valsamma Eapen and Paul F. Sowman conceived and designed the study assisted by
Conflicts of Interest: The authors declare no conflict of interest.
Amelia Walter; Veena Raghupathy and Richard Baker conducted the clinical assessments. Jordan J. Wehrman
designed, programmed and analysed the inhibition tests. All authors contributed to the manuscript through
data management or in writing up the paper.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.

American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders—Fifth Edition
(DSM-5); American Psychiatric Publishing: Washington, DC, USA, 2013.

Brain Sci. 2017, 7, 161

9 of 13

References
1.
2.

3.

4.
5.

6.
7.

8.
9.
10.

11.

12.

13.

14.
15.

16.

17.
18.
19.
20.

American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders—Fifth Edition (DSM-5);
American Psychiatric Publishing: Washington, DC, USA, 2013.
Robertson, M.M.; Eapen, V.; Singer, H.S.; Martino, D.; Scharf, J.M.; Paschou, P.; Roessner, V.; Woods, D.W.;
Hariz, M.; Mathews, C.A.; et al. Gilles de la Tourette syndrome. Nat. Rev. Dis. Primers 2017, 3, 16097.
[CrossRef] [PubMed]
Robertson, M.M.; Eapen, V.; Cavanna, A.E. The international prevelance, epidemiology, and clinical
phenomenology of Tourette syndrome: A cross-cultural perspective. J. Psychosom. Res. 2009, 67, 475–483.
[CrossRef] [PubMed]
Singer, H.S. Tourette’s syndrome: From behviour to biology. Lancet Neurol. 2005, 4, 149–159. [CrossRef]
Walkup, J.T.; Khan, S.; Schuerholz, L.; Paik, Y.; Leckman, J.F.; Schultz, R.T. Phenomenology and natural
history of tic-related ADHD and learning disabilities. In Tourette’s Syndrome: Tics, Obsessions, Compulsions;
John Wiley and Sons: New York, NY, USA, 1999; pp. 63–79.
Du, J.C.; Chiu, T.F.; Lee, K.M.; Wu, H.L.; Yang, Y.C.; Hsu, S.Y.; Leckman, J.F. Tourette syndrome in children:
An updated review. Pediatr. Neonatol. 2010, 51, 255–264. [CrossRef]
Woods, D.W.; Conelea, C.A.; Himle, M.B. Behavior therapy for Tourette’s disorder: Utilization in
a community sample and an emerging area of practice for psychologists. Prof. Psychol. Res. Pract. 2010, 41,
518–525. [CrossRef]
Bate, K.S.; Malouff, J.M.; Thorsteinsson, E.T.; Bhullar, N. The efficacy of habit reversal therapy for tics, habit
disorders, and stuttering: A meta-analytic review. Clin. Psychol. Rev. 2011, 31, 865–871. [CrossRef] [PubMed]
Dutta, N.; Cavanna, A.E. The effectiveness of habit reversal therapy in the treatment of Tourette syndrome
and other chronic tic disorders: A systematic review. Funct. Neurol. 2013, 28, 7–12. [PubMed]
Piacentini, J.; Woods, D.W.; Scahill, L.; Wilhelm, S.; Peterson, A.L.; Chang, S.; Ginsburg, G.S.; Deckersbach, T.;
Dziura, J.; Levi-Pearl, S. Behavior therapy for children with Tourette disorder: A randomized controlled trial.
JAMA 2010, 303, 1929–1937. [CrossRef] [PubMed]
Scahill, L.; Woods, D.W.; Himle, M.B.; Peterson, A.L.; Wilhelm, S.; Piacentini, J.C.; McNaught, K.; Walkup, J.T.;
Mink, J.W. Current controversies on the role of behavior therapy in Tourette syndrome. Mov. Disord. 2013,
28, 1179–1183. [CrossRef] [PubMed]
Le, K.; Liu, L.; Sun, M.; Hu, L.; Xiao, N. Transcranial magnetic stimulation at 1 hertz improves clinical
symptoms in children with Tourette syndrome for at least 6 months. J. Clin. Neurosci. 2013, 20, 257–262.
[CrossRef] [PubMed]
Wu, S.W.; Shahana, N.; Huddleston, D.A.; Lewis, A.N.; Gilbert, D.L. Safety and tolerability of theta-burst
transcranial magnetic stimulation in children. Dev. Med. Child Neurol. 2012, 54, 636–639. [CrossRef]
[PubMed]
Kim, W.; Pouratian, N. Deep brain stimulation for Tourette syndrome. Neurosurg. Clin. N. Am. 2014, 25,
117–135. [CrossRef] [PubMed]
Morand-Beaulieu, S.; Grot, S.; Lavoie, J.; Leclerc, J.; Luck, D.; Lavoie, M. The puzzling question of inhibitory
control in Tourette syndrome: A meta-analysis. Neurosci. Biobehav. Rev. 2017, 11, 240–262. [CrossRef]
[PubMed]
Watkins, L.; Sahakian, B.; Robertson, M.; Weale, D.; Rogers, R.; Pickard, K.; Robbins, T. Executive function
in Tourette’s Syndrome and obsessive-copmulsive disorder. Psychol. Med. 2005, 35, 571–582. [CrossRef]
[PubMed]
Ziemann, U.; Paulus, W.; Rothenberger, A. Decreased motor inhibition in Tourette’s disorder: Evidence from
transcranial magnetic stimulation. Am. J. Psychiatry 1997, 154, 1277–1284. [PubMed]
Krishnan, C.; Santos, L.; Peterson, M.; Ehinger, M. Safety of noninvasive brain stimulation in children and
adolescents. Brain Stimul. 2015, 8, 76–77. [CrossRef] [PubMed]
Nitsche, M.; Paulus, W. Escitability changes induced in the human motor cortex by weak transcranial direct
current stimulation. J. Physiol. 2000, 527, 633–639. [CrossRef] [PubMed]
Nitsche, M.; Liebetanz, D.; Antal, A.; Lang, N.; Tergau, F.; Paulus, W. Modulation of cortical excitability by
weak direct current stimulation-technical, safety and functional aspects. Suppl. Clin. Neurophysiol. 2003, 56,
255–276. [PubMed]

Brain Sci. 2017, 7, 161

21.
22.
23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.
35.
36.

37.

38.

10 of 13

Nitsche, M.; Paulus, W. Sustained excitability elevations induced by transcranial DC motor cortex stimulation
in humans. Neurology 2001, 57, 1899–1901. [CrossRef] [PubMed]
Stagg, C.J.; Nitsche, M.A. Physiological basis of transcranial direct current stimulation. Neuroscientist 2011,
17, 37–53. [CrossRef] [PubMed]
Medeiros, L.F.; de Souza, I.C.; Vidor, L.P.; de Souza, A.; DEitos, A.; Volz, M.S.; Fregni, F.; Caumo, W.;
Torress, I.L. Neruobiological effects of transcranial direct current stimulation: A review. Front. Psychiatry
2012, 3, 110. [CrossRef] [PubMed]
Zanao, T.A.; Moffa, A.H.; Shiowaza, P.; Lotufo, P.A.; Bensenor, I.M.; Brunoni, A.R. Impact of Two or Less
Missing Treatment Sessions on tDCS Clinical Efficacy: Results From a Factorial, Randomized, Controlled
Trial in Major Depression. Neuromodulation 2014, 17, 737–742. [CrossRef] [PubMed]
Nitsche, M.A.; Cohen, L.G.; Wassermann, E.M.; Priori, A.; Lang, N.; Antal, A.; Paulus, W.; Hummel, F.;
Boggio, P.S.; Fregni, F.; et al. Transcranial direct current stimulation: State of the art 2008. Brain Stimul. 2008,
1, 206–223. [CrossRef] [PubMed]
Hirschtritt, M.; Lee, P.; Pauls, D.; Dion, Y.; Grados, M.; Illman, C.; King, R.; Sandor, P.; McMahon, W.; Lyon, G.;
et al. Lifetime prevalence, age of risk, and genetic relationships of comorbid psychiatric disorders in Tourette
syndrome. JAMA Psychiatry 2015, 72, 325–333. [CrossRef] [PubMed]
Ferrucci, R.; Cortese, F.; Bianchi, M.; Pittera, D.; Turrone, R.; Bocci, T.; Borroni, B.; Vergari, M.; Cogiamanian, F.;
Ardolino, G.; et al. Cerebellar and motor cortical transcranial stimulation decrease levodopa-induced
dyskinesias in Parkinson’s disease. Cerebellum 2016, 15, 43–47. [CrossRef] [PubMed]
Hill, A.; Fitzgerald, P.; Hoy, K. Effects of anodal transcranial direct current stimulation on working
memory: A systematic review and meta-analysis of findings from healthy and neuropsychiatric populations.
Brain Stimul. 2016, 9, 197–208. [CrossRef] [PubMed]
Klauss, J.; Penido Pinheiro, L.; Silva Merlo, B.; Correia Santos, G.; Fregni, F.; Nitsche, M.; Miyuki
Nakamura-Palacios, E. A randomsied controlled trial of targeted prefrontal cortex modulation with tDCS in
patients with alochol dependence. Int. J. Neuropsychopharmacol. 2014, 17, 1793–1803. [CrossRef] [PubMed]
Langguth, B.; Kreuzer, P.; Kleinjung, T.; De Ridder, D. Tinnitus: Causes and clinical management.
Lancet Neurol. 2013, 12, 920–930. [CrossRef]
Kekic, M.; McClelland, J.; Bartholdy, S.; Boysen, E.; Musiat, P.D.; Tiza, M.; David, A.; Campbell, I.;
Schmidt, U. Single-Session Transranial Direct Current Stimulation Temporarily Imporves Symptoms.
Mood, and Self-Regulatory Control in Bulmia Nervosa: Randomised Controlled Trial. PLoS ONE 2017,
12, e0167606. [CrossRef] [PubMed]
Brunelin, J.; Mondino, M.; Gassab, L.; Haesebaert, F.; Gaha, L.; Suaud-Chagny, M.; Saoud, M.; Mechri, A.;
Poulet, E. Examining transcranial direct current stimulation (tDCS) as a treatment for hallucinations in
schizophrenia. Am. J. Psychiatry 2012, 169, 719–724. [CrossRef] [PubMed]
Mondino, M.; Jardri, R.; Suaud-Chagny, M.; Saoud, M.; Poulet, E.; Brunelin, J. Effects of fronto-temporal
transcranial direct current stimulation on auditory verbal hallucinations and resting-state functional
connectivity of the left parietal junction in patinets with schizophrenia. Schizophr. Bull. 2016, 42, 318–326.
[CrossRef] [PubMed]
Brasil-Neto, J. Learning, memory, and transcranial direct current stimulation. Front. Psychiatry 2012, 3, 80.
[CrossRef] [PubMed]
Kadosh, R.C. The Stimulated Brain: Cognitive Enhancement Using Non-Invasive Brain Stimulation; Elsevier:
Amsterdam, The Netherlands, 2014.
Kekic, M.; Boysen, E.; Campbell, I.C.; Schmidt, U. A systematic review of the clinical efficacy of transcranial
direct current stimulation (tDCS) in psychiatric disorders. J. Psychiatr. Res. 2016, 74, 70–86. [CrossRef]
[PubMed]
Lefaucheur, J.-P.; Antal, A.; Ayache, S.S.; Benninger, D.H.; Brunelin, J.; Cogiamanian, F.; Cotelli, M.;
De Ridder, D.; Ferrucci, R.; Langguth, B. Evidence-based guidelines on the therapeutic use of transcranial
direct current stimulation (tDCS). Clin. Neurophysiol. 2017, 128, 56–92. [CrossRef] [PubMed]
Brunoni, A.; Ferucci, R.; Fregni, F.; Boggio, P.; Priori, A. A transcranial direct current stimulation for
the treatment of major depressive disorder: A summary of preclinical, clincal and translational findings.
Biol. Psychiatry 2012, 39, 9–16. [CrossRef] [PubMed]

Brain Sci. 2017, 7, 161

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

11 of 13

Kalu, U.; Sexton, C.; Loo, C.; Ebmeier, K. Transcranial direct current stimulation in the treatment of major
depression: A meta-analysis. Psychological medicine. Psychol. Med. 2012, 42, 1791–1800. [CrossRef]
[PubMed]
Brunoni, A.R.; Moffa, A.M.; Fresno, F.; Palm, U.; Padberg, F.; Blumberger, D.M.; Daskalakis, Z.J.; Bennabi, D.;
Haffen, E.; Alonzo, A.; et al. Transcranial direct current stimulation for acute major depressive episodes:
Meta-analysis of individual patient data. Br. J. Psychiatry 2016, 208, 522–531. [CrossRef] [PubMed]
Yadollahpour, A.; Jalilifar, M.; Rashidi, S. Transcranial Direct Current Stimulation for the Treatment of
Depression: A Comprehensive Review of the Recent Advances. Int. J. Ment. Health Addict. 2017, 15, 434–443.
[CrossRef]
Loo, C.K.; Alonzo, A.; Martin, D.; Mitchell, P.B.; Galvez, V.; Sachdev, P. Transcranial direct current stimulation
for depression: 3-week, randomised, sham-controlled trial. Br. J. Psychiatry. 2012, 200, 52–59. [CrossRef]
[PubMed]
Dell’Osso, B.; Dobrea, C.; Arici, C.; Benatti, B.; Ferrucci, R.; Vergari, M.; Priori, A.; Altamura, A. Augmentative
transcranial direct current stimulation (tDCS) in poor responder depressed patients: A follow-up study.
CNS Spectr. 2013, 19, 347–354. [CrossRef] [PubMed]
Valiengo, L.; Bensenor, I.; Goulart, A.; de Olivereira, J.; Zanao, T.; Boggio, P.; Lotufo, P.; Fregni, F.; Brunoni, A.
The sertraline versus electrical current therapy for treating depression clinical study (SELECT-TDCS): Results
of the crossover and follow-up phases. Depress. Anxiety 2013, 30, 646–653. [CrossRef] [PubMed]
Senco, N.M.; Huang, Y.; D‘Urso, Y.; Parra, G.; Bikson, L.C.; Mantovani, A.; Brunoni, A.R. Trancranial direct
current stimluation in obsessive-compulsive disorder: Emerging clinical evidence and considerations for
optimal montage of electrodes. Expert Rev. Med. Devices 2015, 12, 381–391. [CrossRef] [PubMed]
Narayanaswamy, J.C.; Jose, D.; Chabra, H.; Agarwal, S.M. Successful application of add-on transcranial
Direct Current Stimulation for treatment of SSRI resistant OCD. Brain Stimul. 2015, 8, 655–683. [CrossRef]
[PubMed]
D’Urso, G.; Brunoni, A.R.; Mazzaferro, M.P.; Anastasia, A.; Bartolomeis, A.; Mantovani, A. Transcranial
direct current stimulation for obsessive-compulsive disorder: A randomized, controlled, partial crossover
trial. Depress. Anxiety 2016, 33, 1132–1140. [CrossRef] [PubMed]
Palm, U.; Leitner, B.; Kirsch, B.; Behler, N.; Kumpf, U.; Wulf, L.; Padberg, F.; Hasan, A. Prefrontal tDCS and
sertraline in obsessive compulsive disorder: A case report and review of the literature. Neurocase 2017, 23,
173–177. [CrossRef] [PubMed]
Rubio, B.; Boes, A.D.; Laganiere, S.; Rotenberg, A.; Jeurissen, D.; Pascual-Leone, A. Noninvasive Brain
Stimulation in Pediatric Attention-Deficit Hyperactivity Disorder (ADHD): Review. J. Child Neurol. 2016, 31,
784–796. [CrossRef] [PubMed]
Cosmo, C.; Baptista, A.F.; de Sena, E.P. Contribution of transcranial direct current stimulation on inhibitory
control to assess the neurobiological aspects of attention deficit hyperactivity disorder: Randomized control
trial. JMIR Res. Protoc. 2015, 4, e56. [CrossRef] [PubMed]
Soff, C.; Sotnikova, A.; Christiansen, H.; Becker, K.; Siniatchkin, M. Transcranial direct current stimulation
improves clinical symptoms in adolescents with attention deficit hyperactivity disorder. J. Neural Transm.
2017, 124, 133–144. [CrossRef] [PubMed]
Jones, K.T.; Gozenman, F.; Berryhill, M.E. Enhanced long-term memory encoding after parietal
neurostimulation. Exp. Brain Res. 2014, 232, 4043–4054. [CrossRef] [PubMed]
Fregni, F.; Boggio, P.S.; Nitsche, M.; Bermphol, F.; Antal, A.; Feredoes, A.; Silva, S.P.; Paulus, W.;
Pascual-Leone, A. Anodal transcranial direct current stimulation of prefrontal cortex enhances working
memory. Exp. Brain Res. 2005, 166, 23–30. [CrossRef] [PubMed]
Martin, D.; Liu, R.; Alonzo, A.; Green, M.; Loo, C. Use of transcranial direct current stimulation (tDCS) to
enhance cognitive training: Effect of timing of stimulation. Exp. Brain Res. 2014, 232, 3345–3351. [CrossRef]
[PubMed]
Blumberger, D.M.; Tran, L.C.; Fitzgerald, P.B.; Hoy, K.E.; Daskalakis, Z.J. A randomized double-blind
sham-controlled study of transcranial direct current stimulation for treatment-resistant major depression.
Front. Psychiatry 2012, 3. [CrossRef] [PubMed]
Antal, A.; Kincses, T.; Nitsche, M.; Paulus, W. Manipulation of phosphene thresholds by transcranial direct
current stimulation in man. Exp. Brain Res. 2003, 150, 375–378. [CrossRef] [PubMed]

Brain Sci. 2017, 7, 161

57.

58.

59.
60.
61.

62.
63.
64.
65.

66.

67.
68.
69.

70.
71.

72.

73.

74.

75.

76.

12 of 13

Boggio, P.; Rigonatti, S.; Ribeiro, R.; Myczkowski, M.; Nitsche, M.; Pascual-Leone, A.; Fregni, F. A randomized,
double blind clinical trial on the efficacy of cortical direct current stimluation for the treatment of major
depression. Int. J. Neuropsychopharmacol. 2008, 11, 249–254. [CrossRef] [PubMed]
Brunoni, A.R.; Nitsche, M.A.; Bolognini, N.; Bikson, M.; Wagner, T.; Merebet, L. Clinical research with
transcranial direct current stimulation (tDCS): Challenges and future directions. Brain Stimul. 2012, 5,
175–195. [CrossRef] [PubMed]
Sadlier, R.; Vannorsdall, T.; Schretlen, D.; Gordon, B. Transcranial direct current stimulation (tDCS) in
a realistic head model. Neuroimage 2010, 51, 1310–1318. [CrossRef] [PubMed]
Nitsche, M.; Kuo, M.; Karrasch, R.; Walter, B.; Liebetanz, D.; Paulus, W. Serotonin affects transcranial direct
current stimulation in man. Biol. Psychiatry 2009, 66, 503–508. [CrossRef] [PubMed]
Nitsche, M.; Liebetanz, D.; Schlitterlau, A.; Henschke, U.; Fricke, K.; Frommann, K.; Lang, N.; Henning, S.;
Paulus, W.; Tergau, F. GABAergic modulation of DC stimulation-induced motor cortex excitability shifts in
humans. Eur. J. Neurosci. 2004, 19, 2720–2726. [CrossRef] [PubMed]
Nitsche, M.; Grundey, J.; Liebetanz, D.; Lang, N.; Tergau, F.; Paulus, W. Consolidation of human motor cortical
neuroplasticity by D-cycloserine. Neurospsychopharmacology 2004, 29, 1573–1578. [CrossRef] [PubMed]
Kuo, M.; Paulus, W.; Nitsche, M. Boosting focally-induced brain plasticity by dopamine. Cereb. Cortex 2008,
35, 648–651. [CrossRef] [PubMed]
Wagner, T.; Fregni, F.; Fecteau, S.; Grodzinsky, A.; Zahn, M.; Pascual-Leone, A. Transcranial direct current
stimulation: A computer based human model study. Neuroimage 2007, 35, 1113–1124. [CrossRef] [PubMed]
Brunoni, A.R.; Ferruci, R.; Bortolomasi, M.; Scelzo, E.; Boggio, P.S.; Fregni, F.; Dell’Osso, B.; Giacopuzzi, M.;
Altamur, A.C.; Priori, A. Interactions between transcranial direct current stimulation (tDCS) and
pharmacological interventions in the Major Depressive Episode: Findings from a naturalistic study.
Eur. Psychiatry 2013, 28, 356–362. [CrossRef] [PubMed]
D’Urso, G.; Dell’Osso, B.; Rossi, R.; Brunoni, A.R.; Bortolomasi, M.; Ferrucci, R.; Priori, A.; de Bartolomeis, A.;
Altamura, A.C. Clinical predictors of acute response to transcranial direct current stimulation (tDCS) in
major depression. J. Affect. Disord. 2017, 219 (Suppl. C), 25–30. [CrossRef] [PubMed]
Ganos, C.; Kuhn, S.; Kahl, U.; Schunke, O.; Feldheim, J.; Gerloff, C.; Roesnner, V.; Baumer, T.; Thomalla, G.;
Haggard, P. Action inhibition in Tourette syndrome. Mov. Disord. 2014, 29, 1532–1538. [CrossRef] [PubMed]
Wang, Z.; Maia, T.V.; Marsh, R.; Colibazzi, T.; Gerber, A.; Peterson, B.S. The neural circuits that generate tics
in Tourette’s syndrome. Am. J. Psychiatry 2011, 168, 1326–1337. [CrossRef] [PubMed]
Bohlhalter, S.; Goldfine, A.; Matterson, S.; Garraux, G.; Hanakawa, T.; Kanasaku, K.; Wurzman, R.; Hallett, M.
Neural correlates of tic generation in Tourette syndrome: An event-related functional MRI study. Brain 2006,
129, 2029–2937. [CrossRef] [PubMed]
Aron, A.R.; Poldrack, R.A. Cortical and subcortical contributions to stop signal response inhibition: Role of
the subthalamic nucleus. J. Neurosci. 2006, 26, 2424–2433. [CrossRef] [PubMed]
Chae, J.H.; Nahas, Z.; Wassermann, E.; Li, X.; Sethuraman, G.; Gilbert, D.; Sallee, F.R.; George, M.
A pilot safety study of repetitive transcranial magnetic stimulation (rTMS) in Tourette’s syndrome.
Cogn. Behav. Neurol. 2004, 17, 109–117. [CrossRef] [PubMed]
Kwon, H.J.; Lim, W.S.; Lim, M.H.; Lee, S.J.; Hyun, J.K.; Chae, J.-H.; Paik, K.C. 1-Hz low frequency repetitive
transcranial magnetic stimulation in children with Tourette’s syndrome. Neurosci. Lett. 2011, 492, 1–4.
[CrossRef] [PubMed]
Mantovani, A.; Leckman, J.F.; Grantz, H.; King, R.A.; Sporn, A.L.; Lisanby, S.H. Repetitive transcranial
magnetic stimulation of the supplementary motor area in the treatment of Tourette syndrome: Report of two
cases. Clin. Neuropsychol. 2007, 118, 2314–2315. [CrossRef] [PubMed]
Mantovani, A.; Lisanby, S.H.; Pieraccini, F.; Ulivelli, M.; Castrogiovanni, P.; Rossi, S. Repetitive transcranial
magnetic stimulation (rTMS) in the treatment of obsessive–compulsive disorder (OCD) and Tourette’s
syndrome (TS). Int. J. Neuropsychopharmacol. 2006, 9, 95–100. [CrossRef] [PubMed]
Spieser, L.; Van den Wildenberg, W.; Hasbroucq, T.; Ridderinkhof, K.R.; Burle, B. Controlling Your Impulses:
Electrical Stimulation of the Human Supplementary Motor Complex Prevents Impulsive Errors. J. Neurosci.
2015, 35, 3010–3015. [CrossRef] [PubMed]
Mrakic-Sposta, S.; Marceglia, S.; Dilena, R.; Tadini, L.; Priori, A.; Mameli, F. Transcranial direct current
stimulation in two patients with Tourette syndrome. Mov. Disord. 2008, 23, 2259–2261. [CrossRef] [PubMed]

Brain Sci. 2017, 7, 161

77.

78.

79.

80.

81.

82.
83.
84.
85.

86.
87.
88.
89.
90.

91.

13 of 13

Carvalho, S.; Gonçalves, Ó.F.; Soares, J.M.; Sampaio, A.; Macedo, F.; Fregni, F.; Leite, J. Sustained effects
of a neural-based intervention in a refractory case of Tourette syndrome. Brain Stimul. 2015, 8, 657–659.
[CrossRef] [PubMed]
Chang, S.; Himle, M.B.; Tucker, B.T.; Woods, D.W.; Piacentini, J. Initial psychometric properties of a brief
parent-report instrument for assessing tic severity in children with chronic tic disorders. Child Fam.
Behav. Ther. 2009, 31, 181–191. [CrossRef]
Woods, D.W.; Piacentini, J.; Himle, M.B.; Chang, S. Premonitory Urge for Tics Scate (PUTS): Initial
psychometric results and examination of the premonitory urge phenomenon in youth with Tic disorders.
J. Dev. Behav. Pediatr. 2005, 26, 397–403. [CrossRef] [PubMed]
Stern, E.R.; Blair, C.; Peterson, B.S. Special Section on a Biological Window on Psychological Development.
Edited by Clancy Blair & Jean-Louise Gariepy Inhibitory Deficits in Tourette’s Syndrome. Dev. Psychobiol.
2008, 50, 9–18. [PubMed]
Thibault, G.; O’Connor, K.P.; Stip, E.; Lavoie, M.E. Electrophysiological manifestations of stimulus evaluation,
response inhibition and motor processing in Tourette syndrome patients. Psychiatry Res. 2009, 167, 202–220.
[CrossRef] [PubMed]
Donders, F.C. On the speed of mental processes. Acta Psychol. (Amst.) 1969, 30, 412–431. [CrossRef]
Los, S.A. The role of response inhibition in temporal preparation: Evidence from a go/no-go task. Cognition
2013, 129, 328–344. [CrossRef] [PubMed]
Eichele, H.; Eichele, T.; Hammar, A.; Freyberger, H.J.; Hugdahl, K.; Plessen, K.J. Go/NoGo performance in
boys with Tourette syndrome. Child Neuropsychol. 2010, 16, 162–168. [CrossRef] [PubMed]
Thomalla, G.; Jonas, M.; Baumer, T.; Siebner, H.R.; Biermann-Ruben, K.; Ganos, C.; Orth, M.; Hummel, F.C.;
Gerloff, C.; Muller-Vahl, K.; et al. Costs of control: Decreased motor cortex engagement during a Go/NoGo
task in Tourette’s syndrome. Brain 2014, 137, 122–136. [CrossRef] [PubMed]
Weafer, J.; Baggott, M.J.; de Wit, H. Test-retest reliability of behavioral measures of impulsive choice,
impulsive action, and inattention. Exp. Clin. Psychopharmacol. 2013, 21, 475–481. [CrossRef] [PubMed]
Reynolds, B.; Ortengren, A.; Richards, J.B.; de Wit, H. Dimensions of impulsive behavior: Personality and
behavioral measures. Personal. Individ. Differ. 2006, 40, 305–315. [CrossRef]
Cook, D.A.; Beckman, T.J. Current concepts in validity and reliability for psychometric instruments: Theory
and application. Am. J. Med. 2006, 119, 166.e7–166.e16. [CrossRef] [PubMed]
Moeller, F.G.; Barratt, E.S.; Dougherty, D.M.; Schmitz, J.M.; Swann, A.C. Psychiatric aspects of impulsivity.
Am. J. Psychiatry 2001, 158, 1783–1793. [CrossRef] [PubMed]
Sofuoglu, M.; Herman, A.I.; Li, Y.; Waters, A.J. Galantamine attenuates some of the subjective effects
of intravenous nicotine and improves performance on a Go No-Go task in abstinent cigarette smokers:
A preliminary report. Psychopharmacology (Berl.) 2012, 224, 413–420. [CrossRef] [PubMed]
Berkman, E.T.; Falk, E.B.; Lieberman, M.D. In the trenches of real-world self-control: Neural correlates of
breaking the link between craving and smoking. Psychol. Sci. 2011, 22, 498–506. [CrossRef] [PubMed]
© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

