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Gilles de la Tourette Syndrome (TS) is a 
common, albeit severely under-diagnosed, 
neuropsychiatric disorder that is caused by 
a complex genetic basis, interacting with 
environmental factors. High comorbidity rates 
with other neurodevelopmental disorders 
such as attention deficit/hyperactivity disorder 
and obsessive compulsive disorder raise the 
intriguing hypothesis of a shared etiological 
background. Abnormalities of cortico-
striatal-thalamic-cortical circuits (CSTC) and 
dysfunction of both dopamine and serotonin 
neurotransmitter systems are assumed to be 
associated with TS. Recently, multiple lines of 
evidence also point towards an important role of 
additional neurotransmitters such as histamine 
and glutamate. For a very long time, efforts to 
elucidate the etiology and pathophysiology of 
TS have been fragmented and hampered by low 
statistical power. Finally, after more than two 
decades of active research aiming to identify 
the etiology and pathophysiology of TS, we are 

on the verge of a new era, promising exciting and rapid discoveries in the field. Investigators 
from around the world, representing multiple disciplines and scientific approaches, are joining 
their efforts in large-scale initiatives supported both by European Union and US National 
funding agencies, such as the European-funded EMTICS, TACTICS, and TSGeneSEE consortia, 
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the Marie Curie Initial Training Network TS-EUROTRAIN and the European Society for the 
Study of TS joining forces with the NIH-funded TSAICG, GGRI, and Tic Genetics consortia. 
Importantly, all these initiatives are supported by TS patient support and advocacy groups. 
Multiple resources are being consolidated and coming together to serve the study of TS, 
including large well-characterized patient cohorts, and specialized epidemiological databases, 
such as the unique resource of the Netherlands Twin Register. This research topic showcases 
current large-scale collaborative efforts aiming to elucidate the genetic and neurobiological 
background of TS, through diverse approaches; from genomewide association studies aiming 
to identify common variants associated to the disorder to neuroimaging studies and animal 
models. Furthermore, current approaches on the clinical assessment and management of the 
disorder are presented. Propelled by the gradual availability of large scale TS cohorts, novel 
methodologies, and importantly, sheer enthusiasm by multiple researchers working together 
across different countries, the new era of the neurobiology of TS holds the promise to identify 
novel targets for improved therapies.
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Editorial on the Research Topic

The Neurobiology and Genetics of Gilles de la Tourette Syndrome: New Avenues Through 
Large-Scale Collaborative Projects

Gilles de la Tourette syndrome (TS) is a childhood-onset neurodevelopmental disorder with an 
estimated prevalence of 0.3–0.9% (1, 2). Although the occurrence of multiple motor and vocal tics 
is key to the diagnosis, the clinical phenotype is extremely heterogeneous with only 10–13.5% of 
pure TS cases (i.e., tics only), and the vast majority of patients presenting with additional psychiatric 
comorbidities (3–5). For instance, TS is commonly associated with comorbid attention-deficit 
hyperactivity disorder (ADHD, in about 60% of patients), obsessive-compulsive disorder (OCD, 
in 30–50% of patients) and to a lesser extent depression, anxiety, autism spectrum disorder (ASD), 
and others (3, 6–8). There is no cure for TS and treatment aims to only alleviate symptoms. Our 
search for novel therapies that may significantly improve patient quality of life is hampered by 
our limited understanding of the pathophysiology of the disorder. A complex and still unclarified 
genetic background further modified by non-genetic factors, such as infections, autoimmunity, 
neural, and psychosocial stressors, is implicated in TS pathogenesis (1, 9). Parallel, interacting 
cortico-striato-thalamo-cortical (CSTC) circuits, linking specific regions in the frontal cortex 
to subcortical structures (including the basal ganglia and thalamus) are thought to be involved 
together with abnormalities in the dopamine, glutamate, serotonin, histamine, and acetylcholine 
systems (1).

For a very long time, efforts to elucidate the etiology and pathophysiology of TS have been 
fragmented and hampered by low statistical power. Finally, after decades of active research aiming 
to identify the etiology and pathophysiology of TS, we are on the verge of a new era, promis-
ing exciting and rapid discoveries in the field. Investigators from around the world, representing 
multiple disciplines and scientific approaches, are joining their efforts in large-scale initiatives 
and multiple resources are being consolidated and coming together to serve the study of TS, 
including large well-characterized patient cohorts, specialized epidemiological databases, and 
novel analytical tools that allow integrated systems biology approaches. These are supported both 
by European Union and US National funding agencies, as well as patient support and advocacy 
groups such as the Tourette Association of America and Tourette’s Action UK. This Research 
Topic was motivated by large-scale initiatives, such as the Marie Curie Initial Training Network 
TS-EUROTRAIN (Forde et al.), the rapid growth of the European Society for the Study of Tourette 
Syndrome (10, Mathews and Stern et al.), and an important milestone in TS international research 
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collaboration, the First World Congress on Tourette Syndrome 
and Tic Disorders (Mathews and Stern et al.). We reached out to 
the whole of the TS research community in order to put together 
a special issue that showcases current large-scale efforts in the 
field, while covering both clinical and etiological aspects of TS 
and providing an excellent overview about current knowledge 
and areas of research in this complex neurodevelopmental 
disorder.

TS represents a model complex disorder with great clinical 
heterogeneity pointing to an equally complex and heterogeneous 
etiological basis. Thus, understanding the clinical spectrum of 
the disorder is the first step toward improved patient manage-
ment but also uncovering the pathophysiology of the disorder. 
In this issue, new insights into clinical characteristics of TS are 
presented by Sambrani et al., who analyzed clinical data in 1,032 
patients with TS from a single center. The results give clinically 
relevant new information about tics, premonitory urges, and 
comorbidities. Tics are typically preceded by premonitory urges, 
but until today the relation between tics and urges is not under-
stood. Therefore, it is important to have reliable assessments 
for both tics and premonitory urges. Brandt et  al. investigated 
the validity of the “Premonitory Urge for Tic Disorders Scale” 
(PUTS) and suggest to develop different subscales of the PUTS, 
since there is evidence for more than one dimension of urges in 
patients with TS. Ruhrman et al. specifically focus on “non-motor 
aspects” of TS, including tic-related cognitions, the influence of 
environmental factors on tics and sensory modulation disorder. 
Recent studies and clinical experience suggest that stress often 
worsens tics. Buse et al. report results from an experimental study 
investigating the effect of stress on tics in children with TS and 
interestingly found that stress resulted in a situational decrease of 
tic frequency. Eapen et al. summarized available data on quality 
of life in patients with TS and highlight the social impact of the 
disease on both an individual’s and family’s life. An under-rec-
ognized symptom that may impair in particular children’s health 
related quality of life is described by Zanaboni Dina et al. They 
point out that handwriting is one of the most impaired school 
activities in children with TS and report about a case with severe 
“handwriting tics.” Robinson et al. describe the phenomenon of 
“tic attacks” in patients with TS and discuss the etiology of this 
clearly underreported symptom. They suggest that “tic attacks” 
resemble a combination of tics and functional movements and 
give recommendations for the treatment of “tic attacks.”

Still on the clinical front, the optimal treatment strategy for TS 
patients must take into consideration tic severity as well as deter-
mine which co-existing symptoms are the most prominent, disa-
bling and causing the patient the most difficulty (1). Behavioral 
interventions are currently considered the first-line treatment for 
tics (11–14). However, the limited number of trained therapists, 
inconveniences such as travel distance, and willingness to engage 
can serve as barriers. Here, Jakubovski et al. alternatively suggest 
a sophisticated internet-delivered treatment program for com-
prehensive behavioral intervention for tics (CBIT) and describe 
the protocol of a large randomized controlled trial (ONLINE-
TICS). Morand-Beaulieu et al. used a modified CBIT program, 
called the cognitive–psychophysiological (CoPs) model, to treat 
patients with both TS and body-focused repetitive behaviors 

(BFRB). They found that CoPs improves both types of symptoms 
and suggest that CoPs therapy modifies attentional processes as 
demonstrated by altered event-related potentials (ERP). Leclerc 
et al. suggest “Facotik therapy” as an alternative treatment for tics: 
Facotik was adapted from the adult cognitive and psychophysi-
ological program for tics. The authors present data suggesting 
that Facotik therapy may be effective in tic reduction in children 
with TS due to a modification of cognitive–behavioral and physi-
ological processes.

Pharmacological interventions are typical second-line options 
whereas experimental approaches include deep brain stimulation 
(DBS) for severe and treatment refractory cases (1). In an open-
label uncontrolled study, Gerasch et al. were able to demonstrate 
that aripiprazole improves not only tics but also OCD and 
possibly other comorbidities, including depression, anxiety, and 
ADHD, but has no influence on premonitory urges. Surgical 
treatment with DBS has been suggested as a promising therapy 
in otherwise treatment-resistant patients with TS. Pedroarena-
Leal and Ruge summarized all available data on both invasive 
and non-invasive stimulation techniques for TS and, in addition, 
discuss novel applications for neurostimulation techniques based 
on a symptom-guided approach. Since the database on DBS in TS 
is still weak, it was very important to build up a DBS database to 
further increase our knowledge about efficacy and safety of DBS 
in TS. Deeb et al. give an excellent overview on this international 
DBS registry and explain how it works. Haense et al. used single 
photon emission computed tomography (SPECT) and 99mTc-
ECD to investigate the effects of DBS in both globus pallidus 
internus (GPi) and centromedian-parafascicular/ventralis oralis 
internus nuclei of the thalamus (CM/Voi) and sham stimulation 
on cerebral blood flow. They found altered brain perfusion in the 
frontal cortex and the cerebellum that can be reversed by both 
GPi and CM/Voi DBS. Finally, Jimenez-Shahed et  al. recorded 
intraoperative local field potentials (LFPs) from the postero-ven-
trolateral GPi in unmedicated Parkinson,s disease (PD) patients 
and patients with TS (both at rest, during voluntary movements, 
and during tic activity). From their data, it is suggested that beta-
high frequency oscillations (HFO) cross-frequency coupling 
(CFC) in the GPi might be specific to involuntary movements 
in general.

Neuroimaging studies may uncover clues to the complex 
pathways and brain circuits underlying TS, although to-date 
studies are limited by small sample size. In a subset of papers 
in this issue, results from neuropsychological and neuroimag-
ing studies are reported. Eichele et  al. used a task measuring 
performance monitoring and found that children with TS 
may employ additional attentional resources as a compensa-
tory mechanism to maintain equal behavioral performance. 
In two other papers, data from neuroimaging studies are 
reported in patients with common comorbidities in TS, OCD, 
and ADHD. Fan et al. used diffusion tensor imaging (DTI) and 
investigated both patients with OCD, unaffected siblings, and 
healthy controls and found white matter alterations in the 
left cingulum bundle in OCD, which were partly also seen in 
unaffected siblings. In patients suffering from ADHD, Forde 
et  al. found no changes in cortical gyrification or intrinsic 
curvature compared to healthy controls. It is worth noting that 
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large-scale neuroimaging studies for neuropsychiatric disorders 
are now starting to emerge [see, for instance, Ref. (15, 16)].  
However, we are only just entering the era of such large-scale neu-
roimaging studies in TS and efforts such as the newly established 
ENIGMA-TS working group will undoubtedly prove pivotal to 
increasing our understanding of the neurophysiology of TS and 
the link between brain circuits and genetic background (http://
enigma.ini.usc.edu/ongoing/enigma-ts/).

Indeed, several twin and family studies have demonstrated 
that TS is one of the most heritable, non-Mendelian neu-
ropsychiatric disorders with the population-based heritability 
estimate estimated at 0.77 (17–19). However, to date no defini-
tive TS-associated risk gene of major effect has been identified 
[Georgitsi et  al.; (9)] although recent large-scale studies have 
provided evidence for the first robust genetic associations to the 
disorder (20, 21). These landmark discoveries were made pos-
sible thanks to international collaboration. Here, Georgitsi et al. 
offer a comparative report of active large-scale efforts aiming to 
understand the genetic etiology of TS, including the Tourette 
Syndrome Association International Consortium for Genetics 
(TSAICG), TIC Genetics targets rare, the European Multicentre 
Tics in Children Study (EMTICS), and TS-EUROTRAIN, a 
Marie Curie Initial Training Network. Each of these initiatives 
represents a range of different approaches to the study of disorders 
with complex inheritance; from genome-wide association studies 
targeting common variants to exome sequencing for rare variants 
and integration with neurophysiological and gene-expression 
findings. Importantly, these complementary large-scale efforts 
are joining forces to uncover the full range of genetic variation 
and environmental risk factors for TS, holding great promise 
for identifying definitive TS susceptibility genes. In this issue, 
we also present studies that follow-up on promising leads for 
TS genetics [Alexander et al.; Padmanabhuni et al.] and include 
a critical review of the functional evaluation of genes that have 
been previously found to be disrupted in TS patients (Sun et al.). 
The gap between gene identification and underlying biology still 
remains to be bridged.

The high comorbidity rates with other neurodevelopmental 
disorders, such as OCD, ADHD, and ASD, lend support to the 
hypothesis of a shared etiological basis and suggest that genes 
underlying TS susceptibility actually have a role across neu-
rodevelopmental phenotypes (22). Thus, TS can be considered 
a model disorder that can help shed light into the etiology of 
other neurodevelopmental disorders as well. Indeed, family 
studies indicate that, within TS families, OC symptoms and tics 
are etiologically related (23), while ADHD symptoms have also 
been shown to be etiologically related although in a more com-
plex manner (24). Cross-disorder analysis may indeed provide 
clues to such shared etiological basis. In this issue, Tsetsos et al. 
present the first meta-analysis of GWAS for TS and ADHD and 
offer support for a shared etiological basis. In a large-scale study, 
including participants in the Netherlands Twin Register, Zilhão 
et al. find substantial genetic correlations between hoarding, OC 
symptoms, and tics.

Consistent with observations of other neurodevelopmen-
tal disorders, increasing evidence links neural and immune 

interactions to the pathogenesis of TS (1). For instance, strepto-
coccal infection has been implicated as an environmental trigger 
leading to TS onset (25). Here, Spinello et  al. critically discuss 
the available evidence in preclinical models in support of the 
link between TS and pediatric autoimmune neuropsychiatric 
disorders associated with streptococcus infections (PANDAS), as 
well as the limitations of these studies. Intriguingly, a case report 
included in this collection also suggests a relationship between S. 
aureus colonization and tic improvement (Eftimiadi et al.). The 
link between immunity and TS pathophysiology still remains to 
be fully explored.

Epigenetic mechanisms may mediate the effect of environ-
mental triggers on genetic background, thus leading to the 
onset of TS. Pagliaroli et  al. provide a summary of the recent 
findings in genetic background of TS, followed by an overview 
on different epigenetic mechanisms, such as DNA methylation, 
histone modifications, and non-coding RNAs in the regulation 
of gene expression. Epigenetic studies in other neurological and 
psychiatric disorders are discussed along with the TS-related 
epigenetic findings available in the literature to date. Moreover, 
they offer evidence that some general epigenetic mechanisms 
seen in other neuropsychiatric disorders may also play a role in 
the pathogenesis of TS.

Animal models of tics could help elucidate the complex 
interplay between genetic, environmental, and neuroimmuno-
logical risk factors, and facilitate the development of improved 
therapies. However, still considerable debate exists over the 
validation of TS animal models. Here two comprehensive 
reviews (Nespoli et al.; Yael et al.) present all existing TS models 
highlighting recent advances as well as the need to overcome 
shortcomings. Importantly, Yael et al. call for a standardization 
process in the study of TS animal models as the next logical 
step. They suggest that a generation of standard examination 
criteria will improve the utility of these models and enable 
their consolidation into a general framework. This should lead 
to a better understanding of these models and their relation-
ship to TS, thereby improving the research of the mechanism 
underlying this disorder and aiding the development of new 
treatments.

Thanks to international collaboration, we are on the verge 
of a new era promising exciting discoveries on the neurobiol-
ogy of TS. For instance, large well-characterized cohorts of 
TS patients have become available, and US and European TS 
genetics consortia have harmonized phenotypic assessments 
and established pre-publication data sharing and joint meta-
analyses [Georgitsi et  al.; (26)]. As a result, already the first 
definitive TS risk genes have been identified although they still 
encompass a small portion of the overall TS susceptibility risk 
(20, 21). The next step will now be to shift from linear thinking 
to more complex, integrated and multi-dimensional approaches 
(Lessov-Schlaggar et  al.). TS is not a unitary condition and 
as such patients also respond to treatment in different ways. 
This highlights the importance of thinking across diagnostic 
categories when attempting to understand the neurobiology 
of these phenotypes (27–29). The development of quantitative 
TS phenotypes and analyzing across a spectrum rather than 
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on ends of a distribution may hold the promise to unravel 
the etiology of TS and be the starting point to personalized 
medicine in TS.
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Gilles de la Tourette Syndrome (TS) is a childhood-onset neurodevelopmental disorder

that is characterized by multiple motor and phonic tics. It has a complex etiology

with multiple genes likely interacting with environmental factors to lead to the onset

of symptoms. The genetic basis of the disorder remains elusive. However, multiple

resources and large-scale projects are coming together, launching a new era in the field

and bringing us on the verge of discovery. The large-scale efforts outlined in this report are

complementary and represent a range of different approaches to the study of disorders

with complex inheritance. The Tourette Syndrome Association International Consortium

for Genetics (TSAICG) has focused on large families, parent-proband trios and cases

for large case-control designs such as genomewide association studies (GWAS),

copy number variation (CNV) scans, and exome/genome sequencing. TIC Genetics

targets rare, large effect size mutations in simplex trios, and multigenerational families.

The European Multicentre Tics in Children Study (EMTICS) seeks to elucidate gene-

environment interactions including the involvement of infection and immune mechanisms

in TS etiology. Finally, TS-EUROTRAIN, a Marie Curie Initial Training Network, aims to act

as a platform to unify large-scale projects in the field and to educate the next generation

of experts. Importantly, these complementary large-scale efforts are joining forces to

uncover the full range of genetic variation and environmental risk factors for TS, holding

great promise for identifying definitive TS susceptibility genes and shedding light into the

complex pathophysiology of this disorder.

Keywords: Gilles de la Tourette syndrome, genetics of complex disorders, neurodevelopmental disorders, GWAS

(genomewide association study), gene-environment interactions, next generation sequencing, collaborative

studies

INTRODUCTION

Gilles de la Tourette Syndrome (TS; OMIM #137580) is a childhood-onset neurodevelopmental
disorder, characterized by motor and vocal tics. Previous prevalence estimates ranged from 0.4
to 3.8% (Robertson, 2008); however, a recent meta-analysis refined the prevalence estimate to
0.3–0.9% (Scharf et al., 2015). TS often presents with co-morbidities such as attention deficit
hyperactivity disorder (ADHD) and obsessive-compulsive disorder (OCD) (Swain et al., 2007),
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but autism spectrum disorders (ASD), depressive, and anxiety
disorders may be also present (Hirschtritt et al., 2015). This
overlap across disorders supports the hypothesis of a shared
neurological background and genetic susceptibility (Mathews
and Grados, 2011; Yu et al., 2015). Twin and family studies
have long established that TS bears a strong genetic component
(Pauls et al., 2014). However, TS is a complex disorder and
has been associated with several environmental factors as well,
with Group-A Streptococcal (GAS) infection and psychosocial
stress being the most prominent among them (Hoekstra et al.,
2013; Mathews et al., 2014). Despite the extensive research to
unravel the genetic basis of TS, the field is still in its nascence.
A simple PubMed search for “tic disorders” (26/3/2016) yields
5200 articles, far behind in comparison to those found for other
childhood-onset neurodevelopmental disorders, such as ADHD
(27,706 articles) and autism (33,167 articles), or related disorders
such as OCD (16,445 articles). However, as presented at the
First World Congress on Tourette Syndrome and Tic Disorders
(London, June 24–26, 2015), and as described further here,
the field of TS genetics stands at the precipice of discovery,
thanks to the concerted efforts of multiple researchers from
around the world and the coordination of multiple large-scale
collaborative projects funded by the European Commission and
the US National Institutes of Health.

The large-scale efforts outlined in this report, are
complementary and represent a range of different approaches
for the study of multifactorial disorders. The Tourette Syndrome
Association International Consortium for Genetics (TSAICG)
focuses on large families, sibpairs, trios, and cases for large case-
control designs such as genomewide association studies (GWAS),
copy number variation (CNV) scans, and exome/genome
sequencing. TIC Genetics studies simplex trios as well as
multigenerational families targeting rare, large effect size
mutations. The European Multicentre Tics in Children Study
(EMTICS) seeks to elucidate gene-environment interactions
including the involvement of infection and immune mechanisms
in TS etiology. Finally, TS-EUROTRAIN is a training network,
aiming to act as a platform to unify large-scale projects in the
field and educate the next generation of experts. To set the stage
for the description of the aims of these consortia we briefly
report the most notable findings that have shaped our current
knowledge for TS genetic susceptibility (excellent exhaustive
reviews are available in the literature) (State, 2011; Deng et al.,
2012; Paschou, 2013; Sun et al., 2016).

Candidate Gene Association Studies
Based on findings from pathophysiological studies, hypotheses
about the neuroanatomical regions affected in TS, and
therapeutic response to neuroleptics, the first TS candidate
genes were members of the dopaminergic, serotonergic, and
glutamatergic pathways (Peterson et al., 2003; Kalanithi et al.,
2005; Hartmann and Worbe, 2013; Table 1). Despite years of
effort, results have been inconsistent, possibly owing to the small
sample size of each individual study, the restricted number of
variants explored in each study, and the inherent difficulties of
candidate gene studies in genetically heterogenous disorders.

Chromosomal Aberration Studies
SLITRK1 has become the focus of debate in the TS literature
following the discovery of a de novo inversion in a TS
patient (Abelson et al., 2005). Although follow-up studies could
not find novel SLITRK1 mutations in a large number of
patients (Deng et al., 2006; Chou et al., 2007; Scharf et al.,
2008; Zimprich et al., 2008; Miranda et al., 2009), tagging-
SNP-based association studies supported the implication of
unidentified SLITRK1 regulatory variants (Miranda et al., 2009;
Karagiannidis et al., 2012). Tracing chromosomal aberrations in
TS patients, IMMP2L has also been implicated in TS (Boghosian-
Sell et al., 1996; Kroisel et al., 2001; Petek et al., 2001; Patel
et al., 2011; Katuwawela, 2012) and other neurodevelopmental
disorders, such as ASD, ADHD and dyslexia (Elia et al.,
2010; Maestrini et al., 2010; Pagnamenta et al., 2010; Girirajan
et al., 2011); yet IMMP2L coding mutations have not been
identified (Petek et al., 2007). Other cytogenetic abnormalities
associated with TS have implicated signal transduction and cell-
adhesion proteins, such as CNTNAP2 (Verkerk et al., 2003;
Poot et al., 2010) and NLGN4 (Lawson-Yuen et al., 2008;
Table 1).

CNV Studies
Scans of structural variations in relation to TS have revealed
de novo or recurrent rare CNVs in multiple genes (Table 1).
Of particular interest is the significant overlap of rare
CNVs observed in TS individuals with patients of other
neuropsychiatric and neurodevelopmental disorders, including
OCD, autism, ASD, and schizophrenia, suggesting shared
etiology (Sundaram et al., 2010; Fernandez et al., 2012; McGrath
et al., 2014).

Linkage Analysis Studies
Early linkage studies on large multigenerational pedigrees
failed to identify a major TS susceptibility gene (Deng et al.,
2012; Paschou, 2013), and the single-gene hypothesis was
soon abandoned. Recently, Ercan-Sencicek et al. identified an
extremely rare non-sense mutation in HDC, in a unique family
with several affected siblings, spurring again the interest for
monogenic TS and introducing the involvement of the, until
recently, ignored histaminergic pathway and its role in striatal
dopamine regulation (Ercan-Sencicek et al., 2010; Castellan
Baldan et al., 2014; Rapanelli et al., 2014). Although HDC
mutations have been extremely rare in the literature (Lei et al.,
2012), there is still evidence for association of the histaminergic
pathway genes and TS (Fernandez et al., 2012; Karagiannidis
et al., 2013).

GWAS Studies
The first TS GWAS was published in 2013, including 1285 cases
and 4964 ancestry-matched controls. While no marker achieved
a genomewide significance threshold, the strongest signal was
observed for an intronic single nucleotide polymorphism (SNP)
in COL27A1 (Scharf et al., 2013). Moreover, a replication
study of 42 top-signal SNPs from the first TS GWAS in
609 independent cases and 610 ancestry-matched controls,
revealed the most significant association to date with a
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TABLE 1 | List of genes that have so far been implicated in TS etiology.

Experimental approach by

which the gene was initially

identified

Gene Protein function Study sample size References

CANDIDATE GENE

Dopamine receptor D2 DRD2 Dopamine receptor 147 TS cases/314 controls Comings et al., 1991

225 TS cases/67 controls Comings et al., 1996

151 TS cases/183 controls Lee et al., 2005

69 trios Herzberg et al., 2010

Dopamine receptor D4 DRD4 Dopamine receptor 12 trios/3 large families Grice et al., 1996

61 OCD cases with and

without tics

Cruz et al., 1997

110 trios Díaz-Anzaldúa et al., 2004

Dopamine transporter [Solute

carrier family 6 (neurotransmitter

transporter), member 3]

DAT1 (SLC6A3) Dopamine transporter 225 TS cases/67 controls Comings et al., 1996

110 trios Díaz-Anzaldúa et al., 2004

103 trios Tarnok et al., 2007

266 TS cases/236 controls Yoon et al., 2007

Dopamine beta hydroxylase DBH Dopamine metabolism

(transformation of dopamine

to norepinephrine)

352 TS cases/148 controls Comings et al., 1996

Monoamine oxidase-A MAOA Dopamine and serotonin

metabolism (inactivation)

229 TS cases/90 relatives of

TS/57 controls

Gade et al., 1998

110 trios Díaz-Anzaldúa et al., 2004

Serotonin receptor 1A HTR1A Serotonin receptor 56 TS cases/20 controls Lam et al., 1996

Serotonin receptor 2C HTR2C Serotonin receptor 87 TS cases/311 controls Dehning et al., 2010

Serotonin transporter [Solute carrier

family 6 (neurotransmitter

transporter), member 4]

SERT (SLC6A4) Serotonin transporter 151 TS cases/858 controls Moya et al., 2013

5-HTTLPR locus – 151 TS cases/858 controls Moya et al., 2013

Tryptophan hydroxylase TPH2 Serotonin metabolism

(synthesis)

98 TS cases/178 controls Mössner et al., 2007

Glutamate transporter [Solute

carrier family 1 (glial high affinity

glutamate transporter), member 3]

EAAT1 (SLC1A3) Glutamate transporter 256 TS cases/224 controls Adamczyk et al., 2011

CHROMOSOMAL ABERRATIONS

Slit and Trk-like, Family Member 1 SLITRK1 Neurite outgrowth 175 TS cases/2148 controls Abelson et al., 2005

222 trios Karagiannidis et al., 2012

Inner mitochondrial membrane

protein 2L

IMMP2L Targets proteins to the inner

mitochondrial membrane

(exact role unknown)

De novo duplication in one

TS patient

Petek et al., 2001

De novo duplication in one

TS patient

Kroisel et al., 2001

De novo translocation in

one TS patient

Patel et al., 2011

Contactin associated protein-like 2 CNTNAP2 Cell-cell interaction

(myelinated axon-glia

junction) and membrane

potential (interaction with

voltage-activated potassium

channel)

One family Verkerk et al., 2003

460 TS cases/1131 controls Fernandez et al., 2012

(Continued)
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TABLE 1 | Continued

Experimental approach by

which the gene was initially

identified

Gene Protein function Study sample size References

Neuroligin 4 NLGN4 Post-synaptic cell adhesion

(synaptogenesis and

synapse remodeling)

One family Lawson-Yuen et al., 2008

COPY NUMBER VARIANTS

Neurexin 1 NRXN1 Pre-synaptic cell adhesion

(synapse formation)

111 TS cases/73 controls Sundaram et al., 2010

460 TS cases/1131 controls Fernandez et al., 2012

210 TS cases/285 controls Nag et al., 2013

Arylacetamide deacetylase AADAC Detoxification (drug

metabolism)—Unknown

function in the brain

111 TS cases/73 controls Sundaram et al., 2010;

Bertelsen et al., 2015243 TS cases/1571 controls

(initial study)

1181 TS cases/118730

controls (meta-analysis)

Catenin alpha 3 CTNNA3 Cytoskeleton modeling

(actin fillament assembly)

111 TS cases/73 controls Sundaram et al., 2010

460 TS cases/1131 controls Fernandez et al., 2012

Fibrous sheath CABYR binding

protein

FSCB Ca2+-binding protein

involved in fibrous sheath

biogenesis

111 TS cases/73 controls Sundaram et al., 2010

Voltage-gated potassium channel

(KCNE1, KCNE2) and regulator of

calcineurin 1 (RCAN1)

KCNE1-KCNE2-

RCAN1

locus

Neuronal cell membrane

repolarization (KCNE1,

KCNE2) and intracellular

calcineurin-mediated

signaling (RCAN1)

111 TS cases/73 controls Sundaram et al., 2010

Collagen, type VIII, alpha 1 COL8A1 Connective tissue and

basement membrane

component (extracellular

matrix collagen)

210 TS cases/285 controls Nag et al., 2013

LINKAGE STUDIES

Histidine decarboxylase HDC Histidine metabolism

(synthesis)

One large family Ercan-Sencicek et al., 2010

520 trios Karagiannidis et al., 2013

GENOMEWIDE ASSOCIATION STUDIES

Collagen, type XXVII, alpha 1 COL27A1* Connective tissue

component (extracellular

matrix collagen)

1285 TS cases/4964

controls (initial GWAS)

Scharf et al., 2013

1496 TS cases/5249

controls (meta-analysis)

Netrin 4 rs2060546 (proximal to

NTN4)

Extracellular protein that

directs axon outgrowth and

guidance

609 TS cases/610 controls

(initial analysis)

Paschou et al., 2014

1894 TS cases/5574

controls (meta-analysis)

As described in detail in the text, associations still remain inconclusive with difficulties in replicating original positive findings. To date, the heterogeneity of the disorder and small sample

sizes have been hampering the identification of TS susceptibility genes and, large scale studies like the ones described in this perspective, hold the promise to unravel the genetic basis

of TS.

*Only the top hit is shown here. No SNP reached genomewide significance levels.

SNP lying closest to NTN4, an axon guidance molecule
expressed in the developing striatum (Paschou et al., 2014).
The first ever epigenome-wide association study of tic disorders

revealed association signals nearby genes previously associated
with neurological disorders that warrant further investigation
(Zilhão et al., 2015).
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THE TOURETTE SYNDROME
ASSOCIATION INTERNATIONAL
CONSORTIUM FOR GENETICS
(TSAICG)—GENOMEWIDE ASSOCIATION
STUDIES FOR TS

The TSAICG was founded in 1986 by TS genetic researchers in
the United States and The Netherlands and brought together
by the TSA-USA to exchange ideas and share preliminary
data with the goal of identifying TS susceptibility genes. Early
studies focused on parametric linkage analyses in large, multi-
generational TS families (Pakstis et al., 1991; Barr et al., 1999)
under the assumption that TS was a monogenic disorder.
However, as evidence mounted to indicate the presence of non-
Mendelian inheritance (Kurlan et al., 1994; Hasstedt et al., 1995),
the TSAICG expanded to 11 clinical sites in USA, Canada,
Germany, the UK, and the Netherlands to collect TS affected
sibling pairs for non-parametric analyses using a standardized
phenotypic assessment for TS, OCD, and ADHD, still used today
by the three international TS consortia discussed here. The

TSAICG was awarded NIH funding in 2000 to collect additional
small nuclear families and completed a high-density linkage
study of all existing affected sibpairs and multi-generational
families (TSAICG, 2007). These analyses of over 2000 individuals
identified a genomewide significant non-parametric linkage
signal on chromosome 2p (TSAICG, 2007), though subsequent
analyses have demonstrated significant heterogeneity across this
locus, consistent with the presence of multiple distinct signals
within the linkage region (O’Rourke et al., 2009).With the advent
of the GWAS era, the TSAICG changed its collection goals to

focus on association studies using both parent-proband trios and
individual TS cases. These collections served as the basis for the
first TS GWAS and parallel CNV analysis as described above
(Scharf et al., 2013; McGrath et al., 2014). As it became clear
that sample size is the major hindrance to gene discovery for
complex neuropsychiatric traits, the TSAICG added additional
recruitment sites and novel recruitment and assessmentmethods,
such as web-based assessments of previously diagnosed TS cases

and remote DNA collection using commercial laboratories across
the US (Egan et al., 2012; Darrow et al., 2015). These online
protocols facilitated collection of 1600 independent TS cases
over the course of 2 years, a sample that served as the basis
for the second TS GWAS and CNV studies whose preliminary
results were presented at the First World Congress on Tourette
Syndrome and Tic Disorders (to be published by fall 2016).

Each of these large-scale TS genetic studies have relied

heavily on extended collaborations and data sharing, both within
the TSAICG as well as across additional US and European
research groups. The Gilles de la Tourette Syndrome GWAS
Replication Initiative (GGRI) consists of multiple TS research
groups across USA, Canada, France, Germany, Austria, Hungary,
Italy, Greece and Poland, and formed out of an NIH TS Genetics
Workshop following completion of the first TS GWAS. The
GGRI collaborative resulted in both the targeted replication study
described above (Paschou et al., 2014) and acted as another
major contributing source for the second international TS GWAS

and CNV studies. Similarly, TIC Genetics has contributed data
from over 400 TS parent-proband trios to the latest TS GWAS.
TSAICG and TIC Genetics are also currently collaborating in
a joint analysis of exome sequencing data aimed at identifying
recurrent, de novo mutations in TS parent-proband trio families
(see below). Most recently, all of the above collaborative groups
have also contributed their GWAS data to the Psychiatric
Genomics Consortium (PGC) and formed the TS component of
the TS and OCDWorking Group of the PGC.

THE TOURETTE INTERNATIONAL
COLLABORATIVE GENETICS (TIC
GENETICS) STUDY—WHOLE EXOME
SEQUENCING IN FAMILIES WITH TS

The TIC Genetics Study is a large, multi-center effort established
in 2011 (http://tic-genetics.org) with several goals, including
(1) to create a large, central repository for sharing clinical
data and biomaterials from genotypically and phenotypically
well-characterized affected individuals and their relatives; (2)
to increase our understanding of the genetic architecture of
tic disorders through identification of risk genes and loci,
and enumeration of the number of these genes and loci that
contribute risk; and (3) to leverage these findings alongside
systems biological approaches to provide insights into the
neurobiology underlying these disorders (Dietrich et al., 2014).

Patients are recruited at more than 20 sites from USA,
Europe, and South Korea, including academic research and
mental health care centers (Dietrich et al., 2014). Recruiting
focusses on both multiplex families and apparently-simplex
trios. Following extensive phenotyping, blood is drawn and
processed at the NIMH Center for Collaborative Genomics
Research onMental Disorders at RUCDR (http://www.rucdr.org)
for DNA and RNA extraction, lymphocytes cryopreservation,
and lymphoblastoid cell lines establishment. Anonymized clinical
data and biomaterials are stored in a sharing repository
located within the National Institute for Mental Health Center
for Collaborative Genomics Research on Mental Disorders
(www.nimhgenetics.org). Importantly, this study has been
designed to optimize compatibility with other TS genetic
consortia and researchers, as this will be critical to advancing our
understanding of this disorder (Dietrich et al., 2014).

The TIC Genetics study leverages multiple genomewide
approaches for identifying rare, large effect size variants, focusing
both on identifying highly penetrant genetic variants segregating
in multiply affected pedigrees and on de novo mutations
identified in simplex families. Genomewide methods include
genotyping microarrays for linkage analysis (Ercan-Sencicek
et al., 2010) and CNV detection (Fernandez et al., 2012), and
whole-exome sequencing (WES) for SNP and insertion-deletion
variant (indel) detection. Efforts of TIC Genetics investigators led
to the implication of histaminergic pathway genes in TS etiology
(Ercan-Sencicek et al., 2010; Fernandez et al., 2012).

TIC Genetics is currently finishing analysis of WES data from
325 simplex TS trios. The main focus is the detection of de novo
SNPs and indels, largely due to the success of this gene discovery
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approach in ASD (Sanders et al., 2015). Because of the rarity of
de novomutations and their large effect size, recurrent mutations
can be leveraged to identify risk genes with high confidence.
Excitingly, the identification of risk genes, in a hypothesis-
free manner, facilitates systems biological analyses aimed at
answering critical questions about the underlying neurobiology
of TS. Systems approaches alongside gene-expression data from
the developing human brain may have already been quite fruitful
in this regard (Willsey et al., 2013).

EMTICS: EUROPEAN MULTICENTRE TICS
IN CHILDREN STUDY; EXPLORING
GENE-ENVIRONMENT INTERACTIONS
THAT UNDERLIE TS ETIOLOGY

EMTICS is a multi-national study funded by the European
Commission under the Seventh Framework Programme,
including 17 clinical sites from across Europe (http://emtics.eu).
It is prospectively designed to offer, for the first time, the
opportunity to evaluate environmental risk factors that may
lead to tic exacerbation but also, new tic onset, while correlating
to genomic background. Two unique patient cohorts form
the core of EMTICS: The ONSET study involves follow-up of
375 high-risk children aged 3–10 years who have a first degree
relative with a diagnosis of TS and at study entry have no tics.
The COURSE study includes and follows for up to 3 years, 700
children, and adolescents aged 3–16 years with a known chronic
tic disorder or TS.

Individual genetic background alone cannot predict the
risk for TS and a role of exposure to psychosocial stress,
pre- and perinatal difficulties, and GAS infections (Hoekstra
et al., 2013; Mathews et al., 2014) in TS etiology has been
shown. The human pathogen GAS is a major cause of
common pharyngitis, but also of significant post-streptococcal
autoimmune multi-organ sequelae associated with the existence
of host autoantibodies against GAS antigens, including rheumatic
fever and Sydenham’s chorea (Church et al., 2002). In the
1990s, Swedo et al. (1998) described a clinical phenotype, named
Paediatric Autoimmune Neuropsychiatric Disorders Associated
with Streptococcal Infections (PANDAS). Although it is still
controversial whether PANDAS criteria can be used to designate
a unique clinical entity, further research into the potential role of
the innate and adaptive immune systems in the pathogenesis of
tics and OCD is warranted (Martino et al., 2009; Murphy et al.,
2010). The etiological link between GAS infections and TS/OCD
may be related to an autoimmune process, following the model
of molecular mimicry, according to which structural similarity
between streptococcal and cerebral antigens might elicit a
pathogenic cross-reactivity of antibodies originally targeting GAS
antigens to host antigens.

Within EMTICS, the main hypothesis is that the onset of
TS is dependent on identifiable genetic factors interacting with
identifiable environmental factors. The study aims to test the
likelihood that the development of new tics or tic exacerbation
in individuals with a specific genetic background, is increased
by recent exposure to pharyngeal GAS carriage or infection. The

study investigates the genomic background of studied individuals
through genomewide genotyping, in relation to new tic onset and
tic exacerbation, correlating to the presence of GAS in throat
swabs, comorbidities, pre- and perinatal difficulties, psychosocial
stress (also measured via cortisol levels in hair follicles), and
immunological measures. Transcriptome-wide gene-expression
profiles of patients at points of tic exacerbation and tic remission
as well as before and after tic onset in newly-diagnosed patients
will also reveal, for the first time, pathways that are activated
during the course or onset of TS. The first patient was enrolled
in March 2013 and the study will conclude in 2017. The potential
observation of a pathogenic link between an environmental
immune-activating factor and risk for the development of a tic
disorder and/or OCD may pave the way to the application of
immune-modulating prophylactic and treatment approaches in
these conditions.

TS-EUROTRAIN—COORDINATING
LARGE-SCALE STUDIES AND TRAINING
THE NEXT GENERATION OF EXPERTS
FOR TS

In an effort to address the need for large-scale collaboration
in order to tackle the multi-faceted etiology of TS but also
train the next generation of young experts in the field, the
Marie Curie Initial Training Network TS-EUROTRAIN was
established, supported by the European Commission (http://
ts-eurotrain.eu). Collaborative efforts of 14 academic institutes
along with 12 PhD students form a highly multidisciplinary and
inter-sectorial team, with the European experts in the study of
TS collaborating with leading scientists in the USA. Building
bridges between academia and industry is key to the network
with two industrial partners providing pioneering expertise to
the network: deCODE Genetics, a large genetic services and
research provider and Boehringer Ingelheim PHARMA, one of
the 20 largest pharmaceutical companies in the world. Twelve
individual, yet complementary, projects interact to form a
comprehensive study of TS and comorbidities from genetics and
epigenetics through to physiology, brain anatomy, and function.
These projects can roughly be divided into three groups by their
main approach; genetic (and epigenetic), animal models, and
human neuroimaging, respectively.

TS-EUROTRAIN aspires to act as an interface bringing
together multiple large-scale efforts in the field. The main
scientific goals are to assemble and interrogate a large genetic
database for the evaluation of the genetic architecture of TS, to
explore the role of gene-environment interactions in TS etiology
including, for the first time, the effects of epigenetic phenomena,
and to gain new insights into the neurobiological mechanisms
of TS via cross-sectional and longitudinal neuroimaging studies
and animal studies. Among the main expected outcomes of
TS-EUROTRAIN will be the largest meta-analysis of European
patient cohorts, resulting in a total of about 3000 patients
with TS analysed for about 700,000 genetic markers across
the genome as well as genomewide CNV studies in European
patient cohorts. Furthermore, already, TS-EUROTRAIN has
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produced the first ever epigenome-wide association study
for tics, analysing data from the Netherlands Twin Register
(Zilhão et al., 2015). This study interrogated 411,469 autosomal
methylation sites in 1678 individuals. Although no site reached
genomewide significance, the top hits include several genes
and regions previously associated with neurological disorders
and warrant further investigation (Zilhão et al., 2015). Systems
biology approaches and integration of data from multiple
sources are main aspects of TS-EUROTRAIN methodology.
Thus, large-scale data analysis and novel algorithm development
for integration of data from “omics” platforms but also
clinical and neuroimaging data are important parts of the
study.

The academic and industrial partners form a unified training
infrastructure to provide interdisciplinary training for TS.
Specialized training covers cutting-edge scientific areas ranging
from basic neuroscience and genomics to bioinformatics and
computer science. Direct interaction of the network with
European patient groups (Tourette-Gesellschaft Deutschland
e.V., Germany and Netherlands Foundation of patients with
TS, Netherlands) provides a unique opportunity to learn from
patients and disseminate scientific knowledge of TS to large
non-scientific audiences. Undertaking a comprehensive scientific
and outreach programme, TS-EUROTRAIN aims to build
Pan-European infrastructure and render TS into an example
disorder for the study of other neurodevelopmental disorders
and the development of European policies for the promotion of
childhood mental health.

CONCLUSIONS

Collaborative efforts of dedicated researchers from around
the world have brought us on the verge of a new era,
promising exciting, and rapid discoveries in the field of TS
genetics. Multiple resources are coming together for TS genetic
research; large well-characterized patient cohorts, specialized
epidemiological databases, novel genomics technologies, and
sophisticatedmethodology for the analysis of large-scale datasets.
Systems biology approaches and integration of data from
multiple sources and “omics” platforms can be expected to reveal

novel facets of TS etiology, while cross-disorder meta-analysis for
the identification of overlapping risk factors is shifting our view
toward a whole spectrum of neurodevelopmental phenotypes.

Importantly, the individual large-scale efforts described here, are
ultimately joining their powers with the goal to boost power
and identify definitive susceptibility genes for TS. These scientific
alliances in concert with parallel large scale efforts in psychiatric
genetics such as the PGC hold the promise to get us over the
“precipice” and enter a new phase in TS gene discovery that
may lead us to new pathophysiologic mechanisms underlying the
disorder.
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Complex biological systems, by definition, are composed of multiple components

that interact non-linearly. The human brain constitutes, arguably, the most complex

biological system known. Yet most investigation of the brain and its function is carried

out using assumptions appropriate for simple systems—univariate design and linear

statistical approaches. This heuristic must change before we can hope to discover and

test interventions to improve the lives of individuals with complex disorders of brain

development and function. Indeed, amovement away from simplistic models of biological

systems will benefit essentially all domains of biology and medicine. The present brief

essay lays the foundation for this argument.

Keywords: Tourette syndrome, neuropsychiatric illness, cancer, fMRI, developmental cognitive neuroscience

INTRODUCTION

Non-invasive neuroimaging has invigorated a deep and abiding interest in understanding the
human brain, the most complex biological system, in health and disease. This burgeoning research
focus has impelled technological innovation in neuroimaging and application of a growing number
of mathematical/computational approaches to analysis, which help visualize the complexity of the
brain in greater depth than previously possible. From our current vantage point we are compelled
to ask whether our capabilities have outstripped the paradigms we use for scientific research,
and whether our conceptual and analytical frameworks have become a barrier to understanding
complex systems.

A deep understanding of complex biological systems requires conceptual and analytical
strategies that respect that complexity. Yet, there continues to be a dominating focus in
experimental design and analysis on univariate, linear, and narrowly defined relationships. These
approaches, including multivariate linear regression (which is an elaboration on the univariate
linear framework), are gratifying because they are conceptually simple and align neatly with the
traditional scientific method, in which emphasis is placed on a single isolatable dependent variable.
However, the univariate/linear approach will necessarily fail when tasked with providing the basis
for deep explanations for complex biological systems.

This essay highlights the need to recognize the fallacy of the univariate conceptual framework
with respect to complex systems and to embrace complexity so as to align the problem to be
solved with the approach taken. We contend that there are some effective ways to study complex
systems through care in study design and sample ascertainment, deep phenotyping, and statistical
approaches. However, the shift to individual-level analysis, the basis for personalized medicine, will
require both methodological advances and a readiness for investigators and reviewers to eschew
biologically implausible reductionist models of complex biology.
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ARGUMENTATION

Study Design and Sample Ascertainment
Standard clinical trial design emphasizes a univariate conceptual
framework—as the Consolidated Standards of Reporting Trials
approach argues (Moher et al., 2001), if randomization is done
correctly, the only difference between a treatment and control
group is the treatment itself. Then, results are framed to reflect
the central tendency of the two groups and whether that central
tendency differs for the defined primary outcome. However, the
central tendency of a treated group does not necessarily inform
the clinician whether the patient currently in the exam room and
seeking help is (or is not) likely to respond to the offered therapy,

particularly if the patient would not have met study inclusion
criteria.

Why would the patient have not been offered entry into

the study? Because the study design, inspired by univariate
approaches to complex problems, mandates inclusion/exclusion
criteria that reduce variability and remove potentially
confounding factors, which necessarily makes the study less
generalizable to the broader population. Further, it undermines

the ability, using study data, to make predictions about treatment
response for individual patients. Such single patient/subject
level prediction, it seems to us, should be a fundamental
and significant priority of clinical trials. Yet, quantifying and
characterizing the central tendency at the group level appear to
be the principal objectives.

Similarly, a commonly employed study design in cognitive

neuroscience is between-group comparison of cases and controls.
For some of the authors, case status might comprise tobacco-
dependent cigarette smokers or patients with Tourette syndrome
(TS), a neurodevelopmental disorder defined by the chronic

presence of motor and vocal tics. Controls, by definition, would
include non-smokers or individuals without TS, respectively.
Comparing cases and controls on brain outcomes would
almost certainly uncover group differences (Azizian et al.,
2009; Rickards, 2009; Eichele and Plessen, 2013; Fedota and
Stein, 2015). However, group differences cannot be ascribed to
case/control status alone: both tobacco dependence and TS are
complex disorders that do not exist simply on the background
of an otherwise typically developed, neuropsychiatrically healthy
individual. Tobacco dependent smokers, relative to non-smokers
are more likely to abuse other substances (Madden and Heath,
2002; John et al., 2003; Agrawal et al., 2012), to have history of
mood or behavioral problems (Grant et al., 2004; Smith et al.,
2014), to experience worse socioeconomic indicators, and to have
family history of substance use and psychopathology (Lessov
et al., 2004; Lawrence et al., 2007; Buu et al., 2009; Xian et al.,
2010; CDC, 2011; Zoloto et al., 2012). TS patients, compared
to non-TS patients, are more likely to suffer from anxiety and
mood disorders, obsessive compulsive disorder (OCD), attention
deficit hyperactivity disorder (ADHD), sleep disorders, learning
disability, and to have family history of such problems (Mathews
and Grados, 2011; O’Rourke et al., 2011; Martino et al., 2013;
Mol Debes, 2013; Ghosh et al., 2014; Eysturoy et al., 2015;
Hirschtritt et al., 2015). In addition, case status may be but one
manifestation that is overt at the moment of investigation. For

example, a tobacco dependent adolescent’s mood disorder may
be subclinical at the time of investigation but emerge later. Or
a 2nd grader with a persistent tic disorder may not manifest
OCD clinically until middle school. The later emergence of those
clinical manifestations belies an earlier determination that the
individual is truly free of those clinical burdens. In monogenic
genetic disorders, such as Rett Syndrome and CDKL5 epileptic
encephalopathy, some individuals with the classic mutation do
not necessarily manifest the phenotype (Amir et al., 2000) or may
have distinctly different developmental trajectories (Hagebeuk
et al., 2015) despite having identical mutations.

Care in sample ascertainment canminimize group differences.
One epidemiologically sound approach is to recruit cases
and controls from the same demographic area to match
socioeconomic characteristics. An alternative approach is to
collect sufficient information during screening of potential
study participants to identify cases and controls that are
matched/similar on background characteristics and to invite
the matched subset of participants into the study. One caveat
in matching unrelated cases and controls is that individuals
who can be matched may represent the tail end of their
respective distribution. For example, dependent smokers who
can be matched to non-smokers likely do not have burden
from known comorbidities and may not be representative of the
average dependent smoker; conversely, non-smokers who can be
matched to smokers may have greater psychiatric history than the
average non-smoker. Another robust approach is to use control
individuals who are related to the cases, such as twin or full
siblings, to match more closely on genetics, family environment,
and other shared history (Lessov-Schlaggar et al., 2013).

In clinical trials, whether random assignment to treatment or
control conditions achieves its intended balance is commonly
not tested. The commonly employed stringent inclusion criteria
that effectively homogenize the study sample likely contribute to
the sense of balance in group differences. For example, suppose
treatment and control groups are matched on sex (equal numbers
of males and females in each group), and socioeconomic status
(SES) (equal numbers from low and high SES in each group).
On the surface, it would seem that as a consequence of this
matching strategy, sex or SES, individually, could not be driving
a treatment effect. However, it remains plausible that a sex by SES
interaction is lurking such that for the treatment group, 70% of
females come from a high SES environment while for the control
group, 30% of females come from a high SES environment. Thus,
a treatment effect could be driven by a sex by SES interaction that
is misattributed. Vigilance in sample ascertainment shows respect
for the complexity of human behavior and the neurobiological
mechanisms that generate it.

Deep Phenotyping
The co-occurrence of two or more problems is the rule and
not the exception in pediatric neuropsychiatric illness (Arcelus
and Vostanis, 2003). Comorbidity can be due to shared genetic
or environmental mechanisms (Mathews and Grados, 2011;
Vrieze et al., 2012), suggesting shared etiology and shared
neurobiological mechanisms. For example, brain mechanisms
of cognitive control (itself a complex construct) have been
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implicated in numerous conditions, including drug addiction
and TS (Kalivas and Volkow, 2005; Mueller et al., 2006;
Church et al., 2009; Garavan and Weierstall, 2012; Jung et al.,
2013). Therefore, when comparing cases and controls care in
the kind and amount of phenotypic data collection is also
necessary. Having data on risk factors allows not only for better
matching algorithms, but also for exploration of phenotypic
subgroups that differ in behavioral phenomenology. For example,
using multiple measures in a large family study of TS, latent
class analysis identified five TS subgroups characterized by
TS+OCD+ADHD, TS+OCD, TS plus obsessive compulsive
behaviors, chronic tics plus OCD, and a subgroup with minimal
symptomatology (Grados and Mathews, 2008). Further, only the
TS+OCD+ADHD subgroup was significantly heritable (Grados
and Mathews, 2008). The differential clustering of symptoms,
diagnoses, and heritability estimates, suggest differences in
disease etiology or similar proximate etiological mechanisms
but disparate additional modifying factors. Identifying potential
differences in etiology and modifying factors is paramount to the
task of identifying effective therapy. If there is an assumption
that all TS manifests from the same underlying cause, then it
would necessarily follow—down a garden path argument—that
all patients with TS should respond to the same therapy. Of
course, inter-individual differences in response to therapy are
obvious; such differences could be the consequence of TS as a
phenocopy for different etiologies, or could be the consequence of
genetic polymorphisms in drug metabolism pathways, unrelated
to the etiology of TS. Approaches to understanding therapy
optimization require reorienting our approach to investigation
so as to determine the reasons that a given patient responds to
treatment B and not treatment A.

It is important to recognize that heterogeneity is not limited
to atypical populations. It may be discomforting to realize that
the composition of a standard group of “healthy controls” is
almost certainly heterogeneous. For example, Fair et al. (2012)
applied a large neuropsychological battery to a cohort of typically
developing children collected as a control sample in a study of
ADHD. They then applied an unsupervised clustering algorithm
to the psychometric data of each individual and identified
subgroups within the cohort of healthy controls that mirrored the
subgrouping identified for the ADHD cohort (Fair et al., 2012).
The implications of clustering individuals into subgroups based
on rich single subject data are substantial given that the standard
case/control statistical analysis assumes (incorrectly, most likely)
that the case and control groups are each representative of the
population of cases and controls, allowing for the application of
standard parametric statistics to test group differences.

In another example, using resting state functional connectivity
MRI data, groups of typically developing children and children
with ADHD could be separated into subgroups based on the
pattern of functional connectivity of the nucleus accumbens with
the rest of the brain (Costa Dias et al., 2015). Differences between
controls and ADHD patients within each subgroup showed
different aspects of atypical connectivity in ADHD (Costa
Dias et al., 2015); the ADHD subgroup demonstrating atypical
connectivity of the nucleus accumbens with attention networks
also had higher impulsivity relative to respective controls and to

the other ADHD subgroups (Costa Dias et al., 2015) suggesting
distinct mechanism(s) that may underlie impulsivity in ADHD.

Using resting state functional connectivityMRI, Laumann and
colleagues showed that collecting data from the same individual
over multiple occasions achieves high level of measurement
accuracy and uncovers individual-specific functional brain
organization (Laumann et al., 2015). The functional organization
of the individual brain shares similarity to group-level functional
organization, in that functional systems are evident on the
individual and group-average brain (Laumann et al., 2015).
However, the functional organization of the individual brain
shows a more complex landscape where adjacent cortical regions
belong to two or more functional systems, and not one system
as in the group-average brain, as well as differences in functional
system boundaries between right and left hemispheres (Laumann
et al., 2015). This level of specificity could only can be achieved
using a large amount of data from the same individual (see
also Poldrack et al., 2015) showing how such an approach can
detect inter-individual differences that might be associated with
individual differences in behavior, disease mechanism, treatment
response, and so forth.

Analysis that embraces complexity provides a richer, more
interesting, and likely more biologically relevant model of
causal mechanisms. By liberalizing phenotypic definitions and
collecting as much data per individual as possible, we will be able
to better understand individual differences and to better identify
deviant or rare phenotypes.

Statistical Approaches
Often, we see lack of capitalizing on good study design
or deep phenotyping when it comes to statistical analysis,
such as longitudinal data being analyzed cross-sectionally or
comorbidity being treated as a confounding variable. Treating
longitudinal data as cross-sectional does not take advantage of the
overall reduction in variability and error estimation with repeat
assessment of the same individuals. A small mean difference in
task-evoked brain activity, as measured by fMRI, between times
1 and 2 may not be significant when analyzed cross-sectionally;
however, if each subject’s low amplitude response moved in the
same direction, the effect could be highly statistically significant
when analyzed longitudinally.

Comorbidity is often treated as nuisance variable(s).
Investigations by the Tourette Syndrome Association
International Consortium for Genetics demonstrate that
the neuropsychiatric comorbidities of TS have very complex
genetic relationships (Mathews and Grados, 2011). It is
simply erroneous to consider comorbidities to superimpose
linearly on the diagnosis of interest. Yet the practice of using
linear regression or covariance to remove the confounding
contribution of a comorbid diagnosis is predicated on such
a linear relationship. Comorbidity shares variation with the
phenotype of interest that affects outcome, and treating it
as a nuisance variable undermines the results by statistically
removing informative variation. Further, a covariate only
controls for the linear relationship of that variable with outcome.
It is likely the case that comorbidity is not captured by additive
effects, but is the result of complex interactions of etiological
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mechanisms. The notion of pure insertion of a phenotype, such
as OCD, onto TS, is problematic. In the neuroimaging literature,
Friston et al. (1996) discussed the problem of pure insertion
in the setting of cognitive subtraction, refuting the implicit
assumption employed in many neuroimaging studies that “there
are no interactions among the cognitive components of a task.”

In the clinical setting, often the most vexing question asked by
the parent of a child diagnosed with a persistent tic disorder is
“what does the future hold for my child?” The ability to provide
real, evidence-based, predictions for that patient and family—not
a summary relevant to the central tendency of the population
of individuals with persistent tics, but predictions that are
specific to the patient in the office—is of paramount importance.
Single patient/subject level prediction requires methodological
approaches to study design and data analysis that capitalize
on the richness afforded by high dimensional data and inter-
individual variance, as shown in Laumann et al. (2015), for
example.

Our own first efforts in this regard used resting state
functional connectivity MRI and support vector machine based
multivariate pattern analysis to predict, on a single subject basis,
age-group membership (adult vs. child) as well as the brain
maturity of single subjects (Dosenbach et al., 2010; Greene
et al., 2014). We have applied similar approaches to predict
whether an individual has TS or not (Greene et al., 2016).
These approaches (Johnston et al., 2015; Kambeitz-Ilankovic
et al., 2015; Stock et al., 2015) are orienting the field toward the
importance of single subject/patient level prediction. Fair and
colleagues (Miranda-Dominguez et al., 2014) introduced a highly
compelling recent exemplar, “connectotyping,” using resting state
functional connectivity MRI, to reveal a functional “fingerprint”
of an individual with substantially less data than needed for the
deep characterization described in Laumann’s (Laumann et al.,
2015) and Poldrack’s work (Poldrack et al., 2015).

One important caveat regarding multivariate pattern analysis
is that, at least to our knowledge, it is not possible to performwhat
would be considered a standard power analysis—constructs like
effect size andmeasurement variance do not readily translate into
the n-dimensional space within which such analysis operates.

Beyond the Cognitive Neurosciences
Potential advantages of single subject, rather than group-
level prediction, are important to consider in other diseases
with complex phenotypes, like cancer. Driving forces for
clinical trial design and conduct included, ethical considerations,
statistical models and simplicity in order to ensure consistency
across multiple trial sites (Meier, 1975). Missing from the
driving forces for trial design is disease biology. Advances in
cancer biology have significantly refined our view of causation,
such that histological diagnoses are giving way to molecular
subtyping within histological diagnostic groups, and patients
are being stratified for therapies that target causative genetic
events (Bautista et al., 2014; Robinson et al., 2015). While
this approach is touted as the foundation for personalized
“precision” medicine, in reality it most frequently perpetuates
a monolithic view of cancer biology and therapeutic responses
that is inconsistent with the state of scientific evidence in cancer
biology.

As we are focused here on central nervous system disease
we will limit our comments to malignant brain tumors.
The combination of surgery, radiation and chemotherapy for
glioblastoma, the most common and malignant of brain tumors,
was first applied in the late 1940s and first studied in clinical
trials in the 1960s (Gunther, 1949; Levin and Wilson, 1976;
Walker and Gehan, 1976). The improvement in survival was
measured in months and for the vast majority of patients this
remains the benefit of therapy today (Stupp et al., 2005). Over
the same period of time, our understanding of the biology of
glioblastoma has advanced remarkably. The complexity of the
mutational landscape has been repeatedly described (Frattini
et al., 2013; van Thuijl et al., 2015). The significance of epigenetic
modulation of the cancer genome to cancer biology and
therapeutic resistance has been recognized (Sturm et al., 2014).
The importance ofmulti-clonality to tumor evolution in response
to treatment has been established (Kim et al., 2015), as has impact
of cancer immune editing and immunological checkpoints to
cancer development (Pellegatta et al., 2011). We also know that
this spectrum of intra-tumoral heterogeneity in each patient
must also be overlaid on the distinct biologies of males vs.
females (Sun et al., 2014) and genome-wide polymorphisms
that determine important phenotypic differences between
individuals in such things as metabolism and circadian rhythm,
which impact on disease risk, progression, and therapeutic
responses.

Among the conclusions of this enormous body of research
is that each glioblastoma patient has multiple genetically
and epigenetically distinct clonal lineages that must be
simultaneously targeted for a reasonable chance of cure.
Despite this knowledge, we continue to “match” groups of
patients and evaluate novel drugs one at a time, and we continue
to dramatically fail to improve outcome (Bastien et al., 2015).
We have neglected to recognize that the complexity of this
disease demands a revolutionary change in approaches to
clinical investigation in which the individual is what is being
interrogated, not the group. Success may require abandoning
current research paradigms and statistical frameworks in favor
of models that can be informative for multiple “n’s” of one.

CONCLUDING REMARKS

Classical statistics, developed before computers and technologies
that can analyze and deliver millions of data points, may be
inadequate for analyzing high-dimensional data sets. Inherent
in the idea of personalized medicine is a translational
approach, whereby basic science and clinical research data
can be used together to predict with high accuracy an
individual patient’s clinical prognosis and treatment. Achieving
personalized medicine will almost certainly require a paradigm
shift toward embracing complexity and developing and funding
complex systems analytics research.
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Tourette syndrome (TS) is more than having motor and vocal tics, and this review will 
examine the varied comorbidities as well as the social impact and quality of life (QoL) in 
individuals with TS. The relationship between any individual and his/her environment is 
complex, and this is further exaggerated in the case of a person with TS. For example, 
tics may play a significant role in shaping the person’s experiences, perceptions, and 
interactions with the environment. Furthermore, associated clinical features, comorbid-
ities, and coexisting psychopathologies may compound or alter this relationship. In this 
regard, the common comorbidities include attention-deficit hyperactivity disorder and 
disruptive behaviors, obsessive compulsive disorder, and autism spectrum disorder, and 
coexistent problems include anxiety, depression, and low self-esteem, which can all lead 
to poorer psychosocial functioning and QoL. Thus, the symptoms of TS and the associ-
ated comorbid conditions may interact to result in a vicious cycle or a downward spiraling 
of negative experiences and poor QoL. The stigma and social maladjustment in TS and 
the social exclusion, bullying, and discrimination are considered to be caused in large 
part by misperceptions of the disorder by teachers, peers, and the wider community. 
Improved community and professional awareness about TS and related comorbidities 
and other psychopathologies as well as the provision of multidisciplinary services to 
meet the complex needs of this clinical population are critical. Future research to inform 
the risk and resilience factors for successful long-term outcomes is also warranted.

Keywords: tourette syndrome, attention-deficit hyperactivity disorder, obsessive compulsive disorder, autism 
spectrum disorder, comorbidity, psychopathology, psychosocial, quality of life

iNtrODUctiON

There are significant social and emotional sequelae to living with Tourette syndrome (TS), which 
can adversely affect the quality of life (QoL). Although majority of TS patients with mild forms 
of the disorder adapt to their symptoms and lead fulfilling lives, those with severe and persistent 
symptoms may experience significant negative impact on overall health and well-being. For example, 
an individual with TS may suffer from physical consequences such as the pain and discomfort of the 
repetitive movements and the stigma of the severe, violent, or socially inappropriate movements, 
vocalizations, or actions. Furthermore, they may become anxious particularly thinking about having 
the tics in front of others or become depressed from difficulties at school or lack of educational/
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vocational or employment opportunities. Lack of response to 
treatment or medication side effects as well as comorbidities may 
also add unique challenges.

tHe iMPAct OF cOMOrBiDities AND 
cOeXisteNt PsYcHOPAtHOLOGies

The common comorbidities in TS include attention-deficit 
hyperactivity disorder (ADHD), obsessive compulsive disorder 
or behaviors (OCD/B), and autism spectrum disorder (ASD), 
whereas some of the common coexistent problems include 
anxiety, depression, substance abuse, childhood conduct 
disorder, and adult personality disorder (1). All of these can 
lower self-esteem directly or have consequences that may lead 
to poorer psychosocial functioning and QoL. For example, tics 
and comorbid ADHD may interact to create a vicious cycle of 
distractibility and inability to focus, due to both the efforts in 
trying to control the tics and due to inattention of ADHD; simi-
larly, tics and comorbid severe obsessive compulsive disorder 
(OCD) may render an individual to check repeatedly, striving 
for perfection, and thus unable to finish school or office work 
(2). This may limit academic progress, while at the same time, 
negatively affecting the social outcomes and opportunities due 
to lack of education and under or unemployment. This may in 
turn create a downward spiraling of events compounded by poor 
frustration tolerance, impulsivity, and rage with consequent 
social exclusion, poor interpersonal, and family relationships. 
All of these can also precipitate or maintain comorbid mental 
health problems, drug and alcohol abuse, and even forensic 
encounters. Furthermore, the individual’s and their families’ 
QoL may be affected due to blame from delayed diagnosis or 
guilt from genetic etiology or wrong attributions about “parent-
ing” or their own “TS” related behaviors including ADHD and 
obsessive compulsive features (clinical or subclinical) impacting 
on their ability to “parent” or “care” for the individual with TS.

One way of understanding the personal and social experiences 
of individuals with TS comes from the stories of people who 
have lived with TS for many years such as Joseph Bliss (3), and 
the writings of professionals with TS such as the neuroscientist 
Peter Hollenbeck (4), and physicians Lance Turtle (5), and Sam 
Zinner (6). Despite having marked symptoms, Bliss (3) received 
his diagnosis only at the age of 67 years. While identification and 
diagnosis of TS have improved in the last four decades since Bliss’s 
experience, clinicians working in the field continue to hear such 
stories about delay in diagnosis or misdiagnosis compounded by 
the lack of information, knowledge, and awareness about TS in 
the community, including among health professionals. Although 
tics remain the core feature of TS in the diagnostic classificatory 
systems (7), the presence of tics in the absence of other associated 
features and comorbidities occurs in only around 13% of cases 
(“pure-TS”) while the remaining (i.e., around 87%) have a num-
ber of associated features and comorbid disorders (“TS-plus”) 
(8). Comorbidities in TS can adversely affect the overall outcome 
and QoL in TS, and hence early recognition and appropriate 
management of the associated comorbidities and coexistent 
psychopathologies are critical.

tHe sOciAL iMPAct OF ts ON AN 
iNDiviDUAL’s AND FAMiLY’s LiFe

About one-third of TS patients have been reported to have social 
problems particularly due to potentially socially disabling features 
of TS, such as coprophenomena and also non-obscene socially 
inappropriate behaviors (NOSI), which is usually directed at a 
family member or familiar person at home or in a familiar setting 
(9). Other patients have self-injurious behaviors (10, 11) which 
can be difficult to treat and may compound social difficulties. 
These difficulties, plus shame, and embarrassment can also lead 
to difficulties outside the home or familiar settings and can have 
a negative impact on friendships and interpersonal relation-
ships. For example, young people with TS have been found to 
have poorer peer relationships compared with their classmates 
and those with diabetes mellitus (12). Furthermore, in a clinical 
cohort of 16- to 54-year-old TS patients, problems with family 
relationships were reported in 29%, difficulties in making friends 
in 27%, social life in 20%, and being self-conscious in 15% (13). 
It has been found that parents of those with TS and comorbid 
behavioral disorder experience a greater impact on the family 
than those with uncomplicated TS (14). In this regard, increased 
Care Giver Burden and psychopathology have been reported in 
parents of young people with TS as compared with those with 
asthma (15). In addition, parents of young children with TS have 
been found to be significantly more likely to fall into the “parenting 
aggravation index” (e.g., feeling that their child is more difficult 
to care for than other children their age, feeling bothered by their 
child, and feeling angry with their child) category compared with 
those without TS (16). Moreover, another study observed that 
aggression and delinquency in the context of TS added unique 
contributions to impairment in social and family functioning, 
controlling for age, gender, and diagnostic status (17).

School problems have been noted in a number of clinic and 
community studies (18–20), and these have stressed the impor-
tance of teacher understanding and flexibility, as well as parent/
school communication. It has also been found that the parents of 
children with TS considered tics to be the main cause of social 
maladaptation (21); finally, school-based intervention to improve 
knowledge and attitudes about TS has been found to enable 
prosocial behaviors in classmates while helping children with TS 
to embrace their condition (22).

A recent study comparing parental reports of TS youngsters 
with that of peers without TS found significantly higher rates 
of insecure peer attachment, problems in peer relationships, 
difficulty making friends, stigmatization, and lower levels of 
social functioning in the TS group, in particular, higher rates of 
the personality dimension “Neuroticism” acted as a significant 
barrier to friendship for individuals with TS (23). It has also 
been observed that parental perception of both tic frequency and 
intensity predicted tic-related functional impairment in several 
areas including family and peer relationships, school interfer-
ence, and social endeavors with tic intensity predicting more 
variance across more domains than tic frequency (24). Another 
study (25) found that over half of the parents of TS patients 
reported one significant problem area due to the presence of 
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tics, whereas over one-third reported two or more problem 
areas. The rate of non-tic-related impairment was very high, 
with 70% of parents reporting at least one problem area in the 
domains of school, home, or social activities (e.g., concentrating 
on school work, being prepared for class, taking tests or exams, 
or writing in class, doing household chores, sleeping at night, 
making new friends, and being with a group of strangers). In 
a UK study (26), significantly worse QoL was reported in a TS 
cohort compared with that of children in a normative sample 
with four main themes; “TS can be distressing and disabling,” 
“struggling to fit into society’s expectations of normal behavior,” 
“needing to control tics,” and “TS is one part of who I am.” 
Furthermore, high peer victimization and bullying have been 
reported in TS patients (27) as well as discrimination due to tics 
(28). Yet, another study (29) identified several main themes of 
social impact: these included more adverse experiences with TS 
than positive ones, pervasive misconceptions about TS symp-
toms, a desire for more understanding of TS by the public and 
understanding and supportive families, experiencing increased 
stress, academic challenges requiring accommodations, the 
active suppression of tics in school and in pubic, and finally, 
more complex social interactions with peers. It has also been 
observed that while young people felt the presence of their TS 
constantly, they often learnt to cope with their symptoms and 
other people’s reactions to them (30). Although they encoun-
tered problems when interacting with the wider peer network 
and expressed concerns around meeting new people and future 
employment, most of them had developed supportive friend-
ships. The adolescents also described specific ways in which TS 
affects QoL and social interactions, and the effort it can take to 
cope successfully. Furthermore, low self-esteem has been linked 
with decreased QoL in all areas except for academic functionality 
(31). Considerable difficulties in socialization in TS patients have 
been reported, and it has been pointed out that the therapeutic 
elements must be identified by a change not only in environment 
but only in a child’s adaptation ability (32). In the light of these 
observations, it appears that treating both tic and non-tic-related 
impairments concurrently may improve functioning more 
so than treating the tic symptoms in isolation. In this regard, 
it has been noted (33) that treatment success should not only 
be assessed with the classic “tic-scales” but also with the global 
assessment of functioning (GAF) and TS-specific QoL scales. 
It is also important to control clinical symptoms and improve 
family environment to achieve better outcomes (34).

Moreover, Tourette syndrome patients have been found to 
exhibit insecure attachment with significantly higher scores in 
relationship anxiety and relationship avoidance and significantly 
higher aggression scores (35). A recent study of parents of young 
people with TS found that youth with TS are at increased risk for 
insecure peer attachment, which, in turn, might adversely affect 
the QoL outcomes (36). This study also observed that accurate 
identification of comorbidities is critical along with multidiscipli-
nary support, as half of the parents of young people with TS had 
experienced stigmatization due to poor understanding about TS 
in the community including among those in the educational and 
health services (23, 37–39).

QUALitY OF LiFe iN tOUrette 
sYNDrOMe

The wide-ranging impact of TS on health-related QoL of 
patients of all ages has been investigated in a number of dedi-
cated studies since the turn of the millennium (13, 40) with the 
first study by Elstner et al. suggesting lower QoL in TS patients 
than in the general population (9). There is no consensus on the 
exact definition of QoL as it is affected by health; in addition, 
the relationship between clinical symptoms and QoL is neither 
simple nor direct (41). From an operational perspective, it has 
been proposed that subjective QoL can be conceptualized as 
the discrepancy between patients’ expectations about life and 
their actual experiences (42). Such a construct provides a useful 
framework for implementation in routine clinical practice; it 
is therefore not surprising that QoL is increasingly being used 
as a primary outcome measure for both health monitoring and 
active interventions for a range of medical conditions (43). 
Research has mainly focused on the burden of tic disorders 
and comorbid behavioral problems; the few controlled studies 
conducted to date have consistently shown that patients with TS 
have a poorer QoL than general population samples (13, 44, 45). 
Understandably, both the direct consequences of tic expression 
and the constant efforts related to their active suppression can 
be intrusive experiences affecting the individual’s well-being 
and their social interactions. Moreover, the high prevalence of 
comorbid behavioral problems in patients with TS is known to 
be associated with significant disease burden resulting in the 
subjective perception of poorer QoL (13).

The many clinical studies conducted in both children/adoles-
cents (17, 24, 26, 28, 36, 39, 44–59) and admittedly fewer in adults 
(13, 60–66) with TS have, in general, shown similar results with 
lower QoL in TS. However, when examined in detail it becomes 
apparent that the different studies have yielded heterogeneous 
findings, especially with regard to the reciprocal contributions 
of tics and behavioral problems to specific domains of QoL. It is 
to be noted that the changes in arbitrary diagnostic criteria (e.g., 
DSM 111 > DSM-IV → DSM-IV-TR → DSM-5) over the long 
time period in which cited research has taken place may have 
contributed to the discrepancy in the findings, but taken together, 
the results of these studies suggest impairment across six general 
QoL themes as follows: physical, psychological, occupational, 
social, obsessional, and cognitive domains.

Severe tics have been reported to result in physical pain and in 
actual injuries. For example, findings from the Tourette Syndrome 
Impact Survey study, which involved both children and adults 
with TS, showed that the majority of respondents reported at 
least one tic that caused pain and indeed physical damage (64 and 
60%, respectively), with significant correlations to reported tic 
severity (28, 65). Difficulties in carrying out activities of daily 
living, including self care, have also been documented among the 
consequences of problems in functional mobility and ability to 
perform exercises, especially as children mature to adolescence 
and adulthood (67). The presence of comorbid ADHD and OCD 
has been found to further affect the physical aspects of QoL, 
especially in children (44, 47), with few exceptions (48). Taken 
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together, these findings suggest that the physical components of 
QoL should not be overlooked throughout the lifespan.

Psychological distress, feelings of frustration, and low mood 
in general are commonly experienced by patients with TS. The 
psychological domain of QoL has consistently been found to 
be significantly affected in the TS population compared with 
healthy controls. For example, 57% of adult patients with TS 
from a clinical sample reported problems with coexistent anxiety 
and depressive symptoms, with an odds ratio of 13 compared 
with age-matched controls (61). A study conducted in a clinical 
sample of children with TS showed that anxiety and depres-
sion were significantly more prevalent than in both healthy 
individuals (controls) and epilepsy control groups (44). It is 
thought that the increased prevalence of affective symptoms in 
TS, although not genetically linked, is probably multifactorial 
(68) rather than purely reactive to the psychosocial impairment 
and frustration caused by the chronic presence of tic symptoms 
(63). Psychological symptoms have been shown to be among the 
most important determinants of overall QoL (69), especially in 
adulthood (54, 60).

The negative impact of TS on QoL in children at school 
and in adults at work environment has also been investigated. 
The presence of comorbid conditions, particularly ADHD, has 
consistently been shown to affect school life (46, 47, 53). In 
addition, the spontaneous improvement or at least reduction of 
some of this comorbidity with age may contribute to explain the 
less pronounced impairment of QoL reported in adult working 
life (70, 71). For example, findings from the Tourette Syndrome 
Impact Survey study have shown that adults report milder 
interference with work productivity compared with the level of 
academic interference noted by the child population (28, 65). The 
development of coping strategies through adolescence has been 
found to improve satisfaction in the workplace (30), although 
dissatisfaction with school experiences can have far-reaching 
implications, possibly influencing future career or occupational 
choices or even employment status (72).

Relationships with family and friends are also important in 
life and indeed are also components of the social domain of QoL. 
Specifically, healthy family functioning has been recognized as 
integral to long-term social and emotional stability in children 
with TS (73). Multiple studies have shown that younger patients 
can often feel responsible for family arguments as a result of 
their TS symptoms and can therefore be more likely to avoid 
communication with their parents (44, 48, 57), possibly resulting 
in increased insecurity and exacerbated problems over time (57). 
In turn, one study conducted in adult patients with TS showed 
that 29% of participants had felt unsupported by their family 
about their condition (13). Of importance is that patients of all 
ages have reported a higher interference from TS within peer 
friendships than in family relationships (28, 65). The former way 
will result in potential difficulties in the formation of intimate or 
meaningful relationships which are an important part of adult 
life (63). However, the full extent of the social impact of the 
comorbidities of TS remains difficult to determine and quantify, 
especially in the case of adults with comorbid OCD (40, 74).

Nevertheless, the development of disease-specific QoL meas-
ures, such as the GTS-QoL in adults and the GTS-QoL-C&A 

in children, has enabled researchers to more sensitively assess 
the impact of repetitive behaviors and comorbid OCD on the 
overall perception of QoL in patients with TS (54, 60). Results 
from studies using disease-specific measures seem to indicate 
a decrease in the perceived impact of OCD on QoL as patients 
develop to adulthood, in the absence of decreased symptom 
severity, possibly suggesting the development of more effective 
coping strategies over time (51, 64).

Reduced concentration, forgetfulness, and inability to 
complete important tasks are important cognitive aspects of 
QoL. Although age-dependent improvement of comorbid 
ADHD seems likely to have a significant impact on cognitive 
functioning (71), results from the Tourette Syndrome Impact 
Survey study highlighted a significant correlation between tic 
severity and cognitive domain scores (65). Studies conducted 
using the GTS-QoL further suggested that QoL perception in 
adulthood is more deeply affected by cognitive factors than in 
children (54, 60). These findings suggest that complex interac-
tion between tics and cognitive function in determining QoL 
across the lifespan deserves further investigation in future 
studies.

cONcLUsiON

The social impact of TS is varied, and there are a number 
of TS patients who are known to us and are reported in the 
literature who cope and adapt well, with many using creativ-
ity or humor to their advantage, or by focusing on something 
that they are good at or enjoy doing such as leisure activities, 
sports, or academic or artistic pursuits. However, in those with 
severe forms of the disorder and with severe comorbidities, TS 
may interfere with the individual’s everyday life and activities 
of school, home, or work, such as being educated to their full 
potential, obtaining a job/career, gaining independence, and 
having meaningful relationships with family and friends. There 
are a number of factors that contribute to outcomes in terms 
of social adjustment and QoL, although treatment for tics 
or better coping strategies may be positively correlated with 
functional improvement, particular attention to the complex 
interaction with comorbidities is critical to successful out-
comes. For example, fidgetiness may be part of tics or due to 
ADHD or both; coprolalia and disruptive behaviors may well 
attract negative consequences such as disciplinary action in 
children or stigma and social embarrassment in adults (2). In 
this regard, supportive environments, anticipatory guidance, 
as well as appropriate emotional, behavioral, and learning 
supports are indicated to overcome the challenges confronting 
those with TS. Education of health and other professionals as 
well as implementation of community awareness programs 
are needed along with research to gain better understanding 
of the factors that contribute to better long-term outcomes. 
Thus, we suggest that future research should examine the pos-
sible influence of successful treatment on outcomes such as 
pharmacological intervention for symptom control or indeed 
improving a sense of personal mastery through skill building 
in comprehensive behavioral intervention for tics (CBIT); this 
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must be conducted in tandem with research on the quality, 
duration, and effect of early supportive services on later QoL.
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Tourette syndrome (TS) is a childhood onset disorder characterized by motor and

vocal tics and associated with multiple comorbid symptoms. Over the last decade,

the accumulation of findings from TS patients and the emergence of new technologies

have led to the development of novel animal models with high construct validity. In

addition, animal models which were previously associated with other disorders were

recently attributed to TS. The proliferation of TS animal models has accelerated TS

research and provided a better understanding of the mechanism underlying the disorder.

This newfound success generates novel challenges, since the conclusions that can

be drawn from TS animal model studies are constrained by the considerable variation

across models. Typically, each animal model examines a specific subset of deficits and

centers on one field of research (physiology/genetics/pharmacology/etc.). Moreover,

different studies do not use a standard lexicon to characterize different properties of

the model. These factors hinder the evaluation of individual model validity as well as the

comparison across models, leading to a formation of a fuzzy, segregated landscape of

TS pathophysiology. Here, we call for a standardization process in the study of TS animal

models as the next logical step. We believe that a generation of standard examination

criteria will improve the utility of these models and enable their consolidation into a

general framework. This should lead to a better understanding of these models and

their relationship to TS, thereby improving the research of the mechanism underlying this

disorder and aiding the development of new treatments.

Keywords: Tourette syndrome, animal model, standardization, validation, striatum

TOURETTE SYNDROME AND THE BASAL GANGLIA

Tourette syndrome (TS) is a neurodevelopmental disorder characterized by vocal and motor tics
in the form of rapid, repetitive, non-rhythmic vocalizations or movements (American Psychiatric
Association, 2013). The standard pharmacological treatment consists of the administration
of antipsychotic drugs which act mainly as D2 dopamine receptor antagonists. However,
this treatment has significant side effects and is typically not sufficient for complete tic
suppression (Eddy et al., 2011). Unlike other motor disorders, tics are not completely
involuntary. More than 90% of all TS patients report experiencing premonitory urges
preceding the tic. These patients describe tics as voluntary actions which alleviate these
uncomfortable urges (Leckman et al., 1993). While tics are the defining symptom of TS, most
patients (>90%) suffer from additional symptoms classically associated with other disorders,
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such as attention deficit hyperactivity disorder (ADHD) and
obsessive-compulsive behavior and disorder (OCD), each
affecting roughly half of the patients (Freeman et al., 2000).
Genetic factors were found to play a role in TS etiology (Price
et al., 1985; Bertelsen et al., 2016). Nevertheless, most of the
identified genes are rare, and to date no gene is known to have
a major effect on TS etiology (Godar et al., 2014). The underlying
pathophysiology of TS is currently unknown. Many different
systems, brain regions and neuronal circuits are considered likely
candidates, with most current studies linking the disorder to
abnormalities in the cortico-basal ganglia (CBG) pathway.

The basal ganglia are a group of interconnected nuclei forming
partially closed loops leading from most cortical areas back to
frontal cortical areas. The loops are functionally divided into
domains based on the cortical regions which send their input to
the BG. The domains include the motor, associative (executive),
and limbic areas. The role of the CBG pathway in TS has been
hypothesized to be related with abnormal inhibition of undesired
actions (Albin and Mink, 2006). This lack of inhibition has been
attributed to local deficits within the striatum, which serves as the
primary input nucleus of the BG. Most neurons in the striatum
are the medium spiny projection neurons (MSNs) whose activity
is modulated by interneurons such as GABAergic fast spiking
interneurons (FSIs) and cholinergic tonically active neurons
(TANs) (Kita et al., 1990; Bennett and Bolam, 1994; English
et al., 2011) as well as by neuromodulatory afferents including
dopaminergic, histaminergic, and adrenergic inputs (Holmberg
et al., 1999; Surmeier et al., 2007; Ellender et al., 2011).

Converging evidence point to the involvement of the CBG
loop, and specifically the striatum, in the pathology of TS: A
small decrease in overall volume (Peterson et al., 2003) and
a substantial reduction in the cell count of FSIs and TANs
(Kalanithi et al., 2005; Kataoka et al., 2010) have been observed
in the striatum of TS patients. Tic severity in early adulthood
was found to be correlated with the extent of volume reduction
of the caudate nucleus in childhood (Bloch et al., 2005). Further,
correlations have been found between the severity of tics and
the structural connectivity between the motor cortex and the
striatum (Worbe et al., 2015), and between the supplementary
motor area and the BG (Cheng et al., 2014). Abnormalities
in neuronal transmission including decreased GABAA receptor
binding in the striatum (Lerner et al., 2012) and increased
putamen dopamine release (Singer et al., 2002) have been
reported in TS patients.

ANIMAL MODELS OF TOURETTE
SYNDROME

TS is a multifaceted disorder associated with a wide spectrum
of clinical symptoms involving multiple underlying neuronal
systems (Yael et al., 2015). In this perspective we focus on TS
animal models related to the striatum since most findings from
TS patients and most modern animal models are associated
directly or indirectly with deficits within this brain region.

Motor and vocal tics, the primary symptom of TS, may be
evoked by a disruption of GABAergic transmission within the

striatum. Local microinjections of different GABAA antagonists
(such as bicuculline and picrotoxin) into the motor domain of
the striatum have been shown to induce tics in both rodents
(Marsden et al., 1975; Tarsy et al., 1978; Bronfeld et al., 2013b)
and primates (Crossman et al., 1988; McCairn et al., 2009).
The location of the disinhibition within the striatum determines
the properties of the tics; injections in the motor striatum
induce motor tics expressed in the body region associated
with the somatotopic location of the striatal injection (Bronfeld
et al., 2013b), whereas injections in the limbic striatum induce
vocal tics (McCairn et al., 2016). Disinhibition in non-motor
functional domains of the striatum induces behaviors similar to
hyperactivity and compulsive symptoms (Worbe et al., 2009),
thus exposing an intriguing link between tics and their comorbid
symptoms. Additional support to the role of the striatum in
TS and its comorbid disorders arise from a transgenic mouse
model affecting the limbic cortico-striatal connectivity. This
model demonstrates multiple symptoms such as OCD-like
behaviors and sensorimotor gating deficits (Campbell et al., 1999;
Nordstrom and Burton, 2002; Godar et al., 2015).

The identification of specific striatal neuronal subpopulations
whose number is altered in TS (Kalanithi et al., 2005; Kataoka
et al., 2010) inspired the development of animal models that
target these subpopulations exclusively. Models have mimicked
the selective suppression of the population of FSIs (using IEM-
1460) thereby inducing abnormal movements (Gittis et al., 2011).
The decline in the population of TANs has been modeled
using viral-targeted cell ablation that leads to a highly specific
reduction in this neuronal subpopulation in the dorsolateral
striatum in mice (Xu et al., 2015). The ablation led to an
increase in the expression of stereotypic behavior following stress
and amphetamine treatment. However, although the animals
displayed motor and behavioral abnormalities, no tics were
observed in either model.

Other TS animal models are based on the dopaminergic
model. This widely used model was originally related to other
disorders such as schizophrenia, ADHD and OCD. Based on the
“dopamine hypothesis,” which argues that the pathophysiology
leading to TS involves hyper activation of the dopaminergic
system (Singer et al., 1982), this model was associated with
TS. Systemic (Randrup and Munkvad, 1967; Taylor et al.,
2010) and intrastriatal (Kelley et al., 1988) administration of
dopamine agonists (such as amphetamine and apomorphine) was
shown to induce behavioral stereotypies and sensorimotor gating
disruption (Mansbach et al., 1988; Swerdlow et al., 2003) but not
motor or vocal tics. Dopamine induced behavioral stereotypies
may be enhanced when other neuromodulator systems are
disrupted, as has been recently illustrated in the histidine
decarboxylase (HDC) knockout TS mouse model (Castellan
Baldan et al., 2014).

VALIDATION OF TOURETTE SYNDROME
ANIMAL MODELS

The validation of animal models for human disorders is based
upon three factors: face, predictive and construct validity. (1)
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Face validity is defined as the phenomenological similarity
between the human clinical condition symptoms and symptoms
expressed in the animal model. (2) Predictive validity refers to
the ability of the model to predict some aspects of the disorder.
Specifically, this validation is usually based on the extent to
which the animals’ response tomedication can predict the human
response. (3) Construct validity refers to the theoretical rationale
of the model, based on the known pathophysiology of the
disorder (Jinnah and Hess, 2005; Bronfeld et al., 2013a).

In TS animal models, assessment of face validity is
complicated by the wide spectrum of features associated with
the disorder due in part to the fact that TS lies in a gray
area between movement disorders (based on the existence of
motor tics) and psychiatric disorders (based on the premonitory
urges and comorbid symptoms). The primary feature associated
with the movement disorder aspect of TS is the ability to
induce tic-like movements. Currently, the striatal disinhibition
model is the only one expressing motor tic-like movements
(Marsden et al., 1975; Crossman et al., 1988; McCairn et al., 2009;
Bronfeld et al., 2013b) and/or vocal tic-like sounds (McCairn
et al., 2016). Other animal models typically elicit other forms
of abnormal movements such as dyskinesia and dystonia (Gittis
et al., 2011). Assessing TS as a psychiatric disorder complicates
the evaluation of face validity. It is impossible to directly assess
the existence of premonitory urges in animals; however, it was
suggested these can reflect deficits in sensory motor gating
(Swerdlow et al., 1999). Thus, indirectly these urges can be
assessed by the pre-pulse inhibition (PPI) paradigm. Using PPI,
deficits in the sensory motor gating have been reported in
several dopamine related animal models (Mansbach et al., 1988;
Castellan Baldan et al., 2014) but have not been tested in other
models. Another aspect of TS is the high rates of comorbid
conditions. Dopaminergic, cholinergic (TANs) and HDCmodels
(subsequent to stress and/or amphetamine injection) were found
to show an increase in stereotypic behaviors (Randrup et al.,
1963; Kelley et al., 1988; Castellan Baldan et al., 2014; Xu et al.,
2015) whereas the striatal disinhibitionmodel demonstrated both
hyperactivity and stereotypy following manipulation of non-
motor (limbic and associative) areas in the striatum (Worbe et al.,
2009).

The predictive validation of TS animal models is restricted
by the non-specific medication for TS which is mostly based on
responses to antipsychotic drugs (Shapiro and Shapiro, 1968).
Due to the common definition, the dopaminergic animal models
have a high predictive validity, as this model is based on
the effectiveness of these drugs. Other models have not been
explicitly tested for response to antipsychotics as well as to other
drug treatments.

Evaluating the construct validity of TS animal models is
currently speculative because the underlying pathophysiology
of TS is still unclear. Typically the construct validity of
TS animal models is based on their relationship to the
small subset of currently known differences identified in TS
patients compared to controls. Striatal animal models have
been linked to current evidence from human studies, including
dopamine dysfunction (Singer et al., 1991, 2002; Cheon et al.,
2004; Minzer et al., 2004; Steeves et al., 2010), genetic

abnormalities in a small subpopulation of TS patients (HDC
model; Ercan-Sencicek et al., 2010), and a reduction in the cell
count of striatal FSIs and TANs (Kalanithi et al., 2005; Kataoka
et al., 2010). Another approach to assessing the construct validity
of TS animal models is their relationship to theoretical functional
models of information processing in the BG in both normal
and pathological states. The “box and arrow” model of the
BG describes their function based on their main anatomical
connectivity (Albin et al., 1989; DeLong, 1990). According to
this model, dopaminergic innervation to the striatum modulates
striatal activity and consequently increases the overall cortical
activation, leading to hyperkinetic symptoms. Consistent with
this model, the dopaminergic model yields increased movement
in the form of stereotypic behavior (Randrup and Munkvad,
1967; Kelley et al., 1988). This behavior was also observed in
HDC knockout (Castellan Baldan et al., 2014) and TAN ablated
(Xu et al., 2015) mouse models of TS which demonstrated
enhanced stereotypic behavior in response to dopamine agonists.
The “action selection” model contemplates that the BG chooses
a single action while inhibiting competing actions (Mink, 1996).
A loss of inhibition in a specific area within the striatum would
thus prevent the selection process (Mink, 2001). This coincides
with the animal model of focal disinhibition of the striatum using
local blocking of GABA which prevents input from all inhibitory
sources, including FSIs and neighboring MSNs (McCairn et al.,
2009;Worbe et al., 2013). This functional model may also explain
the behavioral and neuronal effects observed in the animal model
based on selective suppression of FSIs (Gittis et al., 2011).

STANDARDIZATION OF TOURETTE
SYNDROME ANIMAL MODELS

Over the last decade, rapid progress has been made in TS
animal models studies, leading to a proliferation of novel models.
Accumulating results from imaging, genetic, and anatomic
studies performed on TS patients, provided solid foundation for
the development of novel models with high construct validity,
such as the TANs, FSIs, and HDC models. In addition, animal
models which were previously attributed to other disorders
have been recently considered valid models of TS. These
include the striatal disinhibition model previously attributed to
myoclonus (Marsden et al., 1975) and the dopaminergic models
previously attributed to OCD and/or schizophrenia (Swerdlow
and Geyer, 1998; Korff and Harvey, 2006). The use of different
species of animals has made it possible to investigate multiple
properties of the disorder by utilizing the relative advantages
of each species. Mouse studies have enabled the investigation
of genetic manipulation, rat studies explore the relationship
between pharmacology, physiology, and behavior, and primate
studies serve the study of complex behaviors linking the
motor and psychiatric aspects of the disorder. Studies utilizing
animal models significantly improved our understanding of the
underlying mechanisms of specific properties of TS. For example,
key questions such as “when” and “where” tics are expressed
were recently addressed in animal model studies (Bronfeld et al.,
2013b; Israelashvili and Bar-Gad, 2015). Similarly, data pointing
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to a common pathophysiology of TS and its comorbid conditions
were experimentally supported when the same manipulation
yielded a variety of behavioral symptoms (Worbe et al., 2009).
This progress has led to a situation where finally basic and clinical
science can co-contribute to the study of this disorder.

This major progress generates new challenges faced by TS
animal models studies. The complexity of TS research which
results from the myriad of symptoms and the fact that the
pathophysiology leading to the disorder is still largely unknown
have resulted in high variability in the study of mechanisms and
behavioral symptoms in animal models of TS. Naturally, each of
the current animal models focuses on a small subset of symptoms
associated with the disorder which are examined using specific,
non-standard and non-overlapping tests. Typically, these early-
stage models were developed and studied by teams with specific
expertise such as pharmacology, electrophysiology and genetics,
thus creating a situation in which different models are studied
with a high degree of focus into one field with significantly less
effort in others. As a result, under the broad title of a “TS animal
model study,” a variety of models exist, that vary widely as regards
to the scientific basis, methods used and the features examined.
This issue is evident even when different models examine the
same feature. The description of motor deficits does not adhere
to an accepted classification, which leads to unclear (and in some
cases ill-defined) definitions such as tic-like movement, tic-like
stereotypy, and tic-like dyskinesia, without a robust kinematic
evaluation. While this variability may contribute to a better
understanding and characterization of different aspects of the
disorder, it hinders the comparison across results of different
models and the evaluation of the relevance, uniqueness, and
contribution of each model. Furthermore, the use of this wide
nomenclature is not necessarily supported by a large variety
of underlying behavioral symptoms. A standardization of the
examination criteria of TS animal models could help overcome
these challenges.

Standardization is a widely used procedure in multiple fields
to ensure consistency and comparability between processes or
products. Evaluation criteria defined in standard protocols assist
in the assessment of relevant information and allow uniformity
within and between different users. In the clinic the necessity of
standard protocols for diagnosis and treatment was raised for
TS and other disorders, leading to the development of multiple
standardized guidelines. The consistency and comparability
enabled by these guidelines are highly beneficial in terms of the
ability to properly diagnose and treat individual patients. More
broadly it provides a uniform database enabling future study and
the existence of a worldwide discourse. The reasons that led to the
establishment of guidelines in the clinic apply to the development
of standardized assessment of TS animal models that are still
lacking in the field.

A standardization process defining the gold standard for the
evaluation of TS animal model will improve the utility of these
models and their use in both basic science as well as drug
and treatment discovery. Standardized parameters will explicitly
define themajor components of a TS animal model evaluation, by
providing an organized list detailing the range of characteristics

of a valid TS animal model. In addition, a standardization process
will allow an evaluation of the studied model’s coverage, pointing
to features that were studied using a specific model and those
that were not. The standard definitions arrived at through this
process will provide a clear differentiation between behavioral,
pharmacological or physiological characteristics which are
qualitatively different. These definitions will provide well-defined
guidelines for classification of parameters while avoiding a use
of fuzzy definitions. Thus, it will enable categorizing behaviors
into either different categories if these behaviors resemble distinct
symptoms or into a merged category if they resemble similar
symptoms. This common terminology will allow both the
evaluation of each model by standardized categories, and more
importantly, a comparison between different models using the
same vocabulary. The process of standardization in TS animal
model research will help combine information from different
studies into a general framework describing the mechanisms
and their behavioral outcomes. It will enable a transition in TS
research from small, local attempts typically confined to a single
lab into a global effort. The development and implementation of
such standards by a single lab or a small group of cooperating
labs is prone to generate a partial picture biased by the inherent
properties of this group. Thus, the standard criteria for TS
animal model evaluation should be developed by a diverse
committee including experts from various fields, reflecting a
broad and comprehensive perspective, including both basic
scientists developing and studying animal models, scientists
conducting studies with TS patients and the clinicians working
with these patients. This committee should be responsible
for both writing the guidelines and maintaining a worldwide
database summarizing results from different studies. We believe
that such an effort should be managed by research-supporting
international associations such as the Tourette Association of
America (TAA) and/or the European Society for the Study of
Tourette Syndrome (ESSTS), which hold the ability to direct
international efforts. This standardization process, previously
shown to be highly beneficial in other fields, has the potential to
translate the rapidly accumulating results into a comprehensive
framework for experimental studies of TS.
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The cardinal characteristics of tic-related disorders are stereotyped motor movements 
and vocalizations. However, they may be accompanied by non-motor features that appear 
sequentially during the course of the disorder and can sometimes be more disabling 
than the tics themselves. This review presents our perspectives on several non-motor 
aspects of Tourette syndrome based on the long experience of the Neuropsychiatric 
Tourette Clinic of a tertiary pediatric medical center. The effect of premonitory urges, 
sensory modulation disorder, tic-related cognitions, and environmental conditions on the 
expression and intensity of tics is elaborated, with suggestions for treatment approaches 
to each. We also describe the mediatory effect of parental attachment style on the link 
between maternal stress and ticcing intensity and the need to adjust psychotherapy 
interventions to account for the importance of this factor in emotion regulation. This 
review is intended to direct attention to the non-motor aspects of Tourette syndrome. 
An in-depth understanding of this complex and debilitating disorder will facilitate the 
formulation of innovative therapeutic protocols.

Keywords: tic disorders, premonitory urge, acceptance, sensory modulation, environmental influences, 
attachment, emotion dysregulation

BAcKGrOUND

The stereotyped motor movements and vocalizations that are the cardinal characteristics of tic 
disorders are often accompanied by non-motor features that appear sequentially during the course 
of the disorder and can sometimes be more disabling than the tics themselves. The Neuropsychiatric 
Tourette Clinic of Schneider Children’s Medical Center of Israel, a tertiary university-affiliated pedi-
atric hospital, has long experience in treating children with Tourette syndrome and its associated 
clinical manifestations. The aim of this review is to share our subjective perspectives on the non-
motor aspects of Tourette syndrome based on findings and observations in our clinic, as presented 
at the first World Congress on Tourette Syndrome and Tic Disorders (1). We start with premonitory 
urges, which play a significant role in tic expression and tic sequence, and the impact of acceptance 
procedures on decreasing their intensity. This is followed by a discussion of sensory modulation dis-
order (SMD) as an important component of the reaction to premonitory urges and as a comorbidity 
of Tourette syndrome, in addition to the development of tic-related cognitions and their influence on 
tics and tic-related behaviors. The effect of environmental factors on tic expression and their bearing 
on the development and refinement of behavioral treatment strategies are elaborated. There is also a 
section on the relevance of attachment theory and the modulatory role of parental attachment style 
in the relationship between children with Tourette syndrome and their parents.
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PreMONitOrY UrGes

Studies have shown that premonitory urges play a significant role 
in tic expression (2–6). However, the exact functional relation-
ship between premonitory urges and tics has not been explored.

A premonitory urge is an internal physical sensation that is 
experienced as a drive to perform a movement, either motor or 
vocal. Specifically, it is an impulse to tic. In a cross-sectional study 
of 135 patients aged 8–71 years with tic disorder, Leckman et al. 
(2) found a 95% prevalence rate of premonitory urges. The exact 
experience of premonitory urges, however, is extremely diverse. 
They have been described as an itch, a burn, an energy that must 
be released, a need to release tension, and a mental will (7). 
Some individuals fail to discriminate the physical experience of 
premonitory urges from the tics themselves (5, 7). Studies have 
repeatedly shown that the premonitory urges and the internal 
struggle to control them may be even more debilitating than 
the tics themselves. We have found that psychoeducation may 
help patients distinguish premonitory urges and reduce their 
discomfort.

The mean age at which patients with Tourette syndrome 
first become aware of premonitory urges is 10 years, an average 
3.1 years after onset of the tics (2). Our clinical experience has 
shown that younger children (<10 years) can identify premoni-
tory urges, but older children report them more clearly and con-
sistently (8). Furthermore, urge ratings correlate with tic severity 
only in older children. These findings may be attributable to the 
increase in cognitive maturity with age (3, 5).

Several instruments have been developed to help children 
capture the urge experience using various definitions and 
descriptions. The well-established Premonitory Urge Scale for 
Tics (PUTS) (5) was found to facilitate premonitory urge rec-
ognition in children as young as 8 years and is widely used to 
measure the intensity of urges. In addition, therapeutic programs 
such as exposure and response prevention (ERP), habit reversal 
therapy (HRT), and comprehensive behavioral intervention for 
tics (CBIT) can initially assist young children in verbally describ-
ing what they feel during tics. Using these tools or similar ones, 
researchers found that urge frequency and intensity decreased in 
response to medications such as neuroleptics and relaxation and 
concentration exercises and increased in states of stress and anxi-
ety (2). Others, including a group from our center, reported that 
the intensity of premonitory urges increased during tic suppres-
sion (6, 9), suggesting that the urges may serve as precipitators 
of tics (10) and that tic performance is directed at alleviating the 
premonitory urges (3). This was supported by studies using ERP 
protocols (11–13). Himle et al. (6) postulated that urges are an 
aversive experience and tics serve as a response to them and are 
negatively reinforced by urge removal. Accordingly, tic suppres-
sion temporarily increases the salience of the urge. Thus, when 
a child is allowed to tic freely, the premonitory urge is relatively 
low in intensity (6). However, whether premonitory urges are a 
conditioned stimulus for tics remains controversial, as other stud-
ies failed to find changes in self-reports of urge intensity during 
tic suppression (14, 15). As in most instances of mind–body rela-
tions, the urge–tic relationship is not linear and clear-cut. Subjects 
with tics may adopt the belief that the tics are the best solution for 

the unease caused by premonitory urges. The tics themselves later 
become aversive themselves because they do not allow the indi-
vidual to relax or concentrate, and in severe cases, may even result 
in serious injury. This situation is exacerbated when the environ-
ment responds negatively to the tics. Accordingly, Capriotti et al. 
(16) found that the intensity of the premonitory urge is correlated 
with the aversive consequences of ticcing. Therefore, clinicians 
need to address both components of the premonitory urge–tic 
complex and help children find the most suitable way to deal 
with each. Our group uses the acceptance-based approach of the 
acceptance and commitment therapy (ACT) protocol proposed 
by Hayes and Wilson (17). These researches suggested that 
attempts to control aversive sensations are not only ineffective, 
they may even amplify the experience the individual was trying 
to avoid. However, accepting these experiences, that is, viewing 
them as only something to be experienced reduces their negative 
impact (17, 18). To test this hypothesis, we compared urge inten-
sity, frequency, and discomfort with tic frequency under three 
conditions: ticcing freely, tic suppression, and urge acceptance 
(using mindfulness techniques and diaphragmatic breathing). 
The results showed that the frequency and intensity of the urges 
was significantly reduced in the urge acceptance condition com-
pared to the others. A similar pattern was found for the level of 
discomfort caused by urges. We also noted a significant reduction 
in tic expression in the urge acceptance condition compared to 
the freely ticcing condition, suggesting that accepting urges can 
help children not only to cope with premonitory urges but also to 
reduce tic expression (9). This finding was supported by a recent 
study by Reese et al. (19) showing a correlation between a reduc-
tion in tic severity and increased mindfulness. Thus, premonitory 
urges may be considered a core aspect of Tourette syndrome, and 
they need to be distinguished from the tics in order to improve 
our understanding and treatment of the disorder as a whole. The 
experience of our group suggests that alternative approaches of 
acceptance aimed specifically at premonitory urges should be 
incorporated into modern treatment protocols for tics.

sMD

Sensory modulation disorder is an impairment in regulation of 
the degree, intensity, and nature of responses to sensory input 
(either over- or under-sensitivity), with an adverse effect on 
activities and routines of daily living (20). A study from our clinic 
showed that the prevalence of SMD is considerably higher in chil-
dren with Tourette syndrome (34.7%) than in healthy children 
(<5%) (21), suggesting that SMD is a comorbidity of Tourette 
syndrome. The presence of SMD can directly affect how indi-
viduals with Tourette syndrome respond to premonitory urges. 
That is, if the premonitory urge constitutes an over-reactivity to 
sensory input (before emergence of the tic), and SMD creates an 
over-attentiveness to aversive sensory input, then children with 
Tourette syndrome may feel obligated to tic to rid themselves of 
the unpleasant inner stimulus.

Children with both SMD and Tourette syndrome also have 
high rates of other common comorbidities, such as obsessive–
compulsive disorder (OCD), depression, and attention-deficit 
and hyperactivity disorder (ADHD), which significantly impact 
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their quality of life. We speculate that children with SMD and 
Tourette syndrome undergo a long learning process, beginning 
at a very young age and continuing toward adulthood, during 
which they incorporate the intense relationship between sensory 
inputs and the immediate response to them. As a consequence, 
a strong link evolves between the two, creating the illusion that 
they constitute a single entity. The challenge during treatment is 
to break this link (21).

tic-reLAteD cOGNitiONs

Studies of illness-related beliefs have shown that the beliefs 
and expectations (cognitions) of patients about their illness 
or somatic symptoms play an important role in the impact of 
the illness on their life. In individuals with Tourette syndrome, 
tic-related cognitions develop in childhood along with the 
experience of tics and premonitory urges. The cognitions 
include appraisals and beliefs regarding inner (premonitory 
urges) and outer (environmental) sensory inputs, responses 
to these inputs (tics), and the ability to express, suppress, or 
modify one’s responses. To investigate the different thoughts 
of children about the origin and consequences of their tics, 
we designed a self-report inventory, the Beliefs About Tic 
Scale (BATS) (22), which we administered to a sample of 56 
patients aged 10–18 years with Tourette syndrome. The results 
showed that patients’ negative beliefs about their ability to 
suppress tics (or to resist premonitory urges) were related to 
higher perceived urge intensity (measured by PUTS scores). 
Apparently, the perception of a lack of control increases the 
adverse emotional consequences of premonitory urges. This 
illness-related distress can be triggered by cognitive as well as 
emotional processes (23). Our findings are in line with the study 
of tinnitus by Sirois et al. (24) showing that among patients with 
the same symptom severity, those who believed they had control 
over their condition had lower levels of depression and a better 
quality of life. Additionally, our group showed that the level of 
depression was highly correlated with negative beliefs about the 
ability to suppress (i.e., control) tics, but only in children older 
than 13 years (22). We also noted several positive correlations 
between perceived urge intensity (measured by PUTS scores) 
and psychiatric symptoms. In children with OCD, PUTS scores 
were correlated with OCD severity, again only in those older 
than 13 years. There was a correlation between PUTS scores and 
obsessions, which increased with an increase in age, to almost 
complete congruence (22). Hence, premonitory urges can be 
considered a type of “obsession” with bodily sensations. These 
findings are in agreement with the suggestion of O’Connor (25) 
that children with Tourette syndrome have excess sensitivity to 
sensory stimuli and as a result tend to associate negative feelings 
with perceptions. This in turn leads to exaggerated negative per-
ceptual biases, comparable to the cognitive distortions found in 
depression and anxiety. It is probable that as the child grows, he/
she learns to associate these negative appraisals with the urges 
and tics. The negativity becomes increasingly more debilitating 
and bothersome and may take the form of an obsession. The 
lack of control associated with tics accentuates these negative 
feelings, and quality of life is diminished (25).

eNvirONMeNtAL FActOrs

Although tics arise from a disturbance in the underlying brain 
circuitry, there is increasing evidence that tic expression may be 
either exacerbated and attenuated by environmental and psy-
chological factors (13), such as psychosocial stress (26). In their 
literature review, Conelea and Woods (27) identified a variety 
of situations associated with changes in tic frequency, including 
boredom and passive states, social gatherings, concentration 
on a task, watching TV, and playing sports. The consequences 
of tic expression may also influence its appearance. These may 
be external, such as social attention (teasing, comforting, release 
from demanding tasks) or internal (subjective feeling of relief of 
a premonitory urge after tick, shame, or guilt) (28, 29). Studies 
of the impact of environmental factors on tic expression have 
improved our understanding of the etiology and maintenance 
of tics. They have also influenced the strategies used to treat tic 
disorders. Behavioral treatment approaches, such as HRT, are 
based on the rationale that despite their biological origin, tics 
may be worsened, improved, or maintained by environmental 
events. Treatment is therefore partly directed at systematically 
identifying and modifying events or experiences that contribute 
to tic severity (30).

The mechanisms whereby different environmental conditions 
affect tics have been hardly investigated, apart from those related 
to learning theories and emotional effects. Therefore, we con-
ducted a study at our clinic in which tic expression was evaluated 
under five challenging environmental situations: watching tel-
evision; doing homework; being alone; receiving attention when 
ticcing; and talking to a stranger study (1). Two measures were 
used: a subjective measure consisting of a structured interview 
in which children were asked to describe the level of tics in these 
situations, and an objective measure consisting of a video record-
ing of the child’s response in each situation. The results yielded 
differential effects of the different environmental situations on 
tic expression. The objective measure revealed that the highest 
number of tics appeared in the watching television situation, 
and the lowest, in the alone situation. Combined with the report 
on the effect of stress on tic severity by Conelea et al. (31), our 
findings suggest that highly stimulating environmental condi-
tions can interfere with motor inhibition and thereby exacerbate 
tic expression. Therefore, the higher the level of stimulation in 
each of our situations, the greater the number of tics expressed. 
By contrast to the objective measure, the subjective self-reports 
of the subjects served only as a moderate–low predictor of the 
effect of the environment on tics. This points to a low level of 
patient self-awareness of the impact of the environment on the 
performance and intensity of tics. It may also indicate a low 
reliability of subjective reports of tic severity, which form the 
basis of most clinical and research evaluations. Interestingly, the 
subjective reports were more in line with the objective measure 
in the presence of strong premonitory urges. Thus, it is possible 
that the tic brings the urge to the child’s attention, increasing his/
her awareness of both the tic and the environmental influences. 
We suggest that alerting children to environmental factors that 
affect tic performance may help them acquire better coping skills 
in situations associated with tic exacerbation.
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PAreNt–cHiLD AttAcHMeNt

The parent–child relationship is a basic component of the clinical 
understanding of children with Tourette syndrome. Our group 
attempted to investigate this aspect of Tourette syndrome through 
the prism of attachment theory (32), which has been found to 
serve as a useful framework for understanding parent–child 
relationships under conditions of stress (33, 34). As noted above, 
the psychological dynamic of children with Tourette syndrome is 
often complicated by comorbidities involving impaired emotion 
regulation, such as OCD, ADHD, anxiety disorders, depression, 
and rage attacks (35), which can be a major impediment to normal 
childhood development (35, 36). We focused on the reciprocal 
effect of emotion dysregulation in a developmental context and 
the experience of self between children with Tourette syndrome 
and their parents and the impact of these interactions on the child’s 
mental health (32). Parents of children with Tourette syndrome 
are subject to a vicious cycle on a daily basis of the child’s emotion 
dysregulation on the one hand and their own inability to serve as 
a container on the other. This cycle is dictated by two interrelated 
factors: the characteristics of the parent–child relationship and 
the child’s self-representation and emotion-regulation abilities. 
Insights for the study were derived from Bowlby’s attachment 
theory (37), which claims that children tend to seek the protec-
tion of the parent or significant other in order to gain security. 
To survive, they form an array of internal conscious and uncon-
scious representations of the self and related others, and these 
determine their attachment style: secure or insecure (anxious 
and/or avoidant). Children with a secure attachment style have 
internal working models of others as positive and protective. In 
times of need, they search for comfort and support from the other 
in order to achieve emotion regulation, a cornerstone of good 
mental health. Children with an anxious or avoidant attachment 
style have representations of others as unavailable, rejecting, or 
even harming, and acquire a lasting fear of rejection and aban-
donment. Thus, their ability to get comfort and help from others 
is damaged. The broadening of the theory to apply to adulthood, 
suggesting that the system that gives rise to the emotional bond 

between children and parents continues to play a role when the 
children reach adulthood and confront obstacles of parenting 
(33, 38). Our study focused on the relationship between parental 
stress and attachment style and its influence on tic severity and 
impairment (32). We showed that an increase in the level of 
maternal stress, as measured by the mother’s perception of the 
child as “difficult” using a subscale of the Parental Stress Index 
(39), was associated with an increase in the intensity of the child’s 
ticcing. These findings pave the way for designing new clinical 
interventions for both children with Tourette syndrome and 
their parents based on the attachment theory. Vulnerable families 
should be identified by their attachment style, followed by adjust-
ments to the psychotherapy intervention, mainly with a focus on 
the parents, in order to enhance their ability to identify, adjust 
to, and fulfill the child’s needs in terms of emotion regulation. In 
this manner, common comorbidities of Tourette syndrome can 
be better managed and children will derive greater benefit from 
existing tic-targeted treatments, ensuring their healthier mental 
development.

cONcLUsiON

Tourette syndrome is a complex disorder, comprising both motor 
and non-motor/emotional components. This review was intended 
to direct attention to the non-motor aspects of Tourette syndrome 
and to encourage further research into their role in the underly-
ing mechanism of the disorder. An in-depth understanding of 
this disabling condition will lead to better and more innovative 
treatments.
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The first World Congress on Tourette Syndrome and Tic Disorders was held in

London, June 2016 by the Tourette Association of America, Tourettes Action (UK),

and the European Society for the Study of Tourette Syndrome. Presentations arising

from large-scale collaborative projects were an important component of the scientific

programme. This article focuses on areas raised in the hot topics session and two

moderated debates, which covered emerging research in etiology and treatment. The hot

topics ranged across genetics, arguably including the first confirmed Tourette Syndrome

(TS) susceptibility gene NRXN1, neurocognition, and neurophysiology, including the

possibility of a neurocognitive endophenotype for TS and the use of depth and cortical

surface electrodes to investigate the neurophysiology of tics on the background of the

evolving field of deep brain stimulation (DBS), to novel treatment approaches such as

dental orthotics and an online behavioral intervention. The debates aired controversies

in treatment; pharmacotherapy vs. behavioral treatment and the place of medical

cannabinoids. These sessions demonstrate the vibrancy of a field that has considerably

expanded in the last decade, the significant progress that has been made, and the

direction that some of the most fruitful next phases of research will take.
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INTRODUCTION

These sessions of the congress were devoted to late-breaking studies and hot topics, including
controversies in the field of Tourette Syndrome (TS) research or treatment. The presentations fell
into two main themes, the first, elucidating the etiology of TS, and the second, the identification
of novel or controversial treatments for TS. These presentations highlight the importance of
large-scale collaborative efforts in the study of TS and provide evidence that, after many years of
incremental advances, with collaborative efforts more substantial discoveries may be just around
the corner. This is best illustrated in the genetic studies, where nearly 100 clinicians and scientists
contributed clinical samples and expertise, and in the studies of environmental risk factors, which
took place using the Avon Longitudinal Study of Parents and Children (ALSPAC; Golding et al.,
2001), a birth cohort in which data has been collected, curated, and studied for over 20 years by
hundreds of researchers. Such large scale, collaborative efforts are also becoming the norm for
studies examining the efficacy and safety of TS treatments, whether in the form of meta-analyses of
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multiple small investigator-initiated studies, or in the form of
large, multi-institution investigations of a specific treatment.

TS has long been known to be a complex disorder etiologically,
with both genetic and non-genetic contributors. However, clear
specific risk factors for TS, either genetic or environmental, have
been difficult to identify and/or replicate. The availability of
large samples of individuals with extensive phenotype and/or
genotype data, some population-based, and some clinically
ascertained, have recently led to advances in our understanding
of the causes of TS. Although, TS is one of the most heritable
of the neurodevelopmental disorders (Pauls et al., 2014b),
with heritability estimates of 60–80% (Davis et al., 2013), the
last 30 years of genetic studies, including recent genome-
wide association studies, have been inconclusive. These studies
indicate that TS is highly polygenic; that is, hundreds (or perhaps
thousands) of genes of small effect contribute to TS risk in an
additive manner. For this reason, tens of thousands of samples
will likely be needed to identify individual TS susceptibility
variants using genome-wide approaches. However, the currently
available sample sizes, while falling short of what is needed
for comprehensive identification of the genes and gene variants
responsible for TS, may be efficiently used for gene discovery
using alternative approaches.

Genetic Studies
Two presentations in this session focused on such alternative
approaches to dissecting the genetic etiology of TS, and
demonstrate the value of complementary scientific approaches.
In the first, Alden Huang (University of California, Los
Angeles), working with the Tourette Syndrome Association
International Consortium for Genetics (TSAICG), examined the
relationship between TS and copy number variants (CNVs) in
2764 individuals with TS and 2853 ethnically matched controls.
Analyses were limited to large (>400 kilobases), rare (<1%
prevalence) CNVs, which are likely to be pathogenic. Huang
identified multiple recurrent CNVs in genomic regions that
have been previously implicated for TS, as well as substantial
overlap with CNV regions that have been implicated in
other neurodevelopmental disorders, including autism spectrum
disorders (ASD) and intellectual disability(Grayton et al., 2012).
Two of these regions showed an enrichment of CNVs in TS cases
compared to controls. These wereNRXN1 (1-sided Fisher’s exact,
p = 0.007), which has been previously reported to be associated
with TS and CNTN4 (p = 0.029). All of the CNVs detected
in NRXN1 were deletions, consistent with the prior literature
(Nag et al., 2013; McGrath et al., 2014), while both deletions
and duplications were present in the CNTN4 locus. At the time
of the Congress NRXN1 may be considered the first confirmed
susceptibility gene for TS.

The second study used the same dataset to conduct gene
pathway analyses. There are many forms of pathway analyses,
but the basic idea is to identify enrichment of genetic variants
within specific known gene pathways or gene sets. Like the
CNV analyses discussed above, an advantage of pathway
analyses is that they can be effective in relatively small
sample sizes, typically requiring thousands rather than tens of
thousands of samples. This work was conducted by Fotis Tsetsos

(University of Thrace), in conjunction with the TSAICG. Tsetsos
used two complementary statistical approaches to examine
relationships between TS and gene pathways defined from
multiple sources, including curated gene sets from the published
literature, computational gene sets defined from cancer-oriented
microarray data, genes annotated using the same GO search
terms, genes that share a microRNA binding motif, etc. Variants
associated with nervous system tissues, in particular, parietal
cortex and basal ganglia, were enriched in these analyses. A gene
set with promotor regions around TCF3 (transcription factor 3)
was also implicated in TS etiology (corrected p= 0.006). TCF3 is
a member of the HLH (helix-loop-helix) family of transcription
factors, and is thought to regulate developmental patterning
processes in the central nervous system. TCF3 also suppresses
Wnt, a protein that is involved in neuronal differentiation and
proliferation of neural development cells (Gribble et al., 2009).

Studies of Non-genetic Risk Factors
Genetic causation accounts for ∼60% of TS risk, suggesting
that other, non-genetic (environmental) factors are also very
important in the development of this disorder. Previous work
in both clinical and population-based samples have implicated
a number of pre- and perinatal risk factors for TS, including
prenatal maternal smoking, prenatal maternal alcohol use, and
possibly maternal parity and weight gain during pregnancy
(Mathews et al., 2006, 2014; Pringsheim et al., 2009; Motlagh
et al., 2010). In the third study in this session to focus on the
etiology of TS, Yoav Ben-Shlomo (University of Bristol), and
his colleagues used the ALSPAC sample to examine another
type of potential environmental risk factor for TS, maternal
anxiety and depression during pregnancy. The ALSPAC cohort
is a prospective pre-birth cohort that has followed children born
in Avon, UK in 1992 and their parents for over 20 years, and
has collected extensive phenotypic data (Golding et al., 2001).
Ben-Shlomo compared self-reported anxiety and depressive
symptoms for both mothers and fathers at four time points, two
prenatal (18 and 32 weeks), and two postnatal (18 weeks and
8 months after delivery) for children with chronic tic disorders
including TS (TS/CT) and a control sample of children without
chronic tics (Ben-Shlomo et al., 2016). Socioeconomic measures
and other relevant potential confounders were controlled for in
the analysis. After correction for potential confounders, chronic
maternal anxiety (present both pre- and post-birth) and pre-natal
maternal depression (but not post-natal maternal depression)
were significantly associated with TS/CT (odds ratio = 2.17,
p = 0.007; odds ratio 1.86, p = 0.04, respectively). Paternal
anxiety and depression were not significantly associated with
TS/CT. These findings suggest that maternal psychopathology
may be a risk factor for TS and other chronic tic disorders.
Maternal chronic anxiety may in fact represent a shared genetic
susceptibility for TS, as this variable was associated with TS/CT
both pre-and post-natally. In contrast, maternal depression
may represent a time-specific environmental risk factor for
TS, perhaps representing medication use during pregnancy,
or intra-uterine neuroendocrine effects of stress. It should be
noted, however, that both associations require confirmation in
independent datasets.
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The final study pertaining to the etiology of TS in this
session was a systematic review focused on neurocognitive
performance in individuals with TS. This study contributes
to a growing literature on potential endophenotypes for TS
and other complex disorders. An endophenotype is a heritable,
measurable trait or feature that is associated with a disorder of
interest, but is state independent (e.g., manifests in individuals
whether or not they are manifesting the disorder, including
in unaffected family members). No endophenotypes have yet
been identified for TS, but specific neurocognitive abnormalities
have been suggested as potential endophenotypes for two related
disorders that are highly comorbid with TS, obsessive compulsive
disorder (OCD; Pauls et al., 2014a), and attention deficit
hyperactivity disorder (ADHD; Pineda et al., 2011; Eddy and
Cavanna, 2014; Peskin et al., 2015). The study by Beth Hobson
(University of Birmingham), and her colleagues, takes the first
step in identifying potential TS endophenotypes by investigating
whether neurocognitive dysfunction is consistently associated
with TS. A search of PubMed, Medline, and PsychINFO
identified 12 relevant studies, four of which included children
and/or adolescents. In general no consistent differences in
neurocognitive function between TS cases and controls were
found. The one possible exception was in the area of cognitive
inhibitory control. Individuals with TS showed a trend toward
verbal inhibitory deficits, although this finding did not reach the
level of statistical significance. Inhibitory control in TS, typically
motor inhibition, but also cognitive inhibition, may lie at the
heart of the neurology of TS and is an active area of investigation
requiring future study.

TREATMENT

Management of TS is challenging and has remained largely
unsatisfactory through the last decade of intensifying clinical and
scientific interest in the condition. In clinical terms, given the
spectrum nature of the presentation, it is important to define the
treatment target in each case, as comorbidities such as ADHD or
OCD are commonly more impairing than are the tics themselves.
Tics often improve over the course of adolescence and at present
their treatment is overall less reliable and less evidence based than
treatments for the commonly co-occurring disorders. However,
tics can be extremely severe in up to 15% of cases, and their
effect on functioning varies greatly between individuals. Where
tics are severe or intrusive, pharmacotherapy can be considered.
The index drug was haloperidol in the 1950s, and since then
a variety of neuroleptics have been used, including newer or
atypical agents (Hartmann and Worbe, 2013). The dopamine
hypothesis as a substrate for TS essentially originated from
this clinical association and has been variably substantiated in
more recent functional imaging and other work (Singer et al.,
1982; Segura and Strafella, 2013). An alpha-2 adrenergic agonist,
clonidine, is well-established and other classes of drugs with some
support for efficacy in TS treatment include the anticonvulsant
Topiramate and the dopamine depleter tetrabenazine. Treatment
efficacy for each option is variable. There is relatively little
randomized controlled data, sparse head-to-head comparisons,
and the available Class 1 evidence needs to be considered in
the context of generally short-term trials conducted over the

course of only weeks in a condition that is hard to objectively
measure and naturally fluctuates, whereas in clinical practice an
initial positive response with less benefit over time is commonly
seen. There are several reviews and recommendations for drug
treatment and the first truly systematic review and meta-analysis
is in press (Roessner et al., 2011; Hollis et al., 2016).

The other conventional modality of treatment is behavioral.
These have evolved from the early exploratory literature into
evidence-based schedules based around strategies either designed
to suppress tics by using competing responses to premonitory
urges that precede tics (e.g., Habit Reversal Training; HRT) or to
increase tolerance of the premonitory urges (e.g., Exposure with
Response Prevention; ERP). HRT has been incorporated into a
package called Comprehensive Behavioral Intervention for Tics
(CBIT) which was effective in both children and adults in two
influential randomized trials of 10 weeks therapy followed up for
6 months (Wilhelm et al., 2012).

In addition to the conventional treatments of
pharmacotherapy and behavioral therapy, alternative approaches
are also evolving, ranging from neurosurgical stereotactic deep
brain stimulation (DBS), which has some evidence base, although
not yet extensive, and other more controversial possibilities, such
as oral orthotic devices and the use of medical cannabinoids.
The treatment talks in this session focused on (1) the more
controversial approaches to treating tics and (2) alternative
approaches to delivering the more conventional treatments.

John Walkup (Cornell Weill Medical Center), presented the
methodology and preliminary results from a TSA sponsored
study of an oral orthotic device (an occlusal splint). This
treatment evolved out of observations from the dental
community that dental orthotics reduce tics anecdotally, with an
underlying hypothesis that TS is caused by a brainstem response
to dental factors rather than being a genetic neurodevelopmental
syndrome (Sims and Stack, 2009). This hypothesis and
corresponding treatment approach did not gain initial traction
amongst neuropsychiatrists. However, patients and parents in
a number of countries have been willing to try occlusal splints,
sometimes at significant expense, leading to a real need for a
high quality clinical trial. Walkup presented a double blind
placebo controlled randomized study using the occlusal splint
compared to sham orthotics over 2 weeks, with assessment of
durability of effect over a further 4–6 weeks. Outcome measures
include changes in tic severity, improvement in functioning, and
assessments of acceptability and patient satisfaction. To date,
open-label pilot studies of the intervention have found it to be
feasible, acceptable and non-harmful. The first three participants
had high satisfaction despite mild to moderate adverse effects
(sore mouth, excess salivation etc.) and had reduced tic
severity with two participants being very much improved
on measures of functioning for the initial 2 weeks, although
benefit was not sustained at this level for the remaining 4–6
weeks.

Michael Himle (University of Utah), presented the
development of “TicHelper,” a self-administered online tool
for teaching or delivering CBIT from the team that have
developed the treatment. If this mode of delivery is successful,
there would be immediate potential impact on clinical practice,
as specialist psychology resources are limited in most countries,
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particularly in non-urban areas, so that behavioral therapy often
cannot be delivered. In a pilot study, the investigators selected 8
children to use the program for 2 weeks to target a single tic. 7/8
children showed a much increased awareness of tics and were
able to demonstrate appropriate use of a competing response,
all important components of successful CBIT. Longer term
outcomes, including durable improvement of tics, are not yet
available.

As noted previously, efforts are underway to understand the
neurophysiology and etiology of TS, but much more work is yet
to be done. Understanding the neurophysiology of the generation
and control of tics and their neural correlates is relevant to
identifying and refining appropriate treatments for this complex
disorder. This is well-illustrated in the continuing questions over
the most effective surgical target for DBS, the most radical of
the existing treatments for TS, and the selection of patients
likely to benefit. Non-invasive data mapping the neurological
substrate for TS is available from functional radioisotope and
magnetic resonance imaging and at an altogether different
temporal and anatomical resolution by recording from DBS
electrodes (Bour et al., 2015). On behalf of Shute et al.,
Aysegul Gunduz (University of Florida) presented a unique study
examining two patients who were implanted with both subdural
electrodes (primary motor, M1, and premotor, PM cortices) and
depth electrodes (thalamic centromedian nucleus, Cm). Awake
recordings were made of local field potentials (thalamus) and
electrocorticograms (cortex) with the patient ticcing, suppressing
tics, making voluntary movements, and imitating tics. Regionally
specific activation patterns were suggested by phase amplitude
coupling analysis (PAC). A dissociation was found between
ticcing in which contralateral low frequency activity in all three
areas was seen and for voluntary movements in which only
the cortex was active. In one patient, tics could be detected
electrophysiologically using this approach with 70% sensitivity
and specificity. This complements the better established field of
PAC changes in Parkinson’s disease and its treatment with DBS
and also opens further possibilities for capture and treatment
of tics within closed loop adaptive DBS systems (Almeida et al.,
2015).

Controversies in Treatment
In addition to the scientific presentations, the two congress
debate sessions focused on treatment, and in particular,
on controversies in treatment. The first explored CBIT vs.
pharmacotherapy as first line treatment, and was chaired
by Stanley Fahn (Columbia University), and presented
by Douglas Woods (Texas A & M University; advocating
CBIT) and Donald Gilbert (Cincinnati Children’s Medical
Center; advocating pharmacotherapy). Like all good
conference debates, fair amounts of devil’s advocacy and
inventiveness were employed, reflecting the underlying
truths that all clinicians are grappling with- drugs are not
as reliably effective as we would like and commonly cause
adverse effects (usually mild), CBIT and other behavioral
interventions are not as accessible as they should be due
to lack of funding and experienced practitioners within
local reach. An important point that was raised during the

debate was the fact that there are no comparative studies of
the two modalities of treatment, and that such studies are
necessary.

The other topic was the use of cannabinoids (including
marijuana) in the treatment of TS, and was chaired by Joseph
Jankovic (Baylor College of Medicine) and energetically debated
by Kirsten Mueller-Vahl (Hannover School of Medicine;
representing the pro-cannabinoid stance), and Paul Sandor
(University of Toronto; representing the anti-cannabinoid
stance). The underlying hypothesis was that neurotransmitters
other than dopamine, including endocannabinoids, are
likely to be important substrates of various aspects of TS.
Endocannabinoids are thought to modulate many other
classes of neurotransmitter, including monoamines with a
high density of CB1 receptors in the basal ganglia. There
are limited case reports and two controlled trials of Delta
9-tetrahydrocannabinol (THC; Muller-Vahl et al., 2002, 2003)
which followed single dose studies. However, a comprehensive
Cochrane review concluded there is insufficient evidence
for clinical use (Curtis et al., 2009). As with the other
controversial treatments, this area is worthy of further
study. In clinical practice it is uncommon for adults in the
UK to self-medicate with marijuana despite fairly frequent
recreational use, which is in contrast to a German interview
study (Muller-Vahl et al., 1997). Use of the medically isolated
component of THC may offer different or more reliable effects,
perhaps within the usual context of drug treatment of TS in
which efficacy of all evidence-based options varies between
individuals.

CONCLUSIONS AND FUTURE
DIRECTIONS

As can be seen in the work presented in this session,
research on the causes and treatment of TS is at a turning
point. While much progress has been made in the last 10
years, there is still much to be done. In order to make
substantial progress, collaboration is required, not only between
investigators in similar fields, but also between scientists and
clinicians across disciplines, and between scientists, clinicians,
advocacy groups, and patients and families. Such collaborative
efforts have been enormously successful in propelling forward
breakthroughs in identifying genetic causes of ASD, new and
novel treatments for cancer, to name two of many examples.
Only with broad support and participation within and across
constituencies, as well as a willingness to take risks, will
we be able to make real strides forward toward a better
understanding of this disorder, and toward effective identification
and treatments.
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Tourette Syndrome (TS) is a neuropsychiatric disease characterized by a combination of

motor and vocal tics. Deep brain stimulation (DBS), already widely utilized for Parkinson’s

disease and other movement disorders, is an emerging therapy for select and severe

cases of TS that are resistant to medication and behavioral therapy. Over the last two

decades, DBS has been used experimentally to manage severe TS cases. The results

of case reports and small case series have been variable but in general positive. The

reported interventions have, however, been variable, and there remain non-standardized

selection criteria, various brain targets, differences in hardware, as well as variability in

the programming parameters utilized. DBS centers perform only a handful of TS DBS

cases each year, making large-scale outcomes difficult to study and to interpret. These

limitations, coupled with the variable effect of surgery, and the overall small numbers of

TS patients with DBS worldwide, have delayed regulatory agency approval (e.g., FDA

and equivalent agencies around the world). The Tourette Association of America, in

response to the worldwide need for a more organized and collaborative effort, launched

an international TS DBS registry and database. The main goal of the project has

been to share data, uncover best practices, improve outcomes, and to provide critical

information to regulatory agencies. The international registry and database has improved

the communication and collaboration among TS DBS centers worldwide. In this paper

we will review some of the key operation details for the international TS DBS database

and registry.

Keywords: Tourette syndrome, deep brain stimulation, database, registry, tics, regulatory agencies

INTRODUCTION

Gilles de la Tourette Syndrome (TS) is a neuropsychiatric
disorder characterized by motor and vocal tics. In a subset
of cases, these tics can be severely debilitating (Freeman
et al., 2000; Malaty and Akbar, 2014; Shprecher et al., 2014).
The pathophysiology of TS has been increasingly linked to
dysfunction in a complex basal ganglia thalamo-cortical circuit
(BGTCC) (Da Cunha et al., 2015). Deep brain stimulation
(DBS)—effective for movement disorders including Parkinson’s
disease, dystonia, and tremor—has been explored since 1999 as a
potential therapy for select cases of severe, medication-resistant
TS (Müller-Vahl et al., 2011). However, DBS use in TS is still
considered investigational and has not received regulatory agency
approval.

Initial stereotactic surgical treatment with thalamotomy
for TS was introduced by Rolf Hassler in 1970 (Hassler
and Dieckmann, 1970). Cooper, Hassler, and Dieckmann
were part of surgical teams performing this procedure for
few TS patients. Hassler initially targeted the centromedian-
parafascicular complex. Thus, the selection of the thalamic target
for DBS was motivated by the relative successes of Hassler and
other clinicians applying the thalamotomy procedure in this
brain region.

Despite the initial successes, thalamotomy was never widely
adopted as a treatment for TS. The invasiveness of the procedure,
the issues with accuracy using early stereotaxic equipment,
and the risk of speech, swallowing, and cognitive side effects
due to the large size of the lesions all limited its widespread

use. Three decades later in 1999 Vandewalle and colleagues
implanted DBS electrodes bilaterally in the nucleus ventro-oralis
internus/centromedian-parafascicular complex (Voi/CM/Pf) of
the thalamus (Vandewalle et al., 1999). The Vandewalle groupwas
able to demonstrate the relative safety and potential effectiveness
in a small series of patients published over the next several years.
This initial experience sparked the interest of other groups and
led to a dialogue about the possibility of applying DBS in various
brain targets along the BGTCC.

This interest has been supported by a growing number
of studies in the peer-reviewed literature (Ackermans et al.,
2011; Massano et al., 2013; Jimenez-Shahed, 2015; Kefalopoulou
et al., 2015). These studies reveal generally positive results with
occasional side effects (e.g., hemorrhage, stimulation-induced),
however it should be kept in mind that most studies have
been small and uncontrolled (Duits et al., 2012; Sachdev et al.,
2012; Savica et al., 2012; Ackermans et al., 2013; Dehning et al.,
2014; Kim and Pouratian, 2014; Malaty and Akbar, 2014; Zhang
et al., 2014; Kefalopoulou et al., 2015). Additionally, there were
other important differences in the DBS intervention such as
the brain target (Martínez-Fernández et al., 2011; Viswanathan
et al., 2012), the surgical targeting methods, the type(s) of devices
implanted, the stimulation paradigm (Rotsides and Mammis,
2013), and the baseline disease characteristics (Okun et al.,
2008).

Teams performing DBS have in the past decade explored at
least eight possible brain targets for TS cases (Cavanna et al.,
2011; Porta et al., 2012). These targets have included the thalamic
CM/Pf (Visser-Vandewalle et al., 2003; Maciunas et al., 2007;
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Ackermans et al., 2010, 2011), the subthalamic nucleus, the
posterolateral globus pallidus internus, the anteromedial globus
pallidus internus (Dehning et al., 2008; Massano et al., 2013;
Dong et al., 2014), the globus pallidus externus (Piedimonte et al.,
2013), the nucleus accumbens (Kuhn et al., 2007; Sachdev et al.,
2012), the dorsomedial nucleus of the thalamus, and the anterior
limb of the internal capsule (Flaherty et al., 2005).

Academic medical centers with specialized TS clinics have
collectively reported only a handful of appropriate DBS
candidates presenting for a surgical intervention each year,
rendering it nearly impossible to achieve the statistical power
necessary to draw critical conclusions about DBS therapy in this
population. We therefore aimed to develop an International DBS
Registry and Database for TS with the idea that the statistical
power necessary to refine and improve this procedure could
only be achieved through the collection of a large worldwide
community of cases.

Questions to be answered include best targets, best
phenotypical indications, most appropriate surgical and
programming approaches, efficacy, and other outcomes. There
are many obstacles for investigator initiated device studies as
noted recently by Foote et al (Kelly et al., 2014). This is most
problematic in less common disorders such as TS. Limited
funding and lack of insurance coverage for devices in clinical
trials have created a vicious cycle discouraging investigator-
initiated device trials (Kelly et al., 2014; Rossi et al., 2014). The
TS registry and database has the potential to facilitate a paradigm
shift by collecting important information about TS DBS that
cannot be obtained by using standard clinical trial design. One
important goal of this project is to obtain approval for the
procedure from appropriate regulatory agencies.

REVIEW OF THE LITERATURE

A review of the English language literature was performed
through PUBMED using the medical subheading database
with the keywords “deep brain stimulation” AND “Tourette
syndrome.” The review was focused on original articles and
excluded review articles.

A large number of reports were available, however most were
case reports or small series. A relatively recent article by Motlagh
et al. (2013) reviewed the available published cases. In Table 1,
we summarize the studies reporting a minimum of four TS DBS
patients. We excluded reports with less than four patients.

The most recent TS DBS study appeared in the Lancet
Neurology in June 2015 (Kefalopoulou et al., 2015). It was
a randomized double-blind crossover trial conducted in 15
patients. The target for most patients was the anteromedial
GPi (two were targeted in the posteroventral GPi) and all
subjects were randomly assigned 1:1 to either 3 months of on-
stimulation or 3 months off stimulation. All subjects switched
to the alternative condition. Only 13 of 15 patients completed
the two-blinded assessments. There was a small benefit in tic
reduction as noted by a mean improvement of 12.4 points
(equivalent to 15.3%) on the Yale Global Tic Severity Scale
(YGTSS).

Three other randomized double-blind trials have also been
published. The target was CM/Pf and these studies had smaller
numbers. Maciunas et al. (2007) randomized five patients to
receive bilateral DBS electrode implantation in a single operative
session. There was a standardized follow-up at 17–21 days
following implantation. The first outcome was measured at 7
days, and patients were randomized to stimulation in one of four
combinations (right on, left off; right off, left on; right on, left
on; right off, left off). Each 7 days during a 28-day follow-up
period another randomized outcome was implemented until all
potential conditions were tested. This study procedure was then
followed by 3 months of open label DBS. Tics were assessed by
standardized rating scales and also by independent video analysis.
Unilateral stimulation proved not as effective as bilateral DBS,
and overall there were positive benefits in tic reduction reported
in three of the five patients.

Ackermans et al. (2011) randomized six patients to receive
bilateral DBS electrodes in the Voi/CM/Pf complex of the
thalamus. Patients were assigned to 3 months on stimulation
followed by 3 months off stimulation (group A) or vice-versa
(group B). This crossover period was followed by 6 months of
open label on stimulation. Only one patient was randomized
to group B. There was a significant improvement of 37% in
tics when comparing on vs. off states as well as at comparing
baseline to final outcome. Assessments were performed using the
Yale Global Tic Severity Scale. The authors noted that at 1 year,
patients required more time to finish a selective attention and
response inhibition test (Stroop Color Word Card Test).

Okun et al. (2013) randomized five patients who received
bilateral DBS electrodes in the centromedian complex of the
thalamus. A scheduled stimulation paradigm was used instead
of the conventional continuous stimulation paradigm. Two
patients were randomized to start stimulation at 30 days
from implantation and the remaining three patients to start
stimulation at 60 days from implantation. There was a statistically
significant improvement in YGTSS total score (by 19%) and in
the modified Rush Tic Rating Scale Score. The authors reported
that tic suppression was most effective at deep contacts on the
lead.

All of the studies published reported limitations and
concerns regarding individual variability in outcome, the level of
stimulation required, the effect of tolerance, battery life, electrical
current spread, small sample size, and difficulty in maintaining
the patient blinding.

THE INTERNATIONAL TS DBS REGISTRY
AND DATABASE: GOALS AND DESIGN

The international community collectively responded to the
critical need in the DBS field by collaborating with the
Tourette Syndrome Association (since renamed to the Tourette
Association of America TAA) in 2012 and by launching an
International TS DBS registry and database. The project sought
to consolidate all of the information available for TS DBS cases
worldwide. This effort aimed to shift the field from small case
series and reports to an international large-scale collaborative
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TABLE 1 | This table summarizes the published literature about DBS in Tourette Syndrome with number of subjects ≥ 4.

References n Age

(years)

Gender Target Laterality of

stimulation

Follow-up

time

High

frequency

stimulation

Continuous

stimulation

Tic improvement Study

country

Year

published

Double blind

randomized

trial

Servello et al.,

2008

18 17–47 15m, 3 f Centromedian-

parafascicular and ventralis

oralis complex of the

thalamus

Bilateral 3–18

months

Yes Yes YGTSS decreased from 33–48 to

7–22

Italy 2008 No

Motlagh et al.,

2013

8 16–48 8m, 0 f Thalamus (5) and Globus

pallidus internus (3—two in

the sensorimotor portion

and one in limbic portion)

Bilateral 6–107

months

Yes Yes YGTSS decreased by 0–72% USA 2013 No

Maciunas et al.,

2007

5 18–34 NA Centromedian-

parafascicular and ventralis

oralis complex of the

thalamus

Blinded off-off,

off-on, on-off,

on-on

combinations of 1

week each, then

open-label bilateral

3 months Yes Yes three of five patients showed

improvement, mean preop YGTSS

37.2, 3-month score 28.2

USA 2007 Yes

(cross-over

design)

Servello et al.,

2009

4 25–47 3m, 1 f Internal capsule/nucleus

accumbens in patients with

centromedian-

parafascicular and ventralis

oralis complex of the

thalamus (except one

patient with only internal

capsule/nucleus

accumbens leads)

Bilateral 8–51

months

Yes Yes two patients showed at best mild

improvement in OCD and tic

scores, two showed more clinically

significant improvement in OCD

scores and functionality, with limited

effect on tics

Italy 2009 No

(case-series)

Porta et al., 2009 15 17–47 12m, 3 f Centromedian-

parafascicular and ventralis

oralis complex of the

thalamus

Bilateral 24 months Yes Yes Persistent improvement in tic

scores. No deleterious effect on

cognition, improvement in

behavioral ratings

Italy 2009 No

Ackermans et al.,

2010

6 28–42 6m, 0 f Centromedian-

parafascicular and ventralis

oralis complex of the

thalamus

Bilateral, 3 months

of either on or off,

then 6 months on

12 months Yes Yes YGTSS decreased from a mean of

42.3 prior to surgery to 21.5 on 1

year follow-up, p = 0.028

Netherlands 2010 Yes

(cross-over

design)

Martínez-

Fernández et al.,

2011

5 21–60 5m, 0 f Globus pallidus internus

(two patients with

anteromedial location, two

patients with posterolateral

location, one patient initially

with posterolateral switched

after 18 months to

antermedial location

Bilateral 3–24

months

Yes Yes Mean YGTSS was 77.8 at baseline

and 54.2 at last follow up, mean

MRVRS was 28.3 at baseline and

15.7 at last follow up, TSQOL was

61.7 at baseline and 28.5 at last

follow up

UK 2011 No

(case-series)

Dehning et al.,

2011

4 25–44 1m, 3 f Globus pallidus internus

(posteroventrolateral

location)

Bilateral 5–48

months

Yes Yes two patients responded with >

80% reduction in tics, two patients

were non-responders

Germany 2011 No

(case-series)
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TABLE 1 | Continued

References n Age

(years)

Gender Target Laterality of

stimulation

Follow-up

time

High

frequency

stimulation

Continuous

stimulation

Tic improvement Study

country

Year

published

Double blind

randomized

trial

Cannon et al.,

2012

11 18–50 8m, 3 f Globus pallidus internus

(anteromedial location)

Bilateral 4–30

months

Yes Yes one patient was a non-responder;

mean YGTSS was 84.45 before

surgery and 42.55 at 3 months,

mean TSQOL was 39.09 before

surgery and 79.09 at 3 months

Australia 2012 No

Porta et al., 2012 18 17–47 15m, 3 f Centromedian-

parafascicular and ventralis

oralis complex of the

thalamus

Bilateral 5–6 years Yes Yes Mean YGTSS was 80.83 prior to

surgery and 22.11 at the extended

follow up (p < 0.001)

Italy 2012 No

Maling et al., 2012 5 28–39 2m, 3 f Centromedian-

parafascicular and ventralis

oralis complex of the

thalamus

Bilateral 6 months Yes Yes YGTSS decreased by 1–41%;

noted correlation between gamma

band activity change and YGTSS

change after DBS

USA 2012 No

Okun et al., 2013 5 28–39 2m, 3 f Centromedian-

parafascicular and ventralis

oralis complex of the

thalamus

Bilateral 6 months Yes No YGTSS decreased by 17.8 points (p

= 0.01), MRVRS decreased by 5.8

points (p = 0.01)

USA 2013 No

Dehning et al.,

2014

6 19–39 3m, 3 f Globus pallidus internus

(posteroventrolateral

location)

Bilateral 12–60

months

Yes Yes two patients were non-responders,

mean YGTSS was 90.2 prior to

surgery and 29.5 at last follow up (p

= 0.001), TSQOL was 88.75 prior

to surgery and 7.75 at last follow up

(one person did not fill TSQOL)

Germany 2013 No

Zhang et al., 2014 13 16–34 12m, 1 f Globus pallidus internus

(posterolateral location)

Bilateral 13–80

months

Yes Yes Mean YGTSS decreased by 52.1%

at last follow up, mean TSQOL

improved by 45.7% at last follow up

China 2014 No

Huys et al., 2014 8 19–56 5m, 3 f Ventral anterior and

ventrolateral motor parts of

the thalamus

Bilateral except in

two patients

unilateral

12 months Yes Yes YGTSS motor, impairment and total

scores decreased by 51, 60, and

58% respectively compared to

baseline. MRVRS score decreased

by 58%. Significant improvement in

quality of life and global functioning

measures were noted

Germany 2014 No

Kefalopoulou

et al., 2015

15 24–55 11m, 4 f Globus pallidus internus

(anteromedial location)

Bilateral, 3 months

on or off, then

open label on

stimulation

6 months

blinded and

then 8–36

months

unblinded

Yes Yes YGTSS decreased by 12.4 between

on and off states in the blinded

phase (p = 0.048), YGTSS

decreased by 23.8–48.9 points (p

< 0.0001) between baseline and

open label phase

UK 2015 Yes

(cross-over

design)
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effort. The elements included in the database are summarized in
Figure 1.

This multi-center effort has resulted in the formation of a
registry and a database. There is no restriction on investigators
or groups wishing to join the project, and there is no limitation
to the maximum data necessary to register a case. However,
in order for the case to qualify for database status and
outcome measurement, there must be a minimal amount of
information available to facilitate a group analysis of all of the
participating centers. Additionally, groups with negative as well
as positive experiences with DBS cases are strongly encouraged
to participate. Enrolling all subjects regardless of the quality of
the outcome is mandatory and is an important factor to better
understand the current state of the field.

The database and registry have facilitated networking of
clinician-researchers and have led to the generation of new
hypotheses for both research and care. The database and registry
will provide a repository of valuable information for patient
advocacy groups (e.g., TAA), device manufacturers, as well as
third party payers who are keenly focused on the potential
benefits, burdens, risks, and harms of the therapy.

The registry and database were constructed to collect
information on each case (refer to Figure 1). Currently
supported data have been divided into six categories: (1)
demographic information and disease characteristics, (2) pre-
operative clinical scales (i.e., Yale-Brown obsessive compulsive
scale (YBOCS), YGTSS, Hamilton depression scale, etc.),
(3), surgical procedure data (including brain target, targeting
procedure, lead location, device type, and imaging data), (4)

DBS programming parameters, (5), regular follow-up clinical
assessment and scales, and (6) surgical as well as stimulation-
related adverse events. Electrophysiological data from the DBS
procedure is not currently being collected; however, efforts are
underway to enable for those interested and familiar with the
techniques, intraoperative single cell recordings, and local field
potential (LFP) data extracted from next generation devices
capable of chronic LFP recordings. As these devices become
more widely used, these data will become more available and,
importantly, could add to the insights into the physiology of tic
and the mechanisms underlying DBS-related improvements in
tic behaviors.

CURRENT STATUS OF THE REGISTRY

Participants involved in the database include investigators who
have been implanting TS DBS patients with and without the
intent to publish.

To date 157 patients are registered from 10 different countries.
126 of the patients (80%) are male. The targets used include
the thalamus (92 cases), anteromedial and posteroventral GPi
(61 cases), and the anterior limb of the internal capsule/nucleus
accumbens (2 cases).

The following are the most commonly submitted data:

1. Demographic data

a. Patient identifier
b. Gender

FIGURE 1 | The flowchart reveals the collaborative group’s information collected on each TS DBS case.
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c. Country
d. Age at onset
e. Age at surgery
f. Co-morbidities with a specific focus on obsessive
compulsive disorder (OCD)

g. List of medications tried and at the time of surgery

2. Pre-operative clinical scales

a. YGTSS at baseline

i. Total score
ii. Motor tic subcomponent (less commonly available)
iii. Vocal tic subcomponent (less commonly available)
iv. Impairment subcomponent (less commonly available)

b. YBOCS at baseline

3. Surgical procedure data

a. Lead location and target
b. Device used

4. DBS programming parameters (limited data available at this
point)

5. Follow up clinical assessment and scales

a. YGTSS at 1 year

i. Total score

b. YBOCS at 1 year

6. Adverse events

Another important objective of the database is to track safety.
Many outcomes are collected and these outcomes have been
aligned to the variables potentially necessary for a future
humanitarian device exemption approval by regulatory agencies
in different countries and regions. An adverse event form is
available to participants in the database and was modeled after
requirements from the American Food and Drug Administration
(FDA). Participants have been asked to report all adverse events.
The patient identifier has been used to link the adverse event
to the patient. The following information has been collected:
start date of adverse event, end date of adverse event, weight of
patient at onset of event, outcome of adverse event (resolution,
disability, hospitalization, death), description of the adverse event
and associated relevant history, needed workup and laboratory
studies, DBS hardware information (device name, serial number,
implant date, explant date), and any therapies/surgeries needed
as a result of the adverse event.

UNIQUE CHALLENGES FACING THE TS
REGISTRY AND DATABASE

There are many challenges facing an ambitious initiative,
particularly of this size. One major challenge will be to assure
data quality, particularly given the large number of participating
centers. This challenge has been addressed by process refinement
and feedback of data to the participating centers and sites.
Frequent meetings of participating centers have been a critical

element to improving data quality and also for informing sites
about the minimum data necessary to move from a registration
status to a full database status (submitting data about their
own DBS in TS cases). Additionally, the database has fully
dedicated support for data collection that is headquartered at
the University of Florida Center for Movement Disorders and
Neurorestoration. The central data repository has a full-time
principal investigator (Professor Michael Okun) and a database
manager who together are focused on the mission and objectives,
defining policies and procedures, and assigning responsibilities
for each participant. Additionally, the coordinating center has
defined a clear communication plan, compliance monitoring,
and data policy enforcement.

A more substantial challenge facing this international DBS
registry will be to achieve data uniformity. Several scales exist to
measure tics and each has advantages and limitations. Scales may
assess one or more disease features (i.e., motor tics, vocal tics,
OCD symptoms, and quality of life). There has been variability
among groups in preferences for outcome measures and in time
frames for assessment; standardization of submitted measures
and clinical scales would allow more cases for analysis.

Another important issue facing TS DBS will be to ensure the
database is highly accessible to its contributors and to promote
transparency among investigators. This process if executed
properly has the potential to instill confidence in contributors
and to encourage programs to invest the resources necessary to
obtain the critical measurements necessary for the success of the
project.

STRATEGIES TO ACHIEVE SUCCESS

Several measures have been implemented to counteract potential
database-related problems. One of the cornerstones of success
will be continuous education of the investigators on data
collection. The database has been purposely designed to draw in
as many TS centers in the world participating in DBS operations.
This large-scale effort will increase the number of patients and
expand the potential for multiple data points for later analysis.
Additionally, as centers enroll more patients the hope is that they
will adapt and begin to collect more appropriate and relevant
data-points.

An important strategy is scheduling regular meetings of
the collaborating centers to foster cooperation and to provide
updates on their progress and the obstacles faced. In June
2015, the second annual meeting was convened to discuss the
Tourette database effort and was held at the World Congress
on Tourette Syndrome and Tic Disorders (London, UK). Most
TSA DBS contributors were in attendance and there were
presenters from each country. An image registration initiative
was launched to identify DBS lead locations within the cohort.
The hope was that this initiative would substantially add
to the lead localization images analyzed in conjunction with
already collected information about DBS lead coordinates and
programming parameters. This data may aid in the identification
of the volumes of tissue activation across the targets and would
facilitate the correlation to outcome. Another initiative was to
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locate a health economist to determine what information would
be meaningful to collect across centers. One example of an
immediate use of the data was a question raised at the annual
investigator meeting. The group sought to answer whether
there was an outcome difference between earlier vs. later DBS
implantation. This type of collaborative meetings will be an
important cornerstone for an international database, and the
meetings will continue to create improvement opportunities and
to answer new questions facing the field.

TS REGISTRY AND DATABASE ROLE IN
REGULATORY AGENCY APPROVAL
PROCESSES

Another important goal of the database will be to facilitate
applications to appropriate regulatory agencies worldwide for
approval of TS DBS. This includes regulatory agencies worldwide
such as FDA (USA), CE (EuropeanUnion), PMDS (Japan), SFDA
(China), TGA (Australia), and many other national and regional
regulatory bodies. In the USA, the most likely approval would be
through a FDA humanitarian device exemption given the small
number of patients currently requiring therapy. DBS approval
on a humanitarian basis for obsessive compulsive disorder was
obtained using pooled data from several small n studies. The use
of a database for TS will facilitate an analysis of a larger number
of patients. It will facilitate the collection of important safety data,
a crucial step needed for regulatory agency approval. The multi-
center data collection will encourage a shift to a more uniform
data collection and analysis.

CONCLUSIONS

The international registry and database has been designed to
overcome the severe limitations of small-n studies for TS DBS.
The project has made considerable progress toward a truly global
database. We have now demonstrated proof of principle that
reliable and comprehensive data can be collected. This data will
be used to address fundamental questions facing the TSDBS field,
including identification of optimal brain target(s) for each patient
based on individual symptom profiles, as well as stimulation
parameters for each brain target and/or symptom. Additionally,
a robust dataset will facilitate analysis of important questions
that may potentially inform outcomes such as the relationship
between baseline disease characteristics and the short and long-
term clinical outcome. As data expand we will be able to move
toward more advanced queries that can be used to address

complex questions such as the relationship between electrode
placement and clinical outcomes, as well as the correlation of
lead location to adverse events. These basic, yet critical questions
remain unanswered (Rotsides and Mammis, 2013; Jimenez-
Shahed, 2015). Importantly, the systematic conglomeration
of TS DBS datasets will generate the “higher n” critical to
design clinical trials, power meaningful analyses, and generate
recommendations for patient, target, and stimulation parameter
selection. Finally, the database will be instrumental in applying
for regulatory device exemptions.
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Gilles de la Tourette Syndrome (GTS) is characterized by the presence of multiple

motor and phonic tics with a fluctuating course of intensity, frequency, and severity.

Up to 90% of patients with GTS present with comorbid conditions, most commonly

attention-deficit/hyperactivity disorder (ADHD), and obsessive-compulsive disorder

(OCD), thus providing an excellent model for the exploration of shared etiology across

disorders. TS-EUROTRAIN (FP7-PEOPLE-2012-ITN, Grant Agr.No. 316978) is a Marie

Curie Initial Training Network (http://ts-eurotrain.eu) that aims to elucidate the complex
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etiology of the onset and clinical course of GTS, investigate the neurobiological

underpinnings of GTS and related disorders, translate research findings into clinical

applications, and establish a pan-European infrastructure for the study of GTS.

This includes the challenges of (i) assembling a large genetic database for the

evaluation of the genetic architecture with high statistical power; (ii) exploring the

role of gene-environment interactions including the effects of epigenetic phenomena;

(iii) employing endophenotype-based approaches to understand the shared etiology

between GTS, OCD, and ADHD; (iv) establishing a developmental animal model for GTS;

(v) gaining new insights into the neurobiological mechanisms of GTS via cross-sectional

and longitudinal neuroimaging studies; and (vi) partaking in outreach activities including

the dissemination of scientific knowledge about GTS to the public. Fifteen partners from

academia and industry and 12 PhD candidates pursue the project. Here, we aim to

share the design of an interdisciplinary project, showcasing the potential of large-scale

collaborative efforts in the field of GTS. Our ultimate aims are to elucidate the complex

etiology and neurobiological underpinnings of GTS, translate research findings into

clinical applications, and establish Pan-European infrastructure for the study of GTS and

associated disorders.

Keywords: Initial Training Network, Gilles de la Tourette Syndrome, tourette disorder, etiology, genetics,

neuroimaging, animal models

INTRODUCTION

Gilles de la Tourette Syndrome (GTS) is a frequent disorder
(0.4–1%; Robertson, 2008, 2015b), characterized by multiple
motor and phonic tics and high comorbidity with attention-
deficit/hyperactivity disorder (ADHD; 50%) and obsessive-
compulsive disorder (OCD; 20–60%) (Leckman et al., 1998;
Robertson, 2000; Bloch and Leckman, 2009; Debes et al.,
2010; American Psychiatric Association, 2013; Hirschtritt et al.,
2015). The need to overcome fragmentation and accelerate
research into the etiology of GTS and its related conditions
has motivated the establishment of TS-EUROTRAIN (http://
ts-eurotrain.eu), a Marie Curie Initial Training Network (ITN,
2012–2016) that focuses on the investigation of the genetic
etiology and pathophysiology of GTS while aiming to translate
findings into clinical research. The network spans 13 academic
and two industrial partners as well as two patient groups.
Twelve individual, yet complementary, PhD projects interact
to form a comprehensive study of GTS and comorbidities
from genetics, and epigenetics through to physiology, brain
anatomy, and function. These projects are all currently underway
and can roughly be divided into three groups by their main
approach; genetic (and epigenetic), animal models, and human
neuroimaging, respectively. Research into the neurobiology of
GTS stands at the precipice of discovery thanks to collaborative
efforts (Georgitsi et al., 2016). With this report, we would like
to share our efforts as an example of how, taking advantage
of expertise across different disciplines, and resources across
the GTS scientific and patient community we aimed to build a
project that would achieve goals beyond and above the reach
of individual labs. At the same time we provide an overview
of some of the largest-scale projects aiming to understand the

etiology of GTS. These projects may be expected to impact the
field considerably in the coming years.

GENETICS, EPIGENETICS, AND GENE
EXPRESSION

The first Genome-wide Association Study (GWAS) to investigate
the role of single nucleotide polymorphisms (SNPs) in GTS
did not manage to identify SNPs that meet the genome-wide
significance level for association to GTS, however, four additional
GWAS for GTS are currently underway [coordinated by the
Tourette Association International Consortium for Genetics
(TSAICG), European Multicentre Tics in Children Studies
(EMTICS), Netherlands twin register (NTR) and deCODE] and
the future meta-analysis of these datasets is expected to provide
important insights into the etiology of the disorder (Figure 1;
Paschou, 2013; Scharf et al., 2013). Furthermore, in recent years,
four independent GTS cohorts have been examined, studying
the role of Copy Number Variants (CNVs) in GTS (Sundaram
et al., 2010; Fernandez et al., 2012; Nag et al., 2013; McGrath
et al., 2014). Regarding gene expression investigations, so far,
most studies were carried out on samples of small number
(Tang et al., 2005; Lit et al., 2007, 2009; Liao et al., 2010;
Tian et al., 2011a,b, 2012; Gunther et al., 2012; Gomez et al.,
2014; Lennington et al., 2016) and need to be verified in large
GTS cohorts. On the other hand, studies on the epigenetics
of GTS (such as DNA methylation, histone modification, and
micro-RNA (miRNA) alteration Goldberg et al., 2007; Pagliaroli
et al., 2016) remain scarce (Abelson et al., 2005; Delgado et al.,
2014) and in fact, the first ever epigenome-wide study for
GTS was only recently published through TS-EUROTRAIN
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FIGURE 1 | Network of reported candidate genes associated with GTS. This image was produced (by JW) with Ingenuity pathway analysis software and shows

how the proteins encoded by the candidate genes reported to be associated with GTS are linked with each other. Please see legend for description of what each

symbol and color represents. ADRA1A, adrenoceptor alpha 1A; ADRA2A, adrenoceptor alpha 2A; ADRA2C, adrenoceptor alpha 2C; BTBD9, BTB (POZ) domain

containing 9; CaMKII, calcium/calmodulin-dependent protein kinase II; CCT8, chaperonin containing TCP1, subunit 8 (theta); CNTNAP2, contactin-associated

protein-like 2; COMT, catechol-O-methyltransferase; CTNNA3, catenin (cadherin-associated protein), alpha 3; CTTNBP2, contactin binding protein 2; CUL3, cullin 3;

DBH, dopamine beta-hydroxylase (dopamine beta-monooxygenase); DLGAP3, discs; large (Drosophila) homolog-associated protein 3; DRD1, dopamine receptor

D1, DRD2, dopamine receptor D2, DRD3, dopamine receptor D3, DRD4, dopamine receptor D4, ERK 1/2, extracellular signal-regulated kinases 1/2; HDC, histidine

decarboxylase, HNF4A, hepatocyte nuclear factor 4 alpha; HTR2A, 5-hydroxytryptamine (serotonin) receptor 2A; G protein-coupled; HTR2C, 5-hydroxytryptamine

(serotonin) receptor 2C; G protein-coupled; IL1RN, interleukin 1 receptor antagonist; KCNE1, potassium channel voltage gated subfamily E regulatory beta subunit 1;

KCNE2, potassium channel, voltage gated subfamily E regulatory beta subunit 2; LHX6, LIM homeobox 6; MAOA, monoamine oxidase A; MRPL21, mitochondrial

ribosomal protein L21; MRPL3, mitochondrial ribosomal protein L3; MYC, v-myc avian myelocytomatosis viral oncogene homolog; NLGN4X, neuroligin 4, X-linked;

NRXN1, neurexin 1; OFCC1, orofacial cleft 1 candidate 1; PPARA, peroxisome proliferator-activated receptor alpha; RCAN1, regulator of calcineurin 1; PSEN1/2,

presenilin 1/2; SLC1A3, solute carrier family 1 (glial high affinity glutamate transporter), member 3; SLC6A3, solute carrier family 6 (neurotransmitter transporter);

member 3; SLC6A4, solute carrier family 6 (neurotransmitter transporter), member 4, SLITRK1, SLIT, and NTRK-like family, member 1; TPH2, tryptophan hydroxylase

2; YWHAB, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, beta.

efforts (Zilhão et al., 2015). We address the whole spectrum
of GTS genetics from various angles; genetic, epigenetic,
gene expression, and their interaction with environmental
factors.

Project 1 Genome-Wide Search for Genes
Conferring Risk of GTS (Muhammad
Sulaman Nawaz and Hreinn Steffanson,
Decode Genetics)
This project makes use of the extensive Icelandic population
genotyping done by deCODE genetics. Approximately one third

of the population (100,000) has been genotyped into which
20,000,000 SNPs from the Icelandic sequencing project have
been imputed. Tasks include (i) a genome-wide search for
genetic variants conferring risk of GTS. This consists of a
search for common and rare variants in more than 500 chip
typed subjects diagnosed with GTS, (ii) a genome wide search
for CNVs associated with GTS, (iii) a test for association
of identified variants with phenotypic measures as well as
performance on neuropsychological tests, (iv) an investigation of
how implicated variantsmay lead to alteration of gene-expression
pathways through analysis of already generated expression
cohorts.
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Project 2 Investigation of the Role of CNVs
as Genetic Susceptibility Factors Involved
in the Pathogenesis of GTS and Co-morbid
Disorders (Rayan Houssari, Juan Ignacio
Rodriguez Arranz, Mehar Arumilli, and
Zeynep Tümer, Kennedy Center,
Copenhagen University Hospital,
Rigshospitalet)
The aim of this project is to untangle novel molecular
genetic mechanisms underlying GTS and related disorders, by
using bioinformatic network analysis of CNVs combined with
phenotype data of 261 GTS-patients residing in Denmark. All the
patients were assessed by experienced clinicians at the Tourette
Clinic, Copenhagen University Hospital for GTS, OCD, and
ADHD using validated diagnostic instruments (Mol Debes et al.,
2008). Furthermore, information about other family members
was collected through interviews revealing approximately 77%
of the families to be multiplex with at least two family
members affected by GTS or one of the common comorbidities.
A biobank consisting of cell-lines, DNA, RNA, and serum
has been established. All the patients have been screened
using the Affymetrix CytoScan HD chromosome microarray
platform with more than 2.6 million copy number markers and
the bioinformatic data analysis is under way. This study, in
collaboration with other members of the network, has already
enabled identification of the AADAC gene as a susceptibility
factor for GTS when deleted (Bertelsen et al., 2016).

Project 3 Gene-Environment Interactions
Defining the Onset and Clinical Course of
Tics and Obsessive-Compulsive
Symptoms (Shanmukha Sampath
Padmanabhuni and Peristera Paschou,
Democritus University of Thrace)
The aim of this project is to investigate the interaction
between genetic and environmental factors that may lead
to the onset of tics. Following a systems biology approach
information from multiple sources are integrated; including
genome-wide genotyping, gene expression patterns, epigenetics,
and longitudinal clinical observations. Through collaboration
with the FP7-HEALTH project EMTICS, a special focus is
placed on group A streptococcal infections and stress as a
possible trigger for tic onset. EMTICS also offers us access to
genome-wide genotype data of 1000 patients (followed up on a
monthly basis for 12 months) as well as gene expression data on
200 GTS patients that are followed up for tic exacerbation and
remission in an attempt to correlate with environmental factors.
Gene-expression and correlation with environmental triggers is
also investigated in a cohort of first degree relatives of patients
with GTS that develop tic symptomatology within a 3-year
follow-up period. Furthermore, the first ever epigenome-wide
association study for tics, analysing data from the NTR, has been
carried out [55]. This study comprised the largest epigenetic data
collection so far undertaken (411,469 autosomal methylation

sites, assessed in 1678 individuals). Although no site reached
genomewide significance, the top hits include several genes, and
regions previously associated with neurological disorders and
warrant further investigation (Zilhão et al., 2015).

Project 4 Epigenetic and Functional
Characterization of Proposed Genetic
Variants and Regions Implicated in the
Pathogenesis of GTS and Related
Phenotypes (Luca Pagliaroli and Csaba
Barta, Semmelweis University)
The aim of this project is to shed light on the main epigenetic
mechanisms, such as DNA methylation, histone modification
and miRNA, and their possible role in GTS. Tasks include
(i) the study of candidate miRNAs which are predicted to be
in the control of tissue-specific gene expression by in vivo
target validation of in silico proposed miRNA target genes, (ii)
screening of cell lines and GTS animal models treated with
dopaminergic and glutamatergic modulating compounds for
epigenetic regulatory markers, (iii) investigation of brain tissue
samples from treated and untreated animal models developed
within the TS-EUROTRAIN consortium to determine DNA
methylation profiles and histone modification changes, and (iv)
investigation of blood samples from patients with GTS for whole
genome DNA methylation profiling (Zilhão et al., 2015), as
mentioned in project 3.

Project 5 Integrated Genetic Networks
Underlying Comorbid GTS and OCD
(Joanna Widomska, Jan Buitelaar, Geert
Poelmans, and Jeffrey Glennon, Radboud
University Medical Center, Nijmegen)
The aim of this project is to determine the extent of “genetic
overlap” in terms of shared underlying gene pathways and
molecular signaling cascades between GTS and OCD and to
provide further insights into how aberrant processes underlie
these genetically related, clinically overlapping but still distinct
neurodevelopmental disorders. Combining literature search
approaches with diverse bioinformatics analytic tools (e.g.,
Ingenuity Pathway Analysis), top candidate genes emerging
from GWASs of GTS (Scharf et al., 2013), OCD (Stewart
et al., 2013; Mattheisen et al., 2015), and corroborating genetic
evidence including data from recurrent and “genome-wide”
CNV studies, candidate gene studies, miRNA expression data,
animal models, and gene expression studies are selected and
evaluated. The genes presenting overlap between GTS and OCD
are ranked and used to construct integrated genetic networks
that represent the “molecular landscape” of the overlapping traits
between GTS and OCD, as well as GTS itself. The molecular
landscape of OCD alone has recently been published (van de
Vondervoort et al., 2016). This approach will be instrumental to
discover unknown causative genes, pathways, and mechanisms
and identify common pleiotropic genetic risk variants as possible
therapeutic targets.

Frontiers in Neuroscience | www.frontiersin.org August 2016 | Volume 10 | Article 38461

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


Forde et al. TS-EUROTRAIN: A European-Wide GTS Network

Project 6 The Genetic Epidemiology of
GTS, tics and Related Phenotypes (Nuno
Rodrigues Zilhäo Nogueira, Dorret i.
Boomsma and Danielle Cath, Utrecht
University and Vu University Medical
Center)
This study uses data that has been gathered by the NTR
over the last 25 years, on twins, and family members
(n = 16,896 individuals with SNP, epigenetic and expression
data in subsamples), including a range of phenotypic data
from questionnaires and genetic data. Structure equation model
fitting procedures are used to model the phenotypic resemblance
between family members and the relative contribution of genetic
and environmental factors to variation and covariation among
traits. Also, genome-wide association methodologies are being
used to disentangle the genetic architecture underlying the
etiology of GTS traits by estimating SNP heritability and
polygenic risk scores for example.

Project 7 Developing Algorithmic
Prediction Models for GTS and Related
Disorders (John Alexander and Peristera
Paschou, Democritus University of Thrace)
With the continuous development of state of the art technologies
for generating large amounts of genomic data, there is a need
to develop new methodologies in order to identify promising
SNPs, and candidate genes for further experimental validation.
Using genetic data available for GTS and related disorders,
this project develops, and applies new methodologies to scan
high throughput genomic data (Genome Wide Association data,
next generation sequence data, and microarrays). For example,
using meta-analysis data comprised of 1285 GTS cases, and
4964 controls ancestry-matched to the GTS sample from the
first GWAS (Scharf et al., 2013), we perform pathway, protein-
protein interaction and gene-ontology analysis in order to
dissect themolecularmechanisms underlying GTS. Furthermore,
using novel bioinformatics tools for SNP based and gene based
functional analysis, we perform candidate gene prioritization,
gene set enrichment, and tissue enrichment analysis. We
also construct functional interaction networks using combined
information from the enriched functional and pathway results.
This project will aid in highlighting pathways involved in the
susceptibility of GTS and will bring out susceptibility factors that
interact in order to confer risk for GTS.

ANIMAL MODELS

Animal models of disease are an integral part of disease
investigation and drug testing. However, ill-suited or
inappropriate models are often used for these purposes. While
multiple useful animal models for tic disorders exist, not all of
these adequatelymimic the syndrome, and crucially there is a lack
of a juvenile model for GTS, despite it being a childhood onset
disorder. Two animal model projects within TS-EUROTRAIN
work to remedy these shortcomings, by developing a new juvenile

GTS model within which the cortico-striato-thalamo-cortical
(CSTC) circuitry and in particular the role of the glutamatergic
system are being investigated. Furthermore, the effect of
older and newer psychotropic compounds (e.g., riluzole and
aripiprazole) are tested and novel targets identified. Similarly
to the genetics and human neuroimaging projects a wide field
of investigation is taken to include common comorbidities.
Furthermore, samples from these projects undergo epigenetic
testing as mentioned in project 4.

Project 8 Finding Developmental Aspects
and Possible Drug Targets of GTS and
OCD: Metabotropic Glutamatergic
Mechanisms in a Neurodevelopmental Rat
Model of Repetitive Behaviors (Ester
Nespoli and Bastian Hengerer, Boehringer
Ingelheim pharma GmBH and Co. KG)
The unilaterally lesioned 6-hydroxidopamine (6-OHDA) adult
rat is a well-established model used in Levodopa-induced
Dyskinesia research. In this model a rapid degeneration of
nigrostriatal neurons is chemically induced by the intrastriatal
or intranigral administration of 6-OHDA, which selectively
targets monoaminergic neurons. Chronic application of L-
dopa to 6-OHDA lesioned rats leads to the development of
repetitive involuntary movements, mainly involving the forepaw,
neck, and mouth (Cenci et al., 1998). This appears as a
consequence of the striatal super sensitivity to dopamine,
caused by higher surface expression of dopamine receptors,
which is a putative pathological mechanism of GTS and is
induced in this model via previous dopamine deprivation
(Buse et al., 2013). Here this model is translated to juvenile
rats, inducing the lesion in postnatal days and monitoring
its neurodevelopmental consequences. This provides new
insights into the pathological mechanism of tics during
development and a new tool to test therapeutic options for this
disease.

Project 9 Investigation of the Effect of
Classical and New Psychotherapeutic
Approach in a Rat Model for GTS—a
Magnetic Resonance Spectroscopy (MRS)
Study (Francesca Rizzo and Andrea
Ludolph, University of ULM)
This study compares the in vivo efficacy of a classical and a new
therapeutic approach on tic management and their respective
neurochemical effect in a rat model of GTS (Bronfeld et al., 2013).
Aripiprazole is a second generation antipsychotic drug (classical
approach) that has been found to be effective on tic management
and to have a well-tolerated side effect profile (Kawohl et al.,
2009). It is known that dopamine metabolism is dysfunctional
in GTS, but neuroimaging research, and genetic studies also
implicate other neurotransmitters in tic generation: histamine,
serotonin, noradrenaline, endocannabinoids, glutamate, and
GABA (Buse et al., 2013; Udvardi et al., 2013). Since the
glutamate and dopamine systems are closely connected, a
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newly proposed approach for GTS treatment consists of the
glutamatergic modulator riluzole, which is known to exert
neuroprotection from glutamate excito-toxicity both in vitro and
in vivo (Risterucci et al., 2006). Magnetic resonance spectroscopy
(MRS) is used in an animal model to longitudinally analyse
glutamate metabolites in the brain over a critical period of
time in GTS; childhood through to early adulthood when tics
appear and reach their maximum severity. The discovery of
new pharmacological targets can provide new direction in drug
development for GTS.

NEUROIMAGING

Our three (human) neuroimaging projects are highly
complementary with similar techniques used across all sites
so as to allow for the cross-comparison of findings with limited
methodological confounding factors. Projects 11 and 12 even
pool data for certain comparisons. Each project utilizes MRS
to evaluate the role of the glutamatergic system; T1-weighted
structural magnetic resonance imaging (MRI) to examine
structural brain differences; functional MRI (fMRI; resting
state and task specific) data to interrogate the functional
coupling between cognitive, limbic, and sensory-motor CSTC
networks; and diffusion-weighted MRI (dMRI) data to inspect
the structural connectivity. Each project does, however, differ in
the populations under investigation and aims to address different
unknown areas regarding GTS neurobiology. Together these
works, along with the animal MRI study, may have implications
on future glutamatergic modulatory therapies for tic suppression
and could potentially extend the current pathophysiological
model of GTS and related circuits beyond CSTC circuitry
(Figure 2).

Project 10 Structural and Functional Neural
Correlates of Pediatric GTS and ADHD
(Natalie Forde, Jan Buitelaar, and Pieter
Hoekstra, University Medical Center
Groningen)
Few neuroimaging studies of GTS have investigated brain
structure and function in children with even fewer longitudinal
studies tracking the development of GTS (Ganos et al., 2013).
Furthermore, the similarities and differences between ADHD
and GTS have yet to be explicitly tested (Plessen et al., 2007). For
this study structural, functional (resting state and task-dependent
stop-signal and reward tasks) and dMRI data are acquired
alongside MRS for glutamate and glutamine concentrations,
neuropsychological, and phenotypic data from 180 children
between 8–12 years of age (60 GTS with or without ADHD, 60
ADHD only, and 60 healthy controls). Common and unique
neural correlates of GTS and ADHD are elucidated. Furthermore
genetic data is acquired and will be analyzed as part of the EU-
funded TACTICs project. Lastly a 3 year follow-up has been
granted where the same battery of tests, including MRI, will
be undertaken to allow the course of GTS and ADHD to be
investigated.

Project 11 Studying the Role of Glutamate
in CSTC Circuit Function and Structure in
Adult GTS and OCD (Siyan Fan, Dick
Veltman, Odile Van Den Heuvel, Petra
Pouwels, Ysbrand Van Der Werf, and
Danielle Cath, Department of Clinical and
Health Psychology, Utrecht University and
Vu University Medical Center)
The neural correlates of GTS and OCD have scarcely been
compared and contrasted despite the high rate of co-occurrence
(Freeman et al., 2000). This project is to investigate how
altered glutamatergic function (as measured with MRS) is
related to changes in structure (T1- and diffusion- weighted)
and function (resting state and task-dependent stop-signal
task) of the CSTC circuits in adult patients with GTS and
OCD in comparison to healthy individuals. A similar range of
neuroimaging, neuropsychological and phenotypic data to the
above is acquired from adults with GTS, OCD and healthy
controls (n = 20 per group). The participants with OCD
as well as the controls have been chosen from a previous
local OCD study while those with GTS are newly recruited.
Genetic data is collected to contribute to genetic analysis within
other projects of the network and to perform imaging-genetic
analyses.

Project 12 Elemental, Neurochemical, and
Network Based Analysis of the
Pathophysiological Mechanisms of GTS
(Ahmad Seif Kanaan, Harald Möller, and
Kirsten Müller-Vahl, Hannover Medical
School and Max Planck Institute For
Human Cognitive And Brain Sciences)
Neuroimaging and behavioral data are acquired from up
to 40 adult patients before and after treatment with the
pharmacological agent aripiprazole, an atypical antipsychotic
agent which is commonly used to treat GTS. At the elemental
level, we use Quantitative Susceptibility Mapping (QSM)
techniques to investigate whether patients exhibit an altered
distribution of iron concentrations within basal ganglia nuclei in
comparison to 40 healthy controls. At the neurochemical level,
we investigate the role of the glutamatergic systemwithin cortico-
striatal regions using MRS at baseline and following treatment.
At the network level, we use resting-state fMRI to investigate the
interaction between large scale networks and their relationship to
clinical status.

ANTICIPATED OUTCOMES OF
TS-EUROTRAIN

TS-EUROTRAIN is a showcase of the potential impact of
large-scale interdisciplinary and collaborative efforts aiming
to understand GTS. Our basic science research combined
with clinical neuroimaging studies will greatly increase
our knowledge of the biological underpinnings of GTS
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FIGURE 2 | Major neurotransmitter pathways related to GTS pathophysiology. Simplified schematic illustration of the major neurotransmitter systems reported

and hypothesized to be involved in GTS pathophysiology. Other neuromodulatory systems that have been implicated include the cholinergic, histaminergic, and

endocannabinoid systems. The figure was adapted based on information from Singer (2013) and Schumann et al. (2010). (5-HT, serotonergic; ACC, anterior cingulate

cortex; Amygd, amygdala; Caud, Caudate nucleus; DA, dopaminergic; DR, dorsal raphe nucleus; GABA, gamma-aminobutyric acid; Glu, glutamatergic; GP, globus

pallidus; MCC, mid cingulate cortex; NAcc, nucleus accumbens; OFC, orbitofrontal cortex; PCC, posterior cingulate cortex; PFC, prefrontal cortex; Put, putamen; RN,

raphe nucleus; SMA, supplementary motor area; SN, substantia nigra; Tha, thalamus; VM-PFC, ventromedial prefrontal cortex; VTA: ventral tegmental area).

and related disorders and allow a suitable biological model
for these disorders to be established. The benefits of our
research will include the potential identification of novel
treatment targets and the availability of a suitable animal
model on which to test newly developed pharmacotherapies
targeting these newly identified biological pathways. This will
ultimately lead to improved treatments and consequently
increased quality of life for those suffering from GTS and
their families. Despite being common, GTS is still considered
a rare, unusual disease by the public, and has been associated
with symptoms and signs causing social misunderstanding and
stigmatization (Roessner et al., 2011; Robertson, 2015a).
Undertaking a comprehensive scientific and outreach
programme TS-EUROTRAIN has the important aspiration
to help raise awareness about GTS, alleviate stigmatization,
and transform GTS into a model disorder for the development
of European policies for the promotion of childhood mental
health.
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Gilles de la Tourette Syndrome (TS) is a neurodevelopmental disorder marked by the

appearance of multiple involuntary motor and vocal tics. TS presents high comorbidity

rates with other disorders such as attention deficit hyperactivity disorder (ADHD) and

obsessive compulsive disorder (OCD). TS is highly heritable and has a complex polygenic

background. However, environmental factors also play a role in the manifestation of

symptoms. Different epigenetic mechanisms may represent the link between these two

causalities. Epigenetic regulation has been shown to have an impact in the development

of many neuropsychiatric disorders, however very little is known about its effects on

Tourette Syndrome. This review provides a summary of the recent findings in genetic

background of TS, followed by an overview on different epigenetic mechanisms, such

as DNA methylation, histone modifications, and non-coding RNAs in the regulation of

gene expression. Epigenetic studies in other neurological and psychiatric disorders are

discussed along with the TS-related epigenetic findings available in the literature to date.

Moreover, we are proposing that some general epigenetic mechanisms seen in other

neuropsychiatric disorders may also play a role in the pathogenesis of TS.

Keywords: Tourette Syndrome, genetics, epigenetics, DNA methylation, non-coding RNA, neurological disorders,

psychiatric disorders

INTRODUCTION

Gilles de la Tourette Syndrome (TS) is a neurodevelopmental disorder characterized by one vocal
and multiple motor tics, lasting longer than a year (Robertson, 2000). The prevalence of TS is
estimated to be ∼1% and it occurs more in males than females, with a ratio of 4 to 1, without
differences between social classes. Furthermore, in almost 90% of cases, TS arises along with
comorbid neuropsychiatric disorders: in 45–60%with obsessive-compulsive disorder (OCD), while
in 60% of cases with attention deficit hyperactivity disorder (ADHD). Anxiety, behavioral disorders,
autism spectrum disorders, and learning disabilities are also quite common among individuals with
TS (Baron-Cohen et al., 1999; Coffey et al., 2000; Kurlan et al., 2002; Burd et al., 2005; Robertson
and Orth, 2006; Cavanna and Termine, 2012; Robertson, 2012).

Tics are defined as sudden movements or vocalizations that are recurrent, rapid, arrhythmic,
and stereotyped. They decline in situations of distraction and relaxation, while they increase under
stress and anxiety. It is generally preceded by premonitory urges or a sense of inner tension that is
reduced or relieved by the performance of the tic (Kwak et al., 2003). Motor tics can be classified
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as (i) simple, involving single muscle or small group of muscles
such as the case of blinking, eye rolling, nose twitching; or
(ii) complex, requiring a coordinated pattern of movement or
sound like touching, squatting, jumping. In the case of vocal
tics, sniffing, throat clearing, snorting, gulping, and coughing are
classified as simple; while barking, making of animal noises, and
uttering strings of words are classified as complex (Robertson,
2012). The most common manifestation is the eye blinking,
which is often the first to appear as well. The typical age of
onset ranges from 2 to 21 years with a mean at 7 years. Tourette
Syndrome is characterized by a waxing and waning course, peak
symptom intensity is usually noted in late childhood. The decline
of symptoms is usually in late adolescence or early adulthood
(Fusco et al., 2006; Stillman et al., 2009).

THE GENETIC BACKGROUND OF
TOURETTE SYNDROME

Like many other neuropsychiatric disorders, TS also has a
complex etiology. Several environmental risk factors have been
identified, such as perinatal hypoxia, maternal smoking during
pregnancy, exposure to androgens, heat, and fatigue (Swain
et al., 2007). These environmental factors may interact with
many underlying genetic risk factors. To assess the overall
genetic contribution in developing a disorder or trait, heritability
estimates can be determined, which usually vary between
different studies. Based on a recent meta-analysis of all human
twin studies to date, the heritability of tics/tic disorders is 0.45
(Polderman et al., 2015). The two most recent studies on the
heritability of TS and tic disorders estimated them to be 0.58 and
0.77, respectively (Davis et al., 2013; Mataix-Cols et al., 2015).
The risk for first-degree relatives was significantly higher than for
second-degree relatives (odds ratios 18.7 and 4.6, respectively).
Despite this relatively large overall genetic contribution, most
individual gene variants have only very small effects. Hence,
most of the earlier studies attempting to unravel the genetic
architecture of TS have been hampered by low statistical power
due to small sample sizes and clinical heterogeneity. Linkage
and candidate gene association studies have identified a number
of chromosomal regions and gene polymorphisms possibly
implicated in Tourette Syndrome. The candidates for these small
scale studies have traditionally been variations in genes involved
in the dopaminergic and serotonergic neurotransmitter systems,
generally due to their suspected contribution to the etiology
of other psychiatric disorders often comorbid with TS, such as
ADHD, OCD, autism, etc.

The studied genetic variations are classified in different
categories based on the extent of DNA alteration, including
single nucleotide polymorphisms (SNPs), as well as shorter
or longer repeat variants, such as variable number of tandem
repeats (VNTRs) and copy number variations (CNVs). SNPs
are the most common form of genetic variation in humans.
A SNP represents the change of a single base-pair (bp) in
the individual’s DNA sequence. The frequency of a particular
SNP can vary from private mutations (i.e., only one individual
possesses the variation due to a de novo mutation) to very

common polymorphisms found in almost half of the population.
Millions of SNPs exist in an individual’s genome, however, most
of them are presumed to be neutral, but some may alter gene
expression or cause structural changes in the encoded proteins
(and other transcripts). Due to this, many SNPs are known to
be associated with various human traits and diseases. VNTRs
are polymorphisms in the genome where a short sequence of
nucleotides (usually up to 100 bp) is organized in multiple
copies, which are clustered together and oriented in the same
direction. The copy number can vary between individuals and
this may influence gene expression or protein structure. CNVs
representmuch larger genetic rearrangements (usually thousands
to millions of base-pairs in length) and therefore change the
copy number of genes within the region due to the deletion or
duplication of a chromosomal segment. Gene variants implicated
in TS are summarized in Tables 1, 2.

Most genetic findings implicated in the pathogenesis of
Tourette Syndrome to date are inconsistent and studies yielding
positive results lack replication in other independent cohorts.
On the other hand, some nominally significant candidate gene
associationsmight suffer from lack of proper statistical correction
for multiple testing (e.g., Bonferroni correction). However, there
are some examples for positive replications as well, these are
summarized in Table 1. During the recent years meta-analyses
confirmed the role of SLITRK1, NTN4, DRD2, DRD4 and
AADAC gene polymorphisms in TS (Liu et al., 2014; Paschou
et al., 2014; Yuan et al., 2015; Bertelsen et al., 2016). Here, we will
review most of the genes that have been consistently replicated
in TS. Single positive findings are summarized in Table 2 and are
not discussed in detail.

SLITRK1 is a member of the SLIT and TRK family, a type-I
transmembrane protein with an extracellular leucine-rich repeat
domain homologous to SLIT (Aruga and Mikoshiba, 2003). It is
involved in the control of neurite outgrowth and it is expressed
during both embryonic and postnatal development of the cortex,
thalamus and the basal ganglia, the neuroanatomical structures
believed to be affected in TS (Proenca et al., 2011). The gene
coding for SLITRK1 is one of the most studied in relation with
Tourette Syndrome. In 2005, a de novo inversion at chromosome
13q33.1 and two additional rare variants were identified in TS
patients in the region including a single nucleotide deletion
causing a frameshift and a truncated protein and a mutation
in the 3′ untranslated region (3′UTR) at the putative binding
site for microRNA hsa-miR-189 (Abelson et al., 2005). Since the
original discovery several studies in various populations have
attempted to replicate the association with controversial results.
In a family study of Canadians, a common variation rs9593835
and two haplotypes were found to be associated with the disorder
(Miranda et al., 2009). These results were also confirmed in a
large sample of European trios with TS (Karagiannidis et al.,
2012). A recent study on SLITRK1 found a significant difference
in the distribution of haplotypes consisting of SNPs rs9546538,
rs9531520, and rs9593835 between Japanese patients and controls
(Inai et al., 2015).

Only one genome-wide association study (GWAS) has been
published to date in TS by a large international consortium
including a sample of 1285 cases and 4964 ancestry-matched
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TABLE 1 | Multiple (positive) findings.

Gene Full gene name PUBMED ID Type of analysis Variation Sample size Ethnicity References

AADAC Arylacetamide deacetylase 13 CNV, meta-analysis Deletion 243 TS patients, 1571 controls European Bertelsen et al., 2016

BTBD9 BTB domain containing 9 114781 SNP rs9296249 110 TS patients, 440 controls Han Chinese Guo et al., 2012

SNP rs4714156, rs9296249,

rs9357271

322 TS patients, 290 controls French Canadian Rivière et al., 2009

DRD2/ANKK1 Dopamine receptor D2/ankyrin

repeat and kinase domain

containing 1

1813/255239 SNP Taq I A/ rs1800497 523 TS patients, 564 controls European, Asian Yuan et al., 2015

SNP rs6279, rs1079597, rs4648318 69 TS trios Antioquian Herzberg et al., 2010

SNP Taq I A/rs1800497 151 TS patients, 183 controls Taiwanese Lee et al., 2005

SNP Taq I A/rs1800497 274 TS patients, 714 controls European Comings et al., 1996b

SNP Taq I A/rs1800497 147 TS patients, 314 controls European Comings et al., 1991

DRD4 Dopamine receptor D4 1815 VNTR 48 bp exon 3 VNTR 291 TS patients (218 trios), 405 controls Han Chinese Liu et al., 2014

VNTR 48 bp exon 3 VNTR 110 TS trios French Canadian Díaz-Anzaldúa et al., 2004

VNTR 48 bp exon 3 VNTR 64 TS family trios European Grice et al., 1996

HDC Histidine decarboxylase 3067 SNP rs854150, rs1894236 520 TS families European Karagiannidis et al., 2013

SNP rare coding mutation (W317X) 720 TS patients, 360 controls NA Ercan-Sencicek et al., 2010

IMMP2L IMP2 inner mitochondrial

membrane peptidase-like

(S. cerevisiae)

83943 CNV Chromosomal deletion 188 TS patients, 316 controls European (Danish) Bertelsen et al., 2014

CNV Chromosomal translocation 1TS patient European (British) Patel et al., 2011

SNP rs112636940 258 TS trios French Canadian Díaz-Anzaldúa et al., 2004

CNV Chromosomal duplication 1 TS patient Kroisel et al., 2001

CNV Chromosomal duplication 1 TS patient NA Petek et al., 2001

CNV Chromosomal translocation 1 TS patient NA Boghosian-Sell et al., 1996

MAOA Monoamine oxidase A 4128 VNTR Promoter 110 TS trios French Canadian Díaz-Anzaldúa et al., 2004

VNTR Exon 375 TS patients, 280 controls European Gade et al., 1998

NRXN1 Neurexin 1 9378 CNV Chromosomal deletion 210 TS patients Latin American Nag et al., 2013

CNV Chromosomal deletion 111 TS patients, 73 controls Sundaram et al., 2010

SLC6A3 (DAT1) Solute carrier family 6

(neurotransmitter transporter),

member 3

6531 VNTR 40 bp VNTR 103 TS trios European

(Hungarian)

Tarnok et al., 2007

SNP rs6347 266 TS patients, 236 controls European Yoon et al., 2007

VNTR 40 bp VNTR 110 TS trios French Canadian Díaz-Anzaldúa et al., 2004

SLITRK1 SLIT and NTRK like family

member 1

114798 SNP rs9546538, rs9531520,

rs9593835

NA Japanese Inai et al., 2015

SNP rs9593835, r9546538 375 TS families European Karagiannidis et al., 2012

SNP, CNV var321, chromosomal inversion, 174 TS patients, 2148 controls European O’Roak et al., 2010

SNP rs9593835 154 TS families Canadian Miranda et al., 2009

SNP var321 174 TS patients European

(Caucasian)

Abelson et al., 2005
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TABLE 2 | Single (positive) findings.

Gene Full gene name PUBMED ID Type of

analysis

Variation Sample size Ethnicity Reference

ADORA1 Adenosine A1 receptor 134 SNP rs2228079 162 TS patients, 210 controls European (Polish) Janik et al., 2015

ADORA2A Adenosine A2a receptor 135 SNP rs5751876 162 TS patients, 210 controls European (Polish) Janik et al., 2015

BDNF Brain-derived neurotrophic factor 627 SNP rs6265 331 TS patients, 519 controls Han Chinese Liu et al., 2015a

CHRNA7 Cholinergic receptor, nicotinic, alpha 7

(neuronal)

1139 CNV Chromosomal duplication 1 TS family European (Danish) Melchior et al., 2013

CNTNAP2 Contactin associated protein-like 2 26047 CNV Chromosomal

insertion/translocation

1 TS family NA Verkerk et al., 2003

COL8A1 Collagen, type VIII, alpha 1 1295 CNV Chromosomal duplication 210 TS patients Latin American Nag et al., 2013

COMT Catechol-O-methyltransferase 1312 CNV Chromosomal duplication 1 TS patient NA Clarke et al., 2009

DLGAP3 Discs large homolog associated protein 3 28512 SNP rs11264126 289 TS trios NA Crane et al., 2011

DPP6 Dipeptidyl-peptidase 6 1804 CNV Chromosomal deletion 1 TS family European (Italian) Prontera et al., 2014

DRD3 Dopamine receptor D3 1814 SNP Msc I polymorphism 139 TS patient, 91 controls European Comings et al., 1993

GDNF Glial cell derived neurotrophic factor 2668 SNP rs3096140 201 TS patients, 253 controls American Huertas-Fernández et al., 2015

GRIN2B Glutamate receptor, ionotropic, N-methyl

D-aspartate 2B

14812 SNP rs1805476, rs1805502 261 TS nuclear families Han Chinese Che et al., 2015

GSTP1 Glutathione S-transferase pi 1 2950 SNP rs6591256 121 TS patients, 105 controls Taiwanese Shen et al., 2014

HTR2C 5-hydroxytryptamine receptor 2C 3358 SNP rs3813929, rs518147 87 TS patients, 311 controls European Dehning et al., 2010

IL1RN Interleukin 1 receptor antagonist 3557 SNP IL1B/IL1RN 159 TS patients, 175 controls Taiwanese Chou et al., 2010

LHX6 LIM homeobox 6 26468 SNP rs3808901 222 TS trios European Paschou et al., 2012

NLGN4 Neuroligin 4, X-linked 57502 CNV Chromosomal deletion 1 TS family Irish-English Lawson-Yuen et al., 2008

NTN4 Netrin 4 59277 SNP,

meta-analysis

rs2060546 1008 TS patients, 1220 controls European/French

Canadian

Paschou et al., 2014

OLFM1 Olfactomedin 1 10439 CNV Chromosomal translocation 176 TS patients European (Danish) Bertelsen et al., 2015

PARP1 Poly (ADP-ribose) polymerase 1 142 SNP rs1805404 123 TS patients, 105 controls Taiwanese Wu et al., 2013a

RUNX1T1

(CBFA2T1)

Runt related transcription factor 1;

translocated to, 1 (cyclin D related)

862 CNV Chromosomal translocation 1 TS family NA Matsumoto et al., 2000

SLC6A4 (SERT) Solute carrier family 6 member 4 6532 SNP rs25531, rs25532 151 TS patients, 858 controls European Moya et al., 2013

TBCD Tubulin folding cofactor D 6904 SNP rs662669, rs3744161 4 TS families 105/357, 96 TS families European Paschou et al., 2004

TDO2 Tryptophan 2,3-dioxygenase 6999 SNP Intron 6, G/T variant NA NA Comings et al., 1996a

TDP1 Tyrosyl-DNA phosphodiesterase 1 55775 SNP rs28365054 122 TS patients, 105 controls Taiwanese Wu et al., 2013b

TNF Tumor necrosis factor 7124 SNP rs1800629 117 TS patients, 405 controls European Keszler et al., 2014

TPH2 Tryptophan hydroxylase 2 121278 SNP rs4565946 98 TS patients, 178 controls European (German) Mössner et al., 2007

XRCC1 X-ray repair complementing defective repair

in Chinese hamster cells 1

7515 SNP rs25487 73 TS patients, 158 controls Han Chinese Lin et al., 2012
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controls (Scharf et al., 2013). After correction formultiple testing,
none of the half a million studied SNPs reached genome wide
significance (p < 5∗10−8), however top hits were enriched for
gene variants expressed in the brain and some of them coincide
with previous candidate genes. The top hit was rs7868992 (p
= 1.85∗10−6), which is located in an intronic region of the
COL27A1 gene (collagen, type XXVII, alpha 1). COL27A1 is a
fibrillar collagen primarily expressed in cartilage, but it is also
expressed in the cerebellum during several stages of human
development (Pace et al., 2003), however, its function in the
developing nervous system is unknown (Fox, 2008). Another
study in 260 Chinese trios assessed the preferential transmission
of the rs7868992 and two other COL27A1 gene variants
(rs4979357 and rs7868992) by transmission disequilibrium test
(TDT) and found the latter two variants nominally significant,
however these results did not survive correction for multiple
testing (Liu et al., 2015b).

A replication study with the top 42 SNPs of the original GWAS
was performed with a sample of over 600 cases and 600 controls
and the meta-analysis yielded a top signal at rs2060546 with p =
5.8∗10−7 in proximity of the NTN4 gene on chromosome 12q22,
which codes for netrin 4, an axon guidance protein expressed in
the developing striatum. Many of the previous findings (26 out
of 42) showed a similar trend underlining the reliability of the
GWAS hits as true risk factors for TS (Paschou et al., 2014).

Dopamine receptors, especially DRD2 and DRD4 are two
of the most widely studied candidate genes in the field of
psychiatric genetics. The dopamine D2 receptor (DRD2) located
on chromosome 11p23.2 was characterized previously with
TaqIA, TaqIB and TaqID SNPs based on restriction digestion of
these polymorphic sites with the TaqI restriction endonuclease
enzyme (Vereczkei et al., 2013). Later it turned out that the
TaqIA cleavage site is located ∼10 kilobases downstream from
the DRD2 gene, in exon 8 of the ANKK1 (ankyrin repeat and
kinase domain containing 1) gene (Neville et al., 2004), which
is a member of the serine/threonine kinase family. The TaqIA
polymorphism (rs1800497) causes an amino acid change in
ANKK1 (Glu713Lys), which seems to have a significant effect
on the specificity of substrate binding. The protein product of
the ANKK1 gene was considered as a negative regulator of the
transcription factor NF-kB (Nuclear Factor-Kappa B) (Meylan
and Tschopp, 2005). Moreover, the expression levels of NF-kB-
regulated genes were shown to be altered by the TaqIA variant
in an in vitro luciferase system (Huang et al., 2009). Since DRD2
is regulated by NF-kB (Fiorentini et al., 2002; Bontempi et al.,
2007) it could be assumed that this ANKK1 variant can indirectly
affect DRD2 receptor density. It is also possible, however, that the
TaqIA SNP is only a marker of other functional DRD2 variants
associated with a number of psychiatric disorders, such as the
strongly linked TaqIB (Ponce et al., 2009).

A recent meta-analysis on the association of the TaqIA SNP
rs1800497 and TS based on a number of previous case-control
studies (Table 1) comprising a sample of over 500 cases and 500
controls, as well as TS trios concluded that this variant is indeed a
risk factor for the development of the disorder (Yuan et al., 2015).

Another widely studied polymorphic dopamine receptor is
thedopamine D4 receptor gene (DRD4) The DRD4 gene located

on chromosome 11p15.5 is highly polymorphic, containing over
200 SNPs and several VNTRs. A 48 bp long VNTR ranging
from 2 to 11 repeats in exon 3 of the gene changes the length
of the third intracellular loop of the receptor (Vereczkei et al.,
2013) with a possible effect on downstream signaling efficiency
by inhibiting the adenylyl cyclase enzyme (Van Tol et al., 1992).
The DRD4 7 repeat allele seems to show decreased sensitivity to
dopamine compared to the 4 repeat allele (Asghari et al., 2002)
and according to more recent neurobiological findings it does
not form heteromers with D2 receptors in the striatum (Borroto-
Escuela et al., 2011). The D4 receptor is mainly expressed in
cortical and limbic regions in the CNS and carriers of the 7
repeat allele were shown to have higher susceptibility to various
addictive behaviors, ADHD, as well as several other psychiatric
traits.

A number of candidate gene studies have addressed the issue
of possible relevance of the exon 3 VNTR in DRD4 in TS,
and a couple of small family studies have found a positive
association (Table 1). A combined family and case-control study
in a Han Chinese TS population revealed significant transmission
disequilibrium for the 2 repeat and the 7 repeat alleles. The results
suggest that the 2 repeat allele might play a protective role, while
the common 4 repeat may predispose to TS (Liu et al., 2014).

Arylacetamide deacetylase (AADAC) is an enzyme involved
in neutral lipid lipolysis, detoxification, and drug metabolism
and is mainly expressed in the liver (Quiroga and Lehner, 2011).
However, its expression in different brain regions has also been
confirmed with a so far unknown physiological relevance. A
recent CNV-analysis in a smaller Danish TS cohort followed by
a meta-analysis of a large European sample of over 1000 TS
patients and 100,000 controls confirmed the role of AADAC
deletions in TS pathogenesis (Bertelsen et al., 2016).

The IMMP2L gene located on chromosome 7q31 encodes
a protein involved in processing the signal peptide sequences
used to target mitochondrial proteins into the mitochondrium.
Its association with TS was first discovered in a family with
a balanced 7;18 translocation (Boghosian-Sell et al., 1996). A
recent CNV study in a Danish cohort of 188 TS patients
reported a 5′-end intragenic deletion of IMMP2L in seven of
these patients (Bertelsen et al., 2014). Interestingly, in 4 of the
7 cases, the deletion was within intron 3. The frequency of
this IMMP2L deletion was significantly higher than that of the
control population. Notably, IMMP2L has been implicated in
other neuropsychiatric disorders, such as autism and ADHD
(International Molecular Genetic Study of Autism Consortium,
1998; Elia et al., 2010).

Histidine Decarboxylase (HDC), located on chromosome
15q21.2, encodes a member of the group II decarboxylase
family that converts the amino acid L-histidine into histamine,
a biogenic amine that can act as a local mediator released
from mast cells during an immune reaction, as well as a
monoaminergic neurotransmitter in the CNS. A premature
termination codon (W317X) in the HDC gene was discovered in
a large multigenerational family, where the father and all eight
of his children were affected with TS had the non-sense variant
(Ercan-Sencicek et al., 2010). On the other hand, a study of 100
Han Chinese TS patients failed to confirm the association of this
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non-sense mutation in HDC with the disorder (Lei et al., 2012).
However, a subsequent large family study of 520 European trios
with Tourette Syndrome transmission disequilibrium test (TDT)
found SNPs rs854150 and rs1894236 to be over-transmitted in
patients, confirming the role of HDC in the development of TS
(Karagiannidis et al., 2013). Interestingly, HDC knockout mice
have also been proposed as a genetic animal model of TS. The KO
animals exhibited potentiated tic-like stereotypies, recapitulating
a core phenomenology of the disorder (Castellan Baldan et al.,
2014; Xu et al., 2015).

The NRXN1 gene located on chromosome 2p16.3 codes for
an important mediator of cell-cell interactions in the central
nervous system and it has been implicated in neuropsychiatric
disorders, such as autism and schizophrenia (Vrijenhoek et al.,
2008; Glessner et al., 2009). A rearrangement of ∼400 Kb within
exons 1-3 of NRXN1 was recently found in TS patients (Nag
et al., 2013). Notably, this result is also consistent with a previous
analysis reporting the presence of a CNV comprising NRXN1 in
a Danish TS cohort (Sundaram et al., 2010).

For a more detailed review on the genetic background of
TS and the description of candidate genes where no positive
replications were published in the last few years, such as BTBD9,
SLC6A3 (DAT1) and MAO-A, see recent review papers by
(Paschou, 2013; Pauls et al., 2014).

FROM GENETICS TO EPIGENETICS

As described in the previous section, etiology of Tourette
Syndrome has a considerable genetic component. However,
it is evident that environment also plays an important role
in TS, since discordance between monozygotic twins is not
rare, while both prenatal (smoke, alcohol abuse, low birth
weight, etc), and perinatal (complicated birth) risk factors were
reported. Furthermore, it has also been hypothesized that TS
might arise as a consequence of autoimmune mechanisms
following Group A β-hemolytic streptococcal infection (GABHS)
(Swedo et al., 1998; Snider and Swedo, 2003), a condition
labeled as pediatric autoimmune neuropsychiatric disorder
associated with streptococcal infection (PANDAS). Finally, the
course of the disease is also influenced by environmental
factors.

As seen earlier, based on family and twin studies the
heritability of TS lies approximately between 50 and 80%, which
is a figure often seen in case of other psychiatric disorders.
However, gene polymorphisms reported by association studies of
these disorders rarely account for more than just a fraction of the
overall estimated genetic variance. This phenomenon of “missing
heritability” may, in part, be explained by various epigenetic
mechanisms arising from the dynamic interaction between the
environment and an individual’s genome.

Cells are reacting to acute and chronic environmental
changes by altering their gene expression state, which can be
considered as their adaptive reaction. The first step in this
adaptive reaction is the modification of the chromatin structure.
Chromatin is the macromolecular complex containing DNA
and nuclear proteins/histones. The nucleosome is the building

unit of chromatin. It consists of two of each of the four core
histones (H3, H4, H2A, and H2B) forming an octamer wrapped
around twice by DNA (Figure 1). The positively charged N-
terminal histone tails are prone to undergo several modifications
(acetylation, methylation, phosphorylation, etc.). Similarly, DNA
can be methylated. These covalent modifications influence the
chromatin structure and lead to changes of the transcriptional
state of genes. Even though these changes are dynamic, they can
be maintained through cell divisions and from one generation
to the next. This mechanism, which does not involve the
DNA sequence, but allows the transmission of acquired traits
through mitosis and sometimes through a few generations, is
called epigenetic inheritance. Another main but chromatin-
independent epigenetic mechanism is via non-coding RNAs,
which also play a crucial role in gene expression regulation often
together with chromatin-related mechanisms.

EPIGENETIC MODIFICATIONS

DNA Methylation
The most common epigenetic modification of DNA is the
covalent attachment of a methyl group to the C5 position of
cytosines. In mammals methylation occurs almost exclusively
in CpG dinucleotides (Ziller et al., 2011). Most of the CpG
dinucleotides of the genome are present in regions with low GC
abundance (Bird, 1993). These CG dinucleotides are generally
methylated in all cell types. Methylation leads to high mutation
rate, since the frequent oxidative deamination of 5-methyl-
cytosine (5 mC) results in thymine (Antonarakis et al., 2000;
Baba et al., 2011). This mutation is inefficiently repaired and
thus its transmission rate is high. Therefore, low CpG frequency
(10% of the expected) characterizes the non-coding part of
the genome and CpG cytosines progressively disappear from
these genomic regions. However, short CpG-rich sequences
(CpG islands – CGI) are frequently found in gene regulatory
regions (Bird et al., 1985; Deaton and Bird, 2011). CGIs often
show tissue-specific methylation pattern and are frequently
unmethylated (only) in germ cells (Smallwood et al., 2011; Zeng
et al., 2014). Thus, the important gene regulatory sequences are
preserved from a high mutation rate maintaining their biological
function.

DNA methylation is tightly linked to gene expression.
The more a regulatory region is methylated the less the
gene is expressed. Several gene expression regulating DNA
binding proteins (e.g., transcription factors) are sensitive to the
methylation of their target sequence. Some of them cannot
bind if the sequence is methylated (e.g., CTCF, E2F family,
Myc, CREB; Hark et al., 2000; Blattler and Farnham, 2013),
while others require methylated DNA for binding (e.g., MeCP2
methyl-CpG-binding protein 2 or Kaiso, a zinc finger protein;
Lewis et al., 1992; Prokhortchouk et al., 2001; Arányi et al.,
2005; Smith and Meissner, 2013). By the stabilization of
different chromatin states, DNA methylation contributes to cell
differentiation, cellular memory, X chromosome inactivation,
and other nuclear processes. Although initially it was considered
to be a static epigenetic mark, DNA methylation dynamically
changes (Kangaspeska et al., 2008; Métivier et al., 2008; Yamagata
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FIGURE 1 | Overview of common covalent epigenetic modifications. A schematic nucleosome and examples of potential epigenetic modifications are shown.

The histone octamer is represented in a cylindrical form with one pair of histones H3/H4 indicated. The protruding H3 histone tail and DNA are indicated in orange and

purple, respectively. Oppositely, histone and DNA modifications are shown in purple and orange. The functional roles of histone modifications are indicated in colored

boxes. The enzyme families catalyzing the modifications are listed in boxes below. The enzymatic links between the different cytosine modifications are shown in the

upper right corner of the figure.

et al., 2012b) and different enzymes ensure the equilibrium
state.

DNA methylation is catalyzed by DNA methyl-transferase
(DNMT) enzymes, which either establish or maintain the
methylation pattern. DNMT1 is a maintenance methyl-
transferase and it preferentially methylates DNAmethylated only
on one strand in order to preserve and reestablish the pattern
of methylation after DNA replication (Pradhan et al., 1999;
Mohan and Chaillet, 2013). By doing so, during DNA replication
DNMT1 is enriched at the replication fork and reproduces
the methylation pattern based on the original template strand
(Schermelleh et al., 2007). DNMT3A and DNMT3B are de
novo methyl-transferases capable of establishing new patterns
of methylation. DNA demethylation is mainly performed by
members of the ten-eleven-transferase (TET) enzyme family
through the hydroxylation of the methyl group. This leads to the
formation of 5-hydroxymethyl-cytosine (5 hmC), which is lost
after further oxidation by the same enzyme (Hashimoto et al.,

2015). While 5 mC nucleotides represent a few percent (typically
between 3 and 7%) of all genomic cytosines in cells and cell lines,
5 hmC is much less abundant constituting only 0.01–1% of all
cytosines (Globisch et al., 2010). Interestingly, 5 hmC is rather
frequent in primary cells and particularly in the brain (Globisch
et al., 2010). Different data also indicate that 5 hmC does not
have a general transcriptional repression effect as 5mC does (Wu
et al., 2011; Kang et al., 2015; Li et al., 2016).

During development, genome-wide methylation changes
occur before the differentiating cells acquire the adult-type
methylation profiles. Similarly, induction of pluripotent stem
cells or differentiation of stem cells in their physiological niches
is accompanied by general DNA methylation changes. It is
a dynamic and lifelong feature of DNA methylation. Local
methylation changes happen in response to environmental
factors, such as hormonal and metabolic effects or even early
childhood stress (see later). The affected genes are silenced
for long periods potentially through several generations. Toxic
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molecules, infections and hereditary or acquired diseases can
have similar effects (Yamagata et al., 2012a). However, these
alterations can undergo rapid reversion under appropriate
environmental conditions. Due to the different environmental
factors acting on each individual separately, DNA methylation
changes throughout aging generate increasing methylation
pattern differences between monozygotic twins, which leads to
progressively appearing phenotypical variability (Fraga et al.,
2005).

Histone Modifications
Histones are small, globular proteins, which are highly conserved
in all eukaryotes. As mentioned earlier, the core histones building
up the nucleosomes have N-terminal protruding tails, which
are particularly prone to undergo posttranslational modifications
(Allfrey et al., 1964). These epigenetic modifications include
acetylation, methylation and phosphorylation. They play an
important role in different nuclear processes, such as replication,
DNA repair, transcription, and chromatin structure stabilization
(Kouzarides, 2007; Bannister and Kouzarides, 2011). Although
it was reported several decades ago that histones might undergo
covalent modifications, their intensive investigation started only
in the late 1990s.

The initial studies identified the lysine residues as targets
of acetylation and revealed that they are essentially located on
the H3 and H4 histone N-terminal tails. These modifications
have rapid turnover (Zee et al., 2010). The reactions are
catalysed by a high number of histone acetyl-transferases (HAT)
and histone deacetylases (HDAC and Sirt) (Kuo and Allis,
1998; Legube and Trouche, 2003). Some complexes with HAT
activity (e.g., p300 and CBP–CREB-binding protein) recruit also
transcription factors and RNA PolII (Sakamoto et al., 2004).
Thus, not surprisingly, lysine acetylation marks transcriptionally
active euchromatic gene regulatory regions. For example, H3K27
(lysine 27 of histone H3) acetylation identifies active regulatory
elements and separates active and inactive enhancers (ENCODE
Project Consortium, 2012). H4 acetylation also indicates active
chromatin territories; the acetylation of the two histones often
occurs simultaneously. Acetylation profiles are inherited during
DNA replication. Themolecularmechanisms are still unclear and
there might be several. According to one of them, histones with
their epigenetic modifications are randomly distributed between
the two newDNAmolecules while the new chromatin is forming.
Than newly synthesized histones are deposited and they rapidly
acquire similar modifications to the old ones (Budhavarapu et al.,
2013).

After understanding the role of histone acetylation, studies
on histone methylation begun. Histone methylation has a much
more complex pattern than acetylation since both arginines
and lysines can be modified. Furthermore, arginines can be
mono- or di-methylated, while lysines can be mono-, di-, or tri-
methylated (Bannister and Kouzarides, 2011; Jahan and Davie,
2015; Greenblatt et al., 2016). Dozens of enzymes catalyse these
post-translational modifications and their removal. The different
enzymes are very selective and are capable to catalyse only one
or two specific reactions (such as mono- and di-methylation
of a specific lysine but not tri-methylation). Different histone

methylations are specifically associated with various gene or
chromatin regions. For example, H3K4me3 (trimethylation of
lysine 4 of histone H3) marks transcription start sites (TSS) and it
is characteristic of active promoters in the euchromatin (Santos-
Rosa and Caldas, 2005). In addition, H3K36me3 is associated
with actively transcribed gene bodies (Edmunds et al., 2008),
while H3K27me3 typically occurs in transcriptionally repressed,
heterochromatic regions (Bracken et al., 2006).

Networks of Epigenetic Modifications
In the different chromatin regions, complex patterns of histone
and DNA modifications co-occur, which led to the formulation
of the “histone code” hypothesis (Jenuwein and Allis, 2001).
According to this hypothesis distinct patterns of chromatin
modifications at any given genomic region would have the same
meaning. These patterns are read by specific proteins, which then
execute their local roles accordingly. However, it turned out that
the histone code is most probably highly redundant.

Still, the epigenetic modifications are recognized by chromatin
binding proteins. These proteins then often antagonize or
promote the removal or catalysis of other covalent marks
leading to the formation of complex patterns (Bannister and
Kouzarides, 2011). Other proteins sensitive to the epigenetic
pattern play important role in nuclear processes (e.g., γH2AX,
a phosphorylated histone, participating in DNA repair). The
proteins sensing and modifying the epigenetic marks are called
readers, writers or erasers. Certainly, these proteins bind the
chromatin with different affinity and therefore, they reside
there for a shorter or longer time period depending on the
local environmental context. The networks of modifications are
therefore stochastically self-assembling and disassembling with
various probability depending on the environmental conditions
(Jeltsch and Jurkowska, 2014). This rapidly changing feature of
the network makes the system particularly efficient in reacting
to environmental stress (e.g., starvation, oxidative stress, or
viral infection (Yamagata et al., 2012a) and modulating gene
expression states in order to maintain the cellular homeostasis.

Therefore, it is not surprising that enzymes catalysing the
addition or removal of covalent post-translational modifications
of histones and DNA are closely linked to intermediary
metabolism (Figure 2). To acetylate lysine residues, HAT
enzymes use acetyl-CoA, a key molecule in carbohydrate and fat
metabolism. Class III histone deacetylases (Sirt) need NAD+ for
their activity (Vaquero et al., 2007). High level of energy intake
leads to hyperacetylated histones, while low energy intake favors
histone hypoacetylation. Methylation of histones and DNA needs
S-adenosyl-methionin (SAM) as a cofactor, the methyl donor
in biochemical reactions. The reaction also needs folate to
regenerate SAM. The TeT (Ten-eleven Translocase) enzymes
are oxygenases, which catalyse the demethylation reaction of
DNA through the formation of 5-hydroxy-methyl cytosine.
Jumonji family of histone demethylases have a similar reaction
mechanism (Chen et al., 2006). Both TeT and Jumonji enzymes
use α-ketoglutarate as a co-factor, which is a key metabolite of
the citric-acid cycle. Enzymes catalysing the formation of α-
ketoglutarate are different isoforms of isocitrate dehydrogenase
(IDH). Some of the IDHs are mitochondrial, others are cytosolic,
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FIGURE 2 | The relationship between epigenetic modifications and intermediary metabolism. Glycolysis, lipid metabolism, citric acid cycle, amino acid

metabolism, and folate/SAM cycles are tightly linked to epigenetic modifications (shown in the middle), since their products and cofactors (shown in red) are

substrates of enzymes catalyzing the epigenetic modifications. Acetyl-coenzyme A and NAD contribute to histone acetylation and deacetylation, respectively. Methyl

groups and alfa-ketoglutarate participate in the methylation and demethylation of both histones and DNA. NAD: nicotinamide adenine dinucleotide, THF:

tetrahydrofolate, SAH: S-adenosylhomocysteine, SAM: S-adenosylmethionine.

and they depend on NADP and NAD, respectively. SNPs of these
enzymes are associated with TS (see later), while their mutations
show frequent occurrence in tumors (gliomas, AML) (Dang
et al., 2010). The gain-of-function mutant enzymes catalyse the
formation of 2-hydroxyglutarate (2-HG), a potent inhibitor of
demethylases. Altogether these data suggest a tight link between
environmental factors and epigenetic modifications.

Non-coding RNA(ncRNA)
Evidence from the Encyclopedia of DNA Elements (ENCODE)
suggests that at least 80% of our genome is transcribed.
The human genome encodes for less than 3% of protein-
coding transcripts and consists primarily of the non-coding
RNAs (ncRNAs), which was previously regarded as “junk”
DNA (https://www.encodeproject.org/). Non-coding RNAs play
a role in gene expression regulation (see below). For example
they are implicated in the regulation of genes coding for
enzymes catalyzing epigenetic modifications. Furthermore,
non-coding RNAs are also involved in the regulation of
chromosomal domains in tight interaction with epigenetic
covalent modifications (e.g., X-chromosome inactivation).

An arbitrary threshold of 200 nucleotides of transcript length
was drawn to classify two groups of ncRNAs into small or long

ncRNAs. Small ncRNAs include microRNAs (miRNA), transfer
RNAs (tRNA) and small nucleolar RNAs (snRNA). A microRNA
(miRNA) is a small non-coding RNA molecule found in plants,
animals and some viruses, which functions in transcriptional and
post-transcriptional regulation of gene expression.

The biogenesis of microRNA involves two different cleavage
steps by protein complexes taking place in the nucleus and in
the cytoplasm leading to the development of an ∼22 nucleotide
long mature single-stranded miRNA (Figure 3; Filipowicz et al.,
2008). First, the gene coding for miRNAs is transcribed by
RNA Polimerase II resulting in a long precursor pri-miRNA
characterized by a hairpin or fold-back structure with an
imperfectly base-paired stem and a terminal loop (Miyoshi
et al., 2010). Then, the hairpin structure of the pri-miRNA
is cleaved and the ∼70 nucleotide long precursor called pre-
miRNA is released (Miyoshi et al., 2010). Subsequently, the pre-
miRNA is exported into the cytoplasm (Kim et al., 2009). Once
in the cytoplasm, the pre-miRNA is processed by RNase III
Dicer generating a∼22 nucleotide miRNA-miRNA∗duplex. One
strand of the duplex is loaded into a large multi-protein miRNA
ribonucleoprotein complex (RISC complex), while the other
strand, “passenger,” is degraded. Once incorporated into RISC,
the miRNA guides the complex to its messenger RNA targets
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FIGURE 3 | miRNA biogenesis. MicroRNA (miRNA) genes are transcribed as primary miRNAs (pri-miRNAs) by RNA polymerase II (Pol II) in the nucleus. The long

pri-miRNAs are cleaved by Microprocessor, which includes DROSHA and DiGeorge syndrome critical region 8 (DGCR8), to produce precursor miRNAs (pre-miRNAs),

which are then exported to the cytoplasm by Exportin 5 and further processed by the DICER/TRPB complex to produce an miRNA duplex. One strand of the mature

miRNA (the guide strand) is loaded into the miRNA-induced silencing complex (RISC) mediating gene suppression by targeted mRNA degradation or translational

repression.

by base-pairing interactions. The binding to the miRNA target
relies on the seed sequence, a 6–8 nucleotide domain located
at the 5′ end of the miRNA. Based on the complementarity of
the seed sequence and the target mRNA sequence located in the
3′UTRof the transcript, miRNAs down-regulate gene expression
either through translational repression or mRNA degradation
(Hutvágner and Zamore, 2002).

Longer RNAs include ribosomal RNAs (rRNA), natural
antisense transcripts and other long non-coding RNAs
(lncRNAs). Currently, about 2500miRNAs and 50,000 lncRNAs

have been annotated in the human genome, besides the ∼19,000
protein coding genes. As opposed to miRNAs, only a few
lncRNAs show evolutionary conservation of the primary
sequence, but most of them show tissue and cell type-specific
expression, indicating that their expression must be tightly
controlled. LncRNAs exhibit a diversity of molecular functions:
they can act as transcriptional activators or repressors, as
scaffolds for protein-protein interactions or as molecular decoys.

Genetic polymorphisms can involve both ncRNA sequences
throughout the genome, as well as sequences in their target genes,
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which can affect ncRNA-mediated regulation. Polymorphisms in
ncRNA genes can influence both their level of expression and the
ncRNA function, thus resulting in differential regulation of their
target genes.

Genetic variation may affect miRNA-mediated regulation in
different ways. Altered miRNA transcription can be a result
of polymorphisms in (a) miRNA promoters, (b) splice sites of
the host gene where miRNAs reside, since many miRNAs are
intronic, or (c) of polycistronic miRNA clusters (Calore et al.,
2015). Mutations in the sequence of the transcribed miRNA may
change its binding affinity to the biogenesis enzyme complexes,
which changes their processing and may lead to misregulation of
target genes. IsomiRs are variants within the processed miRNA
sequence, which can affect specificity to their target, on the other
hand target messenger RNA 3′UTR variants may either destroy
existing miRNA seed regions or create new recognition sites.
The presence of a SNP in the 3′UTR can theoretically result in
three alterations in miRNA related regulation: (a) it can partially
or completely disrupt the miRNA binding site, thus resulting in
higher expression of the target gene, or (b) more rarely a SNP
could either enhance the binding of a miRNA to the 3′UTR
region through improvement of the original recognition site
or (c) it may create a novel binding site for another miRNA.
The latter will only affect the expression of the target gene if it
coincides with the expression of the new miRNA spatially and
temporally.

Although lncRNAs possess a much lower degree of
conservation than miRNAs, their genetic polymorphisms
may still be functional, i.e., SNPs within the lncRNA loci can
change their expression or influence their downstream target
genes. Altering lncRNA architecture may influence its ability to
interact with proteins or other RNAs. In recent years, genetic
variations in lncRNAs were implicated in several human diseases.

EPIGENETICS OF NEUROPSYCHIATRIC
DISORDERS

Epimutations are epigenetic alterations, which have been
linked to several diseases. These alterations can be classified
as primary or secondary based on their origin (Oey and
Whitelaw, 2014). Primary epimutations seem to be due to only
environmental stress factors. It is often difficult to understand
the pathomechanism of the resulting diseases or traits, which are
generally less severe than in the case of secondary epimutations.
Secondary epimutations are due to an initial genomic mutation.
Most of these mutations target readers, writers and erasers of the
epigenetic system and can lead to important changes of the global
epigenetic profile (Lopez-Atalaya et al., 2014). In the following
section we will describe some examples of epimutations leading
to neuropsychiatric disorders (Plazas-Mayorca and Vrana, 2011).

Rubinstein-Taybi Syndrome
Rubinstein-Taybi syndrome has various clinical signs including
moderate to severe learning difficulties (for a recent review see
Lopez-Atalaya et al., 2014). The hereditary disease is autosomal
dominant although very few documented cases of transmission

exist. Most of the patients have de novo mutations. The
development of the syndrome can be attributed to mutations in
the CREB-binding protein (CBP) or more rarely in the highly
homologous p300 protein encoding genes. Both proteins are
transcriptional co-activators, have HAT activity and they bind the
acetylated histones via their bromodomain. Thus, they provide
platforms for other proteins (transcription factors and RNA
PolII) necessary for transcription initiation.

Gliomas
Gliomas (Vigneswaran et al., 2015) are tumors arising from
glial cells in the central nervous system (CNS). During
tumor progression patients experience psychiatric, cognitive,
and neurologic symptoms (Boele et al., 2015). Primary low-
grade gliomas are typically diagnosed in the 40 s, and after
treatment, these slow-growing tumors have a tendency to
reappear and progress in grade to become grade III gliomas
or glioblastomas (grade IV). In contrast to the secondary
high-grade glioblastomas, the primary high-grade glioblastomas
are diagnosed later and have very poor prognosis. Although
histologically identical, the primary and secondary glioblastomas
have different molecular characteristics.

Both primary low-grade and secondary high-grade
gliomas are characterized by IDH1/2 mutation (see above).
Approximately 90% of the mutations occur in the IDH1 gene
and almost all of them are the R132H variant (Vigneswaran et al.,
2015). As mentioned earlier, this enzyme variant catalyzes the
formation of an oncometabolite (2-HG), which inhibits DNA and
histone demethylation leading to general (secondary) alteration
of the epigenetic profile (Cohen et al., 2013). Nevertheless,
gliomas with mutated IDH1/2 gene have better prognosis than
the others (Andronesi et al., 2013).

Rett Syndrome
Rett syndrome is a disease affecting only girls (1:10,000–
15,000) (Chahrour and Zoghbi, 2007; Katz et al., 2012) and
it is characterized by early onset (18 months) and variable
neurological symptoms. Severe mental retardation and motor
impairment such as ataxia, apraxia, and tremor (Chahrour and
Zoghbi, 2007) accompanied by seizures and gastrointestinal
symptoms are frequently present (Katz et al., 2012). Rett
syndrome is an example of a severe disorder due to the mutation
of the MeCP2 gene encoding an epigenetic “reader” i.e., a
regulatory protein recognizing an epigenetic mark (Amir et al.,
1999). Therefore, although Rett syndrome is considered to be a
typical epigenetic disease, no major epigenetic alterations can be
observed in the patients. Loss-of-function mutations of the gene
coding for the transcriptional repressor MeCP2 are responsible
for the development of the disease (Amir et al., 1999). MeCP2 is
a member of the methyl-CpG binding domain (MBD) protein
family. Upon binding of methylated DNA, MeCP2 recruits
transcriptional repressor complexes and HDACs. Interestingly,
MeCP2 has recently been found to bind and repress long
genes implicated in neuronal differentiation and modulation of
neuronal functions (Gabel et al., 2015).
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Autism Spectrum Disorder (ASD)
Rett syndrome is also considered to be a rare form of autism
spectrum disorder (ASD) (Mbadiwe and Millis, 2013). ASD is
clinically characterized by social communication deficits and
repetitive behavior, which appears as early as 2 years of age
and causes clinically significant impairment. ASD has high
heritability rates suggesting a substantial genetic background. It
has a polygenic origin with hundreds of susceptibility genes.Most
of them are common variants with small effects, while some
rare de novo variants with large effects also exist (Loke et al.,
2015). Apart fromMeCP2, FMR1, and OXTR also have profound
effects and they were repeatedly reported in relation with ASD
(Mbadiwe and Millis, 2013). Both of them are also linked to
epigenetic alterations, which is clearly secondary in case of FMR1.

Fragile X syndrome
Approximately half of the patients with Fragile X syndrome meet
the criteria of autism and it is a relatively frequent cause of ASD
(5% of all monogenic cases). The FMR1 gene encodes FMRP,
a polyribosome associated protein playing an important role in
protein translation (Penagarikano et al., 2007). The absence of the
protein leads to perturbed neuronal development and intellectual
disability (Contractor et al., 2015). Fragile X syndrome is caused
by a CGG trinucleotide expansion in the regulatory region of the
FMR1 gene located on the chromosome X. This repeat expansion
(>200) leads to the attraction of DNA methylation and the loss
of expression of the gene (Oberlé et al., 1991; Penagarikano et al.,
2007).

The oxytocin receptor (OXTR) gene is also a candidate gene
for ASD (Loke et al., 2015). The neurotransmitter and hormone
oxytocin was found to play a role in anxiety, aggressive behavior,
and other neural functions. Several observations indicate that
OXTR plays a role in the development of ASD. For instance,
four SNPs in the gene were suggested to be associated with ASD.
Furthermore, several studies reported higher DNA methylation
level in patients than in controls in the promoter region of the
gene (Gregory et al., 2009; Jack et al., 2012; Ziegler et al., 2015).
Very important methylation increase (20–40%) was observed
both in temporal cortex and peripheral blood. This temporal
hypermethylation was also correlated with lower OXTR mRNA
levels in autists (Gregory et al., 2009). Thus, it is not surprising
that OXTRmethylation has been associated with anxiety disorder
and other traits characterizing ASD.

A recent genome-wide analysis of DNA methylation studied
a sample of 50 monozygotic (MZ) twin pairs including twins
discordant, as well as concordant for ASD. Within-twin and
between-group analyses identified a number of differentially
methylated regions associated with ASD. In addition, the authors
reported significant correlations between DNA methylation and
quantitatively measured autistic trait scores across the cohort
implicating a role for altered DNA methylation in autism (Wong
et al., 2014).

Finally, strong evidence shows that ASD has primary
epigenetic origin, as well (Tordjman et al., 2014). Children
with in utero exposure to the HDAC inhibitor valproic acid
(an anticonvulsive and mood stabilizer drug) were found in
several studies (Moore et al., 2000; Bromley et al., 2013;

Christensen et al., 2013) to have a significantly increased risk
to develop autism relative to those who were not treated. Other
environmental factors during pregnancy can be considered as
risk factors for ASD, such as viral infection (e.g., rubella) (Ornoy
et al., 2015) and the dietary folic acid supplementation, which is
regarded as controversial (Yang et al., 1989; Mbadiwe and Millis,
2013). Finally, several studies indicate that prenatal maternal
stress is also a risk factor for developing ASD (Kinney et al., 2008
and references therein).

A considerable number of studies indicate that early life
adversities (ELA) (e.g., childhood abuse or even prenatal and/or
maternal stress) are severe risk factors for the development of
psychiatric disorders such as major depression, suicidal behavior,
etc. (Hoffmann and Spengler, 2014; Palma-Gudiel et al., 2015;
Cattaneo and Riva, 2016). This seems to be due to a difficulty
in coping with stress in these patients. During stress reactions
the hypothalamus-pituitary-adrenal axis (HPA) is activated
and glucocorticoids (cortisol in humans and corticosterone)
are released, which in turn activate the pathways regulated
by glucocorticoid and mineralocorticoid receptors. The axis
is inhibited by the feedback activation of the glucocorticoid
receptor (GR) in the hippocampus (Palma-Gudiel et al., 2015;
Cattaneo and Riva, 2016).

The molecular mechanisms of the development of ELA-
related alterations have been deciphered in a rat model system
(Weaver et al., 2004).Weaver and colleagues have compared pups
from “good” nursing and “bad” nursing females, two maternal
behaviors generally occurring in rats (Liu et al., 1997; Caldji
et al., 1998). Offsprings of “good moms” were less fearful and
had a lower stress response in their adulthood than those of
“bad moms.” Weaver and colleagues observed higher DNA
methylation levels in the hippocampus from early childhood
(after postnatal day 1) until at least 3 months of age in the GR
promoter in the offsprings of “bad moms” relative to those of
“good moms.” This difference concentrated at a certain region
of the promoter and more precisely at a single CpG, located at
the binding site of transcription factor NGFI-A regulating GR
expression. They also observed the decreased binding of NGFI-
A and hypoacetylation of histones in the methylated region of
the promoter. These findings were accompanied by lower GR
expression. Interestingly, but not surprisingly for an epigenetic
mark, both the molecular and the behavioral phenotypes were
reversible. Treatment with Trichostatin A, an HDAC inhibitor,
reversed histone hypoacetylation, increasedNGFI-A binding, GR
expression, and decreased DNA methylation to some extent.
Similarly, changing the environment had a similar effect as shown
by cross-fostering, demonstrating that this phenotype is not
determined by the genetic background and should be considered
as having a primary epigenetic origin.

Based on these observations, several studies in animal models
confirmed these findings (McGowan et al., 2011). In human
cohorts a very small, but systematic methylation increase was
reported from the same region of the GR promoter in individuals
undergoing stressful events (Palma-Gudiel et al., 2015).

Non-coding RNAs are also associated with a wide range
of neurodevelopmental, neurodegenerative, and psychiatric
diseases both in humans and in animal models (Lin et al., 2011;
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Johnson, 2012; Talkowski et al., 2012; Ziats and Rennert, 2012;
Nishimoto et al., 2013; Petazzi et al., 2013; Barry et al., 2014).
As a recent example, genetic variants of the long non-coding
RNA MIAT were found to contribute to the risk of paranoid
schizophrenia in a Han Chinese population (Rao et al., 2015).
The authors performed a two-stage association analysis on 8
tagging SNPs covering the wholeMIAT locus in two independent
Han Chinese schizophrenia case–control cohorts. The discovery
sample with over 1000 cases and 1000 controls yielded a
significant increase of the minor T-allele of rs1894720 in patients
and this association was confirmed in the replication cohort of a
similar size.

MicroRNAs are also implicated in several neuropsychiatric
disorders, such as schizophrenia and autism (Beveridge and
Cairns, 2012; Mellios and Sur, 2012), neurodegenerative
disorders like Alzheimer’s and Parkinson’s disease (Salta and De
Strooper, 2012; Abe and Bonini, 2013; Tan et al., 2013), but also in
other neurodevelopmental disorders such as Fragile X syndrome
and Rett syndrome (Urdinguio et al., 2010; Wu et al., 2010; Im
and Kenny, 2012; Sellier et al., 2013).

Epigenetics of Tourette Syndrome
As described earlier, the studies investigating TS mainly focused
on the genetic background of the disease. Only few studies have
been performed to date to investigate the role of epigenetic
factors and non-coding RNA in the development of TS. One of
these identified a nucleotide variant (var321) in the 3′ UTR of
the SLITRK1 gene leading to its stronger repression by miR-189.
This variant has been investigated in several studies in Tourette
patients and reported to be rare (Abelson et al., 2005). However,
the role of this variant in TS pathogenesis is questionable due
to its very low frequency (Keen-Kim et al., 2006). The unique
study reported to date on the role of microRNAs in Tourette
Syndrome profiled the expression of 754 miRNAs in the sera of
six TS patients and three unaffected controls (Rizzo et al., 2015).
The study found that miR-429, which is involved in midbrain
and hindbrain differentiation and synaptic transmission was
significantly underexpressed in TS patients. Measurement of
circulating miR-429 may in the future be useful as a molecular
biomarker to aid TS diagnosis.

Two association studies on DNA methylation related to TS
have been conducted so far. The first showed no methylation
alteration in TS patients relative to controls in a region on
chromosome 8 in KCNK9 and TRAPPC9 genes (Sánchez
Delgado et al., 2014). The regions were identified recently
by genome-wide screens and by mapping mutations in single
families. The other study was the first Epigenome-Wide
Association Study (EWAS) investigating DNA methylation
differences between hundreds of controls and patients from
the Netherlands Twin Registry with tic phenotype (Zilhão
et al., 2015). Very small methylation differences were observed,
however, an enrichment of differentially methylated neural genes
previously linked to neuropsychiatric disorders or with brain
specific function was found among the top hits.

Finally, a recent promising study investigated GWAS results
on gene sets. The association of TS and a gene set related
to carbohydrate metabolism and more particularly a group of

33 genes involved in “astrocyte-neuron metabolic coupling,”
glycolysis and Krebs-cycle was demonstrated (de Leeuw et al.,
2015). This is interesting because the genes identified include
IDH2 (see above) and Malic enzyme 1, which is regulated
by glucose level. Since these TS associated metabolic genes
are known to play a role in epigenetic modifications, this
suggeststhat the disorder is potentially characterized by altered
neural epigenetic patterns.

Outlook
In the present review, we have shown that TS is a
neuropsychiatric disorder with significant heritability. However,
while very few rare genetic variants with large effects were
described, it is plausible to assume that hundreds or even
more frequent variants with small effects underlie the genetic
susceptibility of the disorder. Furthermore, a considerable
number of observations indicate that environmental factors
also play a crucial role in the development of TS. As introduced
above, environmental factors act via epigenetic modifications,
including heritable covalent modifications of the chromatin
and regulatory non-coding RNAs. In order to better understand
the pathomechanism of TS, we propose here that more studies
should be performed focusing on the role of epigenetics.

What questions should be asked? We think that since
environmental (risk) factors are implicated in TS, these should
be studied with particular interest. For instance, discordant
monozygotic twins are very good candidates for finding
epigenetic modifications implicated in the development of the
disease, since they are genetically identical. Similarly, patients
with known prenatal or perinatal antecedents probably also
have important epigenetic grounding in the development of
TS. We also consider that patients who developed TS due to
streptococcus infection should also show epigenetic alteration
relative to controls. Finally, since the disease is characterized by
waxing and waning, kinetic analysis of epigenetic changes might
also reflect important aspects of TS.

Animal models of TS or tic phenotype should also be studied
for epigenetic alterations. While studies on human cohorts might
be more descriptive, analyses of animal models could explain
more directly the underlying molecular mechanisms.

How should these questions be addressed? Currently several
techniques are available to study epigenetics. Genome-wide
analyses are much more informative than investigations of
single targets. These genome-wide approaches have recently
become much less expensive and therefore affordable for
most of the laboratories or consortia. Expression level
and GWAS analyses can be performed on ncRNA, while
chromatin immunoprecipitation (ChIP) followed by next
generation sequencing (NGS) is useful for the investigation of
histone modifications (Furey, 2012). Along with the ongoing
technological advances in NGS, identifying genetic variation
affecting ncRNA function associated with neuropsychiatric
disease is likely to grow rapidly.

Finally, several genome-wide techniques exist for the study of
DNA hydroxymethylation and DNA methylation. We propose
to study DNA methylation rather than histone modifications,
because it is more stable, than the latter one, although not as
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static as initially thought (Yamagata et al., 2012b). Furthermore,
ChIP-like antibody-based techniques are much less quantitative
than the chemical transformation (bisulfite conversion-based)
techniques developed for DNA methylation. Therefore either
array-based hybridization approaches after bisulfite conversion
[Illumina 450 k (Bibikova et al., 2011) or the recent 850 k
bead chips] or bisulfite conversion coupled to next generation
sequencing could yield useful information (Kulis et al., 2012).

What cautions should be taken? First, we consider that the
most important issues are sample size and tissue of origin. TS
is a psychiatric disease mainly due to alterations in neuronal and
potentially in glial cells. These cells in humans are rarely available
for research, while blood cells and buccal or nasopharingeal
epithelial cells have somewhat different epigenetic signatures.
Although some of these cells can have similar epigenetic
profiles in some genomic regions to the most important brain
regions in TS (e.g., striatum), the results should always be
interpreted cautiously (Hannon et al., 2015). In order to avoid
such problems, brain samples should be investigated when
possible, however that has obvious limitations in humans.
Alternatively, asmentioned before discordantmonozygotic twins
can also be studied, finally, patients with TS presumably due to
PANDAS origin are good candidates for blood sample analysis.
It is hard to determine the ideal sample size. However, it is
clear that already small sample sizes can be informative if
repeated experiments give similar results and the samples are
well-selected.

Second, new approaches available and proposed lead to the
generation of “big data.” Their correct analysis is necessary
and requires the intensive collaboration of the biomedical
and bioinformatitian scientists with profound knowledge of
statistics.

Finally, when interpreting data, attention and caution should
be exercised. Although biologically meaningful cutoffs for
methylation differences between patients and controls is hard

to determine, the value of very small but statistically significant

changes is questionable. Furthermore, statistically significant hits
showing association with the phenotype does not neccessarily
mean causality. From a single descriptive experiment causality
cannot be concluded, but further experiments should be
performed.

In conclusion, we consider that introducing epigenetic studies
in TS research has great potential. These investigations based
on the previous results, the animal models and the twin
and patients registries already existing will certainly identify
new molecular mechanisms and hits playing an important
role in the development of the disease. The discovery of
the molecular details of ncRNA and epigenetic modification
mediated regulation of gene expression, proteins and pathways
is likely to provide novel insights into the pathogenesis of
neuropsychiatric disease including Tourette Syndrome. This will
also open new avenues for genetic diagnosis, as well as targeted
and personalized therapeutic approaches. These studies will also
strengthen the importance of some already known and suspected
hits and altogether this will lead to the better understanding
of TS and the opening of new avenues for the development of
treatments.
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Accumulating evidence suggests that Tourette’s Syndrome (TS) – a multifactorial

pediatric disorder characterized by the recurrent exhibition of motor tics and/or vocal

utterances – can partly depend on immune dysregulation provoked by early repeated

streptococcal infections. The natural and adaptive antibody-mediated reaction to

streptococcus has been proposed to potentially turn into a pathological autoimmune

response in vulnerable individuals. Specifically, in conditions of increased permeability of

the blood brain barrier (BBB), streptococcus-induced antibodies have been proposed

to: (i) reach neuronal targets located in brain areas responsible for motion control; and

(ii) contribute to the exhibition of symptoms. This theoretical framework is supported by

indirect evidence indicating that a subset of TS patients exhibit elevated streptococcal

antibody titers upon tic relapses. A systematic evaluation of this hypothesis entails

preclinical studies providing a proof of concept of the aforementioned pathological

sequelae. These studies shall rest upon individuals characterized by a vulnerable immune

system, repeatedly exposed to streptococcus, and carefully screened for phenotypes

isomorphic to the pathological signs of TS observed in patients. Preclinical animal

models may thus constitute an informative, useful tool upon which conducting targeted,

hypothesis-driven experiments. In the present review we discuss the available evidence

in preclinical models in support of the link between TS and pediatric autoimmune

neuropsychiatric disorders associated with streptococcus infections (PANDAS), and

the existing gaps that future research shall bridge. Specifically, we report recent

preclinical evidence indicating that the immune responses to repeated streptococcal

immunizations relate to the occurrence of behavioral and neurological phenotypes

reminiscent of TS. By the same token, we discuss the limitations of these studies: limited

evidence of behavioral phenotypes isomorphic to tics and scarce knowledge about

the immunological phenomena favoring the transition from natural adaptive immunity

to pathological outcomes.
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INTRODUCTION

Neuropsychiatric and neurological disorders are among the
leading causes of disability worldwide (Silberberg et al., 2015).
Several studies reported that people affected by neuropsychiatric
illnesses show a set of psychosocial disturbances, ranging
from difficulties in social interactions to emotional instability
(Hartley et al., 2014; Cieza et al., 2015), ultimately resulting
in difficulties in routine activities (Coenen et al., 2016). Since
neuropsychiatric illnesses have a strong impact on the well-
being of affected individuals, understanding the etiology of
these diseases may beget remarkable heuristic advancements.
Within this framework, epidemiological, clinical, and preclinical
studies reveal that different determinants contribute to the
pathogenesis of neuropsychiatric diseases. Among them, genetic
factors (Hyman, 2008) and several environmental risk factors,
such as prenatal and perinatal injuries or stressors (Bronson and
Bale, 2016) and infectious phenomena (John et al., 2015), play a
key role.

Autoimmunity, defined by Davison as “the failure of an
organism to recognize its own part as self, resulting in a series of
immunological responses to its own cells and tissues” (Davison,
2012) has emerged as a potential pathogenic factor in different
types of neuropsychiatric illnesses, including autoimmune
encephalitis (Höftberger, 2015), systemic lupus erythematosus
(SLE; Podolska et al., 2015), or schizophrenia (Margari et al.,
2013). Infectious phenomena constitute a vulnerability factor
in the onset of autoimmune disorders. In particular, infections
may trigger the onset of autoimmune diseases in the presence
of vulnerability conditions. With respect to neuropsychiatric
disorders, these vulnerability conditions are represented, for
example, by an abnormal permeability of the blood brain
barrier (BBB; Almutairi et al., 2016). Hornig (2013) proposed
that microbes may contribute to the etiology of autoimmune
neurological and neuropsychiatric disorders by triggering the
production of autoantibodies that directly bind brain targets.
In susceptible individuals, these phenomena can result in
the appearance of behavioral and neurochemical abnormalities
(Hornig, 2013).

Within this framework, streptococcal infections have been
linked to a series of neuropsychiatric and movement disorders
(Swedo et al., 1998). For example, different studies documented
that the onset of Sydenham Chorea (SC), a variant of
rheumatic fever, is linked to group A β-hemolitic streptococcus
infections (Swedo et al., 1993; Cardoso et al., 1999). SC is
characterized by choreiform movements that typically involve
face and extremities and, in some cases, by behavioral difficulties
and emotional liability (Swedo et al., 1989; Marques-Dias
et al., 1997). Besides SC, several authors proposed that
streptococcus infections may constitute an etiological factor also
in a series of illnesses that typically arise during childhood.
In particular, Swedo and colleagues proposed the acronym
PANDAS (Pediatric Autoimmune Neuropsychiatric Disorder
Associated with Streptococcal infections) to define a series
of neurological and psychiatric disorders characterized by the
presence of antibodies produced in response to group A β-
hemolytic streptococcus infections (Swedo et al., 1998). The

diagnostic criteria for PANDAS include: prepubertal onset;
obsessive compulsive disorder (OCD) or chronic tic disorder;
relapsing-remitting course of the disease; motor hyperactivity
or reduced fine motor coordination; onset of the disease
or symptoms exacerbation temporally related to streptococcal
infection (Swedo et al., 1998).

In PANDAS and SC, antibodies produced in response to
streptococcus have been proposed to be pathogenic in CNS in
the context of an increased BBB permeability. Since the BBB is
the primary protective barrier for neurons in central nervous
system (CNS), BBB dysfunctions may contribute to the etiology
of several neuropsychiatric disorders (Almutairi et al., 2016). In
particular, in PANDAS and SC, after crossing the damaged BBB,
cross-reactive antibodies may bind specific brain targets at the
level of Basal Ganglia (BG), a brain structure involved in motor
control (Martino et al., 2009; Murphy et al., 2010; Cutforth et al.,
2016).

Streptococcal infections have also been suggested to relate
to Tourette’s Syndrome (TS), a multifactorial and complex
disorder that may, in some cases, match the criteria for PANDAS
(Hoekstra et al., 2013). TS is a childhood-onset disorder, in
which chronic motor or phonic tics are the main symptoms.
Tics are considered chronic if persist over a period longer
than 12 months (Lombroso and Scahill, 2008). Tic, according
to the DSM-5, is defined as “a sudden, rapid, recurrent, non-
rhythmic motor movement or vocalization” (APA, 2013). TS
is more frequent in males than females, with a ratio of 4:1.
Typically, symptoms occur during prepubertal age, between 5
and 7 years, and have a waxing and waning course (Lombroso
and Scahill, 2008). A gradual increase in tic frequency and
severity is generally shown until 8–12 years, while a relevant
reduction occurs in most patients at the end of adolescence
(Leckman et al., 2010). Co-morbid conditions are typical in
TS. In particular, obsessive-compulsive disorder (OCD) and
attention-deficit/hyperactivity disorder (ADHD) are the most
common comorbidities (Leckman et al., 2010). The pathogenesis
of TS is multifactorial, and include genetic vulnerability (Deng
et al., 2012), and several environmental risk factors such
as prenatal and perinatal stressors or injuries and bacterial
and viral infections (Leckman et al., 1987, 1990; Leckman
and Peterson, 1993). With respect to precocious vulnerability,
maternal factors (genetic or environmental) have been shown to
increase individual vulnerability to TS. For example, Dalsgaard
et al. (2015) recently reported that maternal autoimmune
diseases significantly increase vulnerability to TS in the progeny
(Dalsgaard et al., 2015).

While maternal autoimmunity can influence vulnerability to
TS, it is yet to be determined whether these effects are genetic
or environmental. With respect to genetic predispositions,
several authors identified a series of genes for which a direct
contribution to TS can be reasonably proposed. Thus, genetic
linkage, cytogenetics and molecular genetic studies allowed
identifying a set of genes potentially involved in TS (State, 2011).
Among them, contactin-associated protein-like 2 (CNTNAP2),
SLIT and NTRK-like 1 (SLITRK1) or membrane peptidase
2 like (IMMP2L) have been proposed as vulnerability genes.
The proteic product of IMMP2L gene is a peptide with a
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catalytic function that, in the dysfunctional form, may cause
the activation of the cell apoptotic mechanism through an
aberrant mithocondrial functionality (Ma et al., 2011). Several
authors reported in some members of a family with TS the
presence of a translocation between chromosome 7 and 18 that
causes the disruption of IMMP2L gene (Boghosian-Sell et al.,
1996; Petek et al., 2001). However, the role of this gene in
TS etiology remains unclear. CNTNAP2 is a transmembrane
protein of the family of neurexin, abundantly expressed at
the level of the axonal nodes of Ranvier, where it plays a
crucial role in the cell-cell interaction. Poliak et al. (1999),
hypothesized that this peptide may be involved in the positioning
of K+ voltage-gated channel at the level of juxtaparanode
region (Poliak et al., 1999). Verkerk et al. (2003) observed a
chromosomal translocation between chromosome 2 and 7, in the
region encoding CNTNAP2 protein, in a family of TS patients
(Verkerk et al., 2003). The disruption of this region has been
proposed to affect brain areas involved in motor control, thereby
being responsible for the onset of tics (Verkerk et al., 2003).
SLTRK1 is a member of a gene family that encodes a series
of transmembrane proteins. The proteic product of SLTRK1
gene is a peptide that contains two leucine-rich repeat (LRR)
motive and an intracellular C terminus having similarities with
the tropomyosin-related kinase (Trk) neurotrophin’s receptor
(Aruga and Mikoshiba, 2003). SLTRK1 favors the formation of
synapses, neuritic outgrowth and neuronal survival (Kajiwara
et al., 2009). SLTRK1 transcription is regionally regulated in
CNS; the pattern of expression is conserved among different
mammalian species, such as mouse, rhesus monkey and human,
and shows a preferential expression in brain areas involved
in motor control, such as cortex, thalamus and basal ganglia
(Stillman et al., 2009). In particular, SLRTK1 is expressed in
the body compartment of cortex pyramidal projection neurons
during adult life, and is preferentially associated, in the striatum,
with neurons of the direct circuit expressing substance P and
dopamine receptor D1, that project to substantia nigra (SN)
and to globus pallidus (GP; Stillman et al., 2009). Some TS
patients showed a missense mutation at the level of 3′ UTR of
the SLTRK1 gene; this mutation leads to the production of a
protein with an altered capacity of binding the microRNA 189
(Abelson et al., 2005). Moreover, an inversion in chromosome
13 in proximity of the region of the gene has been reported in
patients with TS and ADHD (Proenca et al., 2011). Recently,
Ercan-Sencicek et al. (2010) proposed that a mutation of the
gene encoding for histidine decarboxylase (HDC) constitutes
a rare genetic cause in TS (Ercan-Sencicek et al., 2010). In
particular, the authors identified, through a study of a 2-
generation pedigree in a family with a high incidence of TS, a rare
segregating non-sense mutation in the l-hystidine decarboxylase
(hdc) gene (Ercan-Sencicek et al., 2010). HDC is an enzyme
necessary for the synthesis of histamine (HA) which, in turn, has
been hypothesized to modulate DA level in CNS (Haas et al.,
2008). Subsequently, a reduced concentration of HA in CNS
(caused by the non-sense hdc gene mutation) may result in an
altered dopaminergic regulation at the level of the basal ganglia
circuitry, thereby resulting in TS symptomatology (Castellan
Baldan et al., 2014). In the same study, Castellan Baldan

and collaborators translated this evidence in an experimental
model (hdc knock-out mice, see discussion for additional
details). Moreover, an analysis of rare copy number variants
in TS conducted on 460 patients, revealed the presence of
a significant enrichment of genes involved in histaminergic
pathways (Fernandez et al., 2012). In particular, the authors
reported an enrichment in striatum and cortex of HA coupled
G receptors H2 and H3. Those receptors are located both
presinaptically and postsinaptically: presynaptic HA receptors
are involved in the regulation not only of HA transmission,
but also of dopamine (Fernandez et al., 2012). It is thus
tenable to propose that dysfunctions in histaminergic pathway
may contribute to the onset of TS through the modulation of
dopaminergic transmission.

GAS infections, occurring after TS onset, have been proposed
as a vulnerability factor potentially exacerbating symptoms
(Martino et al., 2009; Landau et al., 2012). Additionally,
in line with the possibility that altered immune capability
constitutes a predisposing factor, clinical data support an
increased vulnerability of the immune system in TS patients.
For example, whilst Bos-Veneman et al. (2011) observed that
TS children were characterized by decreased levels of IgG3
(Bos-Veneman et al., 2011), Kawikova et al. (2007) observed
reduced concentrations of regulatory T cells in TS patients
compared to controls (Kawikova et al., 2007). Moreover, during
tic exacerbations, TS patients showed increased concentrations
of cytokines, interleukin 12 (IL-12) and tumor necrosis factor
alpha (TFN-α) in serum (Leckman et al., 2005; Martino et al.,
2015). Several authors reported the presence of peripheral anti-
streptococcal antibodies and anti-BG antibodies in patients
affected by TS. For example, Cardona and Orefici observed that
a large cohort of TS patients showed significantly higher levels
of anti-streptococcal antibodies compared to control subjects;
moreover, they reported that those patients had previously
been exposed to streptococcal infections (Cardona and Orefici,
2001). Similarly, Rizzo and colleagues reported remarkably
higher concentrations of anti-streptococcal antibody titers and a
significantly higher presence of anti-BG antibodies in TS patients
compared to control subjects (Rizzo et al., 2006). Martino and
colleagues reported a similar increase in anti-BG antibodies in
TS patients compared to controls (Martino et al., 2011).

Although these studies support the existence of a link between
streptococcal infections and TS, several other studies failed to
identify a direct link between immunization and TS symptoms
(Singer et al., 2005a; Dale et al., 2006; Morris et al., 2009; Brilot
et al., 2011). In particular, Singer et al. (2005a) performed ELISA
and Western blot analyses against several epitopes present in
the CNS (e.g., human postmortem caudate, putamen, prefrontal
cortex) with sera obtained from PANDAS and TS patients,
and controls. The authors did not detect differences in serum
autoantibodies among groups (Singer et al., 2005a). Similarly,
Morris et al. (2009), using a different experimental approach
(immunofluorescence), failed to observe any difference among
PANDAS and TS patients, and controls in terms of serum anti-
striatal antibody reactivity (Morris et al., 2009). Finally, Brilot
et al. (2011) reported the presence of serum autoantibodies
capable of binding neuronal cell surface in SC patients, but not
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in PANDAS or TS patients (Brilot et al., 2011). These results
demonstrate that the presence of autoimmune phenomena is
neither a necessary nor a sufficient condition in the etiology of
TS. However, the evidence discussed above indicates that a subset
of TS cases may be dependent on autoimmune phenomena.
Moreover, as already discussed, some cases of TS match
criteria for PANDAS, suggesting that these two disorders may
share — in specific circumstances — analogous etiopathological
mechanisms.

Preclinical experimental models may constitute a valuable
complement to clinical studies whereby they can aid the
comprehension of the fundamental mechanisms favoring disease
onset. Animal models may allow testing different hypotheses
regarding the role exerted by variable factors in the onset and
course of a given disease, and to design innovative therapeutic
approaches (Rickard, 2004; van der Staay, 2006; van der Staay
et al., 2009). Within this framework, several aspects of TS
(symptomatology, genetic predisposition and environmental risk
factors) have been translated into preclinical animal models
(Hallett et al., 2000; Yaddanapudi et al., 2010; Brimberg et al.,
2012; Macrì et al., 2015; see Macrì et al., 2013 for a detailed
review).

Here, we will review preclinical data suggesting a link between
autoimmunity and neurological diseases. In particular, we will
discuss empirical evidence supporting the connection between
TS and PANDAS, and the gaps of these studies that shall be filled
in the future. Finally, in the light of the role of immunity in
the onset of psychiatric disturbance, we discuss the possibility
that peripheral autoantibodies may constitute an innovative
biomarker of diagnostic use (Giana et al., 2015).

PRECLINICAL ANIMAL MODELS AND
AUTOIMMUNITY

Animal models constitute an important tool to aid the
understanding of a given pathology and to potentially
inform innovative therapeutic avenues. Thus, preclinical
experimental models allow dissecting a given phenomenon into
its fundamental determinants (e.g., genetic vs. environmental
predisposing factors) and addressing the role that each of them
plays, either in isolation or in combination with each other. The
development of disease-related animal models rests upon several
stages: the generation of a disease model based on a theoretical
construct, the identification of abnormalities isomorphic to the
symptoms observed in the patient population and the study
of the efficacy of pharmacological treatments. The validity of
each of these stages can be systematically scrutinized. Willner
proposed three validity criteria: construct, face, and predictive
validity (Willner, 1984).

Construct validity can be defined as the etiological similarity
between the disease in human population and the experimental
approach attempting to model such disease.

Face validity relates to the degree of similarity between the
symptoms identified in the disorder examined and the phenotype
(e.g., behavioral, physiological, immunological, neurobiological)
in the experimental model (Willner and Mitchell, 2002). To

fulfill this criterion, a valid animal model shall resemble the
symptomatology observed in humans (van der Staay et al., 2009).

Predictive validity pertains to the therapeutic efficacy of
available treatments. Specifically, to possess an elevated degree of
predictive validity, a given experimental disease model shall be
sensitive to the same available therapeutic approaches adopted in
the patients (Willner, 1984).

Within this framework, the use of preclinical models
has been extensively applied to the study of autoimmune
neurological disorders (see Levite, 2014 and Hornig and Lipkin,
2013 for detailed reviews). Several preclinical animal models
have been developed to address the link between circulating
natural antibodies (directed against specific brain targets),
and behavioral and neurochemical abnormalities. For example,
mice immunized with GluR1 peptide fragments (a subunit of
glutamate AMPA receptors) showed a significant elevation in
circulating anti-GluR1 antibodies, marked hyperactivity, and
increased self-grooming (Capone et al., 2008), the latter being
associated with repetitive behavior (Kalueff et al., 2016). Also,
mice immunized with dopamine transporter (DAT) fragments,
displayed spontaneous hyperactivity, reduced cognitive flexibility
and impulse control in operant behavioral paradigms. Moreover,
the immunization protocol caused, as expected, an elevation in
antibodies targeting dopamine transporter and a variation in
brain striatal concentrations of dopamine and its metabolites
(Adriani et al., 2012).

Glutamate is the main excitatory neurotransmitter in CNS
(Platt, 2007) and is crucial for several neuronal functions.
Abnormalities in glutamatergic neurotransmission have been
shown to directly contribute to CNS disorders (Scoriels et al.,
2015). The overactivation of glutamate receptors (excitotoxicity),
induced by the excess of glutamate, may result in brain damage
and neuronal death (Meldrum, 2000). Besides excitotoxicity,
several types of anti-glutamate receptors antibodies are capable
of inducing pathological effects in CNS (Levite, 2014). These
autoantibodies emerged as one of the most widespread and
dangerous pathogenic agents in CNS, causing impaired neuronal
signaling and brain damages and contributing to the onset of a
series of neuropsychiatric disorders (Levite, 2014). For example,
patients affected by epilepsy and SLE, showed antibodies directed
to different types of glutamate receptors, anti AMPA-GluR3B
(Ganor et al., 2004, 2005a,b,c; Goldberg-Stern et al., 2014)
and anti NMDA-NR2 (Borchers et al., 2005; Asano et al.,
2013; Fanouriakis et al., 2013). From a translational perspective,
antibodies against the same glutamate receptors have been shown
to favor the onset of behavioral and neurochemical alterations
also in preclinical models (see Levite, 2014 for a detailed review).
These results have been observed in conditions of an increased
permeability of the BBB (Kowal and Diamond, 2012). Several
authors reported increased levels of anti-GluR3B antibodies in
different mouse strains (specifically directed against peptide B of
subunit R3 of glutamate AMPA receptors) after immunization
with GluR3B peptide (Levite et al., 1999; Levite and Hermelin,
1999; Ganor et al., 2014). Specifically, Ganor et al. (2014) reported
that DBA/2J mice (genetically epilepsy-prone mice) developed
elevated titers of GluR3B antibodies after immunization with
GluR3B peptide emulsified in Complete Freund’s adjuvant
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(CFA). The presence of these antibodies aggravated seizures
induced by the administration of a chemoconvulsant agent,
and caused abnormal behaviors in mice. With respect to
behavioral alterations, the authors observed, in mice positive to
GluR3B antibodies, increased anxiety-like behaviors and motor
impairments (problems in balance, motor coordination and
muscle strength) compared to mice that did not show GluR3B
antibodies in serum (Ganor et al., 2014).

Kowal and colleagues developed an immune-mediated mouse
model of SLE (Kowal et al., 2004). These authors reported
that the immunization of BALB/C mice with DNA peptide
mimotope, arrayed as an octamer on a polylysine backbone
(MAP peptide), induced the production of antibodies against
subunit NR2 of NMDA glutamate receptor, associated with
neuronal damages and cognitive impairments. In particular,
following the administration of lipopolysaccharide (LPS, a
procedure known to increase the permeability of the BBB) to
immunized mice, NR2 antibodies bound neurons preferentially
in hippocampus, inducing neuronal death and impaired memory
(Kowal et al., 2004). NMDA-NR2 receptors are expressed
throughout the brain, but at highest density within hippocampus,
hypothalamus, and amygdala. When the BBB damage was
induced in mice by epinephrine administration, Huerta et al.
(2006) showed that anti-NR2 antibodies bound preferentially
amygdala’s neurons. Accordingly, immunized mice showed
alteration in emotional behavior whereby they responded
deficiently to fear-conditioning paradigms (Huerta et al., 2006).
The latter has been shown to depend on an intact functionality of
the amygdala (Sengupta et al., 2016).

Beside glutamate receptors, autoimmune phenomena in
CNS involve other receptors, such as leucine-rich glioma
inactivated 1 (LGI1), acquaporin-4 (AQP4), Gamma-Amino
Butyric Acid (GABAB), or myelin oligodendrocyte protein
(MOG; see Irani et al., 2014 for a detailed review). In
preclinical studies, immunization with MOG has been shown,
in susceptible animals, to trigger the onset of a series of
inflammatory diseases and thereafter named experimental
autoimmune encephalomyelitis (EAE). EAE, considered as a
valid animal model of multiple sclerosis (MS), are a group
of pathologies characterized by neurodegeneration, extensive
inflammation and demyelination in CNS. These neurochemical
alterations cause severe progressive motor impairments that
ultimately result in flaccid paralysis of hind limbs (see Kipp
et al., 2012 for a detailed review). Beside MOG (Amor et al.,
1994, 1996), other myelin antigens are capable of triggering
the onset of EAE in rodents, such as myelin basic protein
(MBP, see Swanborg, 2001 and Amor et al., 1996), proteolipid
protein (PLP, see Amor et al., 1993 and Amor et al., 1996)
in presence of increased BBB permeability (Rabchevsky et al.,
1999). Several preclinical studies showed that EAE are associated
not only with severe motor deficits, but also with behavioral
and cognitive impairments (Mandolesi et al., 2010; Acharjee
et al., 2013; Olechowski et al., 2013). For example, Mandolesi
et al. (2010) reported that EAE mice, compared to controls,
showed hippocampal-dependent deficit in learning and memory
(Mandolesi et al., 2010). Similarly, Acharjee and colleagues
observed that EAE mice exhibited cognitive and behavioral
impairments in a precocious phase of the disease (Acharjee

et al., 2013). In particular, EAE mice exhibited reduction in the
time spent in the target quadrant of Morris Water maze and
impaired memory extinction in a fear-conditioning paradigm
(Acharjee et al., 2013). Regarding behavioral impairments,
authors observed in EAE mice increased anxiety-like behaviors.
EAE mice showed, compared to controls, more time in the
marginal zone of the apparatus during open field test and
increased time in the closed arm of plus maze test (Acharjee et al.,
2013). Finally, Olechowski et al. (2013) observed impairments in
cognitive processes (assessed with a novel object recognition test)
in a precocious phase of the disease (Olechowski et al., 2013).

The experimental evidence described above suggests that
autoimmune phenomena against CNS targets may trigger,
in vulnerability conditions, the development of remarkable
phenotypic abnormalities. The appearance of different behavioral
and neurochemical impairments depends on the brain target
affected by the autoimmune phenomena and, in some instances,
by the tools adopted to modulate BBB integrity. As reported
above (see Introduction), analogous mechanisms have been
proposed to contribute to the onset and exacerbation of
streptococcal-related motor disturbances in clinical populations.
Specifically, several authors (Martino et al., 2009; Murphy
et al., 2010) proposed that antibodies produced in response
to streptococcal infections (STREP) may, in presence of an
increased vulnerability of the BBB, induce a pathological
phenotype. In particular, these authors proposed that STREP-
related antibodies may cross the damaged BBB and bind
specific brain targets at the level of Basal Ganglia (BG), a
brain structure involved in motor control. This cascade of
events may ultimately provoke a symptomatology typical of
streptococcal-related motor disturbances. In the next section we
will describe some specific animal models developed with the
aim of dissecting the mechanisms bridging the immunologic
responses to streptococcal infections to the onset of neurological
and behavioral dysfunctions.

A Potential Link between Streptococcal
Infections and TS
Passive Transfer of Sera from TS Patients
Different approaches have been used to develop animal models
addressing the role of streptococcal infections in immune-
mediated neuropsychiatric disorders (Table 1). The first line of
studies entailed direct intracerebral administration, in rats, of
anti-neuronal antibodies sampled from TS patients (Hallett et al.,
2000; Taylor et al., 2002; Loiselle et al., 2004; Singer et al.,
2005b; Ben-Pazi et al., 2012; Yeh et al., 2012). Hallett et al.
(2000) showed that brain intra-striatal microinfusions of TS sera
induced behavioral stereotypies and episodic utterances (EU,
repetitive, medium pitched sound of short duration) in male
Fischer 344 rats. Stereotypies and EUs are considered analogous
to involuntary movements observed in TS patients. In particular,
the authors performed two separate studies, microinfusing either
sera obtained from TS children or Gamma Immunoglobulin
(IgG) isolated from these sera. In the first study, compared to
facility-reared controls, rats microinfused with TS-sera showed
exacerbated licking behavior, forepaw shaking and EU. Those
abnormal behaviors were present during microinfusion, and on
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TABLE 1 | Summary of the main findings in TS/PANDAS animal models.

References Passive transfer (PT) or

direct immunization (DI)

Reference

pathology

Neurochemical/Neuroanatomical

abnormalities

Behavioral outcome

Hallett et al., 2000 PT of sera or purified IgG

from TS patients

TS IgG deposits in striatum (↑) Licking

(↑) Forepaw shacking

(↑) Episodic utterances

Taylor et al., 2002 PT of sera from TS patients TS – (↑) Oral stereotypies

Yeh et al., 2012 PT of sera or purified

anti-HCN4 from TS patients

TS – (↑) Stereotyped tic behavior

Hoffman et al., 2004 DI TS/PANDAS IgG deposits in deep cerebellar nuclei

(DCN)

(↑) Rearing behavior

Yaddanapudi et al., 2010 DI TS/PANDAS IgG deposits in cerebellum and

striatum

(↓) Social activities and social investigation

(↓) Ability in olfactory discrimination

(↓) Motor coordination

(↓) Aggressive behavior

(↑) Rearing behavior

PT of sera from immunized

mice

TS/PANDAS IgG deposits in hippocampus and

paraventricular area

(↑) Rearing behavior

(↓) Social interaction

Macrì et al., 2015 DI TS/PANDAS Inflammation in rostral diencephalon (↓) Pre-pulse inhibition

(↑) Perseveration

Brimberg et al., 2012 DI TS/PANDAS IgG deposits in striatum, thalamus

and frontal cortex

(↓) Motor capacity

(↑) Compulsive behavior

Lotan et al., 2014 DI TS/PANDAS – (↑) Rearing behavior

(↓) Food manipulation

(↓) Fine motor coordination

PT of purified IgG from

immunized rats

TS/PANDAS Co-localized IgG deposits with D1/D2

receptor and SERT in striatum

(↓) Food manipulation

(↓) Fine motor coordination

Summary of the main articles in which an autoimmune hypothesis of motor disturbances has been addressed. We report the immunization method, the reference pathology, the

neuroanatomical, neurochemical, and behavioral alterations identified.

days 8–10 after the end of microinfusion, when behavior was
assessed. EUs were particularly interesting, since rats usually do
not emit audible vocalizations in non-threatening environment
(Kaltwasser, 1990), as the one adopted in this study. The
authors proposed that sudden and involuntary contraction
of respiratory muscles (resulting from the effect of serum
on rats’ striatal functionality) may provoke EU. Furthermore,
these sudden and audible vocalizations occurred in association
with head or oral stereotypies, suggesting that contraction
of respiratory muscles could be involved in their occurrence
(Ebrahimi et al., 1992). In the second study, IgGwas isolated from
both control and TS sera and microinfused into rats’ striatum.
Compared to control individuals, rats microinfused with TS-
IgG exhibited a much higher level of licking activity. Moreover,
immunohistochemical analyses of brain sections showed that
TS-IgG selectively bind striatal neurons in rats microinfused
with TS-IgG. These results supported the hypothesis that IgG
recognize specific neuronal antigens within the striatum and
interfere with its normal functioning, inducing abnormalities
in motor control (Hallett et al., 2000). Similarly, Taylor
et al. (2002) observed an increase in oral stereotypies after
infusions of TS sera into the ventrolateral striatum of male

Sprague-Dawley rats. In this study, the authors performed 5
days of microinfusions and conducted systematic behavioral
observations throughout the entire treatment period. Specifically,
the authors assessed the behavior of three groups of rats, with
different sera received during microinfusion: TS-sera containing
high levels of autoantibodies, TS-sera containing low levels of
autoantibodies and control sera. Rats microinfused with TS-sera
characterized by highest antibody titers exhibited remarkably
elevated oral stereotypies compared to the other groups (Taylor
et al., 2002). Finally, Yeh et al. (2012) showed that TS sera
were immunoreactive against a 120 kDa protein, identified
as hyperpolarization-activated nucleotide channel 4 (HCN4)
protein. Male Sprague-Dawley rats received microinfusion in
striatum of purified anti-HCN4 antibodies and of TS-sera.
Behavioral observation after infusion revealed that both TS
sera and purified anti-HCN4 antibodies induced the increase of
behavioral stereotypies in rats in a dose-dependent manner (Yeh
et al., 2012). Additionally, several studies reported that passive
transfer, in striatum of naïve animals, of anti-streptococcal sera
or of purified IgG from animals exposed to GABHS, leads
to the onset of behavioral and neurochemical abnormalities
that resemble PANDAS symptomatology (Yaddanapudi et al.,
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2010; Lotan et al., 2014). These studies are detailed in the next
section.

Although these results support the existence of a link between
autoimmune phenomena and behavioral stereotypies, analogous
subsequent studies failed to replicate these findings (Loiselle et al.,
2004; Singer et al., 2005b; Ben-Pazi et al., 2012). In particular,
Loiselle et al. (2004) performed microstriatal infusions of serum
from TS and PANDAS patients in Fischer rats’ striatum. In this
study, rats received bilateral microinfusions of sera in ventral and
ventrolateral striatum. As in the experimental protocol described
in Hallett et al. (2000), sera were microinfused for 3 days, and
animal behavior was assessed during microinfusions and for 10
days after the end of microinfusions. Unlike the two studies
previously described (Hallett et al., 2000; Taylor et al., 2002),
rats microinfused with TS sera or PANDAS sera did not show
a significant increase in terms of motor or vocal stereotypies
(Loiselle et al., 2004). Similarly, Singer et al. (2005b) observed that
infusions of sera from patients with TS in ventrolateral striatum
of Sprague-Dawley rats, did not significantly increase stereotypies
(Singer et al., 2005b). A total of 16 rats received (for 4 days)
sera containing elevated or low levels of antineural antibodies
(ANAb), while eight control rats were infused with phosphate
buffered saline (PBS). Behavioral observations were performed
for 3 days before infusions, on days 2–4 during infusions,
and for 3 days after the end of infusions. Stereotypies resulted
significantly increased after serum infusion, but authors did not
observe significant differences between control group and groups
treated with low or elevated ANAb sera. Moreover, in contrast
with Taylor et al. (2002), this study suggests that the level of
antibodies in bloodmay have no influence on their pathogenicity;
low or elevated titers of antineural antibodies in sera did not
induce a differential behavioral response in terms of stereotypies
(Singer et al., 2005b). Finally, Ben-Pazi et al. (2012), did not
observe motor behavioral changes in rats after the injections of
sera from Sydenhams’s Chorea (SC) patients (Ben-Pazi et al.,
2012). In particular, authors injected stereotaxically 6 µl of the
IgG fraction of serum in rats’ left striatum, and induced rotational
behavior administering amphetamine and apomorphine (after
10 and 17 days from injections respectively). Authors observed
that the injections of SC-IgG in rats brain striatum did not
induce a significant increase in rotational behavior. Moreover,
immunohistology staining, specific for dopaminergic or GABA-
ergic markers, did not reveal cellular changes in rats injected
with SDC-IgG compared to controls (Ben-Pazi et al., 2012).
Although the reason for failure to detect stereotypies is unclear,
Loiselle et al. (2004), proposed that methodological variations
may constitute a possible explanation for the variable results
obtained among different studies. These variations comprise
different methods to quantify antineural antibodies in sera, strain
of rodents, timing of microinfusion, timing of observation, and
concentrations of microinfused sera (Loiselle et al., 2004).

Active Immunization with Group A Beta–Hemolytic

Streptococcus Homogenate
Other experimental studies, using a different approach based
on active immunization, reported that streptococcal infections
may trigger, in the presence of a vulnerable BBB, basal ganglia

dysfunctions (Swerdlow and Sutherland, 2005). These studies
show that streptococcus exposure may favor the onset of
behavioral disturbances and neurochemical alterations, thereby
providing additional information regarding PANDAS etiology
(Hoffman et al., 2004; Yaddanapudi et al., 2010; Brimberg
et al., 2012; Macrì et al., 2015). These results may support the
hypothesis that antibodies produced in response to streptococcus
infections may bind, in a context of BBB permeability, brain
targets at the level of basal ganglia, causing the onset of behavioral
and motor disturbances and neurochemical alterations (Martino
et al., 2009).

For example, SJL/J mice (a mouse strain prone to the
induction of autoimmune encephalitis, see Korngold et al.,
1986) repeatedly immunized with a group A beta—hemolytic
streptococcus (GABHS) homogenate emulsified in Freund’s
adjuvant (FA), showed increased behavioral abnormalities
compared to control subjects immunized with FA alone
(Hoffman et al., 2004). Mice were screened in several behavioral
tests to assess anxiety-like behavior, general behavioral responses,
and exploratory behavior. Moreover, sera from all mice
were tested for immunoreactivity to mouse brain, while
the presence of IgG deposits has been assessed performing
immunohistochemistry on cerebral tissues. The authors reported
that a subset of sera collected after the second boost from
GABHS mice were immunoreactive to several brain regions. In
particular, GABHS sera labeled neurons in deep cerebellar nuclei
(DCN), globus pallidus, and thalamus. GABHS immunized
mice, characterized by serum immunoreactivity to DCN, showed
also IgG deposits in the same brain area. Mice that showed
serum immunoreactivity to DCN exhibited also increased
rearing behavior (considered as repetitive behavior) compared
to control mice and to GABHS subjects that did not show
sera immunoreactivity to DCN. Moreover, the increase in
rearing behavior correlated with DCN IgG deposits, and with
serum IgG immunoreactivity to GABHS proteins. These results
partially fulfill the criteria for PANDAS proposed by Swedo
et al. (1998). In particular, the animal model described meets
two criteria: the presence of chronic tic disorder and/or OCD;
and the onset and exacerbation of symptoms associated with
GABHS infections. Mice exposed to GABHS showed abnormal
repetitive behavior, partially reproducing OCD symptomatology
in humans. Moreover, the exhibition of repetitive behavior was
temporally related with the exposure to GABHS (Hoffman et al.,
2004).

In a subsequent study, Yaddanapudi et al. (2010) showed that
humoral immunity is necessary and sufficient to induce PANDAS
related symptoms. The authors passively immunized SJL mice by
exposing them to serum obtained from donor mice immunized
with GABHS homogenate, and observed an abnormal behavioral
phenotype (Yaddanapudi et al., 2010). Direct exposure to
GABHS homogenate resulted in diminishedmotor coordination,
increased rearing behavior, reduced social activities and social
investigation, inhibition of aggressive behavior and impaired
ability in olfactory discrimination. Passive transfer of GABHS
sera reproduced the increment in rearing behavior and the
alteration in social interaction, while did not have effects on
motor coordination. To demonstrate that the effects were due
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to the immune response to the streptococcus immunization,
the authors also performed a passive transfer study in which
sera of donor mice was depleted from Immunoglobulin G.
IgG emerged as the active component of GABHS donor sera
whereby its depletion abolished the behavioral abnormalities
observed in mice injected with non-depleted IgG GABHS
sera. Consistently with what emerged regarding behavioral
observations, donor GABHS mice showed brain IgG deposits in
cerebellum and striatum and mice injected with non-depleted
IgG GABHS sera showed brain IgG deposits in hippocampus
and paraventricular area. Conversely, IgG-depleted GABHSmice
did not show brain deposits, confirming that IgG is the active
component of GABHS sera. The different localization of brain
IgG deposits in donor mice and in mice that received non-
depleted sera, may depend on the different approaches used
to increase the permeability of BBB (Freund’s adjuvant and
LPS respectively). These results, together with what observed
in experimental studies involving animal models of SLE (see
Kowal et al., 2004 and Huerta et al., 2006), suggest that BBB
permeability is crucial inmediating the involvement of peripheral
immunity in PANDAS and, in general, in neuropsychiatric
and neurological disorders (Almutairi et al., 2016). Recently,
Dileepan et al. (2016), proposed a mechanism that allows
antibodies produced in response to streptococcal infections to
cross the BBB and trigger autoimmune diseases of the CNS
(Dileepan et al., 2016). In particular, they reported the presence
of group A streptococcal specific Th17 lymphocytes in tonsils
of humans previously exposed to natural GABHS infections
(Dileepan et al., 2016). Repeated intranasal (i.n.) inoculations
of GABHS in mice triggered the expansion of Th17 cells
and the production of interleukin 17 (IL17), as shown in a
previous study (Dileepan et al., 2011). IL17 causes the damaging
of BBB barrier through the production of reactive oxygen
species (ROS) in endothelial cells (Kebir et al., 2007; Huppert
et al., 2010). Dileepan et al. (2016) repeatedly inoculated mice
i.n. with GABHS to investigate if exposure to streptococcus
induces Th17 GABHS-specific cells enter the mice brain. They
reported that group A streptococcal infections trigger in mice
a lymphocyte Th17 response together with the production of
IL-17A in nasal-associated lymphoid tissue (NALT). NALT is
a tissue located in proximity of cribriform plate and has an
equivalent functionality of palatine tonsils in humans (Park
et al., 2003). Moreover, they reported the presence of GABHS-
specific Th17 cells associated with damaged BBB; the damaged
BBB allowed the deposition of serum IgG. Finally they reported
the presence of activated microglia (neuroinflammation) and
impaired synaptic transmission. The authors suggested that
the abnormal production of cytokine induced by infections
may disrupt the BBB, permitting autoantibodies to access the
brain and bind neural targets, ultimately causing the onset of
pathological phenotypes (Dileepan et al., 2016).

Recently, we repeatedly exposed developing male SJL/J mice
to a GABHS homogenate, showing that a single exposure to
streptococcus is not sufficient to trigger behavioral abnormalities
related to PANDAS (Macrì et al., 2015). In particular, we exposed
mice to a primary immunization (GABHS homogenate
emulsified in CFA), followed by three boosts (GABHS

homogenate emulsified in incomplete Freund’s adjuvant).
We screened mice in two different behavioral test batteries
performed between the primary immunization and the first
boost, and after the second boost. Mice exposed to a single
GABHS immunization did not show a differential phenotype
compared to controls. Conversely, after the second boost,
GABHS mice showed increased repetitive and perseverative
behaviors and impaired sensorimotor gating. To evaluate
sensorimotor gating, we measured their motor response in the
Prepulse Inhibition of the startle reflex (PPI) task. PPI is an
experimental measure in which the startle reflex (response to
sudden and intense stimulus) is inhibited by a weak stimulus.
This task is of common use in human laboratory and holds
an elevated translational value (Swerdlow, 2013). In rodents,
whole-body startle is measured by assessing the force resulting
from the contraction of skeletal muscles (Swerdlow, 2013).
PPI results impaired in a series of neuropsychiatric disorders,
including schizophrenia (Swerdlow et al., 2006), Huntington
disease (Swerdlow et al., 1995; Valls-Sole et al., 2004), OCD
(Swerdlow et al., 1993; Hoenig et al., 2005; Ahmari et al., 2012),
as well as TS (Castellanos et al., 1996; Swerdlow et al., 2001a,b;
Zebardast et al., 2013). Preclinical evidence showed that in
rodents experimental lesions of striatal circuits significantly
reduced PPI (Baldan Ramsey et al., 2011), and that the
administration of dopaminergic drugs modulated its expression
(Mansbach et al., 1988; Russig et al., 2004). Therefore, impaired
PPI observed in GABHS mice supports the hypothesis that
repeated exposures to streptococcus may cause dysfunctions in
cortico-striatal-thalamocortical (CSTC) circuits, involved in TS
(Swerdlow, 2013). A dysfunctional regulation of the CSTC has
been proposed to constitute a common factor among TS and
comorbid problems, such OCD (Berardelli et al., 2003; Leckman
et al., 2010). This hypothesis is supported by clinical evidence
suggesting the involvement of the central dopaminergic system
in TS: tics frequency is increased by dopamine (DA) D2 receptor
agonists (Shprecher and Kurlan, 2009), and reduced by D2
antagonists (Scahill et al., 2006).

The increased perseverative behavior observed in GABHS
mice constitutes an additional evidence supporting the
hypothesis that repeated exposure to streptococcus may
cause dysfunctions in brain areas considered involved in TS.
In particular, we assessed perseverative behavior in T-maze
test to measure spontaneous alternation, considered as a
natural tendency to explore the environment (Deacon and
Rawlins, 2006). Lalonde (2002) showed that the exhibition of
spontaneous alternation depends on the integrity of several
brain areas, including prefrontal cortex and dorsal striatum
(Lalonde, 2002). Moreover, the administration of dopaminergic
and serotoninergic drugs modulates spontaneous alternation
behavior (Irwin et al., 1983; Jaffard et al., 1991).

The fact that behavioral abnormalities have been observed
after repeated exposures to GABHS supports the hypothesis that
a single immunization with streptococcus is not sufficient
to trigger a pathological phenotype. The exhibition of
symptoms may require a prolonged exposure, associated
with the development of a high level of peripheral anti-GABHS
antibodies. This hypothesis is supported by the fact that

Frontiers in Neuroscience | www.frontiersin.org June 2016 | Volume 10 | Article 31093

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


Spinello et al. Preclinical Models of Tourette’s Syndrome

we found elevated concentrations of antibodies in GABHS-
mice sera after repeated injections, but not after the primary
immunization. Mice repeatedly exposed to streptococcus showed
also neurochemical alterations (reduced serotonin and increased
lactate) in prefrontal cortex, a brain structure involved in the
control of the behavioral domains addressed in the study.
Moreover, GABHS mice exhibited inflammatory processes
(presence of infiltrates and active microglia) in the rostral
diencephalon. Thus, our study supports the hypothesis that
exposure to streptococcus is a vulnerability factor in the onset
of behavioral and neurochemical phenotypes homologous to
symptoms observed in PANDAS.

Brimberg et al. (2012) reported that male Lewis rats exposed to
GABHS antigens, showed behavioral, immunological, and neural
characteristics resembling symptoms observed in PANDAS
patients (Brimberg et al., 2012). Rats exposed to GABHS
exhibit impaired motor capacity and compulsive behavior. The
administration of haloperidol and paroxetine, both used to
treat motor symptoms and compulsion in PANDAS, alleviated
symptoms observed in GABHS mice. Importantly, this study
was the first reporting the presence of peripheral autoantibodies
against D1 and D2 receptors following active immunization with
GABHS homogenate. Moreover, GABHS-exposed rats showed
IgG deposits in striatum, thalamus and frontal cortex. This
study supports the link between GABHS exposure and the
development of anti-brain antibodies (in rats sera), specifically
directed against dopamine receptors. This evidence supports the
idea that dopaminergic system has an important role in the
onset of symptoms related to PANDAS (including TS). Finally,
Lotan et al. (2014) extended these results by the identification of
the serotonergic system as an additional mediator of the onset
of PANDAS related symptoms. Specifically, beside replicating
the presence of antibodies against D1 and D2 receptors, they
observed peripheral antibodies against serotonin (5HT-2A and
5HT-2C) receptors in rats previously exposed to GABHS (Lotan
et al., 2014). Furthermore, the active immunization of male
Lewis rats resulted in a series of phenotypic abnormalities
associated with compulsive behavior and motor impairments:
increased grooming; impairments in food manipulation; and
impairments in fine motor activity tested through walking on
a narrow beam (Lotan et al., 2014). These observations are
in line with pharmacological evidence indicating that several
serotonergic agonists may constitute an effective treatment for
the GABHS-dependent psychiatric symptoms (Swedo and Grant,
2005; Murphy et al., 2010). Additionally, these results parallel our
study in whichwe showed that active streptococcal immunization
throughout development may alter serotonergic transmission in
the adult brain (Macrì et al., 2015). In the same study, Lotan et al.
(2014) addressed whether the antibodies produced in response
to GABHS were sufficient to induce an abnormal phenotype. To
investigate this aspect, the authors performed a passive transfer
experiment in which they injected purified IgG from immunized
and control rats directly in the striatum of naïve rats (Lotan
et al., 2014). In accordance with the predictions, microinfusion
of IgG from immunized rats partially reproduced the phenotype
of rats exposed to the direct immunization: impairments in
food manipulation and in beam walking test (Lotan et al.,

2014). Finally, immunoistochemical analysis of IgG deposits in
striatum revealed the presence of IgG clusters in striatum of rats
passively exposed to GABHS; moreover, the authors observed
that these clusters co-localized with D1 and D2 receptors and
with serotonin transporter (SERT; Lotan et al., 2014).

LIMITATIONS OF THE STUDIES AND
FUTURE PERSPECTIVES

In the present manuscript, we aimed at describing
animal models developed to investigate the link between
streptococcus infections and the onset of autoimmune-mediated
neuropsychiatric disorder. Within this framework, animal
models developed using active immunization constitute a valid
tool to investigate the etiological mechanisms of PANDAS and
other related disorders, such as TS. Yet, these animal models
present a series of limitations that need to be addressed in
future experimental studies. Specifically, current experimental
models are limited in terms of the timing of symptoms
observation (prepubertal onset in humans in spite of the fact that
abnormalities in rodents are generally addressed in already adult
subjects) and in the limited exploitation of gene × environment
interactions. In the following section, we discuss these limitations
and propose an approach to overcome them in the future (these
aspects are summarized in Table 2). As briefly mentioned, one
of the core limitations is represented by the timing of the onset
of PANDAS-like phenotype in preclinical models. PANDAS, as
already discussed, are a series of streptococcal-related disorders
that occur specifically in the pediatric population. Most of the
PANDAS-related symptoms observed in animals (stereotypies,
repetitive and perseverative behavior, impaired sensorimotor
gating) have instead been addressed in late adolescent/adult
individuals. Such limitation is predominantly related to technical
constraints associated with the immunization protocol. In all the
studies analyzed, the first immunization of a repeated protocol
has been performed at four (Hoffman et al., 2004; Yaddanapudi
et al., 2010; Macrì et al., 2015), five (Brimberg et al., 2012), or
6 weeks (Hoffman et al., 2004; Yaddanapudi et al., 2010) of
age, corresponding, in rodents, to puberty and adolescence.
Moreover, the subsequent injections (performed to simulate a
repeated exposure to streptococcus) were always interspaced by
3 weeks. Thus, the consequences of the repeated exposure to
streptococcus have been evaluated in fully adult mice. To assess
the effects of streptococcus in younger individuals and come
closer to the specific characteristic of the pediatric population,
future studies shall entail an earlier timing of the primary
injection, and much shorter intervals between boosts.

Animal Models and Gene × Environment
Interactions
With particular attention to TS, the utility of autoimmunemodels
should be extended to investigate the role gene × environment
interactions. Considering themultifactorial and complex etiology
of TS (entailing also genetic vulnerability), several experimental
models leveraged the use of genetically-engineered animals. For
example, SLITRK knockout (ko) mice, have been developed
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TABLE 2 | Experimental models of PANDAS and TS.

Pandas and TS Experimental models of pandas and TS Future perspectives

Chronic tic disorders and/or OCD1 OCD-like behaviors: increased repetitive behaviors,

stereotypies, perseverative behavior and fine

motor coordination4−11

Extension of the behavioral phenotype to

incorporate patterns analogous to tics

Association with streptococcal infections1 Association with streptococcal infections through

active immunization7–11 or passive transfer of sera

from TS patients4–6

Design of complex experimental protocols

entailing a double hit hypothesis (e.g., stress

during pregnancy x streptococcal immunization

early in puberty)

Motor hyperactivity1 Motor hyperactivity Prolongation of the analysis of motor behavior

(e.g., continuous monitoring of behavior

through automated systems)

Prepubertal onset1 Prepubertal onset Earlier administration of streptococcal antigens

Relapsing and remitting course of the disease1 Relapsing and remitting course of the disease –

Impaired PPI2 Impaired PPI9 –

Autoantibodies developed following streptococcal

infections, cross the BBB and bind specific target at the

level of BG, causing morphological alteration in CNS3

IgG deposits in cerebellum, striatum, hippocampus

and paraventricular area7, 8 inflammation in rostral

diencephalon9

Investigation of the role of microglia and

astrocytes in the autoimmune sequelae in

preclinical models12

Bold, Scientific evidence; Italics, hypothesis; Normal text, Clinical evidence not reproduced in animal models.

Numbers indicate the references in which the corresponding information has been described. (1) Swedo et al., 1998; (2) Swerdlow et al., 2001b; (3) Martino et al., 2009; (4) Hallett

et al., 2000; (5) Taylor et al., 2002; (6) Yeh et al., 2012; (7) Hoffman et al., 2004; (8) Yaddanapudi et al., 2010; (9) Macrì et al., 2015; (10) Brimberg et al., 2012; (11) Lotan et al., 2014;

(12) Benedek et al., 2016.

following the identification of mutations in SLITRK genes in
TS patients (Katayama et al., 2010). Although Slitrk1-deficient
mice possess a great degree of construct validity, this model does
not resemble TS symptomatology, thereby possessing a limited
degree of face validity. In particular, Sltrk1 ko mice did not show
tic-like symptoms or neurochemical abnormalities typical of TS.
Other genetic models have been developed based on the link
between TS and glutamatergic hyperactivity inside the CSTC. In
particular, Nordstrom and colleagues developed a D1 receptor
transgenic animal model (D1CT-7), expressing hyperactivity
in two groups of neural populations located (expressing D1
receptors) in the insular and piriform cortices and in the
amygdala (Nordstrom and Burton, 2002). These mice exhibit
features that are analogous to the tics observed in TS patients
(very brief isolated head or body jerk or shake); moreover, these
symptoms are alleviated by the administration of drugs that
have analogous effects in humans. Despite the good degree of
face and predictive validity of this model, D1CT-7 mice exhibit
also features that are not typical of TS (see Macrì et al., 2013
for a detailed review). Recently, Castellan Baldan et al. (2014)
developed an animal model resting upon the observation that the
hdc gene may be involved in TS (Ercan-Sencicek et al., 2010).
Within this framework, the authors developed a line of mice
(hdc ko) lacking histidine decarboxylase, which is necessary to
synthesize histamine (Castellan Baldan et al., 2014). These mice
exhibited a significant increase in behavioral stereotypies after
D-amphetamine injection and a deficit in sensorimotor gating,
reflected in impairments in PPI. Haloperidol pretreatment
mitigated behavioral stereotypies. Moreover, while in the brain
of wild type mice HA concentration increased during the
dark-active phase of the diurnal cycle (Haas et al., 2008) HA
concentration was significantly reduced in left hypothalamus,
striatum and right neocortex of ko mice (Castellan Baldan et al.,
2014). Although daytime striatal DA concentration did not differ

between genotypes, hdc ko mice showed a significant increase in
DA concentration during the active phase of the diurnal cycle,
when HA was increased in wild type mice (Castellan Baldan
et al., 2014). This result further supports the hypothesis that
HA negatively regulates DA (Haas et al., 2008). Finally, ko mice
showed a reduction of D2 + D3 receptor density in striatum,
and an increase of D2 + D3 receptor density in substantia nigra,
suggesting a cellular response to the persistent elevation of DA
(Stanwood et al., 2000). Thus, in the light of the theoretical
framework in which it has been developed (clinical evidence
indicating the importance of HA in TS; Ercan-Sencicek et al.,
2010), the phenotypic alterations observed (motor abnormalities
and impaired sensorimotor gating), and the pharmacological
efficacy of haloperidol (one of the treatments of choice in TS,
Bornstein et al., 1990), this experimental model seems to possess
an elevated degree of construct, face and predictive validity.

Given the limitations of both autoimmune and genetic
models, future attempts should be focused on combining some
of the models previously described, aiming at investigating
gene× environment interactions.

Neonatal Environmental Factors and
Individual Vulnerability to PANDAS
Future efforts should be focused also on investigating the
possibility that neonatal environmental factors may calibrate,
and eventually suppress, individual vulnerability to PANDAS.
Several studies reported that precocious experiences affect the
individual resilience toward future challenges (Heim et al.,
2004, 2008; Lyons and Macrì, 2011). In particular, while
traumatic precocious experiences result in increased individual
vulnerability to future challenges (Heim et al., 2004, 2008),
stimulating early conditions have been proposed to favor
individual resilience (Lyons and Macrì, 2011). The immune
system is particularly sensitive to early experiences (Roque
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et al., 2014). For example, several studies conducted in rodents
showed that maternal separation (daily 3–6 h mother-offspring
separations during the first 2 weeks of life) or exposure to
early physiological stressors result in increased susceptibility
toward viral infections (Meagher et al., 2010) or vulnerability
toward autoimmune phenomena (Bakker et al., 2000). Individual
reactivity to immune challenge has been proposed to depend
on the functionality of hypothalamic-pituitary-adrenocortical
(HPA) axis (Bakker et al., 2000; Meagher et al., 2010). In
particular, the differential response to immune challenge depends
on the modulation of the functionality of immune system exerted
by elevations in levels of corticosterone (Laban et al., 1995).
Several studies showed that circulating corticosteroids have a
direct effect on T-cell, suppressing immune responses (Wick
et al., 1993). Thus, it is tenable to propose that the modulation
of corticosterone reactivity through experimental stressors, may
calibrate individual susceptibility toward phenomena that relate
to immunity (immune and autoimmune phenomena). Within
this framework, Levine and Saltzman (1987) reported that
experimental stressors favoring an upregulation of the HPA-
axis alter individual vulnerability to EAE (Levine and Saltzman,
1987). Moreover, Levine and colleagues showed that stress
reduces (Levine et al., 1962a) and adrenalectomy enhances
(Levine et al., 1962b) vulnerability to EAE. Thus, a persistent
upregulation of HPA axis induced by neonatal stressor may
consistently prevent some of the consequences of experimental
models of autoimmunity, such as PANDAS. Beside analyzing the
role of environmental factors in modulating the functionality
of the immune system, future studies shall thoroughly detail
which portions of the immune system are involved in the
autoimmune sequelae (Benedek et al., 2016). An interesting
target to be contemplated in future studies is the activation of
microglia and the role exerted by astrocytes (Benedek et al., 2016;
Lécuyer et al., 2016). These targets appear particularly relevant
whereby their involvement has already been demonstrated in
experimental models of autoimmunity (Correale, 2014; Shemer
and Jung, 2015; Benedek et al., 2016; Lécuyer et al., 2016). While
these studies addressed the role of astrocytes and microglia in
experimental models of MS, it may be important to evaluate
whether these outcomes translate to experimental models of
PANDAS or TS. This need is also corroborated by clinical
evidence indicating that microglia can be activated in TS and
PANDAS patients (Kumar et al., 2015), see below for a detailed
description.

Peripheral Autoantibodies As Diagnostic
Biomarker in TS
Finally, we emphasize the value of the detection of peripheral
autoantibodies as a reliable method potentially aiding the
diagnosis of neurological disorders. The search of biological
markers measurable and detectable using non-invasive
approaches constitutes an important tool in the diagnosis
of these diseases (Damoiseaux et al., 2015). With particular
attention to autoimmune disorders, the measurement of
autoantibodies has been proposed as a valuable tool not only in
the diagnosis, but also in the prediction and in the prognosis of

autoimmune diseases (Harel and Shoenfeld, 2006; Shepshelovich
and Shoenfeld, 2006; Bizzaro et al., 2007; see Damoiseaux et al.,
2015 for a detailed review). Within this framework, several
peripheral autoantibodies emerged as clinically relevant in
several neurological and neuropsychiatric disorders, such as
multiple sclerosis (Comabella and Montalban, 2014), limbic
encephalitis (Beck et al., 2009; Schlumberger et al., 2014),
myasthenia gravis (Verschuuren et al., 2013), or ADHD (Giana
et al., 2015). However, the debate on the efficacy of serum
autoantibodies as diagnostic markers is still open. For example
Höftberger (2015) reported that in the case of autoimmune
encephalitis (AIE), serum did not contain antineural antibodies
in the 14% of patients, while autoantibodies were always
detected in patients’ cerebrospinal fluid (CSF). Thus, the
absence of autoantibodies in serum may not be sufficient to
exclude AIE (Höftberger, 2015). With respect to TS, as already
discussed (see Introduction), several clinical studies reported
the presence of anti-BG antibodies in sera of TS patients (Rizzo
et al., 2006; Martino et al., 2011). Moreover, the injections
of TS sera (containing autoantibodies) directly into rodents’
striatum, result, in some cases, in behavioral and neurochemical
alterations that partially resemble PANDAS symptomatology
(Hallett et al., 2000; Yeh et al., 2012). In addition, autoantibodies
in TS sera seem to induce PANDAS-like behavioral phenotypes
in a concentration-dependent manner (high or low level of
autoantibodies titers, see Taylor et al., 2002). These results seem
to support the hypothesis that anti-BG antibodies may constitute
a valid biomarker in the diagnosis of some cases of TS. However,
results reported in subsequent studies, where the passive transfer
of TS sera in rodents’ striatum failed to induce PANDAS-like
phenotypes (Loiselle et al., 2004; Ben-Pazi et al., 2012), suggest
that additional studies are necessary to investigate the diagnostic
value of the detection of peripheral BG-antigens in TS. Further
efforts may be focused, for example, on the standardization
of the assays used to quantify antineural antibodies in sera
(Jacobs et al., 2015). In particular, further studies should be
focused on investigating the use of immunohistochemistry as
a method for the detection of anti-neuronal autoantibodies in
CNS disorders. Hachiya et al. (2013) showed, in a recent study,
that immunohistochemistry may constitute a reliable method
for the detection of autoantibodies in serum of patients affected
by CNS disorders associated with GABHS infections (Hachiya
et al., 2013). In particular, they assessed immunoreactivity of
sera (obtained during the acute phase of disease or during
remission or convalescence) from patients affected by three
CNS disorders linked to GABHS infections (acute disseminated
encephalomyelitis, PANDAS and subacute encephalitis). The
authors performed immunohistochemistry on brain sections
of hippocampus, basal ganglia, cerebellar cortex and midbrain
obtained from male controls (aged 5 and 9 years) that did
not present CNS alterations. Sera obtained from patients
affected by acute disseminated encephalomyelitis and PANDAS
showed immunoreactivity in globus pallidus neurons, while
sera obtained from patients affected by subacute encephalitis
showed immunoreactivity in the extra pyramidal cell layers
in the temporal cortex. Conversely, sera obtained during
remission or convalescence did not show immunoreactivity
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(Hachiya et al., 2013). With particular attention to PANDAS
and TS, future efforts should be focused, for example, on
analyzing immunoreactivity of sera from patients toward
dopamine D2 receptors. In the context of the identification of
immune-related diagnostic biomarkers, Kumar et al. (2015)
recently evaluated neuroinflammation in TS and PANDAS
children. Specifically, the authors performed a Positron Emission
Tomographic (PET) study to identify markers of activated
microglia (Kumar et al., 2015). Activated microglia has been
proposed to constitute a valid indicator of the presence of
neuroinflammation (Kreutzberg, 1996). To address this aspect,
the authors exploited the capacity of activated microglia to
express the translocator protein receptor (TSPO). TSPO, in turn,
can be selectively identified through the radioactive tracer 11C-
[R]-PK11195 (PK) (Cagnin et al., 2007). Using this approach,
the authors analyzed neuroinflammation in basal ganglia and
thalamus and observed increased binding potential in bilateral
caudate and bilateral lentiform nucleus in PANDAS patients.
TS children exhibited neuroinflammation in bilateral lentiform
nucleus only, suggesting possible neuroanatomical differences
between PANDAS and TS diseases (Kumar et al., 2015). Thus, the

monitoring of neuroinflammation through PET may constitute
a potential method to clarify pathophysiological mechanisms in
TS and PANDAS.

AUTHOR CONTRIBUTIONS

CS and SM wrote the first draft of the manuscript; CS, SM, and
GL worked on the subsequent versions of the manuscript.

ACKNOWLEDGMENTS

The authors of this manuscript received funding from the
European Community’s Seventh Framework Programme
(FP7/2007-2013) under grant agreements n◦ 278367 (Project
EMTICS) and n◦ 603016 (Project MATRICS). This paper reflects
only the authors’ views and the European Union is not liable for
any use that may be made of the information contained therein.
We sincerely thank Prof. Francesco Cardona for critical reading
of a previous version of this manuscript, and Prof. Graziella
Orefici for constant and constructive feedback on the topic of the
present manuscript.

REFERENCES

Abelson, J. F., Kwan, K. Y., O’Roak, B. J., Baek, D. Y., Stillman, A. A., Morgan, T.

M., et al. (2005). Sequence variants in SLITRK1 are associated with Tourette’s

syndrome. Science 310, 317–320. doi: 10.1126/science.1116502

Acharjee, S., Nayani, N., Tsutsui, M., Hill, M. N., Ousman, S. S., and Pittman,

Q. J. (2013). Altered cognitive-emotional behavior in early experimental

autoimmune encephalitis–cytokine and hormonal correlates. Brain Behav.

Immun. 33, 164–172. doi: 10.1016/j.bbi.2013.07.003

Adriani, W., Koot, S., Columba-Cabezas, S., Romano, E., Travaglini, D., van den

Bos, R., et al. (2012). Immunization with DAT fragments is associated with

long-term striatal impairment, hyperactivity and reduced cognitive flexibility

in mice. Behav. Brain Funct. 8:54. doi: 10.1186/1744-9081-8-54

Ahmari, S. E., Risbrough, V. B., Geyer, M. A., and Simpson, H. B. (2012). Impaired

sensorimotor gating in unmedicated adults with obsessive-compulsive

disorder. Neuropsychopharmacology 37, 1216–1223. doi: 10.1038/npp.2011.308

Almutairi, M. M., Gong, C., Xu, Y. G., Chang, Y., and Shi, H. (2016). Factors

controlling permeability of the blood-brain barrier. Cell. Mol. Life Sci. 73,

57–77. doi: 10.1007/s00018-015-2050-8

Amor, S., Baker, D., Groome, N., and Turk, J. L. (1993). Identification of a

major encephalitogenic epitope of proteolipid protein (residues 56–70) for

the induction of experimental allergic encephalomyelitis in Biozzi AB/H and

nonobese diabetic mice. J. Immunol. 150, 5666–5672.

Amor, S., Groome, N., Linington, C., Morris, M. M., Dornmair, K., Gardinier,

M. V., et al. (1994). Identification of epitopes of myelin oligodendrocyte

glycoprotein for the induction of experimental allergic encephalomyelitis in SJL

and Biozzi AB/H mice. J. Immunol. 153, 4349–4356.

Amor, S., O’Neill, J. K., Morris, M. M., Smith, R. M., Wraith, D. C.,

Groome, N., et al. (1996). Encephalitogenic epitopes of myelin basic protein,

proteolipid protein, myelin oligodendrocyte glycoprotein for experimental

allergic encephalomyelitis induction in Biozzi ABH (H-2Ag7) mice share an

amino acid motif. J. Immunol. 156, 3000–3008.

APA (2013). Diagnostic and Statistical Manual of Mental Disorders. Arlington, VA:

American Psychiatric Association.

Aruga, J., and Mikoshiba, K. (2003). Identification and characterization of Slitrk, a

novel neuronal transmembrane protein family controlling neurite outgrowth.

Mol. Cell. Neurosci. 24, 117–129. doi: 10.1016/S1044-7431(03)00129-5

Asano, N. M., Coriolano, M., Asano, B. J., and Lins, O. G. (2013). Psychiatric

comorbidities in patients with systemic lupus erythematosus: a systematic

review of the last 10 years. Rev. Bras. Reumatol. 53, 431–437. doi:

10.1016/S2255-5021(13)70114-7

Bakker, J. M., Kavelaars, A., Kamphuis, P. J., Cobelens, P. M., van Vugt, H. H., van

Bel, F., et al. (2000). Neonatal dexamethasone treatment increases susceptibility

to experimental autoimmune disease in adult rats. J. Immunol. 165, 5932–5937.

doi: 10.4049/jimmunol.165.10.5932

Baldan Ramsey, L. C., Xu, M., Wood, N., and Pittenger, C. (2011). Lesions of the

dorsomedial striatum disrupt prepulse inhibition. Neuroscience 180, 222–228.

doi: 10.1016/j.neuroscience.2011.01.041

Beck, L. H. Jr., Bonegio, R. G., Lambeau, G., Beck, D. M., Powell, D. W., Cummins,

T. D., et al. (2009). M-type phospholipase A2 receptor as target antigen

in idiopathic membranous nephropathy. N. Engl. J. Med. 361, 11–21. doi:

10.1056/NEJMoa0810457

Benedek, G., Zhang, J., Bodhankar, S., Nguyen, H., Kent, G., Jordan,

K., et al. (2016). Estrogen induces multiple regulatory B cell subtypes

and promotes M2 microglia and neuroprotection during experimental

autoimmune encephalomyelitis. J. Neuroimmunol. 293, 45–53. doi: 10.1016/

j.jneuroim.2016.02.009

Ben-Pazi, H., Sadan, O., and Offen, D. (2012). Striatal microinjection of Sydenham

chorea antibodies: using a rat model to examine the dopamine hypothesis. J.

Mol. Neurosci. 46, 162–166. doi: 10.1007/s12031-011-9559-6

Berardelli, A., Currà, A., Fabbrini, G., Gilio, F., and Manfredi, M. (2003).

Pathophysiology of tics and Tourette syndrome. J. Neurol. 250, 781–787. doi:

10.1007/s00415-003-1102-4

Bizzaro, N., Tonutti, E., Visentini, D., Alessio, M. G., Platzgummer, S., Morozzi,

G., et al. (2007). Antibodies to the lens and cornea in anti-DFS70-

positive subjects. Ann. N.Y. Acad. Sci. 1107, 174–183. doi: 10.1196/annals.

1381.019

Boghosian-Sell, L., Comings, D. E., and Overhauser, J. (1996). Tourette syndrome

in a pedigree with a 7;18 translocation: identification of a YAC spanning the

translocation breakpoint at 18q22.3. Am. J. Hum. Genet. 59, 999–1005.

Borchers, A. T., Aoki, C. A., Naguwa, S. M., Keen, C. L., Shoenfeld, Y.,

and Gershwin, M. E. (2005). Neuropsychiatric features of systemic lupus

erythematosus. Autoimmun. Rev. 4, 329–344. doi: 10.1016/j.autrev.2005.01.008

Bornstein, R. A., Stefl, M. E., and Hammond, L. (1990). A survey of Tourette

syndrome patients and their families: the 1987 Ohio Tourette Survey. J.

Neuropsychiatry Clin. Neurosci. 2, 275–281.

Bos-Veneman, N. G., Olieman, R., Tobiasova, Z., Hoekstra, P. J., Katsovich, L.,

Bothwell, A. L., et al. (2011). Altered immunoglobulin profiles in children

Frontiers in Neuroscience | www.frontiersin.org June 2016 | Volume 10 | Article 31097

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


Spinello et al. Preclinical Models of Tourette’s Syndrome

with Tourette syndrome. Brain Behav. Immun. 25, 532–538. doi: 10.1016/

j.bbi.2010.12.003

Brilot, F., Merheb, V., Ding, A., Murphy, T., and Dale, R. C. (2011).

Antibody binding to neuronal surface in Sydenham chorea, but not in

PANDAS or Tourette syndrome. Neurology 76, 1508–1513. doi: 10.1212/

WNL.0b013e3182181090

Brimberg, L., Benhar, I., Mascaro-Blanco, A., Alvarez, K., Lotan, D., Winter, C.,

et al. (2012). Behavioral, pharmacological, and immunological abnormalities

after streptococcal exposure: a novel rat model of Sydenham chorea and

related neuropsychiatric disorders. Neuropsychopharmacology 37, 2076–2087.

doi: 10.1038/npp.2012.56

Bronson, S. L., and Bale, T. L. (2016). The Placenta as a mediator of stress effects on

neurodevelopmental reprogramming. Neuropsychopharmacology 41, 207–218.

doi: 10.1038/npp.2015.231

Cagnin, A., Kassiou, M., Meikle, S. R., and Banati, R. B. (2007). Positron emission

tomography imaging of neuroinflammation.Neurotherapeutics 4, 443–452. doi:

10.1016/j.nurt.2007.04.006

Capone, F., Adriani,W., Shumilina,M., Izykenova, G., Granstrem, O., Dambinova,

S., et al. (2008). Autoantibodies against opioid or glutamate receptors are

associated with changes in morphine reward and physical dependence

in mice. Psychopharmacology 197, 535–548. doi: 10.1007/s00213-007-

1062-y

Cardona, F., and Orefici, G. (2001). Group A streptococcal infections and tic

disorders in an Italian pediatric population. J. Pediatr. 138, 71–75. doi:

10.1067/mpd.2001.110325

Cardoso, F., Vargas, A. P., Oliveira, L. D., Guerra, A. A., and Amaral, S. V. (1999).

Persistent Sydenham’s chorea.Mov. Disord. 14, 805–807.

Castellan Baldan, L., Williams, K. A., Gallezot, J. D., Pogorelov, V., Rapanelli, M.,

Crowley, M., et al. (2014). Histidine decarboxylase deficiency causes tourette

syndrome: parallel findings in humans and mice. Neuron 81, 77–90. doi:

10.1016/j.neuron.2013.10.052

Castellanos, F. X., Fine, E. J., Kaysen, D., Marsh, W. L., Rapoport, J. L., and

Hallett, M. (1996). Sensorimotor gating in boys with Tourette’s syndrome

and ADHD: preliminary results. Biol. Psychiatry 39, 33–41. doi: 10.1016/0006-

3223(95)00101-8

Cieza, A., Anczewska, M., Ayuso-Mateos, J. L., Baker, M., Bickenbach, J., Chatterji,

S., et al. (2015). Understanding the impact of brain disorders: towards a

‘horizontal epidemiology’ of psychosocial difficulties and their determinants.

PLoS ONE 10:e0136271. doi: 10.1371/journal.pone.0136271

Coenen, M., Cabello, M., Umlauf, S., Ayuso-Mateos, J. L., Anczewska, M.,

Tourunen, J., et al. (2016). Psychosocial difficulties from the perspective of

persons with neuropsychiatric disorders. Disabil. Rehabil. 38, 1134–1145. doi:

10.3109/09638288.2015.1074729

Comabella, M., and Montalban, X. (2014). Body fluid biomarkers in multiple

sclerosis. Lancet Neurol. 13, 113–126. doi: 10.1016/S1474-4422(13)70233-3

Correale, J. (2014). The role of microglial activation in disease progression. Mult.

Scler. 20, 1288–1295. doi: 10.1177/1352458514533230

Cutforth, T., DeMille, M. M., Agalliu, I., and Agalliu, D. (2016). CNS autoimmune

disease after infections: animal models, cellular mechanisms and genetic

factors. Future Neurol. 11, 63–76. doi: 10.2217/fnl.16.4

Dale, R. C., Church, A. J., Candler, P. M., Chapman, M., Martino, D., and

Giovannoni, G. (2006). Serum autoantibodies do not differentiate PANDAS

and Tourette syndrome from controls. Neurology 66:1612. doi: 10.1212/

01.wnl.0000226832.36908.4c

Dalsgaard, S., Waltoft, B. L., Leckman, J. F., and Mortensen, P. B. (2015). Maternal

history of autoimmune disease and later development of tourette syndrome

in offspring. J. Am. Acad. Child Adolesc. Psychiatry 54, 495–501.e1. doi:

10.1016/j.jaac.2015.03.008

Damoiseaux, J., Andrade, L. E., Fritzler, M. J., and Shoenfeld, Y. (2015).

Autoantibodies 2015: from diagnostic biomarkers toward prediction,

prognosis and prevention. Autoimmun. Rev. 14, 555–563. doi: 10.1016/

j.autrev.2015.01.017

Davison, K. (2012). Autoimmunity in psychiatry. Br. J. Psychiatry 200, 353–355.

doi: 10.1192/bjp.bp.111.104471

Deacon, R. M., and Rawlins, J. N. (2006). T-maze alternation in the rodent. Nat.

Protoc. 1, 7–12. doi: 10.1038/nprot.2006.2

Deng, H., Gao, K., and Jankovic, J. (2012). The genetics of Tourette syndrome.Nat.

Rev. Neurol. 8, 203–213. doi: 10.1038/nrneurol.2012.26

Dileepan, T., Linehan, J. L., Moon, J. J., Pepper, M., Jenkins, M. K., and Cleary, P. P.

(2011). Robust antigen specific th17 T cell response to group A Streptococcus is

dependent on IL-6 and intranasal route of infection. PLoS Pathog. 7:e1002252.

doi: 10.1371/journal.ppat.1002252

Dileepan, T., Smith, E. D., Knowland, D., Hsu, M., Platt, M., Bittner-Eddy,

P., et al. (2016). Group A Streptococcus intranasal infection promotes CNS

infiltration by streptococcal-specific Th17 cells. J. Clin. Invest. 126, 303–317.

doi: 10.1172/JCI80792

Ebrahimi, A., Pochet, R., and Roger, M. (1992). Topographical organization of

the projections from physiologically identified areas of the motor cortex to the

striatum in the rat. Neurosci. Res. 14, 39–60.

Ercan-Sencicek, A. G., Stillman, A. A., Ghosh, A. K., Bilguvar, K., O’Roak, B. J.,

Mason, C. E., et al. (2010). L-histidine decarboxylase and Tourette’s syndrome.

N. Engl. J. Med. 362, 1901–1908. doi: 10.1056/NEJMoa0907006

Fanouriakis, A., Boumpas, D. T., and Bertsias, G. K. (2013). Pathogenesis

and treatment of CNS lupus. Curr. Opin. Rheumatol. 25, 577–583. doi:

10.1097/BOR.0b013e328363eaf1

Fernandez, T. V., Sanders, S. J., Yurkiewicz, I. R., Ercan-Sencicek, A. G.,

Kim, Y. S., Fishman, D. O., et al. (2012). Rare copy number variants in

tourette syndrome disrupt genes in histaminergic pathways and overlap

with autism. Biol. Psychiatry 71, 392–402. doi: 10.1016/j.biopsych.2011.

09.034

Ganor, Y., Freilinger, M., Dulac, O., and Levite, M. (2005a). Monozygotic

twins discordant for epilepsy differ in the levels of potentially

pathogenic autoantibodies and cytokines. Autoimmunity 38, 139–150.

doi: 10.1080/08916930500100825

Ganor, Y., Goldberg-Stern, H., Amrom, D., Lerman-Sagie, T., Teichberg, V.

I., Pelled, D., et al. (2004). Autoimmune epilepsy: some epilepsy patients

harbor autoantibodies to glutamate receptors and dsDNA on both sides

of the blood-brain barrier, which may kill neurons and decrease in

brain fluids after hemispherotomy. Clin. Dev. Immunol. 11, 241–252. doi:

10.1080/17402520400001736

Ganor, Y., Goldberg-Stern, H., Blank, M., Shoenfeld, Y., Dobrynina, L. A.,

Kalashnikova, L., et al. (2005c). Antibodies to glutamate receptor subtype

3 (GluR3) are found in some patients suffering from epilepsy as the main

disease, but not in patients whose epilepsy accompanies antiphospholipid

syndrome or Sneddon’s syndrome. Autoimmunity 38, 417–424. doi: 10.1080/

08916930500246339

Ganor, Y., Goldberg-Stern, H., Cohen, R., Teichberg, V., and Levite, M. (2014).

Glutamate receptor antibodies directed against AMPA receptors subunit 3

peptide B (GluR3B) can be produced in DBA/2J mice, lower seizure threshold

and induce abnormal behavior. Psychoneuroendocrinology 42, 106–117. doi:

10.1016/j.psyneuen.2014.01.005

Ganor, Y., Goldberg-Stern, H., Lerman-Sagie, T., Teichberg, V. I., and Levite, M.

(2005b). Autoimmune epilepsy: distinct subpopulations of epilepsy patients

harbor serum autoantibodies to either glutamate/AMPA receptor GluR3,

glutamate/NMDA receptor subunit NR2A or double-stranded DNA. Epilepsy

Res. 65, 11–22. doi: 10.1016/j.eplepsyres.2005.03.011

Giana, G., Romano, E., Porfirio, M. C., D’Ambrosio, R., Giovinazzo, S.,

Troianiello, M., et al. (2015). Detection of auto-antibodies to DAT in

the serum: interactions with DAT genotype and psycho-stimulant therapy

for ADHD. J. Neuroimmunol. 278, 212–222. doi: 10.1016/j.jneuroim.2014.

11.008

Goldberg-Stern, H., Ganor, Y., Cohen, R., Pollak, L., Teichberg, V., and

Levite, M. (2014). Glutamate receptor antibodies directed against

AMPA receptors subunit 3 peptide B (GluR3B) associate with some

cognitive/psychiatric/behavioral abnormalities in epilepsy patients.

Psychoneuroendocrinology 40, 221–231. doi: 10.1016/j.psyneuen.2013.11.007

Haas, H. L., Sergeeva, O. A., and Selbach, O. (2008). Histamine in the nervous

system. Physiol. Rev. 88, 1183–1241. doi: 10.1152/physrev.00043.2007

Hachiya, Y., Miyata, R., Tanuma, N., Hongou, K., Tanaka, K., Shimoda, K.,

et al. (2013). Autoimmune neurological disorders associated with group-

A beta-hemolytic streptococcal infection. Brain Dev. 35, 670–674. doi:

10.1016/j.braindev.2012.10.003

Hallett, J. J., Harling-Berg, C. J., Knopf, P. M., Stopa, E. G., and Kiessling,

L. S. (2000). Anti-striatal antibodies in Tourette syndrome cause

neuronal dysfunction. J. Neuroimmunol. 111, 195–202. doi: 10.1016/

S0165-5728(00)00320-9

Frontiers in Neuroscience | www.frontiersin.org June 2016 | Volume 10 | Article 31098

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


Spinello et al. Preclinical Models of Tourette’s Syndrome

Harel, M., and Shoenfeld, Y. (2006). Predicting and preventing autoimmunity,

myth or reality? Ann. N.Y. Acad. Sci. 1069, 322–345. doi: 10.1196/

annals.1351.031

Hartley, S., McArthur, M., Coenen, M., Cabello, M., Covelli, V., Roszczynska-

Michta, J., et al. (2014). Narratives reflecting the lived experiences of people

with brain disorders: common psychosocial difficulties and determinants. PLoS

ONE 9:e96890. doi: 10.1371/journal.pone.0096890

Heim, C., Newport, D. J., Mletzko, T., Miller, A. H., and Nemeroff, C. B.

(2008). The link between childhood trauma and depression: insights from

HPA axis studies in humans. Psychoneuroendocrinology 33, 693–710. doi:

10.1016/j.psyneuen.2008.03.008

Heim, C., Plotsky, P. M., and Nemeroff, C. B. (2004). Importance of

studying the contributions of early adverse experience to neurobiological

findings in depression. Neuropsychopharmacology 29, 641–648. doi:

10.1038/sj.npp.1300397

Hoekstra, P. J., Dietrich, A., Edwards, M. J., Elamin, I., and Martino, D. (2013).

Environmental factors in Tourette syndrome. Neurosci. Biobehav. Rev. 37,

1040–1049. doi: 10.1016/j.neubiorev.2012.10.010

Hoenig, K., Hochrein, A., Quednow, B. B., Maier, W., and Wagner, M. (2005).

Impaired prepulse inhibition of acoustic startle in obsessive-compulsive

disorder. Biol. Psychiatry 57, 1153–1158. doi: 10.1016/j.biopsych.2005.01.040

Hoffman, K. L., Hornig, M., Yaddanapudi, K., Jabado, O., and Lipkin, W. I.

(2004). A murine model for neuropsychiatric disorders associated with group

A beta-hemolytic streptococcal infection. J. Neurosci. 24, 1780–1791. doi:

10.1523/JNEUROSCI.0887-03.2004

Höftberger, R. (2015). Neuroimmunology: an expanding frontier in autoimmunity.

Front. Immunol. 6:206. doi: 10.3389/fimmu.2015.00206

Hornig, M. (2013). The role of microbes and autoimmunity in the pathogenesis

of neuropsychiatric illness. Curr. Opin. Rheumatol. 25, 488–795. doi:

10.1097/BOR.0b013e32836208de

Hornig, M., and Lipkin, W. I. (2013). Immune-mediated animal models

of Tourette syndrome. Neurosci. Biobehav. Rev. 37, 1120–1138. doi:

10.1016/j.neubiorev.2013.01.007

Huerta, P. T., Kowal, C., DeGiorgio, L. A., Volpe, B. T., and Diamond, B. (2006).

Immunity and behavior: antibodies alter emotion. Proc. Natl. Acad. Sci. U.S.A.

103, 678–683. doi: 10.1073/pnas.0510055103

Huppert, J., Closhen, D., Croxford, A., White, R., Kulig, P., Pietrowski, E., et al.

(2010). Cellular mechanisms of IL-17-induced blood-brain barrier disruption.

FASEB J. 24, 1023–1034. doi: 10.1096/fj.09-141978

Hyman, S. E. (2008). A glimmer of light for neuropsychiatric disorders.Nature 455,

890–893. doi: 10.1038/nature07454

Irani, S. R., Gelfand, J. M., Al-Diwani, A., and Vincent, A. (2014). Cell-

surface central nervous system autoantibodies: clinical relevance and emerging

paradigms. Ann. Neurol. 76, 168–184. doi: 10.1002/ana.24200

Irwin, J., Tombaugh, T. N., Zacharko, R. M., and Anisman, H. (1983). Alteration

of exploration and the response to food associated cues after treatment with

pimozide. Pharmacol. Biochem. Behav. 18, 235–246.

Jacobs, J. F., van der Molen, R. G., Bossuyt, X., and Damoiseaux, J. (2015). Antigen

excess in modern immunoassays: to anticipate on the unexpected. Autoimmun.

Rev. 14, 160–167. doi: 10.1016/j.autrev.2014.10.018

Jaffard, R., Mocaer, E., Poignant, J. C., Micheau, J., Marighetto, A., Meunier, M.,

et al. (1991). Effects of tianeptine on spontaneous alternation, simple and

concurrent spatial discrimination learning and on alcohol-induced alternation

deficits in mice. Behav. Pharmacol. 2, 37–46.

John, C. C., Carabin, H., Montano, S. M., Bangirana, P., Zunt, J. R., and Peterson,

P. K. (2015). Global research priorities for infections that affect the nervous

system. Nature 527, S178–S186. doi: 10.1038/nature16033

Kajiwara, Y., Buxbaum, J. D., and Grice, D. E. (2009). SLITRK1 binds 14-3-3

and regulates neurite outgrowth in a phosphorylation-dependent manner. Biol.

Psychiatry 66, 918–925. doi: 10.1016/j.biopsych.2009.05.033

Kaltwasser, M. T. (1990). Acoustic signaling in the black rat (Rattus rattus). J.

Comp. Psychol. 104, 227–232.

Kalueff, A. V., Stewart, A. M., Song, C., Berridge, K. C., Graybiel, A. M., and

Fentress, J. C. (2016). Neurobiology of rodent self-grooming and its value

for translational neuroscience. Nat. Rev. Neurosci. 17, 45–59. doi: 10.1038/

nrn.2015.8

Katayama, K., Yamada, K., Ornthanalai, V. G., Inoue, T., Ota, M., Murphy, N.

P., et al. (2010). Slitrk1-deficient mice display elevated anxiety-like behavior

and noradrenergic abnormalities. Mol. Psychiatry 15, 177–184. doi: 10.1038/

mp.2008.97

Kawikova, I., Leckman, J. F., Kronig, H., Katsovich, L., Bessen, D. E.,

Ghebremichael, M., et al. (2007). Decreased numbers of regulatory

T cells suggest impaired immune tolerance in children with tourette

syndrome: a preliminary study. Biol. Psychiatry 61, 273–278. doi: 10.1016/

j.biopsych.2006.06.012

Kebir, H., Kreymborg, K., Ifergan, I., Dodelet-Devillers, A., Cayrol, R., Bernard,

M., et al. (2007). Human TH17 lymphocytes promote blood-brain barrier

disruption and central nervous system inflammation.Nat. Med. 13, 1173–1175.

doi: 10.1038/nm1651

Kipp, M., van der Star, B., Vogel, D. Y., Puentes, F., van der Valk, P., Baker, D.,

et al. (2012). Experimental in vivo and in vitro models of multiple sclerosis:

EAE and beyond.Mult. Scler. Relat. Disord. 1, 15–28. doi: 10.1016/j.msard.2011.

09.002

Korngold, R., Feldman, A., Rorke, L. B., Lublin, F. D., and Doherty, P. C. (1986).

Acute experimental allergic encephalomyelitis in radiation bone marrow

chimeras between high and low susceptible strains of mice. Immunogenetics 24,

309–315.

Kowal, C., and Diamond, B. (2012). Aspects of CNS lupus: mouse models of

anti-NMDA receptor antibody mediated reactivity. Methods Mol. Biol. 900,

181–206. doi: 10.1007/978-1-60761-720-4_9

Kowal, C., DeGiorgio, L. A., Nakaoka, T., Hetherington, H., Huerta, P. T.,

Diamond, B., et al. (2004). Cognition and immunity; antibody impairs memory.

Immunity 21, 179–188. doi: 10.1016/j.immuni.2004.07.011

Kreutzberg, G. W. (1996). Microglia: a sensor for pathological events in the CNS.

Trends Neurosci. 19, 312–318.

Kumar, A., Williams, M. T., and Chugani, H. T. (2015). Evaluation of basal

ganglia and thalamic inflammation in children with pediatric autoimmune

neuropsychiatric disorders associated with streptococcal infection and

tourette syndrome: a positron emission tomographic (PET) study using

11C-[R]-PK11195. J. Child Neurol. 30, 749–756. doi: 10.1177/0883073814

543303

Laban, O., Dimitrijevic, M., von Hoersten, S., Markovic, B. M., and Jankovic, B. D.

(1995). Experimental allergic encephalomyelitis in adult DA rats subjected to

neonatal handling or gentling. Brain Res. 676, 133–140.

Lalonde, R. (2002). The neurobiological basis of spontaneous alternation.Neurosci.

Biobehav. Rev. 26, 91–104. doi: 10.1016/S0149-7634(01)00041-0

Landau, Y. E., Steinberg, T., Richmand, B., Leckman, J. F., and Apter, A. (2012).

Involvement of immunologic and biochemical mechanisms in the pathogenesis

of Tourette’s syndrome. J. Neural Transm. 119, 621–626. doi: 10.1007/s00702-

011-0739-x

Leckman, J. F., and Peterson, B. S. (1993). The pathogenesis of Tourette’s

syndrome: epigenetic factors active in early CNS development. Biol. Psychiatry

34, 425–427.

Leckman, J. F., Bloch, M. H., Smith, M. E., Larabi, D., and Hampson, M.

(2010). Neurobiological substrates of Tourette’s disorder. J. Child Adolesc.

Psychopharmacol. 20, 237–247. doi: 10.1089/cap.2009.0118

Leckman, J. F., Dolnansky, E. S., Hardin, M. T., Clubb, M., Walkup, J. T.,

Stevenson, J., et al. (1990). Perinatal factors in the expression of Tourette’s

syndrome: an exploratory study. J. Am. Acad. Child Adolesc. Psychiatry 29,

220–226. doi: 10.1097/00004583-199003000-00010

Leckman, J. F., Katsovich, L., Kawikova, I., Lin, H., Zhang, H., Krönig, H.,

et al. (2005). Increased serum levels of interleukin-12 and tumor necrosis

factor-alpha in Tourette’s syndrome. Biol. Psychiatry 57, 667–673. doi:

10.1016/j.biopsych.2004.12.004

Leckman, J. F., Price, R. A., Walkup, J. T., Ort, S., Pauls, D. L., and Cohen, D.

J. (1987). Nongenetic factors in Gilles de la Tourette’s syndrome. Arch. Gen.

Psychiatry 44:100.

Lécuyer, M. A., Kebir, H., and Prat, A. (2016). Glial influences on BBB functions

and molecular players in immune cell trafficking. Biochim. Biophys. Acta 1862,

472–482. doi: 10.1016/j.bbadis.2015.10.004

Levine, S., and Saltzman, A. (1987). Nonspecific stress prevents relapses of

experimental allergic encephalomyelitis in rats. Brain Behav. Immun. 1,

336–341.

Levine, S., Strebel, R., Wenk, E. J., and Harman, P. J. (1962a). Suppression of

experimental allergic encephalomyelitis by stress. Proc. Soc. Exp. Biol. Med. 109,

294–298.

Frontiers in Neuroscience | www.frontiersin.org June 2016 | Volume 10 | Article 31099

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


Spinello et al. Preclinical Models of Tourette’s Syndrome

Levine, S., Wenk, E. J., Muldoon, T. N., and Cohen, S. G. (1962b). Enhancement of

experimental allergic encephalomyelitis by adrenalectomy. Proc. Soc. Exp. Biol.

Med. 111, 383–385.

Levite, M. (2014). Glutamate receptor antibodies in neurological diseases: anti-

AMPA-GluR3 antibodies, anti-NMDA-NR1 antibodies, anti-NMDA-NR2A/B

antibodies, anti-mGluR1 antibodies or anti-mGluR5 antibodies are present

in subpopulations of patients with either: epilepsy, encephalitis, cerebellar

ataxia, systemic lupus erythematosus (SLE) and neuropsychiatric SLE, Sjogren’s

syndrome, schizophrenia, mania or stroke. These autoimmune anti-glutamate

receptor antibodies can bind neurons in few brain regions, activate glutamate

receptors, decrease glutamate receptor’s expression, impair glutamate-induced

signaling and function, activate blood brain barrier endothelial cells,

kill neurons, damage the brain, induce behavioral/psychiatric/cognitive

abnormalities and ataxia in animal models, and can be removed or silenced

in some patients by immunotherapy. J. Neural Transm. 121, 1029–1075. doi:

10.1007/s00702-014-1193-3

Levite, M., and Hermelin, A. (1999). Autoimmunity to the glutamate receptor

in mice–a model for Rasmussen’s encephalitis? J. Autoimmun. 13, 73–82. doi:

10.1006/jaut.1999.0297

Levite, M., Fleidervish, I. A., Schwarz, A., Pelled, D., and Futerman, A. H. (1999).

Autoantibodies to the glutamate receptor kill neurons via activation of the

receptor ion channel. J. Autoimmun. 13, 61–72. doi: 10.1006/jaut.1999.0301

Loiselle, C. R., Lee, O., Moran, T. H., and Singer, H. S. (2004). Striatal

microinfusion of Tourette syndrome and PANDAS sera: failure to induce

behavioral changes.Mov. Disord. 19, 390–396. doi: 10.1002/mds.10522

Lombroso, P. J., and Scahill, L. (2008). Tourette syndrome and

obsessive-compulsive disorder. Brain Dev. 30, 231–237. doi: 10.1016/

j.braindev.2007.09.001

Lotan, D., Benhar, I., Alvarez, K., Mascaro-Blanco, A., Brimberg, L., Frenkel,

D., et al. (2014). Behavioral and neural effects of intra-striatal infusion of

anti-streptococcal antibodies in rats. Brain Behav. Immun. 38, 249–262. doi:

10.1016/j.bbi.2014.02.009

Lyons, D. M., and Macrì, S. (2011). Resilience and adaptive aspects of stress

in neurobehavioral development. Neurosci. Biobehav. Rev. 35:1451. doi:

10.1016/j.neubiorev.2010.09.004

Ma, Y., Mehta, S. L., Lu, B., and Li, P. A. (2011). Deficiency in the inner

mitochondrial membrane peptidase 2-like (Immp21) gene increases ischemic

brain damage and impairs mitochondrial function.Neurobiol. Dis. 44, 270–276.

doi: 10.1016/j.nbd.2011.06.019

Macrì, S., Ceci, C., Onori, M. P., Invernizzi, R. W., Bartolini, E., Altabella, L., et al.

(2015). Mice repeatedly exposed to Group-A beta-Haemolytic Streptococcus

show perseverative behaviors, impaired sensorimotor gating, and immune

activation in rostral diencephalon. Sci. Rep. 5:13257. doi: 10.1038/srep13257

Macrì, S., Proietti Onori, M., and Laviola, G. (2013). Theoretical and

practical considerations behind the use of laboratory animals for the

study of Tourette syndrome. Neurosci. Biobehav. Rev. 37, 1085–1100. doi:

10.1016/j.neubiorev.2013.03.014

Mandolesi, G., Grasselli, G., Musumeci, G., and Centonze, D. (2010). Cognitive

deficits in experimental autoimmune encephalomyelitis: neuroinflammation

and synaptic degeneration. Neurol. Sci. 31(Suppl. 2), S255–S259. doi:

10.1007/s10072-010-0369-3

Mansbach, R. S., Geyer, M. A., and Braff, D. L. (1988). Dopaminergic stimulation

disrupts sensorimotor gating in the rat. Psychopharmacology 94, 507–514.

Margari, F., Petruzzelli, M. G., Mianulli, R., Toto, M., Pastore, A., Bizzaro,

N., et al. (2013). Anti-brain autoantibodies in the serum of schizophrenic

patients: a case-control study. Psychiatry Res. 210, 800–805. doi:

10.1016/j.psychres.2013.09.006

Marques-Dias, M. J., Mercadante, M. T., Tucker, D., and Lombroso, P. (1997).

Sydenham’s chorea. Psychiatr. Clin. North Am. 20, 809–820.

Martino, D., Chiarotti, F., Buttiglione,M., Cardona, F., Creti, R., Nardocci, N., et al.

(2011). The relationship between groupA streptococcal infections and Tourette

syndrome: a study on a large service-based cohort. Dev. Med. Child Neurol. 53,

951–957. doi: 10.1111/j.1469-8749.2011.04018.x

Martino, D., Dale, R. C., Gilbert, D. L., Giovannoni, G., and Leckman, J. F. (2009).

Immunopathogenic mechanisms in tourette syndrome: a critical review. Mov.

Disord. 24, 1267–1279. doi: 10.1002/mds.22504

Martino, D., Zis, P., and Buttiglione, M. (2015). The role of immune

mechanisms in Tourette syndrome. Brain Res. 1617, 126–143. doi:

10.1016/j.brainres.2014.04.027

Meagher, M. W., Sieve, A. N., Johnson, R. R., Satterlee, D., Belyavskyi, M., Mi,

W., et al. (2010). Neonatal maternal separation alters immune, endocrine, and

behavioral responses to acute Theiler’s virus infection in adult mice. Behav.

Genet. 40, 233–249. doi: 10.1007/s10519-010-9333-5

Meldrum, B. S. (2000). Glutamate as a neurotransmitter in the brain: review of

physiology and pathology. J. Nutr. 130(4S Suppl), 1007S–1015S.

Morris, C. M., Pardo-Villamizar, C., Gause, C. D., and Singer, H. S. (2009).

Serum autoantibodies measured by immunofluorescence confirm a failure to

differentiate PANDAS and Tourette syndrome from controls. J. Neurol. Sci. 276,

45–48. doi: 10.1016/j.jns.2008.08.032

Murphy, T. K., Kurlan, R., and Leckman, J. (2010). The immunobiology

of Tourette’s disorder, pediatric autoimmune neuropsychiatric disorders

associated with Streptococcus, and related disorders: a way forward. J. Child

Adolesc. Psychopharmacol. 20, 317–331. doi: 10.1089/cap.2010.0043

Nordstrom, E. J., and Burton, F. H. (2002). A transgenic model of comorbid

Tourette’s syndrome and obsessive-compulsive disorder circuitry. Mol.

Psychiatry 7, 617–625, 524. doi: 10.1038/sj.mp.4001144

Olechowski, C. J., Tenorio, G., Sauve, Y., and Kerr, B. J. (2013). Changes

in nociceptive sensitivity and object recognition in experimental

autoimmune encephalomyelitis (EAE). Exp. Neurol. 241, 113–121. doi:

10.1016/j.expneurol.2012.12.012

Park, H. S., Francis, K. P., Yu, J., and Cleary, P. P. (2003). Membranous cells

in nasal-associated lymphoid tissue: a portal of entry for the respiratory

mucosal pathogen group A streptococcus. J. Immunol. 171, 2532–2537. doi:

10.4049/jimmunol.171.5.2532

Petek, E., Windpassinger, C., Vincent, J. B., Cheung, J., Boright, A. P., Scherer,

S. W., et al. (2001). Disruption of a novel gene (IMMP2L) by a breakpoint in

7q31 associated with Tourette syndrome. Am. J. Hum. Genet. 68, 848–858. doi:

10.1086/319523

Platt, S. R. (2007). The role of glutamate in central nervous system health and

disease–a review. Vet. J. 173, 278–286. doi: 10.1016/j.tvjl.2005.11.007

Podolska, M. J., Biermann, M. H., Maueröder, C., Hahn, J., and Herrmann, M.

(2015). Inflammatory etiopathogenesis of systemic lupus erythematosus: an

update. J. Inflamm. Res. 8, 161–171. doi: 10.2147/JIR.S70325

Poliak, S., Gollan, L., Martinez, R., Custer, A., Einheber, S., Salzer, J. L., et al.

(1999). Caspr2, a new member of the neurexin superfamily, is localized at the

juxtaparanodes of myelinated axons and associates with K+ channels. Neuron

24, 1037–1047.

Proenca, C. C., Gao, K. P., Shmelkov, S. V., Rafii, S., and Lee, F. S. (2011). Slitrks

as emerging candidate genes involved in neuropsychiatric disorders. Trends

Neurosci. 34, 143–153. doi: 10.1016/j.tins.2011.01.001

Rabchevsky, A. G., Degos, J. D., and Dreyfus, P. A. (1999). Peripheral injections

of Freund’s adjuvant in mice provoke leakage of serum proteins through the

blood-brain barrier without inducing reactive gliosis. Brain Res. 832, 84–96.

Rickard, M. D. (2004). The use of animals for research on animal diseases:

its impact on the harm-benefit analysis. Altern. Lab. Anim. 32(Suppl. 1A),

225–227.

Rizzo, R., Gulisano, M., Pavone, P., Fogliani, F., and Robertson, M. M. (2006).

Increased antistreptococcal antibody titers and anti-basal ganglia antibodies

in patients with Tourette syndrome: controlled cross-sectional study. J. Child

Neurol. 21, 747–753. doi: 10.1177/08830738060210091001

Roque, S., Mesquita, A. R., Palha, J. A., Sousa, N., and Correia-Neves, M. (2014).

The behavioral and immunological impact of maternal separation: a matter of

timing. Front. Behav. Neurosci. 8:192. doi: 10.3389/fnbeh.2014.00192

Russig, H., Spooren, W., Durkin, S., Feldon, J., and Yee, B. K. (2004).

Apomorphine-induced disruption of prepulse inhibition that can be

normalised by systemic haloperidol is insensitive to clozapine pretreatment.

Psychopharmacology 175, 143–147. doi: 10.1007/s00213-004-1810-1

Scahill, L., Erenberg, G., Berlin, C. M. Jr., Budman, C., Coffey, B. J., Jankovic,

J., et al. (2006). Contemporary assessment and pharmacotherapy of Tourette

syndrome. NeuroRx 3, 192–206. doi: 10.1016/j.nurx.2006.01.009

Schlumberger, W., Hornig, N., Lange, S., Probst, C., Komorowski, L., Fechner,

K., et al. (2014). Differential diagnosis of membranous nephropathy with

autoantibodies to phospholipase A2 receptor 1. Autoimmun. Rev. 13, 108–113.

doi: 10.1016/j.autrev.2013.09.005

Scoriels, L., Salek, R. M., Goodby, E., Grainger, D., Dean, A. M., West, J. A.,

et al. (2015). Behavioural andmolecular endophenotypes in psychotic disorders

reveal heritable abnormalities in glutamatergic neurotransmission. Transl.

Psychiatry 5:e540. doi: 10.1038/tp.2015.26

Frontiers in Neuroscience | www.frontiersin.org June 2016 | Volume 10 | Article 310100

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


Spinello et al. Preclinical Models of Tourette’s Syndrome

Sengupta, A., Winters, B., Bagley, E. E., and McNally, G. P. (2016). Disrupted

prediction error links excessive amygdala activation to excessive fear. J.

Neurosci. 36, 385–395. doi: 10.1523/JNEUROSCI.3670-15.2016

Shemer, A., and Jung, S. (2015). Differential roles of resident microglia and

infiltrating monocytes in murine CNS autoimmunity. Semin. Immunopathol.

37, 613–623. doi: 10.1007/s00281-015-0519-z

Shepshelovich, D., and Shoenfeld, Y. (2006). Prediction and prevention of

autoimmune diseases: additional aspects of the mosaic of autoimmunity. Lupus

15, 183–190. doi: 10.1191/0961203306lu2274rr

Shprecher, D., and Kurlan, R. (2009). The management of tics. Mov. Disord. 24,

15–24. doi: 10.1002/mds.22378

Silberberg, D., Anand, N. P., Michels, K., and Kalaria, R. N. (2015). Brain and

other nervous system disorders across the lifespan - global challenges and

opportunities. Nature 527, S151–S154. doi: 10.1038/nature16028

Singer, H. S., Hong, J. J., Yoon, D. Y., and Williams, P. N. (2005a). Serum

autoantibodies do not differentiate PANDAS and Tourette syndrome from

controls. Neurology 65, 1701–1707. doi: 10.1212/01.wnl.0000183223.69946.f1

Singer, H. S., Mink, J. W., Loiselle, C. R., Burke, K. A., Ruchkina, I., Morshed, S.,

et al. (2005b). Microinfusion of antineuronal antibodies into rodent striatum:

failure to differentiate between elevated and low titers. J. Neuroimmunol. 163,

8–14. doi: 10.1016/j.jneuroim.2005.02.018

Stanwood, G. D., Lucki, I., and McGonigle, P. (2000). Differential regulation of

dopamine D2 and D3 receptors by chronic drug treatments. J. Pharmacol. Exp.

Ther. 295, 1232–1240.

State, M. W. (2011). The genetics of Tourette disorder. Curr. Opin. Genet. Dev. 21,

302–309. doi: 10.1016/j.gde.2011.01.007

Stillman, A. A., Krsnik, Z., Sun, J., Rasin, M. R., State, M. W., Sestan, N., et al.

(2009). Developmentally regulated and evolutionarily conserved expression of

SLITRK1 in brain circuits implicated in Tourette syndrome. J. Comp. Neurol.

513, 21–37. doi: 10.1002/cne.21919

Swanborg, R. H. (2001). Experimental autoimmune encephalomyelitis in the rat:

lessons in T-cell immunology and autoreactivity. Immunol. Rev. 184, 129–135.

doi: 10.1034/j.1600-065x.2001.1840112.x

Swedo, S. E., and Grant, P. J. (2005). Annotation: PANDAS: a model for

human autoimmune disease. J. Child Psychol. Psychiatry 46, 227–234. doi:

10.1111/j.1469-7610.2004.00386.x

Swedo, S. E., Leonard, H. L., Garvey, M., Mittleman, B., Allen, A. J., Perlmutter,

S., et al. (1998). Pediatric autoimmune neuropsychiatric disorders associated

with streptococcal infections: clinical description of the first 50 cases. Am. J.

Psychiatry 155, 264–271.

Swedo, S. E., Leonard, H. L., Schapiro, M. B., Casey, B. J., Mannheim, G. B., Lenane,

M. C., et al. (1993). Sydenham’s chorea: physical and psychological symptoms

of St Vitus dance. Pediatrics 91, 706–713.

Swedo, S. E., Rapoport, J. L., Cheslow, D. L., Leonard, H. L., Ayoub, E. M.,

Hosier, D.M., et al. (1989). High prevalence of obsessive-compulsive symptoms

in patients with Sydenham’s chorea. Am. J. Psychiatry 146, 246–249. doi:

10.1176/ajp.146.2.246

Swerdlow, N. R. (2013). Update: studies of prepulse inhibition of startle, with

particular relevance to the pathophysiology or treatment of Tourette Syndrome.

Neurosci. Biobehav. Rev. 37, 1150–1156. doi: 10.1016/j.neubiorev.2012. 09.002

Swerdlow, N. R., and Sutherland, A. N. (2005). Using animal models to develop

therapeutics for Tourette Syndrome. Pharmacol. Ther. 108, 281–293. doi:

10.1016/j.pharmthera.2005.05.003

Swerdlow, N. R., Benbow, C. H., Zisook, S., Geyer, M. A., and Braff, D. L. (1993).

A preliminary assessment of sensorimotor gating in patients with obsessive

compulsive disorder. Biol. Psychiatry 33, 298–301.

Swerdlow, N. R., Geyer, M. A., and Braff, D. L. (2001a). Neural circuit regulation

of prepulse inhibition of startle in the rat: current knowledge and future

challenges. Psychopharmacology 156, 194–215. doi: 10.1007/s002130100799

Swerdlow, N. R., Karban, B., Ploum, Y., Sharp, R., Geyer, M. A., and Eastvold,

A. (2001b). Tactile prepuff inhibition of startle in children with Tourette’s

syndrome: in search of an “fMRI-friendly” startle paradigm. Biol. Psychiatry 50,

578–585. doi: 10.1016/S0006-3223(01)01164-7

Swerdlow, N. R., Light, G. A., Cadenhead, K. S., Sprock, J., Hsieh, M. H.,

and Braff, D. L. (2006). Startle gating deficits in a large cohort of patients

with schizophrenia: relationship to medications, symptoms, neurocognition,

and level of function. Arch. Gen. Psychiatry 63, 1325–1335. doi: 10.1001/

archpsyc.63.12.1325

Swerdlow, N. R., Paulsen, J., Braff, D. L., Butters, N., Geyer, M. A., and Swenson,M.

R. (1995). Impaired prepulse inhibition of acoustic and tactile startle response

in patients with Huntington’s disease. J. Neurol. Neurosurg. Psychiatr. 58,

192–200.

Taylor, J. R., Morshed, S. A., Parveen, S., Mercadante, M. T., Scahill, L., Peterson,

B. S., et al. (2002). An animal model of Tourette’s syndrome. Am. J. Psychiatry

159, 657–660. doi: 10.1176/appi.ajp.159.4.657

Valls-Sole, J., Munoz, J. E., and Valldeoriola, F. (2004). Abnormalities of prepulse

inhibition do not depend on blink reflex excitability: a study in Parkinson’s

disease and Huntington’s disease. Clin. Neurophysiol. 115, 1527–1536. doi:

10.1016/j.clinph.2004.02.014

van der Staay, F. J. (2006). Animal models of behavioral dysfunctions: basic

concepts and classifications, and an evaluation strategy. Brain Res. Rev. 52,

131–159. doi: 10.1016/j.brainresrev.2006.01.006

van der Staay, F. J., Arndt, S. S., and Nordquist, R. E. (2009). Evaluation of

animal models of neurobehavioral disorders. Behav. Brain Funct. 5:11. doi:

10.1186/1744-9081-5-11

Verkerk, A. J., Mathews, C. A., Joosse, M., Eussen, B. H., Heutink, P., Oostra,

B. A., et al. (2003). CNTNAP2 is disrupted in a family with Gilles de la

Tourette syndrome and obsessive compulsive disorder. Genomics 82, 1–9. doi:

10.1016/S0888-7543(03)00097-1

Verschuuren, J. J., Huijbers, M. G., Plomp, J. J., Niks, E. H., Molenaar, P. C.,

Martinez-Martinez, P., et al. (2013). Pathophysiology of myasthenia gravis

with antibodies to the acetylcholine receptor, muscle-specific kinase and low-

density lipoprotein receptor-related protein 4. Autoimmun. Rev. 12, 918–923.

doi: 10.1016/j.autrev.2013.03.001

Wick, G., Hu, Y., Schwarz, S., and Kroemer, G. (1993). Immunoendocrine

communication via the hypothalamo-pituitary-adrenal axis in autoimmune

diseases. Endocr. Rev. 14, 539–563. doi: 10.1210/edrv-14-5-539

Willner, P. (1984). The validity of animal models of depression.

Psychopharmacology 83, 1–16.

Willner, P., and Mitchell, P. J. (2002). The validity of animal models of

predisposition to depression. Behav. Pharmacol. 13, 169–188. doi: 10.1097/

00008877-200205000-00001

Yaddanapudi, K., Hornig, M., Serge, R., De Miranda, J., Baghban, A., Villar,

G., et al. (2010). Passive transfer of streptococcus-induced antibodies

reproduces behavioral disturbances in a mouse model of pediatric autoimmune

neuropsychiatric disorders associated with streptococcal infection. Mol.

Psychiatry 15, 712–726. doi: 10.1038/mp.2009.77

Yeh, C. B., Shui, H. A., Chu, T. H., Chen, Y. A., Tsung, H. C., and Shyu, J.

F. (2012). Hyperpolarisation-activated cyclic nucleotide channel 4 (HCN4)

involvement in Tourette’s syndrome autoimmunity. J. Neuroimmunol. 250,

18–26. doi: 10.1016/j.jneuroim.2012.05.009

Zebardast, N., Crowley, M. J., Bloch, M. H., Mayes, L. C., Wyk, B. V., Leckman,

J. F., et al. (2013). Brain mechanisms for prepulse inhibition in adults

with Tourette syndrome: initial findings. Psychiatry Res. 214, 33–41. doi:

10.1016/j.pscychresns.2013.05.009

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 Spinello, Laviola and Macrì. 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 June 2016 | Volume 10 | Article 310101

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


February 2016 | Volume 7 | Article 11102

Review
published: 09 February 2016

doi: 10.3389/fpsyt.2016.00011

Frontiers in Psychiatry | www.frontiersin.org

Edited by: 
Peristera Paschou,  

Democritus University of Thrace, 
Greece

Reviewed by: 
Fotis Tsetsos,  

Democritus University of Thrace, 
Greece  

Marianthi Georgitsi,  
Aristotle University of Thessaloniki, 

Greece

*Correspondence:
Gary A. Heiman  

heiman@dls.rutgers.edu

Specialty section: 
This article was submitted to Child 

and Adolescent Psychiatry,  
a section of the journal  
Frontiers in Psychiatry

Received: 14 December 2015
Accepted: 18 January 2016

Published: 09 February 2016

Citation: 
Sun N, Tischfield JA, King RA and 

Heiman GA (2016) Functional 
Evaluations of Genes Disrupted in 
Patients with Tourette’s Disorder.  

Front. Psychiatry 7:11.  
doi: 10.3389/fpsyt.2016.00011

Functional evaluations of Genes 
Disrupted in Patients with 
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Tourette’s disorder (TD) is a highly heritable neurodevelopmental disorder with complex 
genetic architecture and unclear neuropathology. Disruptions of particular genes have 
been identified in subsets of TD patients. However, none of the findings have been rep-
licated, probably due to the complex and heterogeneous genetic architecture of TD that 
involves both common and rare variants. To understand the etiology of TD, functional 
analyses are required to characterize the molecular and cellular consequences caused 
by mutations in candidate genes. Such molecular and cellular alterations may converge 
into common biological pathways underlying the heterogeneous genetic etiology of TD 
patients. Herein, we review specific genes implicated in TD etiology, discuss the func-
tions of these genes in the mammalian central nervous system and the corresponding 
behavioral anomalies exhibited in animal models, and importantly, review functional 
analyses that can be performed to evaluate the role(s) that the genetic disruptions might 
play in TD. Specifically, the functional assays include novel cell culture systems, genome 
editing techniques, bioinformatics approaches, transcriptomic analyses, and genetically 
modified animal models applied or developed to study genes associated with TD or 
with other neurodevelopmental and neuropsychiatric disorders. By describing methods 
used to study diseases with genetic architecture similar to TD, we hope to develop a 
systematic framework for investigating the etiology of TD and related disorders.

Keywords: Tourette’s disorder, functional studies, genes, neurobiology, induced pluripotent stem cells

iNTRODUCTiON

Tourette’s Disorder (TD) is a childhood-onset neurodevelopment disorder characterized by the 
presence of both motor and vocal tics. Prevalence ranges from 1–3% and is found across many 
ethnic groups around the world (1). However, a recent meta-analysis of previous TD prevalence 
studies re-estimates the population prevalence of TD to be 0.3–0.9% (2). Males are affected three to 
four times more often than females (3–5). A high percentage of TD patients have comorbid condi-
tions, most commonly attention-deficit/hyperactivity disorder (ADHD) and obsessive–compulsive 
disorder (OCD) and to a lesser extent autism spectrum disorders (ASDs).

Consistent evidence from family and twin studies suggest a significant genetic contribution to 
TD, most likely the result of complex and heterogeneous inheritance involving both common and 
rare variants, though most of specific findings still require replication. The neurobiological basis of 
TD is not well understood, but appears to involve alterations in the development, structure, and/or 
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functioning of cortico-striato-thalamo-cortical (CSTC) circuits 
(6). Specific genes have been found to be associated with TD. It 
is unclear if mutations in these genes cause TD and, if so, how 
these alterations affect the function or structural development of 
the nervous system. Our focus is to review the neurobiology of 
TD, describe the biological functions of those genes previously 
associated with TD, and discuss the various functional analyses 
that are required for evaluating and establishing the pathogenic-
ity of these putative genetic causal variants for TD.

NeUROBiOLOGY OF TOUReTTe’S 
DiSORDeR

Alterations of the CSTC circuits are considered as the neu-
ropathological basis of tic generation (6, 7). These alterations 
are apparent in functional and structural imaging studies (8), 
histopathological studies of specific neuronal populations (9), 
and defective inhibition in various electroneurophysiological 
experimental paradigms (10, 11). In addition to the male pre-
dominance, the developmental features of TD pose an explana-
tory challenge, with tics usually not appearing till 4–6 years of 
age and most often, but not always, improving spontaneously by 
late adolescence.

Neurotransmitter pathways that modulate the activity and 
the output of the CSTC circuits in the basal ganglia have been 
the focus of intensive investigation, driven in part by the quest 
for more effective pharmacological interventions. The most 
supported neurotransmitter dysregulation hypothesis in TD 
involves the hyperactivity or imbalance of the dopamine signal-
ing in the striatum (12). Within the basal ganglia, dopamine is 
released to the striatum by dopaminergic neurons originating 
from the substantia nigra. In the striatum, the effect of dopamine 
on subsequent neural signal transmission is modulated by the 
striatal medium spiny neurons expressing either D1 or D2-like 
dopamine receptors (13). The dopamine hypothesis is supported 
by the clinical observation that dopamine D2 receptor antago-
nists effectively reduced tics in some TD patients (14, 15). Also, 
dopamine pathway dysregulation was reported in post-mortem 
TD brain samples (16, 17) and in living TD patients’ brain (12, 
18).

Due to their excitatory and inhibitory effects within CSTC 
circuits, glutamatergic and GABAergic pathways have also been 
studied in TD. In post-mortem samples, lower levels of glutamate 
in subcortical brain regions were reported (19). However, it is 
unclear whether TD is associated with hyper- or hypo-glutamate 
levels (20). For the GABAergic pathway, an altered number and 
distribution of striatal GABAergic neurons were described in TD 
post-mortem brain samples (9, 21).

Disrupted serotonin signaling has been implicated in OCD, a 
common comorbid condition among TD patients. Selective sero-
tonin reuptake inhibitors (SSRIs) have proven effective in reduc-
ing OCD symptoms (22) and are also used to treat TD patients 
with comorbid OCD (23). Interestingly, sequence variants at the 
serotonin transporter (SERT) gene were found in both OCD and 
TD patients (24), suggesting alterations in the serotonin pathway 
as one possible mechanism in the etiology of TD.

Until the recent discovery of a dominant negative non-sense 
mutation in the HDC gene co-segregating with TD in a large family, 
histaminergic (HA) neurotransmission was not considered a top 
candidate for TD etiology (25). However, other findings provide 
additional support for the involvement of HA neurotransmission 
in TD. For example, single nucleotide polymorphisms (SNPs) 
within the HDC gene region showed association with TD (26). 
Also, rare copy number variants (CNVs) found in TD patients 
were enriched in chromosomal regions harboring HA pathway 
genes (27). Furthermore, mice lacking the Hdc gene exhibited 
tic-like behaviors (28). Even though no evidence showed direct 
actions of serotonin and histamine on movements, it is proposed 
that serotonin and histamine pathways might indirectly regulate 
movements by modulating the dopamine system in the substan-
tia nigra. In particular, both serotoninergic and HA innervations 
are observed in the substantia nigra (29, 30). Also, serotonin and 
histamine receptors are expressed on nigrostriatal dopaminergic 
neurons (30, 31).

Aside from the neurotransmitter dysregulation hypothesis in 
TD, developmental and neuroimmunological findings also pro-
vide a context for assessing the relevance of potential gene find-
ings. Altered distribution of parvalbumin interneurons (21) and 
reduced numbers of parvalbumin and cholinergic interneurons 
in basal ganglia were observed in the post-mortem brain samples 
of TD patients (9), suggesting another possible, perhaps develop-
mental, mechanism for alterations of CSTS circuits. Additionally, 
a dysregulated brain-immune system involving microglia cells 
was suggested to contribute to TD (32). Gene expressions of 
inflammatory factors were examined using post-mortem basal 
ganglia samples from TD patients and controls (33). An elevated 
expression of the CD45 gene was observed in TD patients even 
though the elevation was not statistically significant. CD45 is a 
surface marker of microglia and its expression is increased due 
to the activation of microglia. In another study, transcriptome 
analysis of post-mortem striatum of TD patients and controls 
revealed upregulation of microglia-related genes (34).

GeNeS DiSRUPTeD iN PATieNTS wiTH 
TOUReTTe’S DiSORDeR

In this section, we will review 15 genes that have been associated 
in TD (Table 1); to suggest how we might move beyond asso-
ciation to establish a role in TD pathogenesis, we will examine 
what is known about the biological effects of these genes. We 
group these genes into several categories: (1) neurite outgrowth: 
SLITRK1; (2) histamine pathway: HDC; (3) serotonin pathway: 
SERT, HTR1A HTR2B; (4) glutamate pathway: SLC1A3; (5) 
synaptic signal transduction and cell-adhesion pathway: NLGN4, 
CDH2, CNTNAP2/CASPR2, DPP6; (6) mitochondrial functions: 
IMMP2L, MRPL3; and (7) genes associated with other diseases: 
DNAJC13 [Parkinson’s disease (PD)], OFCC1 (orofacial clefts), 
and HCRTR2 or OX2R (excessive daytime sleepiness). The diverse 
functions of these genes – ranging from neurotransmitter syn-
thesis, neuronal migration, synaptic plasticity, cell adhesion, and 
protein transportation and synthesis – highlight the complexity 
of unraveling the pathogenesis of TD. However, in addition to the 
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TABLe 1 | Genes disrupted in TD.

Biological 
pathways

Gene name Disruption(s) found in TD 
patients and references

Neurite outgrowth SLITRK1 Inversion, frameshift variant, 
Var321 (38)
Synonymous variant: 708C > T (39)
3’-UTR variant: 3383G > A (43)
3225 T > C (41)
D397G (44)

Histamine HDC W317X (25)
Intronic transition and synonymous 
variants: 426C > A, 1743G > A (55)

Serotonin SERT I425V and 5-HTTLPR (24)
HTR1A R219L (78)
HTR2B M63R, R449Q (79)

Glutamate SLC1A3/EAAT1 E219D (88)

Synaptic signal 
transduction and 
cell adhesion

NLGN4/NLGN4X Deletion across exon 4, 5 and 
6 (99)

CDH2 N706S, N845S (106)
CNTNAP2 Intronic insertion (121)
DPP6 Microdeletion at exon 1 (128)

Mitochondrial  
functions

IMMP2L Translocation (141)
De novo duplication (142)
Translocation and cryptic deletion 
eliminated the exon 1–3 (143)
Intragenic deletions (144)

MRPL3 S75N (150)

Genes associated 
with other diseases

DNAJC13 
(Parkinson’s disease)

A2057S (150)

OFCC1 (orofacial 
clefts)

R129G and a novel variant at 
5′-UTR (150)

HCRTR2/OX2R 
(excessive daytime 
sleepiness)

P10S (162)
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genetic disruptions discussed here, large structural variations, for 
example copy number variations (CNVs), have also been investi-
gated in TD patients. Genes disrupted by these structural variants 
have been discovered and indicated as potential TD associated 
genes (35–37).

Neurite Outgrowth
SLIT and NTRK-Like Family, Member 1 (SLITRK1)
In a TD patient with comorbid ADHD, a de novo chromosome 
13 inversion was identified (38). The SLITRK1 gene was mapped 
close to the breakpoints. Targeted sequencing of the SLITRK1 
gene identified a non-coding variant (var321) and a frameshift 
mutation (38) in another 174 unrelated TD patients but not in 
a large control sample. The frameshift mutation led to impaired 
dendrite growth in neurons and the var321 variant may cause 
reduced SLITRK1 protein expression (38). While the var321 and 
additional novel variants within SLITRK1 were found in other 
TD patients, these associations were not replicated in subsequent 
studies (39–49).

Members of the SLITRK protein family are transmembrane 
proteins. They are structurally homologous to the SLIT and the 
TRK proteins, which are involved in axon guidance pathway and 
neurodevelopment (50). The SLITRK1 gene is highly expressed 
in developing and mature neuronal tissues and promotes neurite 

outgrowth in culture (51). The SLITRK1 protein is localized to 
the post-synaptic densities and has been hypothesized to affect 
synapse formation at excitatory synapses through interactions 
with the pre-synaptic cellular adhesion molecule LAR-RPTP (52, 
53). In Slitrk1 knockout mice, although stereotypic behaviors 
were not observed, the mice exhibited anxiety-like and depres-
sion-like behaviors, which were attenuated by chemicals modu-
lating noradrenergic neurotransmission (54). Neurochemical 
abnormalities were also detected in Slitrk1 knockout mice: 
norepinephrine and its metabolites were significantly increased 
in the prefrontal cortex and the nucleus accumbens while choline 
and acetylcholine levels were significantly lower in the striatum 
(54). Taken together, the evidence suggests that the SLITRK1 gene 
might play a role in neurochemical modulation.

Histamine Pathway
Histidine Decarboxylase
Histamine neurotransmission was first linked to the etiology of 
TD when a rare non-sense mutation within the HDC gene was 
discovered in a multiplex family in which the father and all eight 
children were diagnosed with TD. The mutation resulted from a 
G to A transition at the ninth exon of the HDC gene and led to a 
premature stop codon (W317X) (25). The heterozygous W317X 
mutation co-segregated with all affected individuals in this family. 
The W317X mutation was not found in 3360 unrelated individu-
als unaffected with TD or another 720 TD patients, suggesting 
this is a very rare cause for TD. In vitro enzymatic assay dem-
onstrated that the truncated protein produced by the mutation 
lost histidine decarboxylase (HDC) activity and had a dominant 
negative effect on the activity of wild-type HDC protein. After 
the initial finding, more TD patients were screened for mutations 
in the HDC gene in different studies. Only an intronic variant 
and two synonymous variants were identified in a study involving 
120 TD patients (55). However, an association of the HDC gene 
and TD phenotypes was reported in a study including 520 TD 
nuclear families (26). Also, rare, genic CNVs identified in 460 TD 
patients were enriched for HA pathway genes (27), supporting the 
potential involvement of the histamine pathway in TD etiology.

In the adult human central nervous system, the HDC gene is 
exclusively expressed in the soma and axon varicosities of HA 
neurons mostly originating from the tuberomammillary nucleus 
in the posterior hypothalamic region of the brain (30). The HDC 
homodimer converts l-histidine into histamine in the soma of 
HA neurons. Histamine-containing neuronal fibers are seen 
in many brain areas in rodents and human including cerebral 
cortex (56, 57). Therefore, loss-of-function mutations at the 
HDC gene will likely cause a lack of histamine in the widespread 
brain regions receiving HA innervation. In addition to serving 
as a neurotransmitter, histamine is a neuromodulator, inhibiting 
dopamine release by striatal dopaminergic neurons through 
binding to the H3 receptors expressed on these neurons in mice 
(58). Given the hypothesis that hyperactivity of nigrostriatal 
dopaminergic neurons is responsible for tic generation (12), it is 
reasonable that histamine dysregulation may contribute to TD.

Since HDC protein functions as a homodimer (59), indi-
viduals harboring the W317X mutation have approximately 
25% residual HDC activity remaining compared to the healthy 
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controls. Therefore, the Hdc knockout mice may recapitulate the 
behavioral outcomes caused by the W317X mutation in humans. 
As expected, the Hdc knockout mice show tic-like stereotypic 
behaviors after psychostimulant administration and reduced pre-
pulse inhibition (28). Interestingly, the striatal dopamine level 
was increased in the Hdc knockout mice during the dark cycle, 
which could be decreased by administration of histamine in the 
knockout mice. Also, higher levels of dopamine D2 receptor 
occupancy were found in the basal ganglia of TD patients carry-
ing the W317X mutations, the Hdc knockout mice and the Hdc 
heterozygous mice, indicating that the dopamine release in the 
basal ganglia of the brain might be disinhibited due to histamine 
depletion (28). Taken together, parallel studies in TD subjects and 
mice demonstrated that lack of histamine results in dopamine 
dysregulation, providing a potential mechanism for the proposed 
role of dopamine disruption in TD (12).

Serotonin Pathway
Serotonin Transporter (SLC6A4 or SERT)
Given the effectiveness of the SSRIs in reducing OCD symptoms, 
the SERT gene has been studied as candidate gene for OCD 
(60–64). Serotonin-transporter-linked polymorphic region 
(5-HTTLPR) polymorphisms and a gain-of-function missense 
mutation I425V have been associated with OCD (65–69). 
Sequence variants of the SERT gene were first associated with TD 
in a two-generation pedigree (24). In this family, the heterozy-
gous “long” 5-HTTLPR variant and the I425V mutation perfectly 
segregated with TD individuals in a dominant pattern. The “long” 
5-HTTLPR produces higher SERT mRNA level compared to the 
“short” 5-HTTLPR (70). The I425V mutation results in constitu-
tive activation of the SERT protein whose activity is regulated by 
cGMP-dependent protein kinase (71). Therefore, carrying both 
“long” 5-HTTLPR and the I425V mutation is expected to have 
a synergistic effect that increases the expression of SERT mRNA 
and increases the amount of activated SERT protein.

In the mammalian central nervous system, the SERT gene is 
primarily expressed in the serotonergic neurons that originate 
from the raphe nucleus in the hindbrain and project widely to 
other parts of the nervous system, descending to the spinal cord 
and ascending to the forebrain (72). The human SERT protein is a 
transmembrane protein (73, 74). Cell surface expression of SERT 
protein can be regulated by SERT antagonists and substrates 
(75). The serotonergic axons can innervate and regulate other 
neurotransmission systems. For example, serotonin can facilitate 
or inhibit dopamine release in the striatum in a direct or indirect 
manner (76). Therefore, dysregulation of SERT expression on the 
plasma membrane may affect dopamine transmission (77). So far, 
no other sequence variants in the SERT gene have been associated 
with TD and no corresponding transgenic mice are available for 
in vivo studies.

Serotonin Receptor 1A (HTR1A) and Serotonin 
Receptor 2B (HTR2B)
In addition to the SERT gene, other serotonin pathway genes have 
been examined in TD patients. A missense mutation causing an 
amino acid change from arginine to leucine was identified in the 
serotonin receptor 1A gene (HTR1A) in one TD patient. However, 

the mutation was not predicted to change the receptor activity 
(78). Two novel non-synonymous missense variants and three 
known SNPs in the serotonin receptor 2B (HTR2B) gene were 
also found in 132 Caucasian and 128 Chinese Han TD individu-
als, though the associations were not statistically significant (79).

There are currently 14 known serotonin receptors and these are 
categorized into seven classes (80, 81). The HTR1A and HTR2B, 
both of which are G protein-coupled receptors, belong to class 
I and class II, respectively (81). The HTR1A receptor is highly 
expressed in the brain. Lower brain expression of the HTR1A 
receptor has been associated with mood disorders in humans. 
Htr1a knockout mice exhibit depression- and anxiety-like behav-
iors and have been used for antidepressant drug screening (82, 
83). The HTR1A receptors are located at both pre-synaptic and 
post-synaptic neurons in the CNS. Activation of the pre-synaptic 
HTR1A receptors on the serotonergic neurons leads to inhibi-
tion of serotonergic neuron firing and reduced serotonin release 
whereas activation of the post-synaptic HTR1A can modulate the 
release of other neurotransmitters (84). Compared to the HTR1A 
receptor, the role that HTR2B plays in the CNS is not well under-
stood. However, there is evidence suggesting that HTR2B may 
regulate SERT activity by phosphorylating SERT protein (85). In 
mice, the HTR2B receptor may be involved in modulating sero-
tonin release from the serotonergic neurons. (86). Taken together, 
dysfunction of the HTR1A or the HTR2B receptor might lead to 
abnormal serotonin release in the CNS.

Glutamate Pathway
Excitatory Amino Acid Transporter 1 (SLC1A3 or 
EAAT1)
Altered cortico-striatal-thalamo-cortical (CSTC) circuitry is 
believed to provide the neurobiological basis for TD (7, 87). 
Glutamate is the major excitatory neurotransmitter in CSTS 
circuitry. A missense mutation (E219D) in the glutamate trans-
porter gene (SLC1A3) was associated with TD in a case-control 
study (88). In the same study, cells transfected with the E219D 
mutant glutamate transporter gene exhibited increased glutamate 
uptake activity compared to cells transfected with the wild-type 
gene. The proposed mechanism for the increased glutamate 
uptake activity was elevated glutamate transporter expression 
at the plasma membrane due to the E219D mutation. However, 
whether TD might be associated with hypo- or hyper-glutamate 
activity is still controversial.

One of the five subtypes of glutamate transporters, EAAT1, is 
responsible for the reuptake of the excitatory neurotransmitter, 
l-Glutamate, from the synapses back into cells. Dysfunction of 
glutamate transporters may lead to imbalanced extracellular 
glutamate levels, further affecting downstream glutamate neu-
rotransmission or causing glutamate excitotoxicity to neurons 
(89, 90). EAAT1 is primarily expressed in glial cells. Regionally, 
EAAT1 proteins are found in neocortex, striatum, cerebellum, 
and spinal cord (91). Eaat1 knockout mice showed hyperactivity 
and reduced acoustic startle response compared with the wild-
type mice (92) but did not exhibit the altered prepulse inhibition 
behavior, which has been found in TD patients (93). No Eaat1 
gain-of-function mutant mice are available to test the “hypo-
glutamate activity” hypothesis in TD.
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Synaptic Signal Transduction and  
Cell-Adhesion Pathways
Neuroligin 4, X Linked (NLGN4 or NLGN4X)
Mutations in the neuroligin (NLGN) family members have been 
identified in patients with neuropsychiatric disorders such as 
ASD (94–97) and schizophrenia (98). A small deletion in the 
NLGN4 gene was detected in a mother and her two sons (99), 
one of whom was diagnosed with autism while the other was 
diagnosed with TD and ADHD. Their mother, who also carried 
the deletion, had a learning disability, depression, and anxiety. 
The deletion spanned exon 4, 5, and 6 of the NLGN4 gene, result-
ing in a truncated protein. No other known genes were affected 
by the deletion.

Neuroligins are cell adhesion molecules located on the plasma 
membrane of the pre-synaptic and post-synaptic neurons. By 
interacting with neurexins, another family of cell adhesion pro-
teins, NLGNs modulate proper signal transmission between pre-
synaptic and post-synaptic neurons (100).Reduced expression of 
NLGNs in cultured neurons or mice cause deficits in synaptic 
maturation and plasticity (101, 102). Nlgn4 knockout mice have 
been studied at both the behavioral and cellular levels. Because 
Nlgn4 gene disruptions had been associated with ASD, the Nlgn4 
knockout mice were tested for ASD-like behaviors. As expected, 
Nlgn4 knockout mice exhibited deficits in social interactions 
and reduced ultrasonic vocalizations compared to the wild-type 
mice (103). In another study, the Nlgn4 knockout mice displayed 
reduced neural network response upon stimulation in both excita-
tory and inhibitory circuits (104). More interestingly, the Nlgn4 
knockout mice also showed stereotypic repetitive behaviors and 
increased obsessive compulsive like behaviors (105), supporting 
the possibility that disruption of the NLGN4 gene might play a 
role in TD or related disorders.

Cadherin 2, Type1, N-Cadherin (CDH2)
Cadherin 2 (CDH2), also known as N-Cadherin, is another cell 
adhesion protein that has been associated with TD. CDH2 par-
ticipates in neuron–neuron communication and in synaptogen-
esis. In a recent study, exons of the CDH2 gene were sequenced 
in 160 OCD probands and 160 controls (106). Four variants in 
the CDH2 gene were identified in subjects with OCD or TD. 
Two mutations were of particular interest: the N706S and the 
N845S variants. N706S is a rare and novel mutation close to the 
predicted proteolytic cleavage site of the CDH2 protein while the 
N845S variant is located at the β-catenin interacting region. Both 
mutations reduced the CDH2 protein level by more than 50% 
in transfected HEK293 cells (106), suggesting possible adhesion 
deficits in cells.

Cadherin 2 is a calcium-dependent cell–cell adhesion glyco-
protein. CDH2 primarily mediates neurite outgrowth and axon 
guidance of neurons on myotubes (107) and on the surface of 
astrocytes (108, 109). The cytosolic domain of the CDH2 protein 
forms complexes with catenin proteins (110), and these com-
plexes regulate synaptogenesis in both pre- and post-synaptic 
neurons (111, 112). Additionally, the cleaved C-terminal domain 
of the CDH2 is a repressor of CBP/CREB-mediated transcrip-
tion whose target genes are critical in neural development and 

plasticity (113). The complete knockout of the Cdh2 gene is an 
embryonic lethal in mice whereas Cdh2 heterozygous null mice 
do not exhibit obvious morphological defects during development 
(114). Conditional knockout of the Cdh2 gene in the cerebral 
cortex of mice caused disrupted cortical structure (115). Thus far, 
behavioral analyses in the Cdh2+/− mice or Cdh2 conditional 
knockout mice have not been conducted.

Contactin-Associated Protein-Like 2 (CNTNAP2/
CASPR2)
Variants in the CNTNAP2 gene have been associated with ASD in 
several family based studies (116–119). Also, putative deleterious 
mutations were found in the CNTNAP2 gene in ASD patients 
(120). In one family, an insertion on chromosome 7p35–p36, 
disrupting intron 8 of the CNTNAP2 gene, was shared by a father 
and his two children, all three of whom were diagnosed with TD 
(121). However, a translocation disrupting intron 11 of CNTNAP2 
did not cause TD phenotypes in another three generation family 
(122).

CNTNAP2, a transmembrane protein, belongs to the neurexin 
superfamily and is highly expressed in neurons and localized to the 
axonal membrane of the juxtaparanodal region. The CNTNAP2 
protein interacts with clustered Shaker-type potassium channels 
and plays an important role in the axon-glia septate-like junc-
tion (123). It is required for normal action potential propagation 
along myelinated axons of the neurons (124), and it has been 
hypothesized that malfunctions of the CNTNAP2 protein leads 
to deficits of electric signal transduction between neurons (121, 
125, 126).

Behavioral assessments of Cntnap2 knockout mice led to 
stereotypic motor movements (127). Interestingly, a reduced 
number of GABAergic interneurons were reported in the 
striatum of the Cntnap2 knockout mice, which is consistent with 
previous post-mortem studies showing a reduction in the num-
ber of striatal GABAergic interneurons in TD patients (9, 21). 
Therefore, understanding the molecular mechanism of neuronal 
loss caused by disruption of CNTNAP2 may help to pinpoint 
biological pathways altered in TD.

Dipeptidyl-Peptidase 6
A heterozygous microdeletion at the first exon of the DPP6 gene 
was identified in a boy with TD as well as the boy’s father and 
paternal uncle both of whom were diagnosed with tic disorder 
and ADHD (128). The microdeletion led to decreased DPP6 
mRNA level in the boy’s blood cells. DPP6 has also been associ-
ated with other neuropsychiatric disorders such as ASD (95, 129) 
and schizophrenia (130).

Dipeptidyl-peptidase 6 (DPP6) is a transmembrane protein 
belonging to a family of serine proteases. However, DPP6 does 
not have protease activity (131). DPP6’s expression is enriched in 
the brain and different isoforms have different distributions in the 
brain. (132). DPP6 proteins interact with A-type voltage-gated 
potassium channels, specifically the Kv4 subunit (133, 134). The 
A-type potassium channels participate in the modulation of den-
dritic signal transmission (135, 136). Moreover, the A-type potas-
sium channel was reported to control the tonic dopamine release 

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


February 2016 | Volume 7 | Article 11107

Sun et al. Functional Studies in Tourette’s Disorder

Frontiers in Psychiatry | www.frontiersin.org

by substantia nigra dopaminergic neurons (137). Even though 
DPP6 has no peptidase activity, it may have novel functions and 
play essential roles in Kv4 intracellular trafficking, membrane 
expression, and proper function of the A-type potassium channels 
(138). Dpp6 knockout mice show abnormal synaptogenesis (139), 
and knocking down the Dpp6 gene specifically in the mouse brain 
caused impaired learning and memory abilities (140).

Mitochondria Functions
Inner Mitochondrial Membrane Peptidase 2 Like
A familial translocation segregating with TD or tics (141) and a 
de novo duplication in a TD patient with other developmental and 
mental phenotypes implicated IMMP2L as a possible TD candi-
date gene (142). This was the first mitochondria-related gene in 
TD. Subsequently, a cryptic deletion eliminating exons 1–3 of the 
IMMP2L gene and 21 other genes was identified in a TD patient 
with learning and speech difficulties (143). Also, a case-control 
study of copy number variations reported intragenic deletions at 
the IMMP2L gene in seven TD patients (144). Among the seven, 
three deletions at intron 3 led to production of a shorter IMMP2L 
mRNA transcript due to alternative splicing. In the same study, 
the expression of both the short and the long transcripts was 
examined by reverse transcription PCR in 19 regions of the human 
brain. While the long transcript was ubiquitously expressed in all 
19 brain regions, the short transcript was selectively expressed at 
a lower level in only 10 brain regions, suggesting that the short 
transcript might have a more specific role in the human central 
nervous system (144).

The human inner mitochondrial membrane peptidase 2 like 
(IMMP2L) protein is one of the catalytic subunits of the inner 
mitochondrial membrane peptidase (IMP) complex (145, 146). 
The IMP complex participates in the cleavage of the inner mito-
chondrial membrane targeting signal sequence from its protein 
substrates, allowing maturation of the substrates. Loss of any 
subunit will cause the decomposition of the whole complex (147). 
Expression and function of the mammalian IMMP2L protein 
have been studied in animal models and human tissues. Immp2l 
knockout mice exhibit mitochondrial dysfunction, increased 
ischemic brain damage, and infertility (148, 149).The human 
IMMP2L mRNAs are ubiquitously expressed in various tissues 
except for adult liver and lungs. Unlike other TD associated genes, 
there is no enriched IMMP2L mRNA expression in the brain 
compared to other tissues (142). However, linking mitochondrial 
dysfunction to TD might lead to further speculation about the 
varied etiology of TD.

Mitochondrial Ribosomal Protein L3
Whole exome sequencing of a multiplex TD family showed three 
rare novel non-synonymous mutations in the MRPL3, DNAJC13, 
and the OFCC1 genes (150). The three variants were not found 
in controls or dbSNPs/1000 Genomes databases. However, a 
targeted-sequencing study of the same three variants in Han 
Chinese TD patients did not replicate these findings (151).

Mitochondrial ribosomal protein L3 (MRPL3) is a mito-
chondrial ribosome protein involved in mitochondrial protein 
translation (152). Compound heterozygous mutations in the 
MRPL3 gene were associated with mitochondrial respiratory 

chain deficiency in a pedigree of French origin (153), but no 
psychiatric diseases were reported.

Genes Associated with Other Diseases
DnaJ (Hsp40) Homolog, Subfamily C, Member 13 
(DNAJC13)
A missense variant (A2057S) in the DNAJC13 gene was found 
to segregate with TD or chronic tic disorder (CTD) in a mul-
tiplex pedigree (150). Subsequently, a novel missense mutation 
Asn855Ser in the DNAJC13 gene was found in a multi-generation 
family with PD and in an additional four other PD patients (154). 
Human DNAJC13 is a membrane-associated protein involved 
in endocytosis, specifically in the process of early endosome-
mediated membrane trafficking (155, 156). Knocking down 
the DNAJC13 gene in mammalian cells did not cause obvious 
dysfunction of endocytosis. However, introducing a C-terminus 
truncated mutant DNAJC13 protein into the cells did affect the 
normal distribution and formation of early endosomes (156). No 
DNAJC13 knockout animal model is available.

Orofacial Cleft 1 Candidate 1
After an initial study suggesting that the OFCC1 gene led to 
orofacial clefts (157), it was later linked to schizophrenia (158). 
Recently, a genome-wide association study (GWAS) of OCD 
found a significant association with OFCC1 (159). Sequence 
variants in OFCC1 have been found in patients with neurode-
velopmental or neuropsychiatric disorders: a missense mutation 
(R129G) segregating with TD and CTD in a multiplex family 
(150) and a non-sense and a missense mutation were found in a 
single autism family (160).

The function of the orofacial cleft 1 candidate 1 (OFCC1) pro-
tein is unclear but one study suggested that the OFCC1 protein 
was an interacting partner and methylation substrate of protein 
arginine methyltransferase 1 (161). However, Ofcc1 knockout 
mice did not show any behavioral abnormalities (158).

Hypocretin (Orexin) Receptor 2 (HCRTR2/OX2R)
The coding regions of the orexin-1/hypocretin-1 (OX1R) 
receptor gene, the orexin-2/hypocretin-2 (OX2R) gene, and the 
prepro-orexin gene were examined in patients with Excessive 
Daytime Sleepiness, TD, or ADHD and healthy controls (162). A 
C29T nucleotide change in the OX2R gene producing a Pro10Ser 
amino acid substitution was detected in only one TD patient with 
comorbid ADHD. The Pro10Ser variant reduces responsiveness 
of the Orexin2 receptor to its ligands, Orexin-A, and Orexin-B. 
The Orexin receptor 2 is a G protein-coupled receptor that 
participates the regulation of feeding and sleep-wakefulness in 
mammalian brains (163). Ox2r knockout mice do not show any 
tic-like behaviors (164).

FUNCTiONAL ANALYSeS OF GeNeS 
DiSRUPTeD iN TD

As indicated in the previous section, evidence for TD susceptibil-
ity genes exists. The mutations discussed were found in only a 
small number of individuals with TD, and replication remains 
elusive. This lack of replication may be due to the extreme locus 
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heterogeneity, similar to what has been found in ASD (165). 
What evidence beyond stronger statistical association might 
help establish their potential role in TD pathogenesis? Some of 
these genes are found within neurobiological pathways that are 
presumed to be disrupted in TD (e.g., neural signal transmission/
modulation) while others are found in novel pathways. Hence, 
the evidence that these genes are true susceptibility genes remains 
insufficient. Consequently, more convincing functional stud-
ies are needed to determine how variants in these genes could 
contribute to TD. In this next section, we review the in vitro and 
in vivo functional studies and techniques (beyond the knock out 
experiments referred to above) that will likely be useful to evaluate 
the consequences of mutations found in these presumptive TD 
susceptibility genes and for discovery of cellular and molecular 
phenotypes in disease.

Transgenic Mammalian Cell Lines
Functional studies using neuronal cells from individuals with 
TD can provide insights into the molecular basis of TD and 
potentially help to clarify the biological pathways altered in TD. 
However, one of the difficulties is the inability to obtain relevant 
biomaterials (e.g., neurons or neural stem cells) from affected 
individuals. Since TD is not a lethal disorder, there is very limited 
access to neural tissue from individuals with TD, particularly 
from individuals with a known causal variant.

Transgenic human non-neuronal cell lines have been used 
to characterize the cellular and molecular phenotypes resulting 
from specific mutations. Typically, plasmids carrying a wild 
type or a mutant gene of interest are delivered into the cell lines. 
Once the protein products of the transgene are expressed in the 
cells, assays are developed to evaluate the functional conse-
quences of the mutant proteins. For example, in the CDH2 gene, 
both the wild type and mutant CDH2 genes were cloned into 
expression plasmids and subsequently delivered into human 
embryonic kidney (HEK293) cells and reduced expression of 
mutant CDH2 proteins was reported (106). While easily done, 
functional studies in non-neuronal cell lines are suboptimal for 
a variety of reasons. During transgenesis, the gene of interest is 
often transiently overexpressed or is controlled by a conditional 
and/or inducible gene expression system (166). Therefore, the 
level of transgene expression might not faithfully represent the 
endogenous gene expression level. Also, the expression levels 
of many genes are tissue-specific (167). This is particularly 
relevant for genes with multiple transcript isoforms where the 
isoform expression pattern in transgenic cell lines may not 
be comparable to patterns in neurons. Furthermore, because 
transgenic cells would not be expected to have the same gene 
expression profile as neurons, they may not provide relevant 
cellular environment for the transgene to execute its genuine 
neuronal function(s). Neuronal samples from TD patients are 
therefore preferred for in vitro functional studies but these are 
very difficult if not impossible to obtain. A recent technological 
advance, induced pluripotent stem cells (iPSCs), now makes 
functional studies of neuronal samples with a known causal 
variant possible.

induced Pluripotent Stem Cells
Use of iPSC-Derived Neuronal Cells to Model 
Neuropsychiatric and Neurodevelopmental 
Disorders
The relatively new reprograming technique that converts human 
somatic cells into iPSCs allows researchers to model diseases 
in  vitro using patient-derived cells. Since the first generation 
of iPSCs from mouse fibroblasts (168), the ability to produce 
differentiated cells from iPSCs has been intensively studied 
and improved. Recently, iPSC neuronal differentiation has 
become routine (169). Generating patient-specific neurons 
carrying mutations in disease candidate genes is invaluable for 
researchers who wish to study the cell-autonomous effects of 
mutations and to understand the cellular basis of neurological 
and neuropsychiatric disorders. To date, no study using iPSC-
derived neurons to model TD has been published. However, 
mutations associated with other neuropsychiatric disorders have 
been studied in iPSC-derived neurons, and cellular abnormalities 
have been demonstrated (170–174). For example, Rett syndrome 
is a neurodevelopmental disorder occurring mainly in females 
characterized by mental retardation. Loss-of-function muta-
tions in the methyl-CpG binding protein 2 (MeCP2) gene were 
reported in the majority of Rett Syndrome cases (170). Therefore, 
neurons with functional null mutation in the MeCP2 gene were 
generated from the iPSCs of an individual with Rett Syndrome. 
In culture, the neurons showed smaller soma size (171). Similarly, 
iPSC-derived neurons have been used to understand ASD. In 
an individual with ASD, a balanced translocation spanning the 
transient receptor potential 6 channel (TRPC6) gene was identi-
fied. Neurons derived from the iPSCs exhibited decreased TRPC6 
expression, altered morphology and reduced Ca2+ influx (172). In 
schizophrenia, the DISC1 gene has been considered an important 
risk factor (175) and in iPSC-derived DISC1 mutant neurons, 
pre-synaptic vesicle release was impaired (173).

Unfortunately, in  vitro neural differentiation from iPSCs 
yields mixed populations of neurons rather than a homogenous 
population. For diseases with clear neuropathology, pure cultures 
of the specific neuron types involved in the disorder are preferred 
in order to recapitulate disease-related cellular phenotypes. For 
instance, PD is characterized by loss of substantia nigra dopa-
mine neurons (176). Cultures containing a high percentage of 
dopaminergic neurons were generated from PD patients who 
carry monogenic mutations (177–180), and defects in cel-
lular functions such as autophagy, mitophagy, oxidative stress 
response, and dopamine release were found in these neurons. In 
patients with amyotrophic lateral sclerosis (ALS), motor neurons 
degenerate. Therefore, motor neurons were derived from iPSCs 
of ALS patients carrying known casual mutations (174, 181). 
As hypothesized, the mutant motor neurons exhibited neurite 
degeneration (181).

Use of Single-Cell Analysis to Overcome Culture 
Heterogeneity
One method to overcome cell culture heterogeneity is to analyze 
single cells, all of the same type. Looking at the transcriptome 
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of single cells using microarray or RNA-seq analysis holds prom-
ise of detecting gene dysregulation in particular populations of 
neurons, which might not be identified by analyzing heterogene-
ous mixtures of cells. For instance, single-cell gene expression 
analysis of iPSC-derived dopamine neurons from PD patients 
with a LRKK2 mutation unveiled dysregulation of oxidative 
stress genes in mutant dopamine neurons (182). In another study, 
neurons were generated from the iPSCs of Timothy Syndrome 
patients with a mutation in the CACNA1C gene. Single cells were 
taken from the culture containing mixed neuron populations, 
and gene expression was analyzed by microarray. As a result, 
the distribution of neuron subtypes was altered in the Timothy 
Syndrome neuronal culture compared to the control cells (183). 
Compared to microarray, RNA-seq is gaining greater popularity 
for analyzing the transcriptome of single cells due to its ability to 
unbiasedly detect any transcript in cells within a broader dynamic 
range of expression. Generally, there are four important steps to 
achieve single-cell RNA-seq: (1) single-cell isolation, (2) RNA 
capture, (3) cDNA synthesis and, (4) next generation sequenc-
ing. The microfluidic system is becoming popular for single-cell 
RNA-seq because it can isolate single cells, lyse the cells, purify 
RNA, synthesize cDNA or even conduct gene expression analysis 
all in one run (184, 185).

Use of iPSC-Derived Cerebral Organoids to Model 
Neuropsychiatric and Neurodevelopmental Disorders
In contrast to PD or ALS, the neuropathology of many neurode-
velopmental and neuropsychiatric disorders, such as TD or ASD, 
is unclear or is heterogeneous (18). As described above, muta-
tions associated with TD indicate dysregulations of various neu-
rotransmitter pathways or of neural circuits involving multiple 
brain regions. Hence, studying specific type of neurons may not 
help to explain the pathogenesis of TD. The recently developed 
“cerebral organoid” cellular system enables the differentiation of 
iPSCs into a three-dimensional miniature organ in a bioreactor, 
with minimum external interferences (186). Such self-organized 
spherical structures resemble the human brain at very early 
stages of development. In comparison to monolayer neuronal 
cultures, the cerebral organoids contain more diverse neuronal 
populations that define distinct brain regions. Also, within the 
cerebral organoid, neuronal migration and human-specific brain 
structures (e.g., the outer subventricular zone) were observed 
(187). Therefore, the cerebral organoid has been used to model 
neurodevelopmental diseases. For microcephaly, premature neu-
ral differentiation was recapitulated in organoids derived from 
microcephaly patients’ iPSCs (187). In cases of idiopathic ASD, 
overproduction of GABAergic inhibitory neurons in patient-
derived cerebral organoids was reported (188). At the molecular 
level, the cellular phenotype was explained by overexpression of 
the transcription factor FOXG1. However, use of cerebral orga-
noids to model neurodevelopmental diseases has limitations. The 
various “brain regions” in the organoids are fairly disorganized. 
Therefore, the cerebral organoid would not be suitable to study 
neural circuits. Furthermore, neuronal cells within the organoids 
are mostly neural progenitor cells, and their differentiation is 
restricted by limited growth of the organoids, which in turn is 

probably due to the lack of internal nutrient and oxygen supply. 
More importantly, each organoid is “unique” because the self-
organization process is random and is not controlled by external 
factors. This “uniqueness” will generate variation among orga-
noids, which may mask phenotypic differences between normal 
and patient-derived cells.

Use of Genome Editing to Generate Isogenic Control 
iPSC Lines
One challenge in identifying the phenotypic effects of a given 
mutation in iPSC-derived neurons is finding an appropriate 
control sample. While age, gender, and ethnicity-matched con-
trol samples with the wild-type allele are typically available, they 
are not matched for all of the other common genomic variants. 
Failure to control for such variability in genetic background 
can lead to spurious results. The recent technological advance 
of highly specific genome editing now allows the production of 
more comparable isogenic controls for functional studies. Several 
genome editing systems, such as zinc finger nuclease (189, 190), 
TALEN, and CRISPR-Cas9 (191, 192), are able to reverse the 
mutation to wild type at one genomic locus at a time in iPSCs. 
Comparing neuronal cells generated from mutant iPSCs and 
their edited, isogenic control neuronal cells with the mutation 
removed allows identification of molecular and cellular changes 
that are due only to the mutation (180). However, “off target” 
mutations at unrelated loci inadvertently introduced by editing 
remain a potentially important technological hurdle (193).

Gene expression and Gene Network 
Analyses
The major goal of genomic sequencing of patients with neurode-
velopmental and neuropsychiatric disorders is to identify disease-
associated mutations. Once such genes are found, systematic 
approaches including genome-wide gene expression analysis and 
gene network analyses can be used to implicate common biologi-
cal pathways altered in patients with different mutant genes.

Gene Expression Analysis
Gene expression analysis, primarily through the RNA-seq 
approach, aims to quantify transcript level of target genes or 
of the whole transcriptome in biological samples from patients 
and healthy controls to identify genes dysregulated in human 
diseases (194). For neurodevelopmental disorders, post-mortem 
brain samples are often used for the transcriptomic analyses. 
The first transcriptomic analysis of TD patients’ post-mortem 
striatum samples revealed that interneuron disruption might 
be involved in the pathophysiology of TD (34). However, to 
evaluate particular mutations, post-mortem samples meeting 
specific research criteria are usually difficult or virtually impos-
sible to obtain. With the emergence of somatic cell reprograming 
techniques, iPSC-derived neurons with and without a putative 
disease-causing mutation can be produced in  vitro (195). The 
transcriptomes of these iPSC-derived neurons can be compared 
by microarray or RNA sequencing (RNA-seq) (172, 173). To 
further dissect the cellular phenotype at single neuron level and 
to detect abnormalities only shown in particular populations of 
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neurons, single-cell transcriptome analysis can also be performed 
(182, 183). Multiple bioinformatic tools have been developed for 
RNA-seq data to detect differentially expressed genes (DEGs) 
from distinct cell types or under different experimental condi-
tions (196–198). Among these RNA-seq analysis methods, 
none outperforms the others in all aspects. Selecting an optimal 
method for a study requires an understanding of the benefits 
and limitations of each method as well as the parameters of the 
study (196). Once the DEGs between experimental conditions 
are determined, gene and pathway annotation tools, gene and 
protein expression and interaction databases can help to explore 
the gene pathways underlying the disorder. Gene and pathway 
annotations tools such as IPA1, KEGG (199, 200), DAVID (201, 
202), ConsensusPathDB (203) report biological pathways in 
which DEGs are enriched or reduced and take these into account 
to predict how these pathways might be affected. However, the 
data from which these tools were constructed come from non-
neuronal samples which could lead to associations not found in 
neuronal tissues or failure to detect neuronal associations (204). 
In order to annotate neuronal gene expression in a temporal 
and spatial manner, human brain gene expression databases, for 
example, the Allen Human Brain Atlas (205), BrainSpan (206), 
GTEx (207) were built using microarray and RNA-seq data 
from post-mortem brain samples. Mapping DEGs identified in 
neuronal samples of patients with neurodevelopmental disorders 
to human brain gene expression databases revealed specific brain 
regions and neural developmental stages that were affected (34, 
208). A more detailed human brain gene expression atlas that 
annotates gene expression at single cell level has been initiated 
by a group in Stanford University (209). Single-cell RNA-seq was 
used to analyze neurons from human adult and fetal cerebral cor-
tex and it identified more diverse populations of neurons within 
the cortical region (209). Constructing a comprehensive human 
brain gene expression database at single neuron resolution is quite 
challenging due to limited access to healthy human brain samples 
and the high cost of single-cell RNA-seq. Therefore, collaborative 
work with standardized experimental protocols is required.

Gene Network Analysis
Differential gene expression from transcriptome analysis is 
sample-dependent and tissue-specific. In order to explore the 
etiology of complex neurodevelopmental disorders such as TD, 
disease-associated genes can be mapped to gene networks to visu-
alize relationships between disease candidate genes and, further, 
to pinpoint annotated or novel pathways. The gene networks can 
be gene co-expression networks (205, 206), gene regulatory net-
works2, protein–protein interaction networks (210) or networks 
constructed with combined criteria (203, 211). For example, 
in ASD, disease-associated genes have been evaluated using 
spatiotemporal gene co-expression networks constructed from 
BrainSpan (206) and were found to be enriched in sub-networks 
that represent specific brain regions and time periods during 
human brain development (212). Furthermore, ASD-associated 

1 www.qiagen.com/ingenuity
2 http://www.braineac.org/

mutations identified by previous genetic studies were mapped to 
a “background network” which scores each pair of human genes 
based on very comprehensive information about every known 
human gene (211). Cell types and brain areas affected in ASD 
were implicated (213). With a growing number of mutations 
associated with TD, the same approaches could be utilized in TD.

Animal Models
Another approach to the study of the functional effects of a specific 
mutation in a gene is to use animal models. Most often, a putative 
disease gene is knocked out or modified in the animal model. 
Then, the mutant and wild type animals from the same genetic 
background are compared. (Some such animal knock-out studies 
of putative TD genes have been described above). Conventional 
animal models are designed to study a small number of genes, 
usually one or two genes at a time. If, however, TD is caused by 
the combined effect of multiple variant genes, multi-transgenic 
animals, whose genomes are modified at multiple loci, would be 
required. Although more challenging, generation of such multi-
transgenic animals can be achieved by genome editing as well. 
(214, 215).

In order to model TD in animals, the following criteria should 
be met: (1) the gene to be studied is strongly associated with the 
disease; (2) the gene and the neurological component phenotypes 
involved in TD are relatively well conserved between humans and 
the animal; (3) the gene is thought to have similar functions in 
both humans and the model animals; and (4) the disease pheno-
type can be experimentally characterized in the model animals 
by biochemical and/or behavioral approaches (216). One mouse 
model in TD that meets these criteria is HDC. As indicated 
previously, a rare dominant non-sense mutation W317X in 
HDC cosegregated with all TD individuals in a two generation 
pedigree. (25). Subsequently, a study using HDC knockout mice 
demonstrated behavioral and molecular abnormalities caused 
by the loss of the HDC activity in the brain (28). The knockout 
and heterozygous mice showed tic-like stereotypic movements 
after psychostimulant administration. Also, the striatal dopa-
minergic pathway was dysregulated due to the HDC deficiency. 
Specifically, the dysregulation of dopamine receptors in the basal 
ganglia region of the HDC knockout and heterozygous mice 
recapitulated the dysregulation of the same types of dopamine 
receptors in TD patients carrying the W317X mutation.

SUMMARY AND FUTURe DiReCTiONS

Tourette’s disorder is likely caused by a complex multigenic 
inheritance pattern that includes locus and allelic heterogeneity 
of both common and rare variants that interact with environmen-
tal factors (14, 217, 218). Despite long-standing interest in the 
genetic contribution to TD, the overall genetic architecture of TD 
remains elusive. Some of the genes identified as causal of TD are 
involved in neurotransmitter pathways presumed to be altered 
in TD, while others are novel. In this respect, the genetics of TD 
may resemble that of other complex neuropsychiatric disorders. 
Indeed, there is evidence of some overlap with subsets of similar 
genes involved in multiple disorders. Furthermore, there also 
appears to be an increased rate of comorbidity between some such 

http://www.frontiersin.org/Psychiatry/archive
http://www.frontiersin.org/Psychiatry/
http://www.frontiersin.org
http://www.braineac.org/


February 2016 | Volume 7 | Article 11111

Sun et al. Functional Studies in Tourette’s Disorder

Frontiers in Psychiatry | www.frontiersin.org

disorders, such as TD and ASD (27, 219). It may also be that cur-
rent DSM-based psychiatric nosology does not sufficiently “carve 
nature at its joints,” and that other classification schemes, such 
as Research Domain Criteria (RDoC)(220–224), might reveal 
etiologically more coherent groupings of disorders or patients.

International consortiums including the Tourette International 
Collaborative Genetics (TIC Genetics), the Tourette Syndrome 
Association International Consortium for Genetics (TSAICG), 
the European Multicenter Tics in Children Studies (EMTICS), the 
European Society for the Study of Tourette Syndrome (ESSTS), 
the Tourette Syndrome Genetics The Southern and Eastern 
Europe initiative (TSGeneSEE), and sharing repositories (New 
Jersey Center for Tourette Syndrome Repository) (225, 226) have 
initiated large collaborations to collect many patient and family 
samples in an effort to understand the genetics of TD. Continued 
efforts in gene discovery from large open-access repositories are 
needed to find additional risk variants.
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Tourette’s syndrome (TS) is a neurodevelopmental disorder characterized by fluctuating

motor and vocal tics, usually preceded by sensory premonitions, called premonitory

urges. Besides tics, the vast majority—up to 90%—of TS patients suffer from

psychiatric comorbidities, mainly attention deficit/hyperactivity disorder (ADHD) and

obsessive-compulsive disorder (OCD). The etiology of TS remains elusive. Genetics is

believed to play an important role, but it is clear that other factors contribute to TS,

possibly altering brain functioning and architecture during a sensitive phase of neural

development. Clinical brain imaging and genetic studies have contributed to elucidate

TS pathophysiology and disease mechanisms; however, TS disease etiology still is

poorly understood. Findings from genetic studies led to the development of genetic

animal models, but they poorly reflect the pathophysiology of TS. Addressing the role

of neurotransmission, brain regions, and brain circuits in TS disease pathomechanisms

is another focus area for preclinical TS model development. We are now in an interesting

moment in time when numerous innovative animal models are continuously brought to

the attention of the public. Due to the diverse and largely unknown etiology of TS, there

is no single preclinical model featuring all different aspects of TS symptomatology. TS

has been dissected into its key symptomst hat have been investigated separately, in line

with the Research Domain Criteria concept. The different rationales used to develop

the respective animal models are critically reviewed, to discuss the potential of the

contribution of animal models to elucidate TS disease mechanisms.

Keywords: tics, repetitive behavior, genetics, environment, PPI, TS comorbidities

INTRODUCTION

TS Definition, Epidemiology, Symptoms, and Natural Course
Tourette’s Syndrome (TS) was named after Georges Gilles de la Tourette (1857–1904) who first
described it as a “tic syndrome” in 1885 and whose observations are still considered mostly valid
today. Tics are involuntary movements or vocalizations that can involve different parts of the body
changing in frequency, intensity and duration. A diagnose of TS requires the presence of both

Abbreviations: ADHD, Attention Deficit/Hyperactivity Disorder; CSTC, Cortico-striato-thalamo-cortical circuit; DA,

Dopamine; DOI, 2,5-Dymethoxy-4-iodoamphetamine; DR, Dopaminergic Receptor; DSM-5, Diagnostic and Statistical

Manual of Mental Disorders, Fifth Edition; GABA, Gamma-Aminobutyric acid; GPe, Globus pallidus externus; HDC,

Histidine decarboxylase; KO, Knock-out; NTs, Neurotransmitters; OCD, Obsessive-Compulsive Disorder; PPI, Pre-Pulse

Inhibition; PU, Premonitory Urge; TS, Tourette’s Syndrome.
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multiple motor and one or more vocal tics with an onset before
age 18 years and a persistence for at least 1 year (DSM-5).

But TS is not only about tics: up to 90% of all TS patients
experience psychiatric comorbidities, mainly Attention
Deficit/Hyperactivity Disorder (ADHD) and obsessive
compulsive disorder (OCD), but also depression, anxiety
disorders, conduct disorders, personality disorders, and self-
injurious behaviors (Khalifa and Knorring, 2007; Cavanna et al.,
2009; Pallanti et al., 2011).

TS has long been considered to be rare, as it was reported to
affect only 1 in 2000 (Bruun, 1984). Nowadays the prevalence
of TS in the general population has been re-evaluated, and is
estimated to be 0.4–1% (Robertson et al., 2009), but could be
even higher since, especially in childhood, tics are often so mild
that are hardly perceived and easily overlooked. In many cases
only an expert eye is able to identify tics in patients presented
to the clinician as a consequence of behavioral problems or
ADHD.

Role of CSTC Circuitry in TS Pathophysiology
The exact neurobiological background of TS remains still unclear,
but a central role of the cortico-striato-thalamo-cortical (CSTC)
circuit appears uncontroversial, as numerous anatomical and
functional imaging studies were able to detect morphological
and functional alterations in CSTC components of TS patients
compared to controls (Singer et al., 1993; Peterson et al., 2003;
Sowell et al., 2008).

The pre-motor and motor cortices, the striatum, composed
of caudate and putamen, the globus pallidus internus (GPi) and
externus (GPe), the subthalamic nucleus (STN), the thalamus,
and the substantia nigra (SN) are connected in the CSTC
circuit. Under physiological circumstances, an activation of this
circuit physiologically results in voluntary movements, while
involuntary movements are repressed.

Movements occur as the motor cortex is activated by the
thalamus, which is controlled by the STN-GPe-GPi microcircuit.
When the pre-motor cortex activates the putamen, the inhibitory
striatal projection neurons release the thalamus from inhibition
held by the STN-GPe-GPi, and eventually the motor cortex
can be activated, leading to movement (Obeso and Lanciego,
2011).

Tics are supposed to be caused by a deregulated activity of the
basal ganglia, which consequentially leads to disinhibition of the
thalamus and a hyperexcitability of the motor cortex (Albin and
Mink, 2006; Wang et al., 2011).

When the beneficial effect of dopaminergic modulators such
as haloperidol and pimozide on tic management was observed,
a dysfunction in the dopaminergic system was seen as the main
responsible of TS neuropathology (for review see Buse et al.,
2013). Nowadays the use of haloperidol and pimozide has been
gradually left aside in favor of the better tolerable atypical
antipsychotics and atypical neuroleptics, such as aripiprazole or
risperidone, acting on dopamine and serotonin. In general, there
is growing evidence indicating that TS is not a pure DA-related
disorder, and the interplay of other neurotransmitters is strongly
supported to contribute or cause the disease (for review see
Udvardi et al., 2013; Figure 1).

Importance of a TS Animal Model
In vivo animal models are important tools to challenge and
validate pathophysiological hypotheses and test new therapeutic
options. An animal model is constructed to fulfill one or
more of the following parameters: face validity (ability to show
similar symptoms to the patients’ ones), construct validity (model
developed according to a rationale matching the pathological
hypothesis), and predictive validity (model responds to a
treatment similarly to patients). The ideal model is able to show
all these three features, but in most cases the main focus remains
on one of the three aspects. The use of animal models could help
the major means of investigations of TS thanks to their ability
to verify pathophysiological hypotheses and test pharmacological
compounds.

METHODS

This article is a review about the “now-in-use” preclinical models
of TS, extracted from the literature of the last decade. As a
perfect model for TS has not yet been produced, we aim at
showing the different successful methods used by researchers to
independently model all major aspects involved in TS pathology,
that we separately describe and analyze. Strengths and limitations
of animal models are explained with a focus on recent research
findings. The aim is to provide up-to-date information on TS
animal models for students, researchers, and clinicians, and hints
to be used by preclinical experimenter in developing new TS
animal models.

Electronic literature search via MEDLINE/PubMed has been
conducted for articles that had been published in English since
year 2000. Combinations of keywords were used to identify
relevant articles, including: “Tourette Syndrome,” “TS animal
model,” “TS in vivo,” “motor tic,” “stereotype,” “premonitory
urge,” “PPI,” “genetic TS,” “environment TS,” “immune TS,”
“ADHD,” “TS neurobiology,” “OCD.” Systematic and narrative
reviews, as well as original research articles were included. The
last search was conducted on November 2015. The literature
search was also supplemented with key publications and book
chapters known to the authors.

TS PHENOMENOLOGY

Genetics
TS has a strong genetic basis. Family studies in children with TS
reveal that 8–57% of their parents had a history of tics, and first-
degree relatives had a significant increased risk of developing the
disorder (Pauls et al., 1991). Twin studies also report a 53–56%
concordance rate for TS in monozygotic twins, compared with
only 8% in dizygotic twins (Price et al., 1985; Hyde et al., 1992).

The initial idea of TS being a monogenic Mendelian disorder
has been quickly revised and TS is now considered a complex
disorder with many open questions regarding its overall genomic
architecture. The identification of TS-related genes through
linkage and association studies is hindered by the unclear mode
of inheritance, the genetic heterogeneity of the disease and its
apparently incomplete penetrance (Pauls, 2003).
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FIGURE 1 | Structure and compartments of CSTC circuit. (A) Representation of a left side of human brain coronal section depicting the anatomical localization of

the basal ganglia components and the cerebral cortex. (B) Schematic illustration of the CSTC internal network within the circuit depicting the glutamatergic (red

arrow), GABAergic (blue arrow) and the dopaminergic connection (yellow arrow). Abbreviations: GPe, Globus Pallidus pars externa; GPi, Globus Pallidus pars interna;

STN, Nucleus Subtalamicus; SNc, Substantia Nigra pars compacta; SNr, Substantia Nigra pars reticulata.

Specific genetic abnormalities have so far been identified in
less than 1% of patients, including polymorphisms and copy
number variation. Many of these findings also parallel those
of other common neuropsychiatric and neurodevelopmental
disorders, unveiling previously unknown disease mechanisms,
but their specific role for TS has rarely been elucidated
(Sundaram et al., 2010; Crane et al., 2011; Scharf et al., 2013;
Bertelsen et al., 2015).

Modeling TS Genetics
Animal genetic manipulation has widely been a key starting point
to model numerous diseases.

Sequence variants in Slirtk 1 were found in TS patients and
associated to loss of function in supporting dendritic growth
during development of numerous components of CSTC circuit
(Abelson et al., 2005). Slitrk1 KO mice exhibit elevated anxiety-
and depression–like behaviors, symptoms which have also been
associated withTS-spectrum disorder (Katayama et al., 2010).

The discovery of a mutation in the histidine decarboxylase
(Hdc) gene in a unique family withmarked history of tic disorders
lead to the investigation of the disruption of histaminergic
pathway in animal models. The core phenomenology of TS, tic-
like behaviors, are not observed in Hdc KO mice at baseline, but
stereotypies as repetitive sniffing and orofacial movements can be
elicited by activating the dopamine system with D-amphetamine
and are ameliorated after intracerebral administration of
dopamine antagonist haloperidol. Fear conditioning significantly
increased grooming in these animals (Castellan Baldan et al.,
2014)1.

1http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3894588/.

Furthermore, significant pre-pulse inhibition (PPI) deficits
and striatal dopamine dysregulation have also been observed
in Hdc KO mice, aligning human findings and supporting the
interplay between histamine and dopamine, the major known
player in TS (Rapanelli et al., 2014; Xu et al., 2015a).

Another recent genetic TS animal model has been developed
based onthe observation that cholinergic interneurons are
reduced by 50% in TS patient’s striatum (Kataoka et al., 2010;
Lennington et al., 2014): region-specific knockout of choline
acetyltransferase in the dorsolateral striatum led to stress-
induced increase in grooming. D-amphetamine administration
did not increase the amount of grooming activity, but the
animals performed more repetitive stereotyped actions (Xu et al.,
2015b)2.

A main regulator of striatal activity is dopaminergic system
whose alterations have been correlated with TS severity and
the development of comorbidities. Genetic manipulation has
been used as tool to address dopaminergic contribution to
the pathology, even though genetic evidence for dopaminergic
dysfunction has not been found in TS patients yet. Dopamine
transporter (DAT) KOmice (Berridge et al., 2005) and dopamine
receptor 3 (DR3) KO mice (Garner and Mason, 2002) are
characterized by a hyperdopaminergic condition and show
stereotypies, consolidating their role in repetitive behavior.
Furthermore, DAT KO mice show a more complex and rigid
sequence of actions during grooming, which is in between tics
of TS and compulsions of OCD.

The lack of a clear, spontaneous “ticcing” phenotype in
these genetic animal models raises the question of further

2http://www.pnas.org/content/suppl/2015/01/02/1419533112.DCSupplemental.

Frontiers in Neuroscience | www.frontiersin.org April 2016 | Volume 10 | Article 133119

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3894588/
http://www.pnas.org/content/suppl/2015/01/02/1419533112.DCSupplemental
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive


Nespoli et al. Animal Models of Tourette Syndrome

neurotransmitters, synaptic, or developmental mechanisms that
need to be evaluated (Table 1).

Tics
A tic is a sudden, rapid, recurrent, non-rhythmic, jerk-like
movement, or vocalization that can vary in frequency, intensity,
duration and anatomical localization. Tics are classified as simple
or complex according to the number of groups of muscles
involved, and as motor or vocal tics.

Simple tics usually last fewmilliseconds engage one or a group
of muscles like those involved in eye blinking (simple motor
tic) or throat clearing (simple vocal tics). Complex tics last few
seconds and can be defined as a combination of simple tics.
They can appear purposeful like performing obscene gesture
(copropraxia) or uttering racial slurs (coprolalia) or may consist
in the imitation of someone elses′ actions (echopraxia) or words
(echolalia).

Three different tic disorders are included in the DSM-5:
provisional tic disorder, persistent motor, or vocal tic disorder
and TS. The difference between these disorders relies on the
type of tics observed (motor, vocal, or both), and how long the
symptoms have lasted. The presence of both motor and vocal
tics for a period longer then 1 year since first onset (before 18
years of age) and their “waxing and waning” course differentiate
TS. Indeed, they may show a pattern in which old and new tics
overcome and fluctuate in frequency and intensity over time.

Other hyperkinetic movements can occur in TS patients and
can be easily misdiagnosed and lead to a wrong treatment
approach (Kompoliti and Goetz, 1998). This is the case of

stereotypies that are fixed, prolonged and rhythmic repetitive
behaviors and present an average age of onset of 3 years
(DSM-5). Unlike stereotypies, tics are tipically preceded by an
uncomfortable phenomenon called “premonitory urge” (PU) and
can be voluntarily suppressed by most patients for a short period
of time.

In general, tics are intensified by stress, anxiety, excitement,
anger, fatigue, or infections (Lombroso et al., 1991; Nelson, 1993;
Lin et al., 2007) while their reduction is reported in patients
performing focused and effortful activities (Conelea and Woods,
2008).

Modeling Tics
The clear terminology available for clinicians to identify motor
disorders is not easily applicable by in vivo experimenters, as any
parallelism between human and animal condition must be taken
carefully.

Literature testifies the lack homogeneity employed to name
motor phenotypes in animal models of TS, ranging from
“tic,” to “tic-like movement,” or “repetitive movements” and
“stereotypies.”

Several animal models of tics have been obtained through
systemic or focal administration of active substances, which give
a transient but easy to replicate phenotype. Importantly, different
compounds with diverse effects were proven to be effective in the
induction of tic-like behavior.

The intracerebral infusion of GABAergic antagonists is
becoming a more and more appealing strategy of tic-like
movement induction and has led to the formulation of the

TABLE 1 | Genetic animal models of TS.

Transgenic Model Gene target Association to TS Phenotype References

Slitrk1 KO mouse SLIT and NTRK-like

protein1

Slitrk1 mutated variants Anxiety-like and depression-like behavioral abnormalities

attenuated by clonidine (α2 adrenergic agonist) treatment

Katayama et al., 2010

HDC-KO mouse Histidine

Decarboxylase

HDC nonsense

mutation

Increased grooming after D- amphetamine (5-HTR

agonist) administration or stress. Stereotypies in HDC

KO mice are mitigated by haloperidol (DA agonist)

pretreatment

Castellan Baldan et al.,

2014

ChAT-ablated mouse Choline

acetyltransferase

Reduced cholinergic

interneurons in striatum

of TS patients

No tic-like stereotypies and PPI deficit at baseline;

increased and fragmented grooming after acoustic

startle stimuli; increased stereotypies after amphetamine

(5-HTR agonist) administration

Xu et al., 2015b

DAT-KO mouse Dopamine transporter – Hyperdopaminergia in striatum and supestereotypies. Berridge et al., 2005

DA/5-HT imbalance in basal ganglia Pogorelov et al., 2005

PPI deficits and perseverative motor patterns Ralph et al., 2001

DRD3-KO mouse Dopamine receptor D3 – Increase in spontaneous stereotypies Garner and Mason,

2002

Hyperlocomotor activity after amphetamine (5-HTR

agonist) treatment

McNamara et al., 2006

DRD3-KO rat – Hyperactivity and rotational behaviors

List of TS animal models obtained through genetic manipulation. Note that not all human genetic mutations known to have a role in TS have been used to create a valid TS preclinical

model. On the other hand, several transgenic animal models have shown a TS-related phenotype but no correlation with a known TS mutation has been found so far. Abbreviations:

5HT2c-KO, Serotonin receptor knock out; CNTNAP2, Contactin-associated protein-like2; COL27A1, Type XXVII collagen alpha chain gene; CRL, controls; DAT-KO, Dopamine transporter

knock out; DAT-KD, Dopamine transporter knock down; DRD1-KD, Dopamine receptor D1 knock down; DRD3-KO, Dopamine receptor D3 knock out; GABRB3, GABA A-receptor

beta-3; HDC, Histidine decarboxylase; IMMP2L, Inner mitochondrial membrane peptidase; NLGN4X, Neuroligin-4 protein; POLR3B, polymerase (RNA) III (DNA directed) polypeptide

B; PPI, Pre-pulse Inhibition; SLITRK1, SLIT and NTRK-like protein1; 5-HTR, serotonin receptor.
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hypothesis that disequilibrium between cortical glutamatergic
output and striatal GABAergic metabolism plays an important
role in tic induction. The GPe was one of the first basal ganglia
components to be investigated with this approach (Grabli et al.,
2004), but is now the functional disruption of the striatum to be
the major target of investigation.

Striatal injections of the GABAergic antagonist bicuculline
in primates cause simple tic-like movements, hyperactivity
and stereotyped behaviors (McCairn et al., 2009). These
three phenotypes are independent processes and appear to
be associated with different brain regions: the sensorimotor
network, the prefrontal cortex and associative territories and
the orbitofrontal cortex and limbic part of the basal ganglia
respectively (Worbe et al., 2013). Electrophysiological data also
suggest a role for the cerebellum in tic expression in this model
(McCairn et al., 2013). The application of the same approach in
adult rats results in an acute tic session that varies in intensity
and body parts involved and is characterized by additional
hyperactivity (Bronfeld et al., 2013)3. In mice, tics were also
evoked by striatal picrotoxin injections, while cortical injections
induce seizures (Pogorelov et al., 2015)4.

Systemic administration of hallucinogens acting on serotonin
receptors (Tizabi et al., 2001; Fantegrossi et al., 2005, 2006;
Halberstadt and Geyer, 2014; Ceci et al., 2015) induce head-
twitches responses, while the use of monoamines modulators,
induces stereotypies (Lv et al., 2009; Taylor et al., 2010).
Stereotypic behaviors were also observed after administration of
3,3′-iminodipropionitrile (IDPN) (Wang et al., 2013) and Catha
edulis extract (Oyungu et al., 2007).

The D1CT-7 transgenic mouse, originally proposed for OCD,
shows head twitching and abnormal movements of limbs and
trunk with juvenile onset and sexual dimorphism (Nordstrom
and Burton, 2002). These animals display PPI deficits and tic-
like manifestations that are increased in presence of spatial
confinement-induced. This model appears to show higher
hyperactive stress reduced by antipsychotics and clonidine
(Nordstrom et al., 2015), making it the first model to show face
validity for tics and feature also common TS-related phenotypes
(Table 2).

Premonitory Urge
Since pediatric age, TS patients become aware of an
uncomfortable sensation that precedes tics known as
premonitory urge (PU) that, for about 57% of cases, is more
bothersome then tics themselves (Cohen and Leckman, 1992;
Reese et al., 2014).

From a therapeutic point of view, the understanding of PU
might help tic management since it could enhance the patient’s
own ability to suppress it (Leckman et al., 1993; Frank and
Cavanna, 2013).

In adult TS patients the neurophysiological system of urge
and tic generation appears to be distinct from the one implied
in tic control (Ganos et al., 2012): the urge would include
both voluntary motor circuits and somatic sensation circuits

3http://www.frontiersin.org/Systems_Neuroscience/10.3389/fnsys.2013.00050/

abstract.
4http://www.sciencedirect.com/science/article/pii/S0014488615000035.

(anterior cingulate cortex and supplementary motor area), while
tic generation is known to take place in prefrontal structures
involved in the primary inhibition of the motor control, as
confirmed by neuroimaging studies (Peterson et al., 1998).

The genesis of PU is still unknown but some evidence led
to the hypothesis that this feeling might reflect abnormalities
of sensorimotor gating, i.e., the neurological process able to
filter out redundant or unnecessary environmental stimuli that
constantly reach our brain (Braff et al., 2001; Biermann-Ruben
et al., 2012).

Modeling TS Sensorimotor Gating Deficit
Tics are, to a certain extent, an easy-to-detect phenomenon; PU
is more complicated to be translated into a preclinical model
but can be investigated through the study of sensorimotor gating
deficit.

To assess sensorimotor gating functions, the pre-pulse
inhibition (PPI) of the startle response is used in both humans
and laboratory animals. PPI is a behavioral phenomenon in
which a weak pre-stimulus (i.e., prepulse) diminishes the
reaction to a subsequent stronger stimulus (i.e., pulse) that
could otherwise trigger a strong startle response. In presence
of acoustic, visual or tactile stimuli, TS patients show PPI
deficits manifesting the inability to filter unnecessary information
(Castellanos et al., 1996; Zebardast et al., 2013).

Due to its conformity to the validity criteria, this animal
model of sensorimotor gating deficits has now reasonably
been extended from the single research of schizophrenia (Wan
and Swerdlow, 1996) to the study of TS and its comorbidities
(Swerdlow and Sutherland, 2005). In rodents, PPI appears to
be regulated by the nucleus accumbens and its dopaminergic
activation. Similar to tics, PPI abnormalities develop in rats
treated with dopaminergic agonists (Alsene et al., 2010; Mosher
et al., 2015), hallucinogens (Swerdlow et al., 2003; Chen
et al., 2012) and glutamate antagonists (Swerdlow et al., 2007;
Pietraszek et al., 2009). PPI deficit could also be detected in
spontaneous hypertensive rats (SHR), the model of choice for
ADHD (Van Den Buuse, 2004; Table 3).

Environmental Risk Factors
Similar to other developmental neuropsychiatric disorders, TS
perfectly fits in a so-called “multistrike model” of etiology. In
this model the first hit is represented by the genetic vulnerability
to the disease that is likely to be translated in structural
and functional neurological changes. If these changes disturb
regions with physiological self-regulatory functions -second hit-
tic expression is evoked. In addition, various environmental
factors (neuroendocrine, infectious, autoimmune, toxic, and
psychosocial influences), representing a third strike, further
increase the risk of tic expression (Spessot et al., 2004).

Numerous studies have investigated environmental factors
that might contribute to the onset and severity of TS and
associated comorbidities. Chao et al. (2014) systematically
reviewed studies investigating the contribution of pre- and
perinatal adverse events on onset and severity of TS and its
comorbidities, if present.

Maternal smoking appears to be consistently implicated to TS
pathology (Mathews et al., 2006; Motlagh et al., 2010).
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TABLE 2 | Animal models of tics.

Approach Method Compound Phenotype References

Pharmacological Systemic injection Hallucinogens (5HTR

agonists)

DOI in mice Head twitch response. Reduced by donepezil

(acetylcholinesterase inhibitor), nicotine (nAChR agonist) and

haloperidol (DA antagonist) chronic or acute treatment

Hayslett and Tizabi, 2003; Tizabi

et al., 2001

DOI in ABH, C57BL/6N, SJL/J,

and CD-1 mice

Head twitch response and skin jerk responses. URB597

(FAAH inhibitor) reduced head twitch in all strains

Ceci et al., 2015

2C-I in mice Head twitch response. Blocked by M100907 (5-HTR

antagonist) administration

Halberstadt and Geyer, 2014

2C-T-7 in mice Head twitch response. Antagonized by M100907 (5-HTR

antagonist)

Fantegrossi et al., 2005

5-MeO-DIPT in mice Head twitch response. Antagonized by M100907 (5-HTR

antagonist) pretreatment

Fantegrossi et al., 2006

Metamphetamine-induced

hyperactive mice

Motor tics and hyperactivity. Reduced by hispidulin (plant

extract with antiepileptic activity) pretreatment

Huang et al., 2015

Dopamine

modulators

Apomorphine in rats Stereotyped actions. Inhibited by ningdong (biological extract)

and haloperidol (DA antagonist) treatment

Lv et al., 2009

SKF38393 in rats Super-stereotyped syntactic grooming chain. Ameliorated by

haloperidol (DA antagonist)

Taylor et al., 2010

Others IDPN (neurotoxin) in mice Stereotypies ecresaed by tiapride (DA antagonist) and by

Jian-Pi-Zhi-Dong Decoction (plants extracts)

Wang et al., 2013

Khat cathinone (Catha edulis

extract) in rats

Seizures, stereotyped behaviors Oyungu et al., 2007

Focal and systemic

injection

Hallucinogens in frontal cortex of wild type and B-arr2 KO mice Head twitch response Schmid and Bohn, 2010

Focal injection GABA antagonists Picrotoxin injections in DLS and

SMC of mice

Injections in DLS induced tic-like movement attenuated or

abrogated by PMPA (NMDAR antagonist) and muscimol

(GABA agonist) pretreatment; injecitons in SMC produced

tic-like movements and hyperactivity abrogated by muscimol

pretreatment

Pogorelov et al., 2015

BIM injections in rat GPe Stereotypies, attention deficits and hyperactivity Grabli et al., 2004

BIM injections in rat striatum Tic movements somatotopically organized and

hyperbehavioral abnormalities

Bronfeld et al., 2013

BIM injections in primate striatum Periodic orofacial tics and forelimb tics, hyperactivity and

stereotypic behaviors. Tics did not interfere with overall

normal behavior

McCairn et al., 2009; Worbe

et al., 2013
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Infections, and particularly Pediatric Autoimmune
Neuropsychiatric Disorders Associated with Streptococcal
Infections (PANDAS) were associated to worsening or causing
TS (Kurlan, 2004; Kirkman et al., 2008; Singer et al., 2012; Swedo
et al., 2012), however, a causal relationship between streptococcal
infections and TS is still under investigation (Hoekstra and
Minderaa, 2005; Krause et al., 2010).

Finally, only a few clinical studies were conducted
investigating the extent to which stressors affect TS patients’ life
(Silva et al., 1995) but TS patients report a strong link between
stress and tics exacerbation. The hypothalamic-pituitary-adrenal
axis is supported to have an enhanced responsivity in children
with TS (Corbett et al., 2008) and tic severity seems to correlate
to cortisol levels (Conelea and Woods, 2008).

Modeling TS Environmental Risk Factors
Several immune-mediated models have been developed
according to different strategies.

Passive exposure to immunomediators (Ponzio et al., 2007;
Smith et al., 2007; Depino et al., 2011; Patel et al., 2012; Zalcman
et al., 2012) or to immunogenic microbial components (Hoffman
et al., 2004; De Miranda et al., 2010; Yaddanapudi et al., 2010;
Brimberg et al., 2012; Kirsten et al., 2012; Malkova et al., 2012) led
to increased stereotypies and locomotion. However, additional
deficits in motor coordination, learning/memory and social
interaction, and the presence of immune deposits in the brain
severely hamper their face validity for TS (Yaddanapudi et al.,
2010).

Transplantation into naïve animals of antibodies derived from
animals actively immunized with patients’ sera (Taylor et al.,
2002; Singer et al., 2005; Martin et al., 2008; Zhang et al., 2012) led
to a similar phenotype and episodic vocalizations were reported
(Hallett et al., 2000).

The importance of stress as a factor able to exacerbate tics has
for long been referred by patients. Stress paradigms have proven
capable of worsening the phenotype in animal models and have
been recently introduced as a way to improve their validity (Xu
et al., 2015a,b).

Stress paradigms can also be used to evaluate the ability
of different stressors to predispose to abnormal behavioral
development (Hall, 1998; Pryce and Feldon, 2003). For istance,
maternal deprivation affects the social, emotional and attention
domain of primates leading often to stereotypies or other
dysfunctional motor activities (Márquez-Arias et al., 2010;
Rommeck et al., 2011; Table 4).

Related Psychiatric Conditions
ADHD
Attention-deficit/hyperactivity disorder (ADHD) is the most
common comorbidity in TS.

ADHD is a neurodevelopmental disorder with an onset before
age 12 (DSM-5). It affects about 5% of children, with 2–4:1
boys/girls prevalence (Polanczyk and Rohde, 2007). The three
core symptoms of ADHD are inattention, motor hyperactivity,
and increased impulsivity. Inattention refers to disorganization
and difficulty in sustaining focus; hyperactivity manifests as
excessive motor activity or talking activeness in inappropriate
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TABLE 3 | Animal models of PPI deficit: List of animal models that show a PPI deficit.

Approach Method Compound Phenotype References

Pharmacological Systemic administration Metamphetamine (5-HTR agonist), ketamine, and

dizocilpine (non-competitive NMDAR antagonists) in

mice

PPI deficits alleviated by Clerodendrum inerme ethanol extract

treatment

Chen et al., 2012

Apomorphine (DA agonits), amphetamine (5-HTR

agonist), and DOI (5-HTR agonist) in parental

Sprague Dawley and Long Evans rats, and offspring

Strain related heritable PPI changes Swerdlow et al., 2003

Dizocilpine (non-competitive NMDAR antagonists) in

rat

Locomotor hyperactivity, PPI disruption, working memory deficit

not alleviated by 1MeTIQ (NMDAR antagonistic)

Pietraszek et al., 2009

Amphetamine (5-HTR agonist) in rat PPI deficit and hyperactivity. Blocked by prazosin (α1 adrenergic

receptor blocker) and partially by terazosin (α1 adrenergic receptor

antagonist) focal administration in nucleus accumbens

Alsene et al., 2010

Dizocilpine (non-competitive NMDAR antagonists) or

apomorphine (DA agonits) in rat

PPI deficit. Abolished by GTS-21 (AChR partial agonist) clozapine

(5-HTR partial agonist) and haloperidol (DA antagonist)

Callahan et al., 2014

SKF82958 (DA full agonist) in Sprague-Dawley,

Wistar, and Long Evans rats

Strain-specific PPI deficits. Mosher et al., 2015

Focal administration p-Hydroxyamphetamine (TAAR1 agonist) in mice PPI deficit attenuated by pretreatment with 5,7-DHT

(serotonin-containing neurons neurotoxin), PCPA (serotonin

synthesis inhibitor), ketanserin (5-HTR antagonist), and

MDL100,907 (5-HTR antagonist)

Onogi et al., 2011

Granulocyte-Macrophage Colony-Stimulating Factor

in rat

Hyperlocomotion; social interaction and PPI deficits. Alleviated by

minocycline (antibiotic)

Zhu et al., 2014

Systemic and focal administration Apomorphine (DA agonits) in Sprague Dawley and

Long Evand rats

PPI distrupted in Sprague-Dawley Swerdlow et al., 2007

Apomorphine (DA agonits) and amphetamine (5-HTR

agonist) in rats

PPI deficit. Prevented by finasteride (5α-reductase inhibitor) Devoto et al., 2012

Genetic – BTBR mice Spontaneous stereotypic behavior Pearson et al., 2011

– Wistar and SHR rat SHR PPI lower then Wistar rats. Reversed by WIN55212,2 (CBR

agonist) and cannabidiol (CBR indirect antagonist)

Levin et al., 2014

– HET mice Behavioral and PPI deficits Chohan et al., 2014

Environmental Prolonged maternal deprivation in rats – PPI reduction and impaired spatial learning in adulthood Garner et al., 2007

Social isolation in rats – Increased self-grooming and locomotor activity, PPI deficit Strauss et al., 2014

Pre- and post- weaning maternal

separation and social isolation in rats

– PPI changes in the adults following maternal separation and not

social isolation

Weiss et al., 2011

Abbreviations: CBR, Cannabinoid receptor; DA, Dopamine; DOI, 2,5-Dimethoxy-4-iodoamphetamine; GTS-21, α7-nAChR agonists (also known as DMXB-A); HET, head tilt gene; KO, knock out; PPI, Pre Pulse Inhibition; PCPA,

p-chlorophenylalanine; SHR, Spontanueous Hypertensive Rat; TAAR1, Trace amine-associated receptor 1; 1MeTIQ, 1-Methyl-1,2,3,4-tetrahydroisoquinoline; 5,7-DHT, 5,7-dihydroxytryptamine.
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TABLE 4 | Animal model of environmental factors influencing TS.

Approach Method Compound Phenotype References

Immuno-mediation Overexpression of brain

immunemediators levels

Peripheral injection of IL-2 in rats during mid gestation Stereotypic behaviors and decreased conditioned

eye response

Ponzio et al., 2007

Peripheral injection of IL-6 in mice during mid-gestation PPI deficit Smith et al., 2007

Focal injection of TGFbeta-1 in mice hippocampus Early: stereotypy behaviors, depression. Adult:

decreased stereotypies and depression

Depino et al., 2011

Peripheral injection of sIL-2R alfa/beta Increased rearing, turning, grooming, head obbing,

and jumping

Zalcman et al., 2012

Focal injection of sIL-6R alfa Hyper locomotor activity and stereotypic behaviors Patel et al., 2012

Auto-antibodies injections Focal injection of IgG positive for antineuronal abs in rat

striatum

Increased motor stereotypies and episodic

vocalizations

Hallett et al., 2000

Focal injection of anti-strep IgM mAb in mice. Increased stereotypies, head bobbing, and

grooming.

Zhang et al., 2012

Focal injection of TS sera in rat striatum Increased oral stereotypies and genital grooming Taylor et al., 2002; Singer

et al., 2005

Peripheral injection of IgG from mothers of ASD children

in the first trimester of pregnancy in primates

Increased stereotypies and hyperactivity Martin et al., 2008

Exposure to microbial

immunogen or mimics.

Focal injection of GAS (M6-type) homogenate in mice Stereotypic behavior, anxiety, and depression Hoffman et al., 2004;

Yaddanapudi et al., 2010

Peripheral injection of GAS (M18 type) cell wall

components in rats

Motor abnormalities and obsessive-compulsive

behaviors. Alleviated by haloperidol (D2R

antagonist) and paroxetine (SSRI), respectively

Brimberg et al., 2012

Peripheral Poly I:C injection in mice during mid gestation Increased grooming Malkova et al., 2012

Peripheral Poly I:C injection in mice during late gestation Poor early motor coordination, PPI deficit, increased

locomotor activity. Behavioral deficits reversed by

carprofen (COX-2 inhibitor)

De Miranda et al., 2010

Peripheral LPS injection in rats during mid gestation Increased repetitive behaviors in male offspring Kirsten et al., 2012

Stress Differential raising conditions

in primates

– Stereotypies and SIB in nursery-raised group more

than mother-raised and in the indoor raised group

more then outdoor raised groups

Rommeck et al., 2011

Environmen-tal enrichment

Captive primates

– Repetitive movements without paying attention to

the surroundings, such as pulling one’s hair, cheek

pinching and swinging the body Stereotypies.

Environmental enrichment reduces stereotypies,

aggression and coprophilia and enhances

exploration

Márquez-Arias et al., 2010

List of animal models in which the TS-related phenotype is reached using environmental factor modification. Abbreviations: Ab, antibody; GAS, group A streptococcus; COX, cyclooxygenase; Ig, immunoglobulin; IL, interleukine; LPS,

Lipopolysaccharide; mAb, monoclonal antibody; PPI, Pre-Pulse Inhibition; SIB, self-injury behavior; SSRI, selective serotonin re-uptake inhibitors; TGF, tumor growth factor; TS, Tourette’s syndrome.
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situations; impulsivity refers to the tendency to perform, without
adequate forethought.

The cause of ADHD still remains elusive but it most likely
results from a combination of cofactors that can be genetic,
developmental, and/or environmental. The observation that the
most effective drugs for ADHD treatment are psychostimulants
(Sagvolden et al., 2005), implicates a role for catecholamines
in the development of the disease. Indeed, the dopaminergic
D1, D4, and D5 receptor genes, the α2-adrenoceptor gene, and
both dopamine and norepinephrine transporters (DAT1, NET1)
genes show polymorphisms in ADHD patients (Cook et al., 1995;
Manor et al., 2004; Bobb et al., 2005; Park et al., 2005; Kickler
et al., 2009). Serotonin has also been indicated to play a role in
ADHD, as suggested by polymorphisms in genes that encode the
serotonin transporter and the serotonin 1B receptor (Kent et al.,
2002).

Since ADHD affects 60–80% of children with TS (Khalifa
and Knorring, 2007), a common pathophysiological link between
these two disorders seems evident. A debate is going on whether
the two pathologies are independent (additive model), combined
(interactive model), or a phenotype subgroup of one of the two
major clinical forms (phenotype model) (Cavanna et al., 2009;
Greimel et al., 2011; Schlander et al., 2011), however, there is
increasing evidence for an additive model (Lebowitz et al., 2012;
Roessner et al., 2007).

Modeling ADHD
Inattention, motor hyperactivity, and increased impulsivity are
the three core features of ADHD. They have been differently
modeled using (i) genetic manipulation, for instance in DAT-KO
mice, coloboma mutant mice, nicotinic receptor mutant mice,
human thyroid receptor expressing mice, GAT1-KO mice, ACC
mice, andmutant tachinin-1mice (Gainetdinov andCaron, 2000;
Granon and Changeux, 2006; Siesser et al., 2006; Bruno et al.,
2007; Yan et al., 2009; Zimmermann et al., 2014), (ii) selective
breeding, as in SHR rats and Naples high excitability rats (Sadile
et al., 1993; Sagvolden, 2000) (iii) insulting events during early
developmental stages through 6-hydroxydopamine lesion and
prenatal nicotine exposure (Stead et al., 2006; Schneider et al.,
2011; Zhu et al., 2012; Freund et al., 2014) (iv) social isolation
(Ouchi et al., 2013).

To validate these models, sustained attention deficits should
be shown when stimuli are widely spaced in time, hyperactivity
should be absent in novel situations and develop gradually over
time and impulsivity should be sensitive to reinforcers (for review
see Sagvolden et al., 2005).

SHR rats have been themost extensively usedmodel of ADHD
and feature all core aspects of this disorders. However, in SHR
rats and in all previously listed ADHD models tic-like behaviors
have not been documented.

Animal models of TS showing comorbid full ADHD spectrum
have not been reported so far, but some validity for the
single features were documented: hyperactivity was associated
to specific bicuculline injections sites in the dorsal striatum
and dorsal GPe of primates (Grabli et al., 2004; Worbe et al.,
2009) and attention deficit occurred after injections in associative
regions of the GPe (Grabli et al., 2004).

OCD
OCD is a neuropsychiatric disease that is frequently found as
comorbidity in adult TS patients. It is a chronic disorder, which
affects approximately 1–3% of the population (Pallanti et al.,
2011).

According to DSM-5, obsessions, compulsions, or both, have
to be present for an OCD diagnosis. Obsessions are defined as
recurrent and persistent thoughts (e.g., fear of contamination),
urges (e.g., need to wash hands), or images (e.g., of a violent or
horrific scene) that are experienced as intrusive and unwanted,
and cause marked anxiety and distress. The individual will
try to suppress or to neutralize obsessions with some other
thoughts or actions, for instance by performing a compulsion.
Compulsions are defined as repetitive mental acts (e.g., counting)
or behaviors (e.g., washing hands) performed in response to an
obsession or according to rules that must be applied rigidly to
a clearly excessive point when they become disruptive for daily
living. OCD patients are able to recognize their obsessions and
compulsions, but are unable to avoid them (Koran et al., 1996;
Okasha et al., 2000).

The etiology of OCD is not completely understood.
Serotonin was the first neurotransmitter to be associated

with OCD pathophysiology when selective serotonin re-uptake
inhibitors (SSRIs) were shown to be efficacious in treating OCD
(Barr et al., 1992). However, many patients do not respond to
SSRIs treatment suggesting the additional involvement of other
NTs such as dopamine (Carey et al., 2005; Taj et al., 2013), GABA
(Simpson et al., 2012; Russo and Pietsch, 2013; Russo et al., 2014)
and particularly glutamate (Arnold et al., 2006; Alonso et al.,
2012; Porton et al., 2013). Growing evidence indicates the latter as
a putative central player in OCD pathophysiology, strengthening
the glutamate hypothesis of OCD and opening a new window for
the development of novel treatment strategies (Coric et al., 2005;
Grant et al., 2007; Bakhla et al., 2013).

Dopamine, GABA, and glutamate are commonly associated
to CSTC circuit malfunction, implicating a role for this circuit
in OCD pathophysiology (Stahl, 1988; Insel and Winslow, 1992;
Graybiel and Rauch, 2000; Welch et al., 2007). Such alterations
are also thought to be causative of tics, which 30% of OCD
patients develop (Bloch et al., 2006; Pallanti et al., 2011). Tics and
compulsions are now considered to be two different sides of the
same coin that may be grouped under the general term of “tic-
like” activities (Lombroso and Scahill, 2008; Worbe et al., 2010;
Cath et al., 2011; Martino et al., 2013).

Modeling OCD
In animal models reported to have validity for OCD the presence
of obsessions has been reasonably left aside and the focus
was on the presence of behavioral compulsivity, intended as
the performance of repetitive, and perseverating actions and
stereotypies (for review see Alonso et al., 2015).

It is interesting to underline the existence of an analog to OCD
in dogs: the Canine Compulsive Disorder (CCD), which leads to
excessive tail chasing, light/shadow chasing, and flank sucking.
These behaviors are attenuated with the same treatments used for
OCD, indicating that its study may help elucidate the etiology of
compulsive disorders (Ogata et al., 2013).
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Numerous validated approaches have been developed aiming
to evaluate and quantify compulsive-like behaviors. Examples are
the schedule-induced polydipsia (Woods et al., 1993), the marble
burying test (Ichimaru et al., 1995), the signal attenuation test
(Joel et al., 2005) the nest building test (Hoffman and Rueda
Morales, 2012) and the nestlet shredding test (Angoa-Pérez et al.,
2012). These models provide the greatest ease of use and do not
require any pharmacological or genetic intervention but on the
other hand they do not offer any pathophysiological information.

Based on the clinical evidence for an involvement of
serotonin in OCD, OCD-like behaviors are induced in animals
by treatments with serotonergic agonists 8-hydroxy-2-(di-n-
propylamino) tetralin (8-OH-DPAT) (Carli et al., 2006; Arora
et al., 2013) andm-chlorophenylpiperazine (mCPP) (Kreiss et al.,
2013), as well as with the serotonin releasing agent compound
48–80 (Wald et al., 2009). Mice lacking TPH2, the rate-limiting
enzyme of serotonin synthesis in the brain, display highly
repetitive and compulsive behaviors (Kane et al., 2012).

The glutamatergic hypothesis of OCD finds also a strong
support in animal models. In mice lacking the AMPA receptor
trafficking protein SAPAP3, glutamate signaling dysfunction is
accompanied by compulsive grooming behavior (Welch et al.,
2007; Wu et al., 2012).

Astrocyte-specific glutamate transporter (GLT1) inducible
knockout mice exhibit OCD/TS-like behavioral spectrum, with
marked increased self-injurious grooming behavior (Aida et al.,
2015). Interestigly, this is the first hint of a role for non-neuronal
cells in this brain disorder. Lastly, transmembrane protein Slitrk5
KO mice show OCD-like behavioral abnormalities that seem
to be associated to a deficient corticostriatal neurotransmission
(Abelson et al., 2005; Shmelkov et al., 2010). Slitrk5 belongs to
the same family of Slitrk1, a protein associated to TS.

Dopamine, that has been largely associated to TS and ADHD,
is supported by animal models findings to play a role in
compulsive behaviors. The treatment with the DR2 agonist
quinpirole in mice marks the expression of the behavioral
repertoire and long-term exposure to this drug leads to
hyperactivity in A/J mice (De Haas et al., 2012). In rats,
chronic administration of the same compound causes compulsive
checking (Szechtman et al., 1998; Alkhatib et al., 2013).

In the D1CT-7 transgenic mouse, the modulation of the
glutamatergic cortical output on the striatal circuits obtained
through the chronic potentiation of cortical and limbic D1-
expressing neurons leads to the development not only of
compulsive behaviors, but also of tics. This makes it the only
model of comorbid tics and OCD proposed so far (Smicun et al.,
1999; Nordstrom and Burton, 2002).

CONCLUSIONS

Animal models are gaining an important role in understanding
TS pathophysiology and in investigating new treatment options.
In the recent years numerous models have been developed, many
of which summarize more than a single aspect of the syndrome.

Through animal models the idea of a major role for the
striatum in tics generation, already suggested by imaging and

post mortem studies, was importantly strengthened. In fact,
independent approaches used to model TS succeeded in showing
increased grooming and tic-like phenotype following striatal
structural and functional alterations. This indicates the striatum
as a research target worth investing more efforts.

Reproducing tics, the core feature of TS, is the actual greatest
challenge for animal models. A TS diagnosis requires the
coexistence of multiple motor and at least a vocal tic, but so far
researchers focused on motor tics while the presence and cause
of vocal tics has been poorly investigated and require further
attention.

The difference between tics and other movement disorders
can be detected in humans but it is subtler in animals that
physiologically account a wide range of species-specific repetitive
movements in their repertoire. In patients, tics have the peculiar
features of being preceded by a PU, have a waxing and waning
pattern and can be voluntarily repressed. These distinctive
features of tics are difficult to observe in animals and result
severely biased by the approach used. Stereotypies, which are
fixed, prolonged, and rhythmic repetitive behaviors with an early
onset and a fixed presentation pattern (DSM-5), can be confused
with tics in animal models, though they are separated clinical
entities. A discriminative method between these two motor
phenotypes in animal models could increase face validity and
help the development of more targeted therapeutic strategies.
To achieve this point, a better understanding of the animals’
behavioral spectrum along with a beter knowledge of tics’
generating mechanisms are needed.

Finally, TS is classified as a neurodevelopmental syndrome,
as it is typically diagnosed in childhood or adolescence, and tics
show spontaneous and substantial reduction toward the end of
the second decade of life in more than half of patients. However,
so far, animal model research lacked the investigation of the
way development affects the phenotype. Juvenile animal models
could elucidate the impact of developmental mechanisms and
importantly help the study of more effective and safer therapies
for young patients.
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Therapy resistance of approximately one-third of patients with Gilles de la Tourette syn-
drome (GTS) requires consideration of alternative therapeutic interventions. This article 
provides a condensed review of the invasive and non-invasive stimulation techniques 
that have been applied, to date, for treatment and investigation of GTS. Through this 
perspective and short review, the article discusses potential novel applications for 
neurostimulation techniques based on a symptom-guided approach. The concept of 
considering the physiological basis of specific symptoms when using stimulation tech-
niques will provide a platform for more effective non-pharmacological neuromodulation 
of symptoms in GTS.

Keywords: neuropsychiatry, physiology, symptom, cerebellum, therapy, Gilles de la Tourette syndrome

inTRODUCTiOn

The use of non-invasive and invasive brain stimulation techniques for relief of specific symptomatol-
ogy in neuropsychiatric disorders should be considered as a young therapeutic intervention. The 
motivation for such a proposal stems from the need for alternatives to current pharmaceutical 
neuromodulation for Gilles de la Tourette syndrome (GTS), as approximately one-third of patients 
with GTS demonstrate therapy resistance or side effects to conventional neuropharmaceuticals, 
with limited current alternatives for symptom management. When considering the role of circuit 
components in learning and plasticity processes, brain stimulation becomes a strategic and valuable 
technique for investigating potential treatment options for neuropsychiatric disorders, since particu-
lar neural circuits have demonstrated abnormal excitability related to symptom manifestation and 
have been linked to aberrations in plasticity-induced learning (1). Such results offer a physiological 
approach to understanding and analyzing circuit aberrancies that are observed clinically as symptoms 
of specific neuropsychiatric disorders. The relationship between specific symptom manifestation 
and the underlying nodal or network participation that accounts for alterations in neural firing is a 
question worth posing, as such differences in analysis would personalize and thereby improve the 
current approach to the application and use of neurostimulation.

Of particular interest is the potential to use neurostimulation in a more discrete and motivated 
manner. Specifically, regions that are analyzed to participate in specific motor and cognitive functions 
are targeted as regions of interest, an approach guided by the concept of “personalized intervention” 
in neuropsychiatric disorders. This deviates from the current dominating avenues where a particular 
structure is chosen for stimulation. Analysis of resulting behavior and physiology, usually at a group 
level, follows. This paper provides an overview of the application, to date, of both invasive and non-
invasive neurostimulation to GTS patients and reflects on the potential benefits and challenges of 
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considering nodal and network participation in aberrant behavior 
as a potential guide for individualized patient stimulation.

FUnCTiOn, STRUCTURe, AnD 
SYMPTOMATOLOGY FOR MOTivATeD 
APPLiCATiOn

The consideration of structures’ functions in the underling 
neural circuit producing symptomatology is not trivial: 
stimulation via electric currents to a complex electrochemical, 
dynamic structure that the brain represents prevents simple 
prediction of potential neurostimulation effects on behavior 
and symptoms. In essence, this process involves at least three 
steps: (i) the analysis of the effect of neurostimulation on 
physiology and (ii) the effect of changes in neurophysiology 
on behavior or symptoms. These last two steps are preceded 
by one challenging, cardinal step (A), which in the era of com-
putational neuroscience is often discounted or overlooked: the 
analysis of the behavioral problem by an experienced pattern 
recognizer, a clinician. However, some approaches are cur-
rently on the way in an attempt to replace or improve human 
pattern recognition.

So far, in therapeutic neurostimulation for GTS, solid mecha-
nistic rationale for its use is often spared, one reason being that 
applicators are rarely trained in the previously mentioned aspects, 
which include (a) clinical pattern recognition, (b) neurophysiol-
ogy read-outs, and (c) sophisticated stimulation strategies. This 
delays the development of more effective stimulation protocols. 
Thus, the need for unconventional options to available treatment 
can perhaps be best understood by reorienting the manner in 
which GTS symptomatology is analyzed and framed.

The cardinal behavioral symptoms in GTS are tics. Tics can be 
sudden and meaningless movements, simple movements (such as 
blinking, eye rolling, and head nodding) or complex (touching, 
jumping, squatting, etc.). Often motor tics, including eye blinking 
and neck turning, are only abnormal and different from regular 
movements due to the intensity of reoccurrence and frequency 
(2). Many can develop over time into more purposeful, longer 
duration movements (complex motor tics). Consequently, a tic is 
not a tic is not a tic and, hence, requires initial analysis in step (A). 
To add to the complexity, a scenario like this would inadequately 
reduce the abnormal motor behavior to a one-dimensional behav-
ioral problem (tic), which in GTS, with its frequent comorbidities 
(obsessions, compulsions, etc.), is often a mixture of faulty motor 
patterns.

For example, in children, throat clearing and other cold-related 
behavior is often reported by parents as persisting after the cold 
recedes and observed to adopt a recurrent and frequent inclusion 
in motor tic repertoire. Such repeated activation of potentially 
learned motor memories seems to occur with various motor 
actions that, if not for their frequent repetition or misplaced 
execution, would otherwise be considered as regular movements 
(2). It could be hypothesized that these represent “invasive motor 
memories,” i.e., learned and stored patterns. Clinical observa-
tions such as these frame GTS symptomatology in such a way 
that allows for a more inclusive approach to analyzing underlying 

causes of symptoms, as it aims to bridge the underlying physiol-
ogy with the clinical manifestation reflecting neural aberrancies.

Traditionally, neural nodes that have been attributed to GTS 
symptoms are elements forming part of the cortico-basal ganglia 
(BG) network. Such models suggest that involuntary movements 
are related to decreased inhibitory output from the BG. This 
reduction in output is thought to underlie excessive frontal corti-
cal activity (2–5). More recently, contributing models have been 
extended to include cerebellar circuits using functional magnetic 
resonance imaging (6) and animal models (7). The specific timing 
with a tic-preceding time interval in the cerebellum and primary 
motor cortex suggests that both structures function as origins 
of tic movement release. Furthermore, the match in latency of 
cerebellar and primary motor cortex discharges proposes that tic 
expression can be considered to represent a “global network dys-
rhythmia.” By contrast, local field potential discharges have been 
recorded in the BG outside tic expression (7). Such difference 
of involvement in tic production suggests that different nodes 
function in distinct ways and at varying time points, implying 
tic-generating networks encompass multiple and distributed 
areas in neural circuits.

Can both, clinical observation with potential underlying con-
tribution of these various, mentioned nodes to circuit involve-
ment exemplifies be considered in combination? The apparent 
and observable lack of movement extinction (i.e., in the case of 
tics: the erasure or inhibition of the undesired movement pat-
terns) could be a faulty pattern in negative reinforcement medi-
ated by aberrant BG processes. Yet, it could be speculated that 
the early manifestation of tics is mediated via cerebellar learning 
abnormalities, such as the deficient, early correction of error 
signals and cerebellar eye blink, conditioning type of learning. 
By contrast, the BG are crucial for the persistence or retention 
of these same aberrant movements that are impeded from full 
erasure due to deviant punishment and reinforcement learning. 
Moreover, the role of the cerebellum and its interaction with ante-
rior nodes, including the amygdala, hippocampus, and prefrontal 
cortex for extinction of learned movements, but also emotion, 
fear, and cognitive patterns, has to be taken into consideration. 
The involvement of different nodes in distinct characteristics of 
the manifesting symptoms points to the importance and need of 
considering inter-individual differences in patient tic repertoire 
or behavioral problems, as such dissimilarities in manifestations 
among patients could point to variations in nodal participation. 
Looking at the individual development of tics over time and based 
on the knowledge we have on learning mechanisms, it becomes 
plausible that the source of such varied and diverse symptomatol-
ogy as that present in GTS patients can not be solely attributed to 
one structure, rather, should be tied to the involvement of wider 
neural circuit involvement.

How do these patterns, however, persist long enough to be 
integrated into motor tic repertoire? The nature of certain tics 
hints at a more diffuse and interconnected network involved in 
more complex repertoires of tics. These inquiries point to the 
multidimensional system that is contributing to symptom mani-
festation. A multidimensional view allows for the consideration 
that early manifestation of tics is mediated via other nodes, for 
example, the cerebellum, with cerebellar learning abnormalities 
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manifesting as deficient, early correction of error signals and clas-
sical conditioning type of learning, while the BG are crucial for 
the persistence or retention of aberrant movements that cannot 
be extinguished because of deviant punishment and reinforce-
ment learning.

Parsing out of specific symptom characteristics and their 
corresponding possible origin allows for a more precisely guided 
contribution to analyzing nodal participation and circuit level 
involvement. Such dissection is crucial when considering the 
application of stimulation, especially in the often comorbid 
nature of GTS and associated symptoms. This reflection raises 
two questions: (i) How would stimulating one component of the 
circuit imply network level effects in remote areas? and (ii) In 
what way can effects on aberrant motor behavior be extrapolated? 
One approach to answering such questions could be to shift the 
focus of stimulation from specific brain targets to stimulation of 
particular brain networks.

invASive AnD nOn-invASive 
neUROSTiMULATiOn FOR GTS 
TReATMenT

Neurostimulation for GTS has thus far been applied without 
much mechanistic rationale with regard to the underlying 
neurophysiology mentioned, the specific contribution of nodes 
and time points in a neural network, nor has the knowledge gap 
between neurophysiological effects and behavioral effect—if 
present—been bridged. The following gives a short overview of 
the approaches that have been used to ameliorate symptoms. 
This overview provides insight into the fact that stimulation thus 
far has been target driven stimulation not fully rooted in clear 
physiological rationale. This serves as a basis for understanding 
the perspective of symptom-guided targeted neurostimulation 
explained in previous sections.

Discrete stimulation of anatomical structures to improve aber-
rant movements has been examined in a wide array of disorders 
yet, a personalized consideration of the role these areas play 
as participating nodes in wider neural circuits, and how these 
circuits come to manifest certain symptoms over others, has 
not been explicitly attempted nor analyzed in GTS. If clinical 
benefits outweigh the possible lack of response to stimulation or 
side effects, this could be considered acceptable, but not having a 
deeper understanding of underlying mechanism delays progress 
in development of efficient treatment and leads to dead ends. 
A tighter analysis of the connection between specific symptom 
manifestation and nodal structures that could be stimulated 
for symptom improvement, therefore, could be more fully 
explored to ground results in physiology and not just in potential 
epiphenomena.

Relevance of a discussion of DBS or other neurostimulation 
for movement disorders other than GTS becomes clearer when 
considering parallels in regards to certain symptomatology. For 
example, dystonic muscle contractions cause abnormal posturing 
of limbs, as can occur in certain GTS motor tics. Additionally, 
dystonic symptoms can resemble GTS tics in their repetitive and 
involuntary nature. Certain GTS patients also manifest dystonic 

tics, with movements that are relatively slow and temporarily 
persistent actions, such as twisting, pulling, or squeezing move-
ments, resembling movements in dystonia patients. Patients 
exhibiting typical (i.e., clonic) tics have been found to manifest 
dystonic tics, a common motor manifestation present in 57% of 
the cohort studied (8). Potentially, this points to similarities in 
their contributing physiological cause and motivates approaches 
to studying the application of respective neurostimulation tech-
niques to GTS patients.

In the case of invasive stimulation specifically for GTS, treat-
ment has been applied for severe cases of the disorder. DBS of vari-
ous thalamic nuclei, the centromedian–parafascicular (CM–pf) 
and the internal portion of the ventralis oralis anterior, has been 
used to treat refractory GTS patients (9). Additionally, there have 
been further tic reduction surgeries for refractory GTS patients 
following DBS to the anteromedial and postero-ventrolateral 
portions of the internal globus pallidus, the anterior limb of the 
internal capsule, subthalamic nucleus, and nucleus accumbens 
[for an overview, see also Ref. (10) and more recently (11)].

Although such stimulation results indicate the presence of 
participating anatomical centers in the manifestation of aberrant 
movement, there appears to be a lacking amount of analysis in 
terms of the role these various structures have on the produc-
tion of such erroneous movement, one of the missing factors 
previously mentioned as necessary for providing neurophysi-
ological backing for stimulating one anatomical component over 
the other. This lack of bridging between symptomatology and 
physiological activity indicates that there should be a growing 
consideration for the stimulation of different, discrete structures 
for various movement disorders depending on (a) the symptom 
being targeted and (b) the known, or hypothesized, physiology 
of nodes of participation in wider neurocircuits underlying such 
aberrations.

The aforementioned consideration of DBS application in dis-
orders other than GTS sustains relevance when considering simi-
larities. DBS applied to the ventral intermediate nucleus (Vim) of 
the thalamus has more or less replaced the use of thalamotomy 
to treat essential tremor (12). In dystonia, the application of DBS 
to subcortical structures has been used (13). DBS has also been 
applied to the ventral anterior internal capsule and subgenual cin-
gulate white matter to treat medically intractable forms of certain 
neuropsychiatric disorders, such as obsessive–compulsive disor-
der and depression (14). The amygdala has also been proposed 
as a participating mediator of various neuropsychiatric disorders 
including anxiety and depression (15). In terms of its role in GTS 
symptomatology, projections from the superficial nuclei of the 
amygdala have been considered as important for tic suppression 
due to the nuclei’s interactions with the frontal cortex (16). Such 
a neuromodulatory role in tic suppression would implicate the 
amygdala as another node in the participating circuitry for GTS.

Apart from invasive techniques such as DBS, other physiologi-
cally grounded and non-invasive approaches have permitted a 
relation between symptom manifestation and underlying neural 
circuits. Abnormal excitability related to symptom manifestation 
has been linked to aberrations in plasticity-induced learning 
using transcranial magnetic stimulation (TMS) (1). The electro-
magnetic stimulation techniques offer both measurement and 
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potential for modulation of neurophysiology using minimal risk 
and high tolerability methodology. The use of such non-invasive 
stimulation techniques has been used to activate Purkinje cell 
circuits of the cerebellar cortex, potentially inducing inhibition 
of the disynaptic, dentate–thalamocortical facilitatory connec-
tion and production of inhibition of the primary motor cortex 
(M1) (17–19).

Additionally, other stimulation studies have quantified activity 
of specific structures, such as the cerebellum, involved in aberrant 
neural circuits and correlated this activity with the severity of 
specific symptoms, such as motor tics. Such assessment permits 
relevant circuit activity to be monitored, facilitating targeted 
application for potential neuromodulation. Specific paradigms 
have been developed to monitor and quantify structural activity 
non-invasively. For example, the use of TMS for cerebellar con-
ditioning in healthy subjects, when implemented 5–7 ms prior to 
the test stimulus, results in inhibition of motor-evoked potentials 
(20, 21), a decrease in amplitude referred to as cerebellar brain 
inhibition (CBI). This type of inhibition is mediated through 
pathways between the cerebellum and M1.

The CBI protocol is an example of a non-invasive neurostimu-
lation paradigm that allows quantification of structural (cerebel-
lar) activity. The amount of activity assessed by the CBI paradigm 
might be correlated with tic severity, potentially demonstrating 
that more selective modulation of certain aberrant pathways can 
be achieved.

Studies have shown that the application of 1-Hz, low-fre-
quency repetitive TMS (rTMS) over the supplementary motor 
area (SMA) of the cortex in children with GTS led to amelioration 
of motor tics, with tic symptoms improving over the 12 weeks 
of the study duration (22). Such improvement is attributed to 
normalization of bihemispheric hyperexcitability (23). Clinical 
applications are supported by TMS studies demonstrating that 
decreased motor inhibition is present in GTS patients, who 
show physiological differences from non-GTS patients, with 
a shorter cortical silent period when using cortical inhibition 
TMS paradigms (24). Additionally, the use of short interval 
short intracortical inhibition TMS paradigms on children with 
GTS shows that cortical inhibition is inversely associated with 
severity of motor tics (25).

Additionally, low-frequency (1  Hz) rTMS has also been 
applied to normalize overactive motor cortical regions (specifi-
cally, the SMA) (26) and improve GTS symptoms. This is based 
on imaging studies showing that metabolism is increased in 
premotor, prefrontal, and motor cortex during tic suppression 
and tics, indicating increased activity in these regions which 
implicates that hyperexcitability is tied to tic manifestation (27–
29). Yet, it has been shown that higher intensities of stimulation 
(100% of resting motor threshold) administered over more than 
2 days has a more significant, long-lasting, and beneficial effect 
on tics (30) than that of lower frequencies (31). Subjects with 
GTS who were treated with this TMS paradigm showed clinical 
improvement during the first week of rTMS and continued to 
improve during the second week of treatment. This improvement 
in symptoms was correlated with a significant increase in resting 
motor threshold, which remained stable 3 months following the 
study. Clinical improvement is attributed to normalization of 

the right hemisphere hyperexcitability present in these patients, 
potentially indicating a restoration of hemispheric symmetry 
(30).

However, the use of TMS for clinical application remains 
limited, in part due to the rather narrow interpretation of how 
these techniques can be best applied. Current problems with 
stimulation can perhaps be considered to be rooted in the 
bottom-up approach to its application rather than the top-down 
proposal previously mentioned: that is, observing clinical mani-
festation of behavior in order to propose underlying circuits 
that have structures accessible for specific neurostimulation 
paradigms designed to modulate particular aberrant firing. 
The benefit of such a proposal is that it allows consideration of 
individual symptoms as guides to the physiology involved in 
their production.

The application of non-invasive neurostimulation techniques 
for premeditated, symptom-guided application correlated with 
known or proposed circuit level participation in aberrant physiol-
ogy has not been clearly described as the prime motivation behind 
structure targeting or specific clinical improvements. As a result, 
although there are improvements in certain symptoms resulting 
from the application of neurostimulation to various anatomical 
components participating in the underlying circuits of aberrant 
movements, it must be noted that without a clearer, symptom-
guided application of neurostimulation to participating circuit 
nodes, such modulation of symptoms to specific paradigms or 
parameters applied cannot decisively be attributed to the result-
ing changes.

Gilles de la Tourette syndrome patients have been treated with 
DBS since 1999, and approximately 48 published studies report 
some degree of motor tic reduction (32). While initial trials have 
been promising, the mechanisms subserving the effectiveness 
of DBS in reducing GTS signs and symptoms have yet to be 
identified. A condensed list of invasive stimulation is provided 
in Table 1.

Current models of GTS hypothesize that thalamocorti-
cal–BG dysfunction is a key network underlying many of its 
symptoms. A recent study provided evidence that different 
types of tics, for example, are paralleled by different types of 
electrophysiological signatures (47): studied patients with GTS 
implanted with bilateral DBS electrodes with depth leads in the 
CM–pF as well as subdural strips over the precentral gyrus. 
Low-frequency (1–10 Hz) CM–pf activity was observed during 
tics, as well as modulations in beta rhythms over the motor 
cortex. The division of tics in the study (three categories: long 
complex, complex, and simple) showed that long complex tics, 
tics involving multiple body regions and lasting longer than 5 s 
were synchronized with detectable thalamocortical signatures. 
Such symptom-categorized monitoring of neural activity in 
circuitry implicated in GTS physiology highlights the need for 
more discrete and motivated application of neuromodulation 
and monitoring, so as to provide firmly guided evidence for 
prioritizing stimulation and ideally predicting potential out-
comes. Acute trials of closed loop stimulation using the human 
tic detector are currently underway. Such results further indicate 
that there is neurophysiological evidence for divergent symptom 
signatures rooted in particular network-firing aberrancies.  
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TABLe 1 | examples of invasive Stimulation in GTS. The table provides a condensed overview of invasive stimulation approaches presented in this 
article, as well as additional studies of interest, that have been used thus far to ameliorate or investigate symptoms in GTS.

Reference n Target Outcome

Visser-Vandewalle et al. (33) 3 Thalamus: centromedian nucleus, substantia 
periventricularis, and nucleus ventro-oralis 
internus

Tic reduction ranging from 72.2 to 90.1% reduction at long-term follow-up, 
although specific tic persistence was reported for the 3 patients

Maciunas et al. (34) 5 Thalamus: centromedian–parafascicular (CM–
Pf) and ventralis oral complex (Voi)

3 out of 5 patients’ improvement in [Yale Global Tic Severity Scale (YGTSS) and TS 
Symptom List scores]. 2 patients did not improve after 3-month follow-up

Servello et al. (35) 18 Thalamus: bilateral CM–Pf and Voi 6 patients showed progressive improvement in tic severity, and 12 showed 
recurrent motor and phonic tics after stimulation, with 3 showing waxing and 
waning of symptoms

Welter et al. (36) 3 Thalamus: bilateral CM–Pf GPi: ventromedial 
locations

YGTSS showed that GPi stimulation reduced tic severity to 65, 96, and 74%, 
respectively. Bilateral stimulation of the CM–Pf produced a 64, 30, and 40%, 
respectively, reduction in tic severity. In patient 2, the improvement decreased after 
2 months

Porta et al. (37) 15 Thalamus: bilateral CM–Pf and Voi 15 out of 18 patients improved in tic severity and behavioral ratings (including 
anxiety and depression)
Data not available for 3 patients

Kwon et al. (23) Transcranial magnetic stimulation (TMS). 
Supplementary motor area (SMA) of the cortex

Normalization of the right hemisphere hyperexcitability leading to clinical 
improvement

Martínez-Fernández et al. (38) 5 GPi: 2 patients in the bilateral posterolateral 
location, 2 patients in the bilateral anteromedial 
location, 1 initially in the posterolateral was 
switched to the anteromedial location after 
18 months

2 patients with stimulation the bilateral posterolateral location: 1 patient showed 
a 54.7% reduction in motor tics and the second patient only showed a plateau in 
motor and phonic tics but still interfered with lifestyle according to YGTSS
2 patients in stimulation in bilateral anteromedial location: 1 patient showed a 60% 
reduction in motor tics. Motor and phonic tics resolved for the second patient
1 patient with anteromedial location switch after 18 months: only a 19% reduction 
for motor tics in the YGTSS

Cannon et al. (39) 11 GPi: bilateral anteromedial globus pallidus 
internus

10 patients (91%) showed improvement in tic severity, with a 48% reduction in 
motor tics and a 56.5% reduction in phonic tics. 6 patients (54.5%) had more 
than 50% reduction; sustained for at least 3 months in YGSS. 2 patients required 
pharmacotherapy for tics after surgery. 1 patient was a non-responder

Maling et al. (40) 5 Thalamus: bilateral CM–Pf and Voi 3 out of 5 patients showed significant YGTSS decrease. The remaining 2 showed 
only a small clinical improvement corresponding to small changes in gamma 
power

Porta et al. (41) 18 Thalamus: bilateral CM–Pf and Voi Reduction in tic severity, as well as improvements in the comorbid obsessive–
compulsive behaviors (OCB), and co-existing psychopathologies (anxiety and 
depressive symptomatology). However, only 7 out of 15 patients did the overall 
global assessment of improvement indicate improvement

Huys et al. (42) 8 Thalamus: bilateral for 6 patients; ventral 
anterior and ventrolateral motor areas

YGTSS showed a 51% reduction in motor tics and a 53% in vocal tics, with a total 
of 58% reduction score compared to baseline

Dehning et al. (43) 6 GPi: bilateral postero-ventrolateral location 2 patients did not respond to stimulation, and the mean YGTSS score for 
the remaining 4 patients was 29.5 at the last follow-up, with a mean Tourette 
Syndrome Quality-of-Life Scale (TSQOL) of 7.75

Zhang et al. (44) 13 GPi: bilateral posterolateral location YGTSS scores at the last visit compared with baseline were reduced in all 13 
patients by a mean of 52.1%. 12 of the 13 showed a mean TSQOL of 45.7%, 
with 1 patient denying improvement. Only 6 patients reported a significantly high 
response with overall marked reduction in all tic types

Bloch and Levkovitz (45) 12 TMS. Bilateral SMA inhibition Improvement in clinical symptoms in children with GTS for at least 6 months

Kefalopoulou et al. (46) 15 GPi: bilateral anteromedial location Mild improvement in YGTSS, with 80.7 for the off-stimulation period, and 68.3 for 
the on-stimulation period form a baseline of 87.9. No significant improvement in 
mean quality-of-life scores (GTS-QOL)

The table provides a condensed overview of invasive stimulation approaches presented in this article, as well as additional studies of interest, that have been used thus far to 
ameliorate or investigate symptoms in GTS. Beyond the demonstration of DBS as a therapeutic option, the number of insufficient responders is shown.
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A recent study by the same group also modified the stimulation 
patterns to intermittent stimulation of the thalamus and despite 
reached responder status in the majority of the small patient 

group (48). A recent review discusses the relevance of different 
anatomical structures and modes of stimulation, closed loop, 
open loop, etc. (49).
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THeRAPeUTiC APPLiCATiOn OF 
neUROSTiMULATiOn TeCHniQUeS 
BASeD On PLASTiCiTY-inDUCeD 
LeARninG

The relevance of such physiological considerations versus epi-
phenomena of therapeutic neurostimulation can be illustrated 
by reflecting on the possible symptom improvement outcomes 
of such a circuit-based model of application, i.e., demonstration 
of causality relationships of stimulation, effects on physiology 
(perhaps using non-invasive stimulation), and ultimately effects 
on behavior.

Considering differences in learning specialization, one can 
propose that targeting particular nodes based on their involve-
ment in specific tic repertoire might be a more efficient manner 
of using currently available neurostimulation techniques. The 
cerebellum is important during early phases of abnormal motor 
learning based on faulty encoding of errors. BG might point to 
a more context dependent role in the reinforcement of tics, such 
as reward-based reinforcement (50). As a result, abnormal rein-
forcement may facilitate repetitive behaviors and may be involved 
in higher cognitive symptoms of GTS.

Additionally, it is also crucial to consider neural mechanisms 
that occur offline, more specifically, a consideration of the process 
of forgetting such retained movements (tics). When contemplat-
ing the effects on symptomatology related to such potential 
decrease in “forgetting mechanisms” (51), aberrancies in this type 
of synaptic modulation could be proposed to manifest, or at least 
retain, the erroneous reinforcement of aberrant movements (tics) 
in these patients.

Therefore, when contemplating the therapeutic applica-
tion of neurostimulation for GTS symptomology, it is worth 
considering that plasticity-induced learning is faulty in GTS 
in more than one way and might originate symptoms that 
require stimulation of particular nodes over others. There 
is no simple extrapolation possible to predict an outcome 
on behavior with current strategies. The analysis to the 
use and application of neurostimulation requires an inter-
disciplinary approach to patient symptoms, one in which 
there is a bridging between clinical eye and investigative 

complex methods of studying effects on neurophysiology and  
behavior.

COnCLUSiOn

The parameters for therapeutic use of neurostimulation in neu-
ropsychiatric disorders, as well as the reliability of stimulating 
certain nodes over other regions for specific symptoms, have yet 
to be established. Regardless of these present uncertainties of the 
benefits of neurostimulation techniques for neuropsychiatric 
disorders and the exact role of certain structures in GTS symp-
tomatology, it is apparent that promising therapeutic alternatives 
for patients can be developed by considering the application of 
brain stimulation to neural circuits. However, such application 
is dependent on finding its use on the modulation of plasticity 
mechanisms and alteration of learning at a circuit level. Although 
the benefits of applying neurostimulation techniques as therapy 
remain to be precisely defined, it is evident that utilizing non-
pharmacological neuromodulation techniques is a consideration 
worth making.
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Although the genetic basis of Tourette Syndrome (TS) remains unclear, several candidate

genes have been implicated. Using a set of 382 TS individuals of European ancestry we

investigated four candidate genes for TS (HDC, SLITRK1, BTBD9, and SLC6A4) in an

effort to identify possibly causal variants using a targeted re-sequencing approach by next

generation sequencing technology. Identification of possible disease causing variants

under different modes of inheritance was performed using the algorithms implemented

in VAAST. We prioritized variants using Variant ranker and validated five rare variants via

Sanger sequencing in HDC and SLITRK1, all of which are predicted to be deleterious.

Intriguingly, one of the identified variants is in linkage disequilibrium with a variant that

is included among the top hits of a genome-wide association study for response

to citalopram treatment, an antidepressant drug with off-label use also in obsessive

compulsive disorder. Our findings provide additional evidence for the implication of these

two genes in TS susceptibility and the possible role of these proteins in the pathobiology

of TS should be revisited.

Keywords: next generation sequencing, targeted re-sequencing, genetic susceptibility, rare variants, TS candidate

genes, HDC, SLITRK1
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INTRODUCTION

Tourette Syndrome (TS; OMIM #137580) is a complex
neurodevelopmental disorder of childhood onset, characterized
by motor and vocal tics. It often presents with co-morbidities
such as attention deficit hyperactivity disorder (ADHD) and/or
obsessive-compulsive disorder (OCD), as well as mood disorders,
anxiety and sleep disorders. Apart from various environmental
factors that contribute to TS complexity (Hoekstra et al., 2013;
Mathews et al., 2014), twin and family studies have long
established that TS bears a strong genetic component (Price
et al., 1985; Pauls et al., 1991, 2014). However, despite extensive
on-going genetic research, concrete evidence supporting specific
pathogenetic mechanisms is still largely lacking. Several genes
(such as SLITRK1, HDC, NLGN4, CNTNAP2, IMMP2L, SLC6A4
also known as SERT, and NTN4) and chromosomal loci have
been implicated to date although, associations between genetic
variation and TS are often limited to specific population-
based cohorts or may be restricted to extremely rare mutations
identified solely in unique multigenerational pedigrees.

A very promising candidate TS susceptibility region was
implicated for the first time in 2005 by Abelson et al. (Abelson
et al., 2005). The study reported a de novo inversion in a TS
patient, occurring in the vicinity of the Slit and Trk-like family
member 1 (SLITRK1) gene. The authors subsequently sequenced
SLITRK1 in 174 unrelated TS probands and identified rare
mutations. This spurred intense interest in TS genetics with
multiple studies reporting rather mixed results (Abelson et al.,
2005; Deng et al., 2006; Keen-Kim et al., 2006; Wendland et al.,
2006; Chou et al., 2007; Scharf et al., 2008; Zimprich et al.,
2008; O’Roak et al., 2010; Karagiannidis et al., 2012). Recently,
our group and others have provided evidence for association of
the disorder with common alleles and haplotypes being over-
transmitted in TS cases; these findings support the hypothesis
of the existence of an as of yet unidentified risk factor in
linkage disequilibrium (LD) with the associated markers and
possibly lying in gene regulatory regions (Miranda et al., 2009;
Karagiannidis et al., 2012).

Abnormalities of cortico-striatal-thalamic-cortical
pathways and dysfunction of both dopamine and serotonin
neurotransmitter systems have long been considered in
association to TS (Peterson et al., 2003; Kalanithi et al., 2005;
Muller-Vahl et al., 2005). The recent implication of the L-histidine
decarboxylase (HDC) gene in TS etiology has also raised the
intriguing hypothesis of the involvement of histaminergic neural
pathways in the onset of the disorder (Ercan-Sencicek et al.,
2010; Lei et al., 2012). Moreover, a genome-wide scan for de
novo or transmitted rare copy number variants in TS had found
enrichment of genes within the histamine signaling pathways
(Fernandez et al., 2012). Subsequently, our group found evidence
for over-transmission of HDC alleles and significantly associated
haplotypes in trios of European origin (Karagiannidis et al.,
2013).

The serotonin transporter gene (SERT, 5-HTT), coding for a
solute carrier family 6 member 4 protein (SLC6A4) was reported
to carry both common and rare variants as well as a high-
expressing haplotype associated with increased gene expression

(5-HTTLPR/rs25531/rs25532) and protein activity (p.I425V),
thus potentially contributing to serotonergic abnormalities in TS
with or even more so, without OCD (Kilic et al., 2003; Moya
et al., 2013). These high-expressing alleles have been previously
significantly associated with OCD (Hu et al., 2006; Wendland
et al., 2008), which is believed to share a degree of common
genetic background with TS (Mathews and Grados, 2011; Yu
et al., 2015).

Variants in the BTB/POZ domain-containing protein 9 gene
(BTBD9) have been previously associated with restless legs
syndrome (RLS) (Allen et al., 2005; Winkelmann et al., 2007).
High RLS prevalence has also been reported in TS and, similar
to TS, it has been linked to frontostriatal circuits dysfunction
and is responsive to dopamine neurotransmission modification
(Turjanski et al., 1999). BTBD9 variants were found to be
associated with TS in French Canadian and Chinese patient
cohorts (Riviere et al., 2009; Guo et al., 2012). Yet, all analysed
variants were intronic and thus do not provide direct functional
relevance; however, they could be in LD with potentially
functional yet unknown variants, such as variants in gene
regulatory regions or, tissue and neuroanatomical region-specific,
naturally-occurring somatic mutations (Lodato et al., 2015).

The abovementioned TS susceptibility genes have emerged
from candidate gene association studies (SLC6A4, BTBD9),
chromosomal aberration studies (SLITRK1), and linkage analysis
studies (HDC). Despite decades of efforts in the field of
TS genetics, the overall number of identified variants likely
predisposing to TS remains extremely small. With the advent
of next-generation sequencing technology, there is a resurging
interest toward the identification of rare variants of potentially
intermediate-to-high penetrance effects that might aid in
explaining part of the missing heritability of the TS phenotype.

In the present study we report results on a targeted re-
sequencing approach in a cohort of 382 TS cases of European and
Canadian origin, aiming to explore the existence of rare genetic
variation across four genes that have attracted considerable
interest in the past years, namely SLITRK1, HDC, BTBD9,
and SLC6A4. Moreover, given the findings from our previous
studies on association of SLITRK1 and HDC haplotypes with TS
(Karagiannidis et al., 2012, 2013), we wanted to explore whether
previously associated risk haplotypes are in linkage with rare
coding, and thus directly functional variants in these two genes.

MATERIALS AND METHODS

Study Subjects
A total of 382 individuals with TS were included in the study.
The subjects represent affected cases from family trios who
had been previously recruited within The Tourette Syndrome
Genetics—Southern and Eastern Europe Initiative (TSGeneSEE)
and originated from Hungary (n = 117), Italy (n = 95), Poland
(n = 68), Greece (n = 17), and Albania (n = 8). In addition,
77 TS cases originating from Canada were also available. The
majority of these individuals have been described previously
(Karagiannidis et al., 2013). Assessment was performed by
on-site clinicians using the tools provided by the TS Association
International Consortium for Genetics (TSAICG, 2007). TS
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was ascertained according to DSM-IV-TR criteria for Italy,
Hungary, Albania, and Greece, and DSM-IV for Poland. For
Canadian samples, TS was ascertained using DSM-III-R criteria.
Differences between DSM-III-R, DSM-IV, and DSM-IV-TR are
minimal; the upper age limit of onset is 18 in DSM-IV (and
DSM-IV-TR) and 21 in DSM-III-R, and the “marked distress”
criterion, possibly pointing to more severe cases, only appears
in DSM-IV (applied only to the Polish cases; Cath et al., 2011).
For all samples, collection was approved by local Ethics Boards
and written informed consent was taken from all participating
individuals or their parents.

Genomic DNA Extraction
Peripheral blood samples were collected in EDTA-containing
tubes and genomic DNA was purified using the Qiagen Gentra
Puregene kit with minor protocol modifications (Qiagen GmbH,
Hilden, Germany).

Exome Capture and Targeted
Re-Sequencing
Using the Fluidigm custom panel design pipeline, the four
candidate genes (HDC, SLITRK1, SLC6A4, BTBD9) were targeted
for sequencing and custom primers were designed. For HDC
and SLITRK1, the whole locus including 1 kb upstream and
downstream were targeted. For SLC6A4 and BTBD9, exonic
regions of the genes were targeted (Table S1).

DNA samples were tagged and amplified using Fluidigm
Access Array System (Fluidigm Corporation, South San
Francisco, USA). The 48.48 Access Array integrated fluidics
circuit (IFC) protocol was followed. The sample mix solution
was prepared using 50 ng/uL of genomic DNA. The gDNA
was then combined with sample pre-mix and loaded into the
48.48 Access Array IFC. Upon amplification completion, the
IFC was placed on the Post-PCR IFC Controller AX and the
Harvest (151x) Script was run. After the completion of the
script 10 uL of the product was removed and placed into a
96-well PCR plate. Barcoding PCR was then set up using the
manufacturer’s instructions on a conventional PCR thermal
cycler. With the incorporation of a unique identifier or barcode
for each sample and the necessary sequencing adaptors,
it is possible to process all samples simultaneously on the
sequencing platform.

Quality and quantity of the library were evaluated on the
Agilent BioAnalyzer (Agilent Technologies, Santa Clara, CA, US)
and quantified using KAPA quantification. The sequencing was
then completed following the protocol for the Illumina (Illumina,
San Diego, CA) MiSeq V3 chemistry 2 × 100-bp paired-end
reads. Once the sequencing was completed, de-multiplexing was
performed using Illumina’s bcl2fastq2 v2.15 to generate sample
specific fastq files.

Sequence Alignment and Genotype Calling
Sequence alignment was performed using Burroughs Wheeler
alignment (BWA; Li and Durbin, 2009) using the reference
human genome build hg19 from UCSC. Samtools (Li et al., 2009)
was used to convert BAM alignment files to SAM format and
then sort and index them. INDEL realignment was performed

using IndelRealigner and base quality score recalibration was
performed using BaseRecalibrator from GATK (McKenna et al.,
2010). PCR and optical duplicates were removed from samples
using Picard (http://picard.sourceforge.net). Variant calling was
done on the targeted regions (Table S1) by combining all the
samples using the GATK pipeline and following their best
practices protocol. Further filtering was applied to keep only the
variants that passed the quality control filters and 95% genotype
call rate. Sequencing data (BAM files) can be accessed via http://
paschou-lab.mbg.duth.gr/share_data.html.

Variant Ranker Analysis
Variants were then annotated using ANNOVAR (Wang
et al., 2010) and ranked using Variant Ranker tool (http://
paschou-lab.mbg.duth.gr/Software.html). Variant ranker
aggregates annotation information based on allelic frequency
scores, conservation scores, prediction algorithm scores, and
clinical information. Using Variant Ranker, the variants are
prioritized on the basis of their effect, novelty, and annotation
information. A variant was designated as novel if not present
in database of human variation dbSNP build 138 and had a
minor allele frequency (MAF) ≤0.01 in 1000 Genomes, Exome
Aggregation Consortium (ExAC) and National Heart, Lung, and
Blood Institute Exome Sequencing Project (NHLBI ESP6500)
database.

VAAST Analysis
Scoring and prioritization analysis of deleterious alleles was
performed using VAAST 2.0 (Hu et al., 2013). We applied the
likelihood ratio test in VAAST using both dominant and recessive
disease models of inheritance, with the help of a background
file comprising of 189 genomes from 1000 Genomes project
(Abecasis et al., 2012), 184 Danish exomes (Li et al., 2010), 10Gen
genome dataset (Reese et al., 2010), and 40 whole genomes from
the Complete Genomics Diversity Panel.

Identification of Linkage Disequilibrium
(LD) SNPs
We used the web-based application LDproxy (Machiela and
Chanock, 2015) to identify proxy LD SNPs and LdOOKUP
(http://purces04.u.hpc.mssm.edu/ldookup/ldookup.cgi) to
browse for variants in LD with other GWAS studies from the
Psychiatric Genomics Consortium, brain eQTL data and the
NHGRI GWAS catalog (Welter et al., 2014).

Sanger Sequencing
PCR primers were designed using PRIMER3 (http://primer3plus.
com) and confirmed to have unique genomic product by UCSC
in-silico PCR (http://genome.ucsc.edu/cgi-bin/hgPcr), targeting
amplicons of sizes between 300 and 400 bp. PCR products
were purified using QIAquick PCR purification kit from Qiagen
(QIAGEN, CA), followed by Sanger sequencing on an ABI 3730xl
sequencer in Genscript (NJ, USA), using the BigDye Terminator
v.3.1 chemistry.
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RESULTS

Identification of Variants
We explored whether coding variations in four genes,
namely, HDC, SLITRK1, BTBD9 and SLC6A4 play a role in
TS susceptibility. We utilized next-generation sequencing
technology to perform targeted sequencing on a total of 60
kilobases, including the entire HDC and SLITRK1 genes, and
spanning 15 exons of SLC6A4 and 11 exons of BTBD9 genes,
across 382 TS cases of Caucasian origin (Table S1). Regarding
data quality, more than 95% of bases were sequenced with
>99.9% accuracy, covering most amplicons at >100X.

We obtained 336 single nucleotide polymorphisms (SNPs)
with 31 exonic SNPs (see summary statistics on Table 1). We
focused only on functionally important non-synonymous exonic
variants and pursued validation via Sanger sequencing. We
found a novel rare (MAF = 0.13%) variant in HDC residing
in exon 12 (HDC:NM_002112:exon12:c.A1564C:p.I522L),
two rare (MAF = 0.13%) novel SLITRK1 variants, at
positions chr13:g.84454582 (SLITRK1:NM_052910:exon1:
c.G1061C:p.G354A). and chr13:g.84454485 (SLITRK1:NM
_052910:exon1:c.G1158T:p.K386N), residing in exon 1 of the
gene, and two known rare variants, rs146746846 (MAF =

0.13%) (SLITRK1:NM_052910:exon1:c.C892T:p.H298Y) and
rs150504822 (MAF = 0.26%; SLITRK1:NM_052910:exon1:
c.A1252T:p.T418S), also in exon 1 (Table 2). The five confirmed
variants were ranked within the top six potentially etiologically
relevant variants by our Variant Ranker algorithm and were
all predicted to be deleterious by MutationTaster functional
prediction algorithm (Schwarz et al., 2010; Table S2). One
confirmed SLITRK1 variant (rs146746846) was also identified by
VAAST under a recessive model of inheritance (Table S3). Proxy
LD SNPs available for rs150504822 on SLITRK1 were input
into LdOOKUP to identify significant variants in other GWAS
studies. A variant in LD with rs150504822, namely rs6563353,
was identified (Tables S4, S5); rs6563353 has been positively
associated (p = 2.06e-6) with increased citalopram-induced
general side effect burden, in patients with depression (Adkins
et al., 2012). Citalopram is an antidepressant drug of the selective
serotonin reuptake inhibitor class, with an off-label use for OCD
treatment.

DISCUSSION

To our knowledge, this is the first study applying next generation
sequencing technology in quest for genetic susceptibility variants
shaping the genomic landscape of TS. It is expected that at
least part of the missing heritability of complex disorders,
such as TS, will be attributable to low-frequency variants with
intermediate penetrance effects (Manolio et al., 2009) and, if
truly causative, they could account for a small proportion of TS
cases.

In the present study, we identified and confirmed a rare novel
HDC coding variant as well as two rare novel and two rare known
SLITRK1 coding variants, all confirmed by Sanger sequencing
(Table 2). We did not extensively cover the regulatory regions
of the genes; thus, regulatory variants may have been missed

TABLE 1 | Summary of functional annotation of identified variants.

Variant category Number of variants

Upstream 23

5′UTR 9

Coding (Exonic) 31

Intronic 205

3′UTR 40

Downstream 17

Intergenic 11

Total 336

Nonsynonymous 17

Synonymous 14

Total Coding 31

UTR, Untranslated region.

resulting in under-estimation of the contribution of these genes
to TS risk.

The recent implication of the L-histidine decarboxylase
(HDC) gene in TS etiology has raised the intriguing hypothesis
of the involvement of histaminergic neural pathways in the
onset of the disorder. Ercan-Sencicek et al. studied a family
with a father and all eight of his children affected with TS,
and found a rare premature termination codon mutation
(p.W317X) in HDC, also absent in 3,000 control individuals.
Due to the demonstrated dominant-negative mode of function
of the mutant HDC enzyme, the authors concluded that
histaminergic neurotransmission is most likely diminished in
their patients (Ercan-Sencicek et al., 2010). However, HDC
coding variants seem to be extremely rare since apart from
the mutation identified in the original pedigree, HDC has
not been found altered in other TS cases of Caucasian or
Asian origin (Ercan-Sencicek et al., 2010; Lei et al., 2012).
Interestingly, a preceding genome-wide study of 95 French
Canadian trios with familial history of TS (Riviere et al., 2010)
had also shown association to a microsatellite marker on
chromosome 15 (D15S1016), lying within the same interval
found to be linked with TS in the original study that implicated
HDC in TS etiology. Finally, a recent genome-wide scan for
de novo or transmitted rare copy number variants in TS found
enrichment of genes within the histamine receptor signaling
pathways (Fernandez et al., 2012). Even though in the present
study we did not detect the rare variants previously reported in
the literature, we did find a novel exonic nonsynonymous
variant, chr15:g.50534882 (c.A1564C:p.I522L), in one
TS case.

Histamine plays a central role in gastric acid secretion,
innate, and acquired immunity and immunomodulation,
bronchoconstriction, vasodilation and neurotransmission. The
neuronal histaminergic system is involved in a number of
basic physiological functions such as circadian rhythmicity,
energy metabolism, neuro-endocrine homeostasis, stress,
sensory, and motor functions, cognition, attention, learning,
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TABLE 2 | Nonsynonymous variants confirmed by Sanger sequencing.

Location Ref/Alt Het Gene RefGene variant annotation 1000G LRT MutationTaster

chr13:84454582 C/G 1 SLITRK1 SLITRK1:NM_052910:exon1:c.G1061C:p.G354A NA D D

chr13:84454485 C/A 1 SLITRK1 SLITRK1:NM_052910:exon1:c.G1158T:p.K386N NA D D

chr13:84454751(rs146746846) G/A 1 SLITRK1 SLITRK1:NM_052910:exon1:c.C892T:p.H298Y NA D D

chr13:84454391(rs150504822) T/A 2 SLITRK1 SLITRK1:NM_052910:exon1:c.A1252T:p.T418S 0.00019 D D

chr15:50534882 T/G 1 HDC HDC:NM_002112:exon12: c.A1564C:p.I522L NA N D

Chr, chromosomal location; Ref, Reference allele; Alt, Alternative (rare) allele; Het, Number of heterozygous cases with the variant; 1000G, 1000 Genomes Project variant frequency (if

available); LRT, Likelihood Ratio Test; LRT D, Deleterious; N, Neutral; MutationTaster D, Disease-causing; NA, Not available.

and memory. Histidine decarboxylase (HDC) is the key enzyme
for histamine production from histidine and in the brain its
mRNA is expressed exclusively in the posterior hypothalamus
(Haas et al., 2008). So far, the histaminergic system has not
received as much attention as other monoaminergic systems of
the brain. Classically established as a “peripherally” important
mediator of inflammation, the importance of histamine in
neurotransmission, and its role in neuropsychiatric disorders
is only recently starting to become appreciated (Tiligada et al.,
2011) and deserves further investigation also in the context
of TS. Interestingly, Hdc−/− deficient mice have several traits
relevant to features of TS and have shown decreased brain
histamine and increased sensitivity to stereotypic behaviors (i.e.,
hyperlocomotion) upon administration of dopamine agonists
(Kubota et al., 2002) and repetitive grooming after induced fear
(Xu et al., 2015). Such stimulant-induced movements, including
rearing, sniffing, and biting have previously been proposed as a
model of human tics (Saka and Graybiel, 2003; Castellan Baldan
et al., 2014).

SLITRK1 has been extensively studied since its identification
as a much promising TS candidate gene. However, with the
exception of the variants reported by Abelson et al. (2005),
additional novel non-synonymous mutations have not been
identified in a large number of subsequent studies interrogating
patient cohorts (Deng et al., 2006; Chou et al., 2007; Scharf et al.,
2008; Zimprich et al., 2008) or single families (Robertson and
Orth, 2006; Verkerk et al., 2006; Fabbrini et al., 2007; Pasquini
et al., 2008). On the other hand, genetic association studies and
haplotype analyses could not rule out the implication of SLITRK1
in TS etiology either via the existence of risk factors in LD with
SLITRK1 (Miranda et al., 2009) or as of yet unidentified SLITRK1
regulatory variants (Karagiannidis et al., 2012). In our study, we
did not detect the SLITRK1 variants that had been previously
reported in association to TS but we report on the identification
of two novel variants, chr13:g.84454582 and chr13:g.84454485,
each found in one TS patient. We also identified two rare non-
synonymous SLITRK1 variants (rs150504822 and rs146746846,
identified in two TS cases and one TS case, respectively).
Interestingly, rs150504822 was found in LD with rs6563353,
a variant that has been previously associated with citalopram-
induced general side-effect burden in patients with depression
(Adkins et al., 2012). Citalopram, is a well-tolerated acute
treatment drug conferring positive response in children and
adolescents with OCD (Thomsen et al., 2001; Mukaddes et al.,
2003).

Interestingly, SLITRK1 encodes a transmembrane protein
necessary for dendritic growth, axon guidance and branching
of neuronal cells. It is expressed in both the embryonic
and postnatal brain (cortex, thalamus, and basal ganglia),
reflecting neuroanatomical regions most commonly affected in
TS (Proenca et al., 2011), as well as in mature neurons with large
axons (Aruga and Mikoshiba, 2003). Slitrk1−/− mice exhibited
elevated anxiety and depression-like behaviour, consistent with
TS symptoms, in which the anxiety-like behaviour was attenuated
upon clonidine administration, a drug often used in TS treatment
(Katayama et al., 2010).

Our previous and present studies suggest that SLITRK1 and
HDC may have an under-appreciated role in TS aetiology.
Unarguably, the functional role of the identified variants warrants
further investigation by a wide array of experiments. Next-
generation sequencing technology is rapidly becoming a routine,
albeit still costly approach to target patient genomes that is
expected to significantly expedite the quest for rare variants with
reduced penetrance, not only in TS susceptibility but also other
complex neurodevelopmental and neuropsychiatric disorders.
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cross-Disorder genetic analysis of 
Tic Disorders, Obsessive–compulsive, 
and hoarding symptoms
Nuno R. Zilhão1,2*, Dirk J. Smit2,3, Dorret I. Boomsma2 and Danielle C. Cath1,4

1 Department of Clinical and Health Psychology, Utrecht University, Utrecht, Netherlands, 2 Department of Biological 
Psychology, Vrije Universiteit, Amsterdam, Netherlands, 3 Neuroscience Campus Amsterdam, Vrije Universiteit, Amsterdam, 
Netherlands, 4 Altrecht Academic Anxiety Center, Utrecht, Netherlands

Hoarding, obsessive–compulsive disorder (OCD), and Tourette’s disorder (TD) are 
psychiatric disorders that share symptom overlap, which might partly be the result of 
shared genetic variation. Population-based twin studies have found significant genetic 
correlations between hoarding and OCD symptoms, with genetic correlations varying 
between 0.1 and 0.45. For tic disorders, studies examining these correlations are lack-
ing. Other lines of research, including clinical samples and GWAS or CNV data to explore 
genetic relationships between tic disorders and OCD, have only found very modest if 
any shared genetic variation. Our aim was to extend current knowledge on the genetic 
structure underlying hoarding, OC symptoms (OCS), and lifetime tic symptoms and, in a 
trivariate analysis, assess the degree of common and unique genetic factors contributing 
to the etiology of these disorders. Data have been gathered from participants in the 
Netherlands Twin Register comprising a total of 5293 individuals from a sample of adult 
monozygotic (n = 2460) and dizygotic (n = 2833) twin pairs (mean age 33.61 years). The 
data on Hoarding, OCS, and tic symptoms were simultaneously analyzed in Mplus. A 
liability threshold model was fitted to the twin data, analyzing heritability of phenotypes 
and of their comorbidity. Following the criteria for a probable clinical diagnosis in all phe-
notypes, 6.8% of participants had a diagnosis of probable hoarding disorder (HD), 6.3% 
of OCS, and 12.8% of any probable lifetime tic disorder. Genetic factors explained 50.4, 
70.1, and 61.1% of the phenotypic covariance between hoarding-OCS, hoarding-tics, 
and OCS-tics, respectively. Substantial genetic correlations were observed between 
hoarding and OCS (0.41), hoarding and tics (0.35), and between OCS and tics (0.37). 
These results support the contribution of genetic factors in the development of these 
disorders and their comorbidity. Furthermore, tics were mostly influenced by specific 
environmental factors unshared with OCS and HD.

Keywords: tic, hoarding, obsessive–compulsive symptoms, heritability, trivariate, twin

inTrODUcTiOn

Current classification systems of psychiatric disorders are primarily based on consensus state-
ments with respect to clinical symptom diagnostics by physicians. These classification systems, i.e., 
the International Classification of Diseases (ICD) (1) and the Diagnostic and Statistical Manual 
of Mental Disorders (DSM) (2), have rendered the separate and categorical entities we know as 
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disorders  –  including obsessive–compulsive disorder (OCD), 
Tourette’s disorder (TD), and (starting from DSM-5) hoarding 
disorder (HD).

More specifically, OCD, HD, and tic disorders/TD are com-
plex neuropsychiatric disorders; all characterized by repetitive 
behaviors that show substantial comorbidity, i.e., co-occurring 
more often than expected by chance (3–6). OCD is a neurode-
velopmental disorder characterized by recurrent intrusive 
thoughts (obsessions) and repetitive behaviors (compulsions) 
designed to relieve either tension or anxiety stemming from the 
obsessions (7, 8). HD has since long been classified as a symptom 
dimension of OCD, and – to a lesser extent – as a characteristic 
of obsessive–compulsive personality disorder (7). However, it 
was later suggested that (1) HD presents mostly (in up to 80% 
of cases) without concurrent OCD (9) and (2) the neurological 
mechanisms underlying hoarding might be distinct from OCD 
(9, 10). Therefore, it was included in DSM-5 as a distinct disor-
der in the category of OCD spectrum disorders and character-
ized by the inability to discard an excessive amount of items of 
no significant value, combined with excessive acquisition and 
clutter to such an extent that living spaces of an individual are 
occupied (2). Tic disorders are characterized by recurrent motor 
and/or vocal tics that occur in a stereotypical fashion against 
a background of normal motor/phonic activity, with onset in 
childhood and tendency to decrease in intensity and frequency 
during adolescence (11).

Prevalence rates for these disorders range between 0.1 and 
0.8% for TD (12–19), 2 and 6% for compulsive hoarding (20, 21), 
and 0.5 and 2.0% for OCD (7, 22).

With respect to comorbidity rates between HD and OCD, in 
clinical and epidemiological studies of OCD, between 18 and 42% 
of patients report hoarding behaviors, depending on phenotypic 
definition (23–26), and reversely, in 12–20% of HD patients, 
OCD is reported (27–29). In TD/chronic tic disorders, OCD is 
very common, with estimates ranging from 28 to 49% of OCD/
OC symptoms (OCS) in TD, and reversely, of 10–20% of tics 
in OCD (30, 31). In sum, these comorbidity estimates are well 
above expected comorbidity rates if the three disorders would 
be etiologically distinct. Finally, in tic disorders, no studies on 
hoarding comorbidity have been performed nor have studies 
been performed on tic comorbidity in HD.

Family studies and genetic epidemiological twin studies on 
each separate disorder have shown substantial genetic contribu-
tion to each separate phenotype, with heritability estimates from 
twin studies ranging between 0.30 and 0.58 (OCD) (31–35), 
0.35 and 0.50 (HD) (20, 28, 33), and.25 and 0.58 (tic disorders) 
(36–40). A next question is whether the high proportions of 
co-occurrence between the three phenotypes reflect overlap in 
genetic or environmental contributions between OCD, HD, and 
tics. Multivariate twin/family studies are particularly suitable for 
this, making use of correlations between MZ and DZ twins on the 
various traits to partition the relative contribution of shared vs. 
unique genetic and environmental factors that influence multiple 
traits (41).

Despite recent advances in psychiatric genetics, twin stud-
ies specifically investigating shared genetic and environmental 
influences between OCS, hoarding behavior, and tics are scarce. 

Two studies by Iervolino et al. in a sample consisting predomi-
nantly of female twins from the TwinsUk twin registry (4459 
female twins, mean age of 55.0 years) have specifically examined 
the genetic and environmental overlap between OCS and HD 
behavior (20, 33). It was found that 45% of the genetic variance 
was shared between HD and OCS dimensions. Furthermore, 
hoarding had the lowest loading on the common factor with 
only 55% of the total variance in OC symptom dimensions 
being hoarding-specific. A recent twin study of our group within 
the Netherlands twin Register (NTR), which overlaps with our 
sample, assessed the unique and shared genetic contributions 
for HD and OCS in a sample of 7567 twins (2270 males, 5297 
females, mean age of 33.2 years) (29). The authors found signifi-
cant genetic contributions to the comorbidity across both traits, 
although a low genetic correlation (0.10) was found. Finally, a 
recent population-based twin family study with data from the 
Swedish Twin Register (n =  20.821) specifically addressed the 
proportion of shared genetic and environmental factors underly-
ing the liability to chronic tics, ADHD, and OCS (42). Tics were 
broadly defined based on the number of total tics (“no tic score,” 
“tic score = 1,” and “tic score > 1”). A substantial correlation of 
0.45 between tics and OCS was found.

From another line of research, Genome-wide association 
study (GWAS) data from samples of TD and OCD patients 
were analyzed to find a genetic correlation between OCS and 
TD of 0.41 (43), which was relatively high in light of what has 
been described for other complex disorders (44). However, this 
correlation might have been an overestimation, as the SE of this 
estimate was large (SE = 0.15) and, in addition, the co-occurence 
between tics and OCD appeared relatively high (13% of OCD 
had co-occurring tics/TD, and reversely, 43% of TD had OCD) 
Furthermore, in this same sample, Yu et al. sought to characterize 
common genetic variants shared among TD and OCD. Although 
no specific variants were identified, the combined GWAS signals 
were significantly enriched for functional alleles, suggesting 
that there is some proportion of TD–OCD-shared genetic risk 
variants (45).

So far, genetic epidemiological twin family studies to estimate 
the shared respective unique contributions of genetic and envi-
ronmental factors between tic-HD symptoms and between tic-
HD–OCS are lacking, as are molecular genetic studies to estimate 
shared genetic contributions from SNPs across TD, OCS, and HD 
phenotypes.

Therefore, the main aim of this study was to extend the avail-
able data so far with respect to shared etiology between OCS and 
hoarding behavior (29) by expanding with the tic phenotype, in 
a large population-based twin sample that includes male, female, 
and opposite sex twin pairs using diagnostic methods that assess 
the full range of the symptomatology of these disorders to bet-
ter address their shared underlying etiology. Specifically, we 
aimed at (1) replicating previous quantifications of shared and 
independent genetic contributions to OCS-hoarding behavior; 
(2) quantifying shared and independent genetic contributions to 
hoarding behavior and tics; (3) quantifying shared and independ-
ent genetic contributions to OCS and tics; and (4) quantifying 
shared and independent genetic contribution to OCS-hoarding 
behavior and tics.
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MaTerials anD MeThODs

subjects
Participants included in this study are registered with the NTR. 
Since 1991, twins and their family members receive surveys by 
mail and are assessed with questionnaires about health, personal-
ity, and lifestyle (46, 47). For these analyses, we used data col-
lected in 2008, corresponding to the survey 8 wave of collection, 
on obsessive–compulsive symptoms, hoarding, and tic symptoms 
(henceforth named as “tics”). A total of 16,930 participants from 
7400 different families completed the questionnaires. Twins 
encompassed 8047 individuals (2511 males and 5536 females). 
This study has been approved by the Medical Ethical Committee 
of the VU Medical Center Amsterdam.

Measurements
The assessment instruments used were the Hoarding Rating 
Scale-Self-Report (HRS-SR) for hoarding, the Padua Inventory 
Abbreviated Revised (PI-ABBR) for OCS, and an abbreviated 
self-report questionnaire (the Schedule for Tourette and Other 
Behavioral Syndromes – STOBS-ABBR) based on the Schedule 
for Tourette and Other Behavioral Syndromes (STOBS) for tics. 
The HRS-SR questionnaire consists of five items, each scoring on 
a 0–8 scale, that assess cluttering, difficulty in discarding items, 
excessive acquisition or collecting, distress derived from hoard-
ing symptoms, and functional impairment (48). The distress 
item was discarded due to approval restriction on the items to be 
included in the larger questionnaire. The PI-ABBR questionnaire 
has been derived from the Padua Inventory-Revised, a 41-item 
self-report instrument that measures OCS on a scale from 0 to 
4, and 5 subsequent subscales (washing, checking, rumination, 
precision, and impulses). The PI-ABBR has been abbreviated to 
12 items that include 2–3 items from each of the five OCS dimen-
sions mentioned above (49). These subscales refer to four main 
factors of obsessions and compulsions – “impaired control,” “fear 
of contamination,” “checking behavior,” and “urge/worry of losing 
control” (50).

The STOBS consists of a semi-structured assessment on tics 
and has been widely used in data collections by the Tourette 
Syndrome Association International Consortium for Genetics 
(TSAICG). It consists of 36 tic items (rated as current/lifetime, 
not present), generating lifetime tic information (51). For the 
NTR 2008 survey, the STOBS was abbreviated to a 12-item tic 
questionnaire on the 9 most frequent tics occurring in clinical 
samples (11, 52). Additionally, three items were added on age at 
onset of symptoms, tic severity, and whether the tic persisted for 
more than a year. Using the STOBS-ABBR, a diagnosis of prob-
able chronic tic disorder was established if the person had (1) one 
or more chronic motor or one or more vocal tic that (2) occurred 
before age 21, and (3) had been present for >1 year. Probable TD 
diagnosis was established when two or more motor and one or 
more vocal tics were reported that occurred before age 21 and 
had lasted for >1 year, and probable transient tic disorder was 
established when motor and/or vocal tics had occurred before 
age 21 for <1 year. Participants who reported at least one tic, but 
without an age at onset ≤21, and/or with a tic duration of <1 year 
were categorized as a probable tic disorder NOS. We use the term 

“probable” since tic diagnoses were not confirmed by a face-to-
face interview by an experienced clinician.

We fitted a liability threshold model, using, for each phenotype, 
a categorical variable derived from several cut points applied to 
the full distribution of sum scores (for OCS and HD) and defin-
ing the presence/absence of a tic disorder (for tics). The liability 
threshold model assumes an unobserved (and not measured) 
liability (or risk) to disease, normally distributed in the popula-
tion (53, 54). The categories function as a (indirect) measure of 
this liability, representing the susceptibility to the true underlying 
distribution of the disease. Four categories were used for both the 
HRS-SR and PI-ABBR. The HRS-SR was divided into categories 
that more closely resemble the clinical patterns of symptomatol-
ogy (no hoarding symptoms, mild symptoms, subclinical hoard-
ing, and clinically significant hoarding or probable HD) having 
unequal distributions in each category (scores of 0, 1–5, 6–16, 
and ≥17) (20). For a probable HD diagnosis, we used the cutoff 
proposed by Tolin to define caseness (48). In this work, a receiver 
operating characteristic (ROC) analysis determined that the best 
threshold separating HD from non-HD cases was a sum-score 
over the cutoff of 17 with a sensitivity and a specificity of 0.95. 
The scores for PI-ABBR (0, 1–6, 7–15, and ≥16) have been previ-
ously described in the literature (49). In brief, ROC determined 
that the best threshold separating OCD from non-OCD cases 
was a sum-score over the cutoff of 16 with a sensitivity of 0.74 
and a specificity of 0.72. For tics, we derived a dichotomous vari-
able defining the presence or absence of any of the tic disorders 
described here above, according to a definition of “probable tic 
disorder,” as defined by the STOBS-ABBR. For further details on 
the phenotype definition for tics, please refer to (Zilhao et  al., 
submitted1). Briefly, the probable tic disorder dichotomous vari-
able consists of the most lenient definition defined for caseness, 
in which lifetime probable chronic tic disorder, probable TD, and 
probable transient tic disorder are included.

statistical analysis
Univariate Twin Analysis
Prevalences, means, and distributions for the three phenotypes 
were calculated in the entire sample of 16,930 individuals. 
Performing these analyses on clinically defined significant symp-
toms has the advantage of increasing the generalizability of the 
results. Polychoric correlations (correlations on the liability scale) 
were calculated in Mplus (55) for the PI-ABBR, HRS-SR, and 
STOBS-ABBR, both in MZ and DZ twin pairs by sex, and in all 
twins for both sexes. Data from both complete and incomplete twin 
pairs were included in the analysis. Univariate analyses for each 
phenotype were performed separately using the software OpenMx 
(56) to estimate the relative contributions from additive genetic 
(A), shared environment (C), and non-shared environment (E) to 
each phenotype. Maximum-likelihood model fitting procedures 
were carried out, as is standard in structural equation modeling, 
in which the phenotype was a function of the A, C, and E factors 
and polychoric correlations, according to the liability threshold 

1 Zilhao NR, Olthof MC, Smit DJA, Cath DC, Mathews CA, Delucchi K, et al. 
Heritability of Tic Disorders: a Twin-Family Study (submitted).
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Table 3 | Polychoric twin correlations for observed data for hD, Ocs, 
and tics.

MZ MZM MZF DZ DZM DZF DOs

HD (HRS-SR) 0.336 0.379 0.325 0.177 0.247 0.151 0.048
OCS (PI-R-ABBR) 0.384 0.379 0.386 0.177 0.197 0.139 0.214
Tics (STOBS) 0.37 0.242 0.414 0.19 0.238 0.172 0.114

Table 1 | sample demographics for the data included in the analysis.

MZ twins DZ twins

Male Female Male Female

Mean age 35.09 (15.27) 35.63 (15.20) 31.57 (13.98) 31.88 (13.45)
Mean HRS 5.85 5.5 6.08 5.79
Mean PADUA 6.99 6.7 7.04 6.99
Tics 
(prevalence)

192 188 175 162

Table 2 | Prevalence rates for hD (hrs-sr), Ocs (Pi-r-abbr), and tics 
(YgTss) for the total sample included in the analysis.

category MZ  
(n = 3990)

N (%)

DZ  
(n = 4057)

N (%)

HD (n = 5221) symptom scores 0 673 (22.8) 435 (19.1)
1–5 1059 (36) 826 (36.2)
6–16 1079 (36.6) 880 (38.6)
>16 137 (4.6) 132 (5.7)

OCS (n = 5167) symptom scores 0 190 (6.5) 140 (6.3)
1–4 1447 (49.6) 1077 (48.0)
5–15 1107 (37.9) 898 (39.9)
>15 175 (6.0) 133 (5.9)

Probable tic disorder (n = 5297) 
affected/non-affected

TD
Chr motor tic
Chr vocal tic
Transient tic 
disorder
Tic disorder 
NOS

15 (0.5)
39 (1.3)
17 (0.6)

159 (5.4)
150 (5.0)

14 (0.6)
35 (1.5)
16 (0.7)

138 (5.9)
134 (5.7)
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model described above. We investigated the potential influence 
of twin-specific and gender-specific (sex differences) environment 
by constraining correlations across zygosity groups to be equal, for 
all three phenotypes. The effect of covariates (age and sex) on the 
thresholds was univariately assessed for each phenotype.

Multivariate Twin Analyses
Using the Mplus software, we then fitted a trivariate genetic 
model to the data with the weighted least square mean and 
variance adjusted estimation option (WLSMV) (55), using the 
described liability threshold models. Covariances between the 
three phenotypes were partitioned into the relative contributions 
of shared additive genetic (A), common environmental (C), and 
non-shared environmental (E) influences to the etiology of the 
three phenotypes. The influence of common environmental 
factors and of genetic dominance were tested by comparing a 
nested AE model with either the ACE or the ADE model using 
the Chi-square difference test.

Lastly, we performed a single factor analysis on the covariance 
matrices partitioned between the phenotypes. This analysis gives 
a representation in terms of the components shared by the three 
phenotypes.

resUlTs

Descriptives
Means and Distributions
The mean age of the entire sample was 33.61 years (SD = 14.56); for 
males the mean age was 33.11 years (SD = 14.66) and for females 
33.84 years (SD = 14.51). The mean average score for HRS-SF was 
5.74 (SD = 5.6) and for the PI-ABBR was 6.89 (SD = 5.2). Males 
had on average higher scores than females on both the HRS-SF 
and the PI-ABBR. Also for tics, the prevalence rates were higher 
in males (13.0%) than in females (12.6%). Table 1 summarizes the 
demographics in males and females for the PI-ABBR, HRS-SF, 
and STOBS-ABBR.

Prevalence and Phenotype “Overlap”
Table 2 shows prevalence rates for the three phenotypes for MZ 
and DZ twins, as estimated according to the diagnostic criteria. 
Of the entire sample, 5.0% had clinically significant HD, 6.0% 
had clinically significant OCS, and 13.5% had any probable tic 
disorder according to the STOBS-ABBR. The threshold used to 
determine caseness in a probable HD disorder diagnosis ren-
dered population prevalence rates that closely resemble previous 
estimates for clinical HD (20, 21). Furthermore, among individu-
als with OCS, 18.0% had co-occurring HD and 12.1% had tics; 

among individuals with HD, 15.0% had OCS and 8.72% had tics; 
among individuals with tics, 27.1% had OCS and 23.3% had HD. 
Lastly, in the entire sample, 0.31% (n = 25) of individuals had the 
co-occurrence of all three disorders.

Univariate results
Twin Correlations
Table  3 shows the polychoric correlations as calculated on the 
observed data for the five zygosity groups, on the HRS-SR, 
PI-ABBR, and the STOBS-ABBR. Overall, when comparing 
MZ and DZ pairs on the three phenotypes, an average twofold 
increase for MZ twins when compared to DZ twins is observed. 
The greater similarity for MZ twins is an indication of a genetic 
basis influencing the phenotypes. Also, the moderate MZ correla-
tions suggest the influence of non-shared environmental factors 
for all three phenotypes.

Specific gender/twin environments were tested univariately for 
each phenotype. As expected from the twin correlations across all 
zygosities, the fit statistics results show that correlations could be 
equated across twins and sex, with no twin-specific or sex-specific 
environments observed (Table 4).

Heritabilities and Fit Statistics
The total heritability estimates were 0.33 (SE = 0.05, p < 0.001) 
for clinically significant HD, 0.38 (SE  =  0.05, p  <  0.001) for 
OCS, and 0.37 for any tic disorder (SE = 0.05, p < 0.001) (off-
diagonal in Table  5). For non-shared environment, the esti-
mates were 0.67 (SE = 0.05, p < 0.001) for clinically significant 
HD, 0.62 for OCS (SE = 0.05, p < 0.001), and 0.63 (SE = 0.05, 

152

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


Table 4 | Model fit indices for the univariate models, examining the role 
of sex and zygosity, of each phenotype separately.

Model nP −2ll Versus 
model

χ2 df p

1. Hoarding, 
saturated

10 – – – – –

2. Hoarding, equal 
sex, and zygosities

7 3250.51 Hoarding, 
saturated

3.83 3 0.28

3. OCS, saturated 10 – – – – –
4. OCS, equal sex, 
and zygosities

7 840.18 OCS, 
saturated

1.07 3 0.78

5. Tics, saturated 10 – – – – –
6. Tics, equal sex, 
and zygosities

7 16,091.12 Tics, 
saturated

5.45 3 0.14

NP, number of parameters; −2LL, −2 × log-likelihood; df, degrees of freedom for χ2 test.

Table 5 | relative contributions of additive genetic and non-shared environmental influences on the trait variance (diagonal) and covariance cross-trait 
(off-diagonal) for hD (hrs-sr), Ocs (Pi-r-abbr), and tics (YgTss).

Phenotypic correlation cTcT (MZ below, DZ above diagonal) additive genetic effects (a) non-shared environmental effects (e)

hD Ocs hD Ocs Tics hD Ocs Tics hD Ocs Tics

HD – – 0.07 0.05 0.326 – – 0.674 – –
OCS 0.3 – 0.14 – 0.02 0.504 0.375 – 0.496 0.625 –
Tics 0.15 0.25 0.12 0.16 – 0.701 0.611 0.367 0.299 0.389 0.633

CTCT, cross-twin-cross-trait correlations.
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p < 0.001) for tics. No evidence was found for an effect of com-
mon environment.

cross-Disorder correlations
Examining the cross-disorder correlations (cross-twin cross-trait) 
again suggests that the genetic factors are involved in the cor-
relations between traits (Table 5). The MZ cross-twin cross-trait 
correlations were 0.14 (HD vs. OCS), 0.12 (HD vs. tics), and 0.16 
(OCS vs. tics), while the DZ correlations were 0.07 (HD vs. OCS), 
0.05 (HD vs. tics), and 0.02 (OCS vs. tics). The within-person 
cross-trait correlations (phenotypic correlation) were 0.30 (HD 
vs. OCS), 0.15 (HD vs. tics), and 0.25 (OCS vs. tics) (Table 5).

A trivariate ACE model was fitted to the data in order to examine 
the relative contributions from shared genetic and environmental 
contributions to the covariance among the traits. Again, as sug-
gested by patterns of twin correlations, no evidence for common 
environment was found, and the C parameter could be dropped 
when compared to the more parsimonious AE model [AE vs. 
ACE model: χ2 (6) = 0.876, p = 0.99 and AE vs. ADE model: χ2 
(6) = 2.994, p = 0.81]. Hence, the best-fitting model to the data was 
one in which the covariation between the three phenotypes can be 
explained by a set of common A and E factors. Table 5 and Figure 1 
show the estimates of the relative contributions of genes and non-
shared environment factors, calculated from the best-fitting model. 
The total variance for each variable was constrained to 1, in order 
to estimate the proportion of individual liability due to shared 
vs. common genetic/environmental factors. Bivariate heritability 
results (Table 5) show that 50% of the covariance between HD and 
OCS, 70% of the covariance between HD and tics, and 61% of the 
covariance between OCS and tics are due to genetic factors. The 
remaining variance is accounted for by non-shared environmental 

factors. Furthermore, the genetic correlations were 0.41 (HD vs. 
OCS), 0.35 (HD vs. tics), and 0.37 (OCS vs. tics). Figure 1 depicts 
the path diagram in terms of correlated A and E factors.

Lastly, single factor analysis for the A and E component revealed 
the degree of genetic and environmental overlap shared by the 
three phenotypes (Figure 2). As shown, between 31.5 and 43% of 
the total genetic variance of each phenotype is due to genetic fac-
tors shared among all three phenotypes. Specific genetic variance 
unshared with other phenotypes was 60.7% (HD), 57.0% (OCS), 
and 68.5% (tics). Furthermore, 43.2 and 41.8% of the total envi-
ronmental variance is due to unique environmental factors shared 
between HD and OCS, respectively, whereas for tics, this amounts 
only to 4.4% of the total environmental variance – in other words, 
tics had the lowest loading on the common factor and were mostly 
influenced by tic-specific environmental effects (Figure 2).

DiscUssiOn

In this study, we sought to examine the extent to which shared 
genetic and environmental factors contribute to clinically signifi-
cant OCS, HD, and tic symptomatology. We had at our disposal 
the largest twin pair sample available to date in which these three 
phenotypes were measured at the same wave of data collection. 
The present results extend previous work in the same NTR sample 
on shared genetic contributions to OCS and HD (29).

Our univariate prevalence rates for clinical significant HD 
symptoms and OCS are in the expected range when compared to 
the literature (49, 57). For tics, we note that our somewhat higher 
prevalence rates than described in the literature might be due to 
the fact that they reflect lifetime tic disorders, and therefore a 
somewhat lenient definition for caseness, reflecting our approach 
to generate optimal results with respect to phenotypic validity, in 
light of the self-report measures used in the NTR.

Our comorbidity prevalence rates (8.0% of OCS patients 
reported co-occurring HD, and reversely, 15.0% of HD patients 
reported co-occurring OCS; 12.1% of OCS patients reported 
 co-occurring tics, and reversely, 27.1% of TD/chronic tic disor-
ders reported co-occurring OCS) are within the expected range 
when compared with the epidemiological literature (23–31). For 
HD/tics, to the best of our knowledge, we report here the first 
comorbidity prevalence rate estimate – 8.72% of HD individuals 
having co-occurring tics and 23.3% of tic individuals having HD.

The Univariate Model Fitting results
Previous results with data from the NTR, using by and large the 
same sample, have yielded heritabilities of 0.40–0.50 for OCS 
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FigUre 1 | Path diagram for the best-fitting model. Squaring these paths gives the proportion of variance accounted by each of the A and E components. Also 
indicated are the correlations among each A and E component for each of the three phenotypes. A indicates additive genetic factors and E indicates non-shared 
environmental factors.
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(49, 58), 0.36 for HD (29), and 0.30 for tics (see footnote text 1).  
Other previous twin/family studies have rendered comparable 
estimates (0.26–0.55 for OCS, 0.35–0.50 for hoarding, and 0.28–
0.56 for tics) (42, 59, 60). We found no evidence for sex differences 
in twin correlations for any of the phenotypes. Similar findings 
have been reported for OCS (32, 33, 61), whereas for HD results 
have been mixed (20, 28); for tics, to the best of our knowledge, 
the issue of sex differences in twin correlations has not yet been 
addressed. Our results here show that the genetic contributions to 
these phenotypes are consistent across both sexes.

bivariate analyses
Second, our results provide evidence for shared genetic variation 
between the phenotypes. The phenotypic correlation between 
OCS and HD was of 0.30. As expected, we observed a higher phe-
notypic correlation between OCS and tics (0.25) than between 
HD and tics (0.15). The genotypic correlations also mirrored 
this  –  there was higher shared genetic variance between OCS 

and HD (0.41) than both OCS and HD with tics (0.37 and 0.35, 
respectively). Interestingly, a relatively high proportion of the 
phenotypic correlations were attributable to genetic factors. In 
other words, although the genetic overlap (expression of same 
genes) between tics and both OCS and HD is moderate, a sub-
stantial proportion of the phenotypic correlation is mediated by 
their shared genetic variance (61 and 70%, respectively).

Importantly, Iervolino et al. recently reported a genetic cor-
relation between OCS and HD of 0.45, combined with their data 
suggesting that HD was mostly influenced by specific genetic 
effects (54.5% specific) (33). The authors argued that this sup-
ports the notion of these disorders constituting two etiologically 
distinct, although related, entities (20, 33). Furthermore, Mathews 
et  al. reported a substantially lower genetic correlation of 0.10 
(29). Our current findings of all cross-twin cross-trait genetic 
correlations being below 0.2 and the within-person cross-trait 
correlations being all below 0.35 are mostly in line with those in 
the study by Iervolino et al. (33). Iervolino et al. argue that the 
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FigUre 2 | single factor representation for the each of the a and e component for the best-fitting model. Numbers indicate the proportion (for both A 
and E components) shared by the three phenotypes. Ac indicates common additive genetic factors and Ec indicates common non-shared environmental factors.
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magnitude of these genetic correlations is lower than the shared 
genetic variance of 0.55 between OCD and other internalizing 
disorders. i.e., panic disorder, generalized anxiety, phobias, and 
PTSD (33, 62). They reason that a genetic overlap just under 
0.50 argues in favor of HD being a separate, but related entity, 
as it is currently defined in DSM-5. Our data on the relationship 
between HD and OCS are in support of this view.

Our estimates of genetic correlations between OCS and tics 
(0.37) are somewhat lower than the genetic correlations (0.45) as 
found by Pinto et al. (42). The differences in estimates might be 
explained by the different phenotypic tic definitions requiring an 
age of onset before 21 resulting in a prevalence of 13.5%, whereas 
their multinomial definition of lifetime tics into categories “no 
tic,” “one tic,” and “two or more tics” resulted in prevalences of 
16% at the first and 6% at the second threshold. Furthermore, our 
results are not fully in line with tic/OCS-enriched clinical family 
studies reporting very high genetic correlations between TD and 
OCS (genetic correlation = 0.92), although the SEs in this study 
were high (SE = 0.42) (39).

With respect to the shared genetic and environmental 
contributions to HD and tics, to our knowledge, this is the first 
twin-family study partitioning the covariance between tics and 
HD in its relative genetic and environmental components. Our 
moderate correlation estimate (0.35) supports the argument of 
viewing TD as distinct from HD.

Third, the common factor model further supports the view 
of shared genetic etiology between the three phenotypes. 
Neuroimaging studies have reported structural and functional 
dysfunctions in the cortico–striato–thalamo–cortical (CSTC) cir-
cuitries across all three disorders that have negative implications 
for motor response inhibition and interference control in these 
disorders, which might underlie the phenotypic behaviors of all 
these three disorders (63–65). Our results raise the interesting 

possibility that a common genetic architecture defines underly-
ing CSTC dysfunctions across the three disorders. Follow-up 
genome-wide studies may investigate whether specific genetic 
variants involved in all three disorders are differentially expressed 
in these brain areas as a result of non-shared environmental influ-
ences. In support of this, interestingly, OCS and HD showed low 
environmental correlations with tics, suggesting that tic disorders 
have specific environmental contributors invoking tic symptoms. 
In other words, non-familial (unique) environmental experi-
ences may determine the development of tics, separately from 
the broader obsessive–compulsive-related disorders, as currently 
defined in DSM-5 (2).

Finally, our results are relevant for the field of molecular genet-
ics. The lack of power to detect specific genetic risk variants is a 
recurrent issue in genome-wide studies. One way to overcome this 
limitation is to combine related phenotypes therefore increasing 
sample sizes, with consequent power gains. A crucial point here 
is the balance between power gains from increased sample sizes 
and power losses from increased heterogeneity (44, 66). Our 
results suggest that although these disorders share substantial 
genetic overlap, a substantial proportion of the genetic risk vari-
ance contributing to the liability to each disorder is independent 
from each other, and care should be taken when combining the 
phenotypes as studied in this paper.

limitations
These results should be considered in the light of some limita-
tions, mainly considering the phenotypes. Because this is a 
population-based study, the data collected are based on self-
report measures, rather than on clinician-administered structural 
interviews. The cutoffs have been empirically derived, and are 
therefore somewhat arbitrary. The cutoffs to determine symptom 
thresholds (in the case of OCS and HD), by considering the entire 
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range of age available, may have rendered different prevalence 
estimates, which might have affected estimations of genetic and 
environmental effects. However, we note that although these 
threshold cut-offs do not represent definite clinical diagnoses, 
they do correspond to clinical significant symptoms. Moreover, 
investigation of dimensions rather than true/false categorical 
diagnosis is consistent with the ideas forwarded in the NIMH 
Research Domain Criteria (RDoC) (67).

To conclude, OCS, HD, and tics share etiologic variance that 
can be explained by substantial genetic correlations. Tics are 
mostly influenced by specific environmental effects unshared 
with neither OCS or HD, suggesting that specific environmental 
stressors might cause the development of tics separate from OCS 
and HD. Our results are in line with the literature supporting the 
current definition in DSM-5 of separating these disorders into 
different, although related, entities.
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Margaritis Tsifintaris 1, Apostolia Topaloudi 1, Dimitrios Mantzaris 1, Marianthi Georgitsi 1, 2,

Petros Drineas 3 and Peristera Paschou 1*

1Department of Molecular Biology and Genetics, Democritus University of Thrace, Alexandroupolis, Greece, 2 Laboratory of

General Biology, Department of Medicine, Aristotle University of Thessaloniki, Thessaloniki, Greece, 3Computer Science

Department, Rensselaer Polytechnic Institute, Troy, NY, USA

Gilles de la Tourette Sydrome (TS) is a childhood onset neurodevelopmental disorder,

characterized phenotypically by the presence of multiple motor and vocal tics. It is often

accompanied by multiple psychiatric comorbidities, with Attention Deficit/Hyperactivity

Disorder (ADHD) among the most common. The extensive co-occurrence of the two

disorders suggests a shared genetic background. A major step toward the elucidation of

the genetic architecture of TS was undertaken by the first TS Genome-wide Association

Study (GWAS) reporting 552 SNPs that were moderately associated with TS (p < 1E-3).

Similarly, initial ADHD GWAS attempts and meta-analysis were not able to produce

genome-wide significant findings, but have provided insight to the genetic basis of the

disorder. Here, we examine the common genetic background of the two neuropsychiatric

phenotypes, by meta-analyzing the 552 top hits in the TS GWASwith the results of ADHD

first GWASs. We identify 19 significant SNPs, with the top four implicated genes being

TBC1D7, GUCY1A3, RAP1GDS1, and CHST11. TBCD17 harbors the top scoring SNP,

rs1866863 (p:3.23E-07), located in a regulatory region downstream of the gene, and the

third best-scoring SNP, rs2458304 (p:2.54E-06), located within an intron of the gene.

Both variants were in linkage disequilibrium with eQTL rs499818, indicating a role in the

expression levels of the gene. TBC1D7 is the third subunit of the TSC1/TSC2 complex, an

inhibitor of the mTOR signaling pathway, with a central role in cell growth and autophagy.

The top genes implicated by our study indicate a complex and intricate interplay between

them, warranting further investigation into a possibly shared etiological mechanism for

TS and ADHD.

Keywords: Tourette Syndrome, ADHD, meta-analysis, cross-disorder, TBC1D7, GUCY1A3, RAP1GDS1, CHST11

1. INTRODUCTION

Gilles de la Tourette Syndrome (TS) is a childhood onset neuropsychiatric disorder characterized by
amultitude of motor and vocal tics that last longer than a year. Its international prevalence has been
estimated to be approximately 1% (Robertson et al., 2009). A recent systematic review and meta-
analysis on the population prevalence of TS, refined its prevalence estimate in children to 0.3–1%
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(Scharf et al., 2015). It presents a significant gender bias, with
73% of its patients being male, and the male patients being more
likely to develop comorbid disorders (Robertson et al., 2015).
TS is often associated with other neuropsychiatric disorders,
including Attention Deficit/Hyperactivity Disorder (ADHD),
Obsessive Compulsive Disorder (OCD), depression and anxiety
(Robertson, 2006).

The first genome-wide association study (GWAS) on TS was
undertaken by the Tourette Syndrome Association International
Consortium for Genetics (TSAICG) (Scharf et al., 2013). In their
primary analysis, no SNPs achieved an association p-value of
genome-wide significance, however this study provided the basis
for subsequent studies, as the top signals that attained a p < 10−3

were found to be significantly enriched for functional variants.
The Gilles de la Tourette Syndrome GWAS Replication Initiative
(GGRI) undertook a replication (Paschou et al., 2014) of the
first GWAS study, by selecting the top LD-independent SNPs
and additional SNPs singificantly enriched in eQTL or mQTLs
for genotyping in 609 European TS patients and 610 ancestry-
matched controls, recruited from different European countries
and Canada. This replication study enriched the significance of
the selected SNPs and providedmore evidence toward the genetic
aetiology of TS.

On the other hand, initial GWAS attempts on ADHD also did
not yield genome-wide significant results (Neale et al., 2008;Mick
et al., 2010; Neale et al., 2010a; Lesch et al., 2008). To that end, a
meta-analysis was conducted by Neale et al. (2010b), aggregating
the results of the previous GWAS projects and meta-analyzing
them. This meta-analysis could not produce any significant
results either, but, similar to the TS GWAS, it set the groundwork
for the elucidation of the genetic background of ADHD.

The relationship of TS with ADHD is well established
(Karagiannidis et al., 2016). Individuals with ADHD commonly
present tics, and in individuals with TS and tics, ADHD is
a significant commorbidity. ADHD occurs in a significant
proportion of TS patients, ranging from 21 to 90% in studied
cohorts (Robertson, 2006). This phenotypic association is a major
indication of a common genetic background between the two
disorders. Furthermore, a recent study investigating the genetic
correlation among neuropsychiatric and neurological disease
based onGWAS results for each disorder, also recovered a genetic
correlation between TS and ADHD (Anttila et al., 2016).

This is the first study to attempt to identify a shared genetic
component between TS and ADHD. We used summary statistics
from the latest large-scale genomic efforts to unravel the genetic
background of TS and ADHD and derived the combined effects
of shared polymorphisms between the two datasets, highlighting
genes and pathways that may play a role in the shared etiology
between the two disorders.

2. MATERIALS AND METHODS

2.1. Data Sources
For our study we focused on the combination of the known
effects of SNPs on the phenotypes of TS and ADHD.

Scharf et al in their study (Scharf et al., 2013) performed
a GWAS and meta-analysis on a total of 1285 cases and 4964

ancestry-matched controls of European ancestry, genotyped on
484,295 SNPs. The dataset was analyzed in three split cohorts and
was subsequently meta-analyzed. The study reported 552 SNPs
associated with TS that acquired a p < 10−3.

We acquired the ADHD meta-GWAS whole-genome
summary statistics from the study conducted by the ADHD
subgroup of the Psychiatric GWAS consortium (Neale et al.,
2010b; Cross-Disorder Group of the Psychiatric Genomics
Consortium, 2013). The total sample size consisted of 896 cases,
2455 controls and 2064 trios genotyped and then imputed to
1,230,536 SNPs.

We used the publically available top SNPs with a p < 10−3

associated with TS (Scharf et al., 2013) and meta-analyzed them
with the results of the ADHD meta-analysis (Neale et al., 2010b;
Cross-Disorder Group of the Psychiatric Genomics Consortium,
2013). We identified 489 SNPs that were overlapping between the
two sources to proceed with the meta-analysis.

2.2. Meta-Analytical Procedure
We combined the effects of the SNPs in each phenotype,
following a meta-analytic approach, assuming a fixed-effects
model, using the Z-Scores as the effect and the number of cases
in each study as the weight. The heterogeneity of each analyzed
SNP was assessed using Cochran’s Q-test and I2 statistic. The
analysis was performed using the METAL (Willer et al., 2010)
software. The significance threshold was set using the Bonferroni
correction for multiple testing.

2.3. Annotation and Functional Significance
We proceeded to analyze the significant SNPs using the
ENSEMBL Variant Effect Predictor (McLaren et al., 2010) to
annotate and explore the possible functional characteristics
of the associated variants. The genomic positions of the
variants were converted to the GRCh38 assembly coordinates.
For the investigation of the allelic frequencies, and the
linkage disequilibrium (LD) patterns we used data from the
1000Genomes project (1000 Genomes Project Consortium et al.,
2015) and the LDlink software (Machiela and Chanock, 2014).
To investigate the association of the variants and their respective
genes with tissue expression levels we used the GTEx portal
(The GTEx Consortium, 2013) and the Expression Atlas database
(Petryszak et al., 2014). The annotation and exploration of the
genomic structure of the identified loci was further assisted by the
use of LdOOKUP, developed by Shaun Purcell (https://purces04.
u.hpc.mssm.edu/ldookup/ldookup.cgi).

We have uploaded all codes necessary to confirm our
conclusions and they can be found at https://github.com/ftsetsos/
tsadhdmeta2016.

3. RESULTS

The meta-analysis produced 19 significant SNPs, out of the
total 489 tested. The significance threshold was set using
the Bonferroni correction for multiple testing, setting the
significance level at a p-value of 0.0001022.

Of these 19 SNPs, five attained the lowest p-values, coupled
with no evidence of confounding heterogeneity (I2 = 0). The
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tested SNPs that present the most significant heterogeneity (Het
p < 0.05) were the ones that had achieved a p < 0.05 in the
original ADHD meta-analysis. The annotation showed that the
majority of the significant variants are located in introns, two are
in regulatory regions, while three are intergenic.

The first and third top hits (rs1866863, p:3.23E-07 and
rs2458304, p:2.54E-06) reside on a LD-block of 54.19 kb on
the 6p24.1 region. They show significant linkage disequilibrium
between them (D′: 0.909, R2: 0.725). The former is a variant
located in the regulatory region downstream of the TBC1D7
gene, and the latter is an intron variant in the same gene. Both are
in LD with the rs499818 eQTL (R2: 0.59 and 0.48 respectively),
suggesting an interplay with the expression levels of the
gene.

Chromosome 4 hosts the second (rs2705462, p:1.44E-06),
the fourth (rs17561798, p:9.89E-06), and two lower-ranked
variants(rs477897, p:8.65E-05 and rs2285084, p:1.00E-04), each
residing in four distinct, LD-independent loci. The most
significant variant, rs2705462, is located in the intergenic region
upstream of the GUCY1A3 gene in the 4q32.1 region on a LD-
block of 46.63 kb. The next variant, rs17561798, resides in the
4q23 region and is an intron variant inside the RAP1GDS1 gene.
The variant rs477897 is located within an intron of ADD1 in the
region 4p16.3 captures an area of 125.59 kb, implicating the genes
H3BP2, ADD1, MFSD10, NOP14. The intron variant rs2285084
is located in the gene ANXA10. The gene is included in the locus
4q32.3 in a high LD region of 330.00 kb that contains also the
genes ANXA10, DDX60, DDX60L.

The fifth most significant SNP, rs1650137 (p:1.76E-05), is
located on 12q23.3 in an intron of the gene CHST11. This region
is inside a LD-block that extends for 39.68 kb. The variant
rs2246417 came up as the sixth most significant (p:1.95E-05),
residing in the locus 21q22.3 in a LD-block of 16.29 kb, within
an intron of the LINC00316 gene.

The variant rs11716445 (p: 8.01E-05) resides in the 3p21.31
region. This region is characterized by a very large area with an
extended high-LD block of 1941.64 kb and it contains 70 genes,
with the first genes being PLXNB1, CCDC51, TMA7, ATRIP,
TREX1, and ending with HYAL2, TUSC2, RASSF1, ZMYND10,
NPRL2. The variant itself is located in the intron of the RHOA
gene. It is one of the lower-ranked variants that achievedminimal
confounding by heterogeneity.

The locus 7p21.3 hosts the intergenic variants rs13244651
(p:4.11E-05) and rs17531553 (p:7.08E-05) that are part of a LD-
block sized at 103.93 kb, albeit with no known genes close to
them, and no strong suggestive results for any direct functional
implication.

Two genomic regions on chromosome 9 are implicated by our
results. A region of 58.16 kb in the 9p24.2 locus contains the
variants rs1007021 (p: 4.38E-05) and rs1007022 (p:7.68E-05) in
the introns of KCNV2, showing strong LD between them (D′:
1.000 R2:0.803). The region 9q31.1 contains the intergenic variant
rs7858600 (p:5.30E-05) inside a region of 27.35 kb.

In the locus 10q21.1, the intergenic variant rs1896373
(p:7.46E-05) captures a region of 47.58 kb, in strong LD with the
rs1919459 eQTL (R2: 0.97) that is associated with the regulation
of DKK1. The variant rs4789936 (p:8.92E-05) is located in the

17q25.3 locsus, in a LD-region 34.19 kb, and is an intron variant
of the gene TIMP2 while on it is non-coding exon variant in
the gene CEP295NL. In the locus 16q12.1, the variant rs7203818
(p:1.01E-04) resides in a LD-block of 21.12 kb within an intron of
ZNF423.

On chromosome 13, the LD-associated variants rs7336083
and rs9319159 (D′: 0.974 R2: 0.897) represent an LD-block of
292.34 kb and reside in the introns of the LINC00351 gene. The
result is mostly driven by the p-value attained in the TS meta-
analysis and there is evidence of significant confounding caused
by heterogeneity.

We summarize the results of the meta-analysis on Table 1.
In Table 2, we provide the annotation we generated for each
significant variant, and in Table 3 we provide the LD regions
associated with the variants. The full results of the meta-analysis
on the 489 tested SNPs are described in more detail in the
Supplementary Material.

4. DISCUSSION

This is the first study to identify shared genetic factors underlying
TS and ADHD, two closely related and often co-occurring
neuropsychiatric disorders (Karagiannidis et al., 2016). Wemeta-
analyzed 489 of the top hit SNPs in the first TS GWAS, that
had also been tested in ADHD published GWASs and meta-
analysis. Our own meta-analysis highlights genes that may
play a role in the shared etiology between TS and ADHD. 19
SNPs attained in the meta-analysis a p-value lower than the
significance threshold, as denoted by the Bonferroni correction
approach for multiple testing. All significant SNPs had the same
direction of effect, which is indicative of a shared mechanism
of disease development. A minority of those had not presented
any association with ADHD in the original ADHDmeta-analysis,
with the resulting combined p-value being driven mostly by the
p-value acquired from the TS study.

The five most significant SNPs had achieved moderate
association p-values in the original ADHD study, and thus
attained high p-values with no heterogeneity-based confounding
in our meta-analysis, becoming strong candidates for the shared
genomic background of the disorders.

TBC1D7 (TBC1 Domain Family, Member 7) is a prominent
gene in our results, with two variants achieving the top and
the third best p-values in our study. The top scoring SNP is
located in a regulatory region downstream of the gene, while the
third top is located within an intron of the gene. The associated
variants have demonstrated linkage disequilibrium with a known
eQTL for the expression of the gene, further substantiating
their implication into the regulation of the expression profile
of the gene. Expression profiling in Expression Atlas and GTEx
show significant overexpression in the brain, the heart, the
testis and in blood cells. The product of the gene is the
third subunit of the TSC1-TSC2 complex with a Rheb-GAP
activity, and is ubiquitously present in the complex (Dibble
et al., 2012). An eQTL for TBC1D7 has been significantly
associated with migraine and migraine without aura in a study of
23,285 individuals withmigraine and 95,425 population-matched
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TABLE 1 | Significant results of the meta-analysis.

SNP Chromosome Position Allele TS ADHD Meta Direction I2 Het P-value

rs1866863 6 13336583 A 6.09E-04 1.51E-04 3.23E-07 – 0 0.9916

rs2705462 4 155648650 T 8.30E-04 5.09E-04 1.44E-06 – 0 0.875

rs2458304 6 13323663 A 3.74E-04 1.77E-03 2.54E-06 – 0 0.5818

rs17561798 4 98314790 A 3.80E-04 6.01E-03 9.89E-06 – 0 0.4226

rs1650137 12 104586532 A 4.01E-04 9.58E-03 1.76E-05 ++ 0 0.3702

rs2246417 21 45339588 T 2.54E-04 1.42E-02 1.95E-05 ++ 13.7 0.2816

rs9319159 13 85445305 T 1.15E-05 1.11E-01 3.77E-05 – 79.2 0.02837

rs13244651 7 10308596 T 5.03E-05 6.18E-02 4.11E-05 ++ 67.8 0.07797

rs1007021 9 2723657 A 5.36E-05 6.26E-02 4.38E-05 ++ 67.5 0.07919

rs7858600 9 102764080 A 2.26E-04 3.42E-02 5.30E-05 ++ 42.8 0.1859

rs7336083 13 85429252 A 9.49E-06 1.71E-01 6.88E-05 – 82.3 0.01756

rs17531553 7 10311703 A 9.40E-05 6.73E-02 7.08E-05 ++ 64.5 0.09348

rs1896373 10 52334599 T 3.46E-04 3.50E-02 7.46E-05 ++ 35.8 0.2121

rs1007022 9 2723761 A 8.85E-05 7.33E-02 7.68E-05 ++ 66 0.08647

rs11716445 3 49368662 A 7.95E-04 2.22E-02 8.01E-05 ++ 0 0.336

rs477897 4 168177763 A 3.10E-04 4.19E-02 8.65E-05 ++ 42.5 0.1874

rs4789936 17 78901892 T 7.12E-04 2.61E-02 8.92E-05 – 5.1 0.3047

rs2285084 4 2904558 A 8.07E-04 2.66E-02 1.00E-04 – 1 0.3149

rs7203818 16 49610387 A 4.03E-04 4.09E-02 1.01E-04 ++ 37.1 0.2075

Here we report the p-values attained in each study, the combined p-value after the meta-analysis and the direction of the effect. Alongside these statistics, we also present Cochran’s

I2 value and the heterogeneity p-value for each SNP.

TABLE 2 | Functional annotation of the significant SNPs of the meta-analysis.

SNP Chromosome Position P-value Gene Impact Global Freq EUR Freq

rs1866863 6 13336583 3.23E-07 TBC1D7 Regulatory region A:0.4583 G:0.3907

rs2705462 4 155648650 1.44E-06 GUCY1A3 Intergenic T:0.2041 T:0.2893

rs2458304 6 13323663 2.54E-06 TBC1D7 Intron A:0.4287 G:0.3598

rs17561798 4 98314790 9.89E-06 RAP1GDS1 Intron G:0.0110 G:0.0398

rs1650137 12 104586532 1.76E-05 CHST11 Intron A:0.2911 A:0.2038

rs2246417 21 45339588 1.95E-05 LINC00316 Intron C:0.2428 C:0.1461

rs9319159 13 85445305 3.77E-05 LINC00351 Intron T:0.3259 T:0.3797

rs13244651 7 10308596 4.11E-05 Intergenic Intergenic G:0.3724 G:0.4066

rs1007021 9 2723657 4.38E-05 KCNV2 Intron A:0.1388 A:0.0696

rs7858600 9 102764080 5.30E-05 Intergenic Intergenic G:0.3694 A:0.4861

rs7336083 13 85429252 6.88E-05 LINC00351 Intron A:0.3311 A:0.3668

rs17531553 7 10311703 7.08E-05 Intergenic Intergenic G:0.3746 G:0.4066

rs1896373 10 52334599 7.46E-05 Intergenic Regulatory region T:0.4994 T:0.4513

rs1007022 9 2723761 7.68E-05 KCNV2 Intron A:0.0649 A:0.0567

rs11716445 3 49368662 8.01E-05 RHOA Intron A:0.03115 A:0.1024

rs477897 4 168177763 8.65E-05 ANXA10 Intron G:0.1148 G:0.2256

rs4789936 17 78901892 8.92E-05 CEP295NL Intron T:0.4407 T:0.5219

rs2285084 4 2904558 1.00E-04 ADD1 Intron G:0.2414 G:0.2087

rs7203818 16 49610387 1.01E-04 ZNF423 Intron A:0.2169 A:0.1581

Here we present the genes in which the SNPs are located, along with the frequency of the alleles in global and european populations, according to 1000 Genomes.

controls (Anttila et al., 2013). Interestingly, Anttila et al (Anttila
et al., 2016) also picked up a genetic correlation between TS and
migraine.

The presence of TBC1D7 in the TSC1/2 complex creates
a suggestive functional link between the proteins. The role

of the TSC1/2 complex is indicative of TBC1D7’s role in the
brain and neuropsychiatric disease, as an important component
of the active complex. The TSC1 (Tuberous Sclerosis 1)
and TSC2 (Tuberous Sclerosis 2) genes have an important
role in the aetiology of Tuberous Sclerosis Complex (TSC).
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TABLE 3 | LD-regions that are captured by the top SNPs in our study.

SNP Chromosome Region Length (kb) Gene(s) eQTL

rs11716445 3 48446237..50387873 1941.64 PLXNB1;...NPRL2 –

rs2705462 4 156557255..156603882 46.63 GUCY1A3 –

rs477897 4 168980017..169310018 330.00 ANXA10; DDX60; DDX60L –

rs2285084 4 2836195..2961783 125.59 SH3BP2; ADD1; MFSD10; NOP14 –

rs1866863 6 13298395..13352581 54.19 TBC1D7 1.7e-10 (rs499818)

rs17531553 7 10255806..10359733 103.93 – –

rs7858600 9 105517266..105544614 27.35 – –

rs1007021 9 2699874..2758034 58.16 KCNV2 –

rs1896373 10 54068904..54116478 47.58 DKK1 2.18e-05 (rs1919459)

rs1650137 12 104977289..105016971 39.68 CHST11 –

rs7336083 13 85893863..86186202 292.34 – –

rs7203818 16 49637407..49658524 21.12 ZNF423 –

rs4789936 17 76894415..76928600 34.19 TIMP2; LOC100653515 –

rs2246417 21 46744358..46760648 16.29 – –

Regions that are in linkage disequilibrium with the top SNPs, along with the range of genes residing in those regions and any linked known eQTLs. Genomic coordinates are in reference

to the GRCh37 assembly.

TSC is a neurodevelopmental disorder that typically presents
with tumours of the brain, skin, heart, lungs, and kidneys,
but also neurological disorders such as epilepsy, cognitive
disability and autism. The TSC1/2 complex acts as an inhibitor
of the mechanistic target of rapamycin (mTOR) signaling
pathway which plays a central role in cell growth, proliferation,
autophagy and thus also neurodevelopment (Henske et al., 2016).
The TSC pathway regulates neuronal structure and function,
and is sensitive to gene-dosage effects, showing degrees of
haploinsufficiency (Tavazoie et al., 2005). TSC1 has also been
implicated in bipolar disorder, without attaining genome-wide
significance (Scott et al., 2009). Furthermore, TSC1 has been
shown to have a neuroprotective role in hippocampal regions of
the brain, protecting against ischemic events (Papadakis et al.,
2013).

RAP1GDS1 (RAP1, GTP-GDP dissociation stimulator 1)
is a GDP/GTP exchange protein with GTPase activity (Riess
et al., 1993). It is located on chromosome 4 and is the third
top locus to be implicated in the shared genetic background,
with the associated variant residing in the intron of the
gene. It is significantly overexpressed in brain and nervous
tissues. RAP1GDS1 has been shown to interact with RHO
(Ras homolog gene family, member A), that has also been
implicated in this study, in a cascade involving interactions
with multiple signaling proteins (Vikis et al., 2002; Berg
et al., 2010; Hamel et al., 2011). CHST11 (carbohydrate
chondroitin 4 sulfotransferase 11) is involved in the sulfation
of chondroitin (Klppel, 2010), which is a key element of the
brain matrix (Kwok et al., 2012). It is expressed in areas
of the brain, including the hippocampus and the caudate
nucleus. GUCY1A3 (Guanylate cyclase soluble subunit alpha-
3) functions as the main receptor for nitric oxide, and
has been implicated in Moyamoya disease, a disease causing
constriction in arteries and brain ischemic events (Wallace et al.,
2016).

5. CONCLUSION

We investigate, for the first time, the common genetic
background between TS and ADHD on a genomewide scale
and provide evidence that specific genes may underlie both
disorders. The implicated variants lie on genes that appear to
have a complex interplay between them. The main theme of the
results is the Ras signaling cascade in the brain, with TBC1D7 and
RAP1GDS1 being key elements of the brain signaling pathways.
Interestingly, an additional theme emerging from the data, is
related to brain ischemic response, with GUCY1A3 and the
TSC1/2 complex (which includes TBC1D7) as implicated as
factors. Intriguingly, one of our top hits, TBC1D7, implicates
the mTOR signaling pathway and autophagy processes (Dibble
et al., 2012). Furthermore, our analysis also points to CHST11,
which has been shown to regulate the brain extracellular matrix,
by affecting the chondroitin sulfation levels. Therefore, further
investigation in the role of the respective genes in the shared
genetic aetiology of TS and ADHD is warranted. Our results
provide an intriguing insight into the shared mechanism of
common neuropsychiatric disorders.
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Gilles de la Tourette syndrome (GTS) is a neuropsychiatric disorder characterized by

multiple motor and vocal tics. GTS is a complex disorder, with environmental factors

and several genes involved. Although variations within a few genes such as AADAC,

NRXN1, SLITRK1, HDC, and IMMP2L have been tentatively associated with GTS (in a

small number of patients), the causative genes underlying GTS pathophysiology remain

unknown. In a previous genome-wide association study (GWAS) a single nucleotide

polymorphism (SNP, rs2060546) near the Netrin-4 (NTN4 - MIM 610401) gene was

shown to be associated with GTS [odds ratio (OR) = 1.7; p-value = 5.8 × 10-7]

thus warranting further investigations. As NTN4 is one of the axon guidance molecules

expressed in the central nervous system and it interacts with the encoded proteins ofSLIT

and WNT genes guiding the growth cone toward its target, it is an attractive candidate

susceptibility gene for GTS. In this study we attempted to replicate the association of

rs2060546 with GTS by genotyping a Danish cohort of 240 GTS patients and 1006

healthy controls. Our results did not reveal an association (OR = 1.363; p-value =

0.3329) in the Danish cohort alone, which may be due to the small sample size. However,

a meta-analysis including the present cohort and a total of 1316 GTS patients and

5023 controls from the GTS GWAS Replication Initiative (GGRI) and the first GTS-GWAS

yielded a significant signal (OR= 3.74; p-value= 0.00018) and same direction of effect in

the three cohorts. Thus, our study strengthens the evidence of the possible involvement

of NTN4 in GTS etiology, suggesting that further studies in even larger samples and

functional studies are warranted to investigate the role of this region in GTS pathogenesis.

Keywords: axon guidance, Gilles de la Tourette syndrome, GTS, Netrin-4, NTN4, single nucleotide polymorphism,

SNP
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INTRODUCTION

Gilles de la Tourette syndrome (GTS) is a complex juvenile-onset
neuro-developmental disorder characterized by the occurrence
of multiple motor and vocal tics (Nag et al., 2013). Recent
epidemiological studies estimated the worldwide prevalence of
GTS to be approximately 1% with a male:female ratio of 4:1
(Robertson et al., 2009). GTS is often associated with co-
morbidities such as attention-deficit hyperactivity disorder and
obsessive-compulsive disorder (Dietrich et al., 2014). Additional
co-occurring conditions are behavioral and emotional difficulties
(hyperactivity, anxiety, and depression), sleeping disturbances,
intellectual disabilities and autism spectrum disorder (Singer and
Rosenberg, 1988; Wood et al., 2003). Studies so far conducted on
GTS showed that there is a complex interplay of environmental
and genetic factors, confirming the notion that GTS is a
highly complex disorder (Davis et al., 2013; Dietrich et al.,
2014).

To identify the causative genes and the biological pathways
involved in GTS several approaches have been pursued,

FIGURE 1 | Two dimensional PCA plot of Danish GTS cases with selected populations from 1000genomes cohort.

including candidate gene studies, family studies using linkage
analysis, analysis of chromosomal abnormalities including copy
number variants (CNV) and hypothesis-free genome-wide
association studies (GWAS) (Paschou, 2013). For instance,
chromosomal abnormalities have proven useful for identifying
new candidate genes in GTS affected patients (Bertelsen et al.,
2013). Chromosomal abnormalities have probed new candidate
regions containing susceptible genes such as Slit- and Ntrk-Like
Family, Member 1 (SLITRK1—MIM 609678), Neuroligin

TABLE 1 | Summary of the three different cohorts included in the

meta-analysis.

Cohort Cases Controls

Male Female Unknown Total Male Female Unknown Total

Danish 208 53 0 261 649 403 1 1053

GGRI 498 127 11 636 346 284 11 641

GTS-GWAS 1012 273 0 1285 1931 3033 0 4964
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4 (NLGN4—MIM 300427) and Contactin-Associated Protein-
Like2 (CNTNAP2—MIM 604569) (Verkerk et al., 2003; Abelson
et al., 2005; Lawson-Yuen et al., 2008; Patel et al., 2011).
Specific CNV analyses have resulted in the identification
of several other candidate genes, including Arylacetamide
Deacetylase (AADAC—MIM 600338), Collagen, Type VIII,
Alpha-1 (COL8A1—MIM 120251), Neurexin I (NRXN1—MIM
00565), Catenin Alpha-3 (CTNNA3—MIM 607667) and Inner
Mitochondrial Membrane Peptidase, Subunit 2, (IMMP2L—
MIM 605977) (Sundaram et al., 2010; Nag et al., 2013; Bertelsen
et al., 2014, 2015). The first large GWAS for GTS did not
identify any genome-wide significance SNP (Scharf et al., 2013).
A multinational consortium, GTS GWAS Replication Initiative
(GGRI), followed up on the results of the initial GWAS in an
independent cohort of 636 cases and 641 controls, showing an
association between GTS and rs2060546 (OR = 2.41; p-value =
5.8 × 10−7) on chromosome 12q23.1, ∼32 kb upstream to the
transcriptional start site of Netrin-4 (NTN4); a gene encoding

an axon guidance protein expressed in the central nervous
system (Paschou et al., 2014). As NTN4 is an attractive candidate
susceptibility gene, we investigated the association of rs2060546
with GTS in a Danish cohort of 240 GTS patients and 1006
healthy controls.

MATERIALS AND METHODS

Samples
We investigated a Danish cohort and two previously published
datasets (GGRI and GTS-GWAS) (Table 1). The first cohort
(n = 1314) includes 261 deeply phenotyped GTS patients and
1053 healthy controls from Denmark. Danish ancestry was
investigated using the genotype information. The second cohort
from GGRI includes 1277 individuals (636 GTS cases and 641
healthy controls) from different European populations (Paschou
et al., 2014). The third cohort (GTS-GWAS) includes 6249

FIGURE 2 | Two dimensional PCA plots of Danish controls and selected populations of 1000genomes cohort.
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FIGURE 3 | Two dimensional PCA plot of Danish GTS cases and controls to check for population outliers.

individuals (1285 GTS cases and 4964 controls) of European
ancestry (Scharf et al., 2013).

Genotyping
261 GTS cases from Denmark were genotyped on the
Affymetrix CytoScanHD array (Affymetrix, Santa Clara, CA)
covering around 750,000 single nucleotide polymorphisms
(SNPs) and ∼1.9 million single-locus copy number (CN)
markers. 1053 healthy controls were genotyped on Illumina
HumanOmniExpress arrays—18 on HumanOmniExpress12v1
and 1034 on HumanOmniExpress12v1-1 covering around
700,000 SNPs each. SNP calling and pre-processing of the
raw data for Illumina controls were carried out using
Illumina Genomestudio R© software. For GTS cases genotyped
on Affymetrix CytoScanHD SNP calling a pre-processing

was carried out using default parameters for method apt-
copynumber-cyto from Affymetrix Power Tools (APT, version
1.16) software.

Quality Control
A standard GWAS quality control measure (Scharf et al., 2013)
was applied on both cases and controls from the Danish cohort
to filter for population outliers and samples with low call rate;
and to remove systematic bias using the software PLINK (Purcell
et al., 2007). Quality control at SNP level includes removal of
monomorphic SNPs, SNPs with genotyping rate < 98%, SNPs
with no information about chromosome location, SNPs with
absolute minor allele frequency difference > 0.15, SNPs that
fail Hardy-Weinberg Equilibrium and SNPs with AT/CG alleles.
To check the quality of the Danish GTS cases metric values
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for CytoScanHD array recommended by the manufacture was
used in the pre-processing step. Sample call rate calculated using
PLINK (Purcell et al., 2007) was used to filter out samples that
had more than 2% of SNPs missing. F statistic was calculated
using SNPs from the X-chromosome. F < 0.25 was assigned to
female and F > 0.75 was assigned to male. Samples with an F-
value between 0.25 and 0.75 were discarded due to sex ambiguity.
Estimates of pairwise Identity-by-descent from PLINK (Purcell
et al., 2007) were used to remove one of the samples from
each pair which pass the relatedness metrics either pi-hat >

0.1 or Z1 > 0.2. Samples with high rates of heterozygosity Fhet
> ± 0.05 are more likely to be result of contamination and
were removed from the analysis. Principal Component Analysis
(PCA) was applied using EIGENSTRAT (Price et al., 2006) and
remaining samples were merged with the 1000 genomes cohort
to remove European cluster and population outliers. Out of 261
GTS cases, four samples were removed as they did not lie inside
the European cluster in Figure 1. Eleven healthy controls lied
outside of the European cluster in Figure 2 and were removed
from the association analysis. After removing the European
outliers, Danish GTS cases and healthy controls were merged
for 126,821 common SNPs. The PCA plot in Figure 3 was made
using a LD-pruned set of ∼90,000 SNPs to identify Danish
outliers. One GTS case was removed as population outlier seen
in Figure 3 which left in total 240 Danish GTS cases and 1006
healthy controls.

Association Analysis
Standard case control association analysis using PLINK (Purcell
et al., 2007) was performed using χ

2 test comparing SNP
frequency between cases and controls.

TABLE 2 | Quality control steps at sample level with number of samples

failed at each step.

Quality Control (QC) Step Danish GTS Affymetrix

CytoScanHD

Danish Controls

Illumina OmniExpress

Samples before QC 261 1053

Pre-processing SNP quality 10 0

Sample Call Rate < 98% 0 2

Sex ambiguous samples 0 0

Low level related samples 1 26

Abnormal heterozygosity 5 8

European Outliers 4 11

Danish Outliers 1 0

Final Samples after QC 240 1006

Meta-Analysis
Metal (Willer et al., 2010) was used to perform sample weighted
meta-analysis of association results of the SNP rs2060546 from all
three cohorts. Association results for the GGRI and GTS-GWAS
cohorts were taken from the original studies (Scharf et al., 2013;
Paschou et al., 2014).

RESULTS

We attempted to replicate the association of SNP rs2060546
with GTS by investigating quality control passed genotyped data
of 240 GTS patients and 1006 healthy controls from Denmark
(Table 2). We did not find the SNP rs2060546 to be significantly
associated in the Danish cohort (OR =1.363, 95% CI 0.7188-
2.675; p-value = 0.3329) (Table 3). This might be attributed to
the small size of the cohort and we proceeded to perform a
meta-analysis with previously published data (Paschou et al.,
2014). However, meta-analysis of the Danish, the GGRI and
the first GTS-GWAS cohorts, showed significant association to
the studied SNP (OR = 3.74; p-value = 0.00018) and the same
direction of effect in all three cohorts (Table 3). Thus, the results
supported the involvement of this particular chromosomal
region in GTS etiology, and potentially NTN4.

DISCUSSION

Involvement of NTN4 in neurodevelopment makes it an
attractive candidate protein as a contributing factor to GTS
pathology. During the development of the nervous system,
numerous dynamic guidance cues direct the trajectory of the
migrating developed axon toward its suitable target (Killeen
and Sybingco, 2008). Netrins are axon guidance cues which are
composed of six members: Netrin 1-4 Netrin-related molecules,
Netrin-G1 and G2 (Davis et al., 2013). Netrin-4 functions as
guidance cue for axonal growth, neurite elongation, neuronal
remodeling and plasticity (Zhang et al., 2004). The neuronal
growth cones sense Netrin-4 as either attractant or repellent cues,
depending on different receptors expressed on their surface or
differences in the cellular signal transduction machinery (Koch
et al., 2000; Qin et al., 2007). Netrin-4 might mediate axon
outgrowth by attracting actions through deleted in colorectal
carcinoma (DCC) or neogenin (Neo 1) receptors and repulsive
effects through unc-5 homolog (UNC5A) receptors (Qin et al.,
2007; Schubert et al., 2009). Previous imaging studies showed
that changes in the thalamus and cerebral cortex volumes play
a significant role in regulating the severity of tic symptoms
implicated in GTS cases (Rueda et al., 2005; Rickards et al., 2008).
Notably, expression of the NTN4 gene was detected in human

TABLE 3 | The association results for NTN4—rs2060546 SNP in the three different cohorts.

Cohort Minor allele Mino allele frequency in GTS cases Minor allele frequency in controls p-value Odds ratio (OR)

Danish A 0.03099 0.02293 0.3329 1.363

GGRI A 0.04844 0.02131 0.00033 2.41

GTS-GWAS A 0.03834 0.02746 0.02 1.44
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brain regions such as cerebellum, thalamus, cerebral cortex and
olfactory bulb, thus, supporting the role of this gene in GTS
pathogenesis (Zhang et al., 2004; Amat et al., 2006; Lee et al.,
2006).

In this study, we could not identify any association between
rs2060546 SNP andGTS in a relatively small Danish cohort alone,
however, meta-analyses with the GGRI and GTS-GWAS cohorts
provides further support for the possible association of this SNP
with GTS in European populations. The close localization of
rs2060546 to NTN4 and the abundant expression of Netrin-4
in different brain regions, associated with GTS pathogenesis,
rendered further support to the hypothesis thatNTN4might be a
new candidate gene for GTS.
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Objective: Obsessive-compulsive disorder (OCD) is a common neuropsychiatric

disorder with moderate genetic influences and white matter abnormalities in

frontal-striatal and limbic regions. Inconsistencies in reported white matter results from

diffusion tensor imaging (DTI) studies can be explained, at least partly, by medication use

and between-group differences in disease profile and stage. We used a family design

aiming to establish whether white matter abnormalities, if present in un-medicated OCD

patients, also exist in their unaffected siblings.

Method: Forty-four OCD patients, un-medicated for at least the past 4 weeks,

15 of their unaffected siblings, and 37 healthy controls (HC) underwent DTI using

a 3-Tesla MRI-scanner. Data analysis was done using tract-based spatial statistics

(TBSS). Fractional anisotropy (FA), axial diffusivity (AD), radial diffusivity (RD), and mean

diffusivity (MD) values were comparedwithin seven skeletonised regions of interest (ROIs),

i.e., corpus callosum, bilateral cingulum bundle, bilateral inferior longitudinal fasciculus/

frontal-occipital fasciculus (ILF/FOF) and bilateral superior longitudinal fasciculus (SLF).

Results: Un-medicated OCD patients, compared with HC, had significantly lower FA in

the left cingulum bundle. FA was trend-significantly lower in all other ROIs, except for the

corpus callosum. Significant three-group differences in FA (and in RD at trend-significant

level) were observed in the left cingulum bundle, with the unaffected siblings representing

an intermediate group between OCD patients and HC.

Conclusions: OCD patients showed lower FA in the left cingulum bundle, partly driven

by trend-significantly higher values in RD. Since the unaffected siblings were found to be

an intermediate group between OCD patients and HC, this white matter alteration may

be considered an endophenotype for OCD.

Keywords: diffusion tensor imaging, fractional anisotropy, obsessive-compulsive disorder, endophenotype
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INTRODUCTION

Obsessive-compulsive disorder (OCD) is a debilitating
neuropsychiatric disorder characterized by obsessions (intrusive
recurrent thoughts) and/or compulsions (repetitive behaviors).
OCD is moderately heritable (Hudziak et al., 2004; Van
Grootheest et al., 2007), with heritability rates between 40 and
45% (Hudziak et al., 2004) and first degree relatives of the
patients having a 4–10 times higher risk of developing OCD
(Nestadt et al., 2000), depending on age of the proband. At the
same time, the genetic basis of OCD is complex, multi-factorial,
and under strong environmental influence (Grisham et al.,
2008). Both structural and functional neural correlates of OCD
have been found in the unaffected first-degree relatives of OCD
patients (Chamberlain et al., 2008; Menzies et al., 2008b; de Wit
et al., 2012; de Vries et al., 2014), suggesting that at least in part,
the alterations are state-independent and might be regarded as
correlates of genetic vulnerability, also called endophenotypes
(Gottesman and Gould, 2003).

In contrast to the large literature on gray matter alterations
in OCD (Radua and Mataix-Cols, 2009; Rotge et al., 2009;
de Wit et al., 2014), white matter abnormalities in OCD have
caught relatively less attention. A recent OCD Brain Imaging
Consortium mega-analysis (de Wit et al., 2014), involving 412
OCD patients and 368 healthy controls (HC), reported decreased
white matter volumes in frontal regions in the patient group,
suggesting abnormalities of white matter connections between
the prefrontal and subcortical regions within the frontal-striatal
circuits. These results were consistent with some previous studies
on white matter volume (van den Heuvel et al., 2009; Togao et al.,
2010). White matter volume alterations have also been reported
for the parietal and occipital lobes (Riffkin et al., 2005; Lázaro
et al., 2009, 2011).

Although potentially related to white matter volume, the
microstructure of the white matter tracts may provide additional
insights into the pathophysiology of OCD. Diffusion tensor
imaging (DTI) is a widely used neuroimaging technique to study
brain tissue microstructure by quantification of the diffusion
characteristics of water molecules (Le Bihan et al., 2001).
Anisotropy, generally expressed as fractional anisotropy (FA), is a
directionally dependent property of water diffusivity. FA in white
matter reflects the underlying characteristics of microstructure,
such as fiber density, axonal diameter, thickness of the myelin
sheaths, and directionality of the fibers (Koch et al., 2014). FA is
derived from the three eigenvalues of the diffusion tensor: λ1, λ2,
and λ3. The largest eigenvalue (λ1), or axial diffusivity (AD), has
been found to be a possible marker for axonal injury. The average
of the two smaller eigenvalues λ2 and λ3, or radial diffusivity
(RD) has been suggested as an indicator of myelin damage (Song
et al., 2003; Fan et al., 2012). Mean diffusivity (MD) is the average
of all three eigenvalues.

A recent DTI meta-analysis by Radua et al., comparing 204
OCD patients with 231 matched HC, showed reduced FA in the
corpus callosum, the cingulum bundle, the inferior longitudinal
fasciculi (ILF)/the frontal-occipital fasciculi (FOF), and the
superior longitudinal fasciculi (SLF). Whether these alterations
reflect state or trait effects (i.e., are the result of adaptive changes

as a consequence of disease) or underlie disease vulnerability
(and thus can be considered an endophenotype of OCD), cannot
be deduced from the classical case-control studies. Therefore,
extension to a family-based approach is warranted.

Menzies et al. (2008b) were the first to show that both OCD
patients and their first-degree relatives had reduced FA in the
right inferior parietal white matter and increased FA in the right
medial frontal region. However, their results may have been
partly confounded by suboptimal matching between the groups
and medication use. Also, they did not explore differences in
diffusivity parameters underlying the FA alterations. A combined
DTI/voxel-based morphometry study using a monozygotic (MZ)
twin design reported white matter characteristics of MZ twins
who were concordant and discordant on obsessive-compulsive
traits (den Braber et al., 2011). This study reported effects for
environmental as opposed to genetic influences on regional white
matter volume: the predominant FA decrease found in inferior
frontal regions in the MZ concordant-high vs. concordant-low
twins was suggested to reflect genetic (trait) effects, whereas
the within MZ discordant twin comparison revealed increased
dorsolateral prefrontal white matter changes in the high scoring
twins, thought to reflect changes due to environmental effects.
More recently, Shaw et al. investigated adult and adolescent
OCD patients and their unaffected siblings and found similar
morphological abnormalities in cortical and subcortical regions
of caudate nucleus, thalamus and the right orbitofrontal cortex.
Besides, both OCD patients and unaffected siblings, as compared
with healthy controls, showed increased thickness of the right
precuneus (Shaw et al., 2015).

In summary, available evidence for whitematter abnormalities
in OCD is largely inconsistent. We suggest several possible
reasons for the reported discrepancies: (1) in OCD, white matter
alterations might be subtle thus difficult to detect; (2) medication
effects seem to confound the findings (Yoo et al., 2007; Fan et al.,
2012; Benedetti et al., 2013; Radua et al., 2014); (3) results are
highly variable across pediatric, adolescent and adult patients
due to changes in white matter architecture throughout brain
development (Peters et al., 2012); (4) debate has risen recently
on whether FA alone is sufficient and sufficiently representative
to indicate changes in white matter microstructure (Hasan, 2006;
Fan et al., 2012; Szczepankiewicz et al., 2014); and (5) small
samples and inconsistent methodologies have been used (Radua
et al., 2014).

In this study, we aimed to replicate and extend previous
findings, by exploring white matter microstructure in a group
of un-medicated adult OCD patients, their unaffected siblings
and gender and age-matched HC. By using tract-based spatial
statistics (TBSS), we first aimed to investigate whether there were
any abnormalities of FA in OCD patients compared with HC,
and to investigate whether these between-group differences could
be explained by any of the diffusivity measures (i.e., AD and
RD). Finally, we aimed to explore whether alterations in diffusion
parameters also existed in the unaffected siblings, to disentangle
whether white matter changes are cause or consequence of the
disease.

We used a region-of-interest (ROI) approach by selecting
7 ROIs, based on the results from the meta-analysis of Radua
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et al. (2014), corpus callosum, the bilateral cingulum bundle, the
bilateral ILF/FOF and the bilateral SLF. We hypothesized that
OCD patients compared with HC would show lower FA with
changes in diffusivity values in the ROIs. Moreover, based on the
familiality of OCD we expected that these abnormalities would
be shared (as a trait), at least partly, in the unaffected siblings of
the patients.

METHODS AND MATERIALS

Participants
Forty-four OCD patients who were un-medicated for at least
4 weeks when participating in the study (mean age 38.5
year, SD = 9.9), 15 of their unaffected siblings (mean age
38.1 year, SD = 14.1), and 37 HC (mean age 39.5 year,
SD = 11.5) were included. The groups were matched on age,
gender, handedness, and education level. OCD patients were
recruited from the outpatient clinics within the Netherlands
OCDAssociation cohort (Schuurmans et al., 2012), the Academic
Anxiety Center Altrecht (Utrecht, the Netherlands), and by
online advertisements. HC were recruited by local and online
community advertisements.

All participants were screened on axis I psychiatric disorders
using the Structured Clinical Interview for DSM-IV-TR Axis
I Disorders (First et al., 2002). OCD symptom characteristics
and severity were assessed with the Yale-Brown Obsessive
Compulsive Scale (Y-BOCS, symptom list and severity scale)
(Goodman et al., 1989) and the/Inventory-Revised (OCI-R)
(Foa et al., 2002). Depressive symptoms were assessed with
the Montgomery-Åsberg Depression Rating Scale (MADRS)
(Montgomery and Asberg, 1979) and handedness with the
Edinburgh Handedness Inventory (Oldfield, 1971).

Current psychoactive medication use, current or past
psychosis, major physical illness, a history of amajor neurological
illness, and MRI contra-indications served as exclusion criteria.
All the OCD patients were un-medicated for at least 4 weeks.
No patients were excluded due to their psychiatric comorbidity
(including tic disorder) and they could participate if they had
a primary diagnosis of OCD without predominant hoarding.
Siblings were included provided that they did not meet lifetime
criteria for OCD and had no current DSM-IV-TR axis I diagnosis.
Healthy control subjects had no current DSM-IV-TR axis I
diagnosis and no family history of OCD. The local ethical review
board of VU university medical center approved all procedures
and all subjects provided written informed consent.

MRI Acquisition
MRI was performed using a whole-body 3-Tesla MR system
(Signa HDxt, GE Healthcare, Milwaukee, USA) equipped with an
eight-channel phased-array head coil. Diffusion weighted echo-
planar imaging was collected in 30 diffusion weighted (b = 1000
s/mm2) and five reference (b = 0 s/mm2) volumes with 49
contiguous axial slices of 2.4mm slice thickness for covering
the whole brain (repetition time TR 14 s, echo time TE 85ms).
The acquired in-plane resolution was 2.0 × 2.0mm, which was
reconstructed to 1.0× 1.0mm. Parallel imaging was applied with
an acceleration factor of 2.

Data Processing
The diffusion MRI data were preprocessed for motion and
eddy-current correction by using the FMRIB Software Library
(FSL5; http://fsl.fmrib.ox.ac.uk/fsl). By fitting a tensor model to
the raw diffusion data voxel-wise values of FA, AD, RD, and
MD were obtained. All subjects’ FA data were aligned to MNI
standard space by using the non-linear image registration tool
(FNIRT). Next, the mean FA image was created and thinned to
create a mean FA skeleton, which represents the centers of all
tracts common to the group. Each subject’s aligned FA data was
then projected onto this skeleton and the resulting data were
fed into voxel-wise cross-subject statistics. The same non-linear
registration was applied to the diffusivity parameters AD, RD
and MD.

Statistical Analysis
We compared the skeletonized diffusion parameters between
OCD patients, the unaffected siblings and healthy controls using
a ROI approach, including the 7 ROI’s (i.e., the corpus callosum,
the bilateral cingulum bundle, the bilateral ILF/FOF, and the
bilateral SLF) based on the results from the meta-analysis of
Radua et al. (2014). The Johns Hopkins University (JHU) ICBM-
DTI-81 white-matter labels atlas provided by FSL was chosen to
define the ROIs. Permutation-based testing (5000 permutations)
was carried out with Randomise, using Threshold-Free Cluster
Enhancement (Smith and Nichols, 2009), and p-values were
corrected for family wise error rate (FWE) taking into account
multiple spatial comparisons. In addition to the ROI approach,
for exploratory reasons, we performed whole-brain skeletonized
voxel-wise statistics in order to check for group differences in the
brain areas outside the ROIs. Corrected p < 0.05 was considered
significant, and uncorrected p < 0.05 was considered a trend.
Age and gender were added as covariates.

Randomise was used to compare FA values between OCD and
HC. For each skeletonised ROI that had significantly different
FA values between the two groups, we performed a three-
group comparison, now including the unaffected siblings, using
Randomise. Of voxels that showed difference in the three-group
comparison, the mean diffusion parameters (for FA, AD, RD,
and MD) were extracted for each subject (at uncorrected p <

0.05). Subsequently, One-way ANOVA analysis was performed
to investigate the overall group effect (three groups) of AD, RD,
andMD (p < 0.05). Post-hoc 2-sample-T tests were conducted to
explore differences within groups. Within-group (OCD patients
only) multiple regression analyses were carried out to investigate
the relationship between FA and patients’ disease severity (i.e.,
YBOCS severity scores).

RESULTS

Demographic and Clinical Characteristics
Age, sex, education level and handedness did not differ
significantly between OCD patients, unaffected siblings, and HC
(see Table 1). A main effect of group was found for Y-BOCS
(symptom list and severity scale), the OCI-R and MADRS. OCD
patients scored higher compared with HC and the unaffected
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siblings (p < 0.01); the sibling group did not significantly
differ from the HC group on these measures. Twenty-five OCD
patients (57%) alsomet criteria for one ormore comorbid current
axis I diagnosis. No significant difference was found between
OCD patients with (n = 25) or without (n = 19) comorbid
diagnoses on demographic or other clinical measures (p > 0.16)
(see Table 1).

TBSS Analysis: FA Differences between
OCD and HC
OCD patients, compared with HC, had significantly lower FA
in the left cingulum bundle (peak MNI coordinates x = −24,
y = −13, z = −32; ROI-corrected p < 0.05) as shown in
Figure 1 and Table 2. At trend-significance level (uncorrected
p < 0.05) OCD patients showed a lower FA in a larger area of the

left and in parts of the right cingulum bundle, bilateral ILF, and
bilateral SLF (see Figures 2A,B and Table 2). No difference in FA
was found in corpus callosum (uncorrected p > 0.14). There
were no areas in which OCD patients had higher FA than HC.
TBSS analysis of the whole brain skeleton revealed no significant
differences in FA between OCD and HC at the corrected level.

YBOCS and OCI-R scores were found neither positively nor
negatively correlated with FA within the OCD patients group.

Three Group
Comparisons—Endophenotype Analysis
FA of the left cingulum bundle showed a significant effect of
group (peak MNI coordinates x = −28, y = −13, z = −31;
ROI-corrected p < 0.05) as shown in Figure 1. Mean diffusion
parameters values from the left cingulum bundle were extracted

TABLE 1 | Demographic and clinical characteristics of obsessive compulsive disorder patients, unaffected siblings, and healthy controls.

OCD Patients (N = 44) Siblings (N = 15) HC (N = 37) Analysis

N % N % N % X2 (df = 2) p

DEMOGRAPHIC MEASURES

Gender (men) 22 50 11 73 18 49 0.231

Handedness (right) 37 84 12 80 32 86 0.841

Mean SD Mean SD Mean SD F (df = 2, 93) p

Age (years) 38.5 9.9 38.1 14.1 39.5 11.5 0.1 0.893

Education levela 5.9 1.9 6.0 1.5 5.8 1.9 0.1b 0.953

CLINICAL MEASURES

Y-BOCS severity (range 0–40) 21.48 6.16 0.33 0.03 0 0 84.96b <0.001

OCI-R

Total score 23.75 12.27 3.27 3.35 3.22 4.80 59.23b <0.001

Washing score 2.77 3.84 0.20 0.41 0.30 0.62 14.17b <0.001

Checking score 6.25 3.85 0.47 0.74 0.49 0.93 52.66b <0.001

Order score 4.75 3.85 0.87 1.41 0.81 1.53 31.07b <0.001

Obsession score 5.36 3.83 0.53 0.92 0.32 1.36 50.20b <0.001

MADRS 11.66 8.54 1.93 3.77 0.89 1.51 52.60b <0.001

aEducation level was recorded in nine levels ranging from 1 (no finished education) to 9 (university training). bKruskal-Wallis test, H (df= 2, 93).Y-BOCS, Yale-BrownObsessive Compulsive

Scale; OCI-R, Obsessive-Compulsive Inventory-Revised; MADRS, Montgomery-Åsberg Depression Rating Scale; HC, Healthy Controls.

FIGURE 1 | OCD patients (n = 44) showed significantly lower FA than healthy controls (n = 37) in the left cingulum bundle, significant at p < 0.05 (in

red; corrected for multiple comparisons); for illustration purposes, the displayed skeletonized results were thickened. In green the parts of the skeleton

within the pre-defined ROI.
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TABLE 2 | Locations of decreased FA in OCD patients compared to

healthy controls.

ROIs Peak coordinates Cluster/Area OCD < HC

p-value

(uncorrected)x Y z

Left * cingulum

bundle

−24 −13 −32 38 0.001*

Right cingulum

bundle

25 −5 −33 28 0.003

Left ILF/FOF −37 −61 2 61 0.011

Right ILF/FOF 43 −50 −17 110 0.003

Left SLF −51 −20 30 131 0.05

Right SLF 56 −12 −22 105 0.03

Peak MNI coordinates, cluster sizes and p-values (uncorrected). *indicates significance at

p < 0.05 corrected for multiple comparisons for ROI. FA, fractional anisotropy; IFO/FOF,

inferior longitudinal fasciculus/frontal occipital fasciculus; SLF, superior longitudinal

fasciculus; HC, healthy controls.

for all subjects based on voxels identified at uncorrected p < 0.05
in the [FA (three-group comparison)] F-contrast. We selected
values within this larger area of the left cingulum bundle (167
voxels), since the significant area at corrected p < 0.05 is a
relatively small cluster of 38 voxels located close to the inferior
border of the cingulum bundle (see Figure 1). Figure 3 and
Table 3 show that, after correction for multiple comparisons,
mean FA was significantly lower in OCD patients compared with
HC [F(2, 93) = 6.40, p < 0.001]; mean FA values of unaffected
siblings were intermediate between those of the OCD patients
and of the HC, although post-hoc 2-sample-T comparisons did
not show a significant difference between siblings and either the
OCD patients or the HC (p = 0.223 and p = 1.000 respectively).

Mean values of AD and MD in the left cingulum bundle (see
Table 3) did not significantly differ across groups. RD values in
this region showed a reverse pattern compared to FA values,
with the OCD patients showing trend-significantly higher RD
compared with HC and the unaffected siblings representing
an intermediate group (see Table 3 and Figure 3). Although
no effect of group was found for these diffusivity values after
correction for multiple comparisons, a trend-significant effect of
group was observed for the RD values [F(2, 93) = 3.34, p = 0.04
uncorrected]. To test laterality of these results, we performed the
same procedure for the diffusivity values in the right cingulum
bundle, showing a similar pattern, although it does not surpass
the trend-significant level.

DISCUSSION

The main finding of the present study is lower FA in the left
cingulum bundle in un-medicated OCD patients compared with
HC, which partially replicates the findings from themeta-analysis
conducted by Radua et al. (2014). We also found, in line with
Radua et al., although at uncorrected significance level, lower FA
in the other ROIs (except for the corpus callosum), i.e., the right
cingulum bundle, the bilateral ILF/FOF, and the bilateral SLF.

Lower FA appeared to be associated with higher RD. The three-
group comparison showed that the unaffected siblings seemed to
represent an intermediate group between the OCD patients and
HC with respect to FA in the left cingulum bundle.

Lower FA in the cingulum bundle has been reported by most
studies that investigated adult OCD patients (Koch et al., 2014;
Radua et al., 2014). Increasing evidence from structural and
functional neuroimaging research in recent years has emphasized
the impact of deficits in temporo-parietal-occipital regions in
the pathophysiology of OCD besides the frontal-striatal and
fronto-limbic neurocircuitries (Menzies et al., 2008a; Piras et al.,
2013). The cingulum bundle contains many short and long
association fibers linking the frontal lobe with the temporal lobe
(Schmahmann and Pandya, 2006), supporting communication
between the prefrontal, parietal, and temporal regions (Jones
et al., 2012). The finding of lower FA in the left cingulum bundle
in OCD supports the suggested involvement of temporal and
parietal regions in the pathophysiology of the disorder.

Although FA values in the right cingulum bundle, ILF/IFOF
and SLF were only trend-wise lower in OCD patients compared
with HC, these findings may still be relevant since these
differences were observed in all a-priori hypothesized regions
bilaterally.

In general, the changes in diffusion parameters observed
in these un-medicated OCD patients were subtle. Although
Radua et al. (2014) in their meta-analyses reported widespread
white matter abnormalities in OCD, no clear evidence so far
has suggested OCD as a typical white matter disease (Koch
et al., 2014). Furthermore, the lack of consistent DTI findings
in the OCD literature may be explained, at least partly, by the
impact of medication in OCD. Radua et al. (2014) reported
that the lower FA was most prominent in samples with more
medicated OCD patients. Benedetti et al. (2013) found that
medicated OCD patients had higher RD in the corpus callosum
and adjacent cingulate gyrus when compared to drug-naïve
OCD patients and HC. Other studies in OCD also showed
pharmacological treatment effects on white matter alterations
(Yoo et al., 2007; Fan et al., 2012). Therefore, the subtle white
matter abnormalities found in our un-medicated patient sample
suggests that medicationmight be a potential confounder inmost
previous studies.

The here reported (trend-) significantly lower FA values
all concern white matter regions that are spatially connected
to temporal-parietal-occipital regions. Structural abnormalities
found in both gray matter and white matter regions in posterior
parts of the brain of OCD patients mainly concern the parietal
lobe extending to the temporal and occipital lobes (Piras et al.,
2013). These posterior regions are associated with cognitive
functions including visuo-spatial functions, which have been
consistently found to be impaired in OCD patients (Cohen et al.,
1996; Savage et al., 1999). Our findings thus indirectly suggest
abnormalities in these white matter microstructures might also
be contributors to the cognitive impairments in visuo-spatial
abilities.

The three-group comparison on FA in the left cingulum
bundle showed a significant effect of group, with the unaffected
siblings showing intermediate FA values. Mean AD and MD
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FIGURE 2 | OCD patients (n = 44) compared with healthy controls (n = 37) showed trend-significantly decreased FA in a larger part of the left

cingulum bundle (A), in parts of the right cingulum bundle (I), bilateral ILF (II), and bilateral SLF (III) (in red; at p ≤ 0.05 uncorrected) (B); for illustration

purposes, the displayed skeletonized results were thickened. In green the parts of the skeleton within the pre-defined ROIs.

FIGURE 3 | Mean FA, AD, RD, and MD values from the extracted voxels

in the left cingulum bundle across groups. Y-axis indicates the mean FA,

AD, RD, and MD values; along the X-axis are the three subject groups (healthy

controls, unaffected siblings, and OCD patients). Solid dark bard represent

healthy controls. Striped bars represent unaffected siblings. Light bars

represent OCD patients. *** indicates p < 0.001. † indicates p < 0.05 (trend

significant). Error Bars: ± 1 SD. FA, fractional anisotropy; AD, axial diffusivity;

RD, radial diffusivity; MD, mean diffusivity; OCD, obsessive-compulsive

disorder.

values did not differ across groups. Mean RD revealed a reverse
pattern to that seen for FA: RD was trend-significantly higher
in OCD patients compared to HC, with intermediate values
in unaffected siblings. Such changes in diffusion parameters
are in line with findings from previous DTI studies in OCD

TABLE 3 | Means and standard deviations of FA, AD, RD, and MD values

for subject groups of healthy controls, unaffected siblings and OCD

patients in the left cingulum bundle.

Left cingulum bundle HC Siblings OCD patients

N = 37 N = 15 N = 44

Mean ± SD Mean ± SD Mean ± SD

FA 0.54± 0.06 0.51± 0.05 0.49±0.05***

AD 120.9± 10.9 120.2± 11.4 120.8±10.3

RD 48.5± 7.3 51.8± 8.6 52.5±6.4

MD 72.6± 7.7 74.6± 8.3 75.2±6.3

Diffusivities AD, MD, and RD are given in units of 10−5 mm2/s. ***indicates p<.001

compared with healthy controls. AD, axial diffusivity; RD, radial diffusivity; MD, mean

diffusivity; OCD, obsessive-compulsive disorder; HC, healthy controls.

(Bora et al., 2011; Fan et al., 2012). Although Song et al. (2003)
suggested a higher RD to be associated with demyelination,
others have shown that the interpretation of changes in RD and
AD needs careful consideration, due to the inherent disbalance
between fiber thickness and imaging resolution (Wheeler-
Kingshott and Cercignani, 2009). Although a few genetic
studies suggested myelination in the OCD pathophysiology
(Zai et al., 2004; Stewart et al., 2007), we can only speculate
about possible disruption of myelin integrity contributing to
the white matter abnormalities in the left cingulum bundle.
A similar pattern of lower FA in combination with higher
RD (and normal AD values) has also been reported for
autism, schizophrenia, and depression (Alexander et al., 2007;
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Ashtari et al., 2007; Lee et al., 2007; Michael et al., 2008;
Seal et al., 2008; Whitford et al., 2010; Korgaonkar et al.,
2011).

With regard to both FA and RD, the unaffected siblings seem
to represent an intermediate group between patients and HC,
suggesting that white matter alterations can be considered, at
least partly, an endophenotype of OCD. The identification of
disease endophenotypes can help to identify possible genetic
risk factors of diseases and environmental effects. Menzies et al.
(2008b) also found abnormal FA values in OCD patients as well
as their first-degree relatives, although in that study abnormalities
were mainly reported in the parietal and medial frontal regions.

To our knowledge, this is the first study investigating the white
matter endophenotype of un-medicated OCD by exploring FA in
combination with AD and RD. The sample sizes of the OCD and
control groups were fairly large compared to previous studies and
the ROIs were selected based on the most recent meta-analysis
(Radua et al., 2014). An important limitation of the present study
is that the reported findings were not corrected for multiple
comparisons as we identified 7 ROIs a priori. In addition,
we can’t exclude the long-term effects of past medication use,
although a 4-week washout period is thought as a sufficient time
period for wearing off direct medication effects. Finally, only 15
unaffected siblings were included in the study. Due to the limited
sample size, we can’t rule out the possibility that the observation
that the unaffected siblings were neither significantly different
from OCD patients nor the HC might be due to the limited
statistical power.

In conclusion, this DTI study shows white matter alterations
in OCD patients, un-medicated for at least 4 weeks, compared
with HC, mainly in the left cingulum bundle. A lower FA
seems to be related to trend-wise higher RD, suggesting
potential disruption of myelin integrity in this region. The fact
that the unaffected siblings represent an intermediate group
between OCD patients and HC is suggestive for a white matter
endophenotype of OCD, reflecting genetic vulnerability.
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Magnetic resonance imaging (MRI) studies have highlighted subcortical, cortical,

and structural connectivity abnormalities associated with attention-deficit/hyperactivity

disorder (ADHD). Gyrification investigations of the cortex have been inconsistent

and largely negative, potentially due to a lack of sensitivity of the previously used

morphological parameters. The innovative approach of applying intrinsic curvature

analysis, which is predictive of gyrification pattern, to the cortical surface applied

herein allowed us greater sensitivity to determine whether the structural connectivity

abnormalities thus far identified at a centimeter scale also occur at a millimeter scale

within the cortical surface. This could help identify neurodevelopmental processes that

contribute to ADHD. Structural MRI datasets from the NeuroIMAGE project were used

[n = 306 ADHD, n = 164 controls, and n = 148 healthy siblings of individuals with

ADHD (age in years, mean(sd); 17.2 (3.4), 16.8 (3.2), and 17.7 (3.8), respectively)].

Reconstructions of the cortical surfaces were computed with FreeSurfer. Intrinsic

curvature (taken as a marker of millimeter-scale surface connectivity) and local gyrification

index were calculated for each point on the surface (vertex) with Caret and FreeSurfer,

respectively. Intrinsic curvature skew andmean local gyrification index were extracted per

region; frontal, parietal, temporal, occipital, cingulate, and insula. A generalized additive

model was used to compare the trajectory of these measures between groups over age,

with sex, scanner site, total surface area of hemisphere, and familiality accounted for.

After correcting for sex, scanner site, and total surface area no group differences were

181

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
https://doi.org/10.3389/fnins.2017.00218
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2017.00218&domain=pdf&date_stamp=2017-04-20
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive
https://creativecommons.org/licenses/by/4.0/
mailto:j.n.forde@umcg.nl
https://doi.org/10.3389/fnins.2017.00218
http://journal.frontiersin.org/article/10.3389/fnins.2017.00218/abstract
http://loop.frontiersin.org/people/267657/overview
http://loop.frontiersin.org/people/277721/overview
http://loop.frontiersin.org/people/139274/overview
http://loop.frontiersin.org/people/13470/overview
http://loop.frontiersin.org/people/390731/overview
http://loop.frontiersin.org/people/351362/overview


Forde et al. Gyrification and Cortical Connectivity in ADHD

found in the developmental trajectory of intrinsic curvature or local gyrification index.

Despite the increased sensitivity of intrinsic curvature, compared to gyrificationmeasures,

to subtle morphological abnormalities of the cortical surface we found no milimeter-scale

connectivity abnormalities associated with ADHD.

Keywords: ADHD, intrinsic curvature, biomarker, connectivity, gyrification, development

INTRODUCTION

Attention-deficit/hyperactivity disorder (ADHD) is a common
neurodevelopmental disorder affecting∼5% of the school age
population (Polanczyk et al., 2007) and characterized by
pervasive inattention and/or hyperactivity and impulsivity
leading to impairments of functioning (American Psychiatric
Association, 2013).

ADHD has been proposed to be a dysconnectivity disorder
(Konrad and Eickhoff, 2010) where neural circuits are
implicated rather than regions, and there has been a move
toward investigating ADHD, and other disorders, in terms
of connectivity and integration instead of segregation; where
specific regional abnormalities are implicated (Friston, 2011).
This shift has come in both functional and structural studies,
with recent diffusion magnetic resonance imaging (dMRI)
analysis concentrating on network connectivity based on white
matter tracts as opposed to the traditional voxel-based or
region-of-interest analyses (Cao et al., 2013; Hong et al., 2014).
A meta-analysis and contemporary review of the available dMRI
data revealed that multiple white matter tracts are affected in
ADHD, including the anterior corona radiata, forceps minor,
and superior and inferior longitudinal fasciculi (Liston et al.,
2011; van Ewijk et al., 2012). These white matter tracts consist
of bundles of long-range axonal fibers that connect distant
gray matter regions (e.g., cortical to sub-cortical structures,
inter-hemispheric connections, or frontal to parietal lobes,
etc.). However, it is not established whether these long-range
white matter connectivity differences are echoed in short-
range connections within the cortex. Interestingly, despite the
cortex generally being associated with cell bodies rather than
connections 95% of connections in the brain are found in the
cortex in the form of short-range connections (Braitenberg
and Schüz, 1998). Within this study we therefore ask; are these
long range abnormalities echoed in the short range connections
within the cortex?

Evidence from previous studies does suggest abnormalities of
the cortex in those with ADHD. To date many routine markers,
such as cortical thickness and volume, have been used to report
structural changes in the cortex of individuals with ADHD;
however, these results are non-specific in relation to connectivity
or the underlying cytoarchitecture of the cortex and sometimes
inconsistent (Shaw et al., 2007, 2013; Wolosin et al., 2009; Nakao
et al., 2011; Frodl and Skokauskas, 2012; Schweren et al., 2015).
Studies into cortical thickness and surface area measures suggest
that cortical development has a delayed developmental trajectory
in ADHD, with both surface area and cortical thickness reaching

Abbreviations: ADHD, attention-deficit/hyperactivity disorder.

their peak later in individuals with ADHD (Shaw et al., 2007,
2012).

It is, however, not clear whether previous cortical findings
also relate to connectivity abnormalities within the cortex.
To address this we used cortical intrinsic curvature. This is
a morphological measure of the intrinsic deformation of the
surface and as such may be interpreted in terms of the underlying
connectivity of the cortex (Ronan et al., 2011, 2012). This is in
contrast to extrinsic measures, such as gyrification, which are
related to the embedding of the cortex in three-dimensional
space rather than the engrained curvature of the surface
(Figure 1). These distinct metrics of surface shape are measured
at the millimeter-scale (intrinsic curvature) and centimeter-scale
respectively (gyrification). The important distinction between
these parameters is the nature of the shape they capture. Intrinsic
curvature is measure of deformation—i.e., the stretching or
compression of the surface, while gyrification (indexed here by
the local gyrification index) is a marker of folding. Importantly
folding does not deform the surface itself (i.e., distances along
the surface remain the same; think of a line drawn on a piece
of paper—the length of the line is not changed whether the
paper is folded or not). On the other hand deformation (as
captured by intrinsic curvature) changes distances along the
surface (again, the length of a line on a surface is changed if
the surface is stretched or compressed). With the application of
intrinsic curvature analysis of the cortical surface we are able to
investigate the millimeter-scale connectivity of axonal processes
within the gray matter of the cortex. Differential expansion is
the process whereby the surface does not expand uniformly
but instead has various rates of expansion across the cortex
during development resulting in a fluctuating pattern of positive
and negative intrinsic curvatures. This differential expansion
underlies intrinsic curvature and also results in a greater range
of inter-neuronal distances which skews the length distribution
toward having a higher proportion of shorter connections, from
which more efficient connectivity may be inferred (Figure 1,
Ronan et al., 2011, 2012). We could therefore make use of
the relationship of differential expansion to both intrinsic
curvature and connectivity to use one (intrinsic curvature) as
a quantifiable measure of the other (connectivity). Describing
intrinsic curvature abnormalities associated with ADHD would
therefore support the dysconnectivity theory of ADHD by
implicating the involvement of short range connections. Intrinsic
curvature could then potentially be used clinically as a biological
marker of ADHD. Null findings in relation to ADHD would
suggest that connectivity abnormalities are constrained to long
range connections within the white matter. Either way, this
would aid in furthering our understanding of ADHD and its
etiology.
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FIGURE 1 | Intrinsic curvature and folding. Folding of the cortical surface, indexed by gyrification measures, relates to extrinsic curvature i.e., how the surface is

bent in 3-dimensional space. No intrinsic curvature of the surface is required for folding. Surface expansion is depicted schematically in the above figure with points on

a line, equal distribution of points before expansion is assumed. Arrows between points can be interpreted as connections. Differential expansion of the cortex results

in either positive or negative intrinsic curvature values depending on whether expansion is faster at the center or edges of the surface. Uniform expansion (zero

intrinsic curvature) results in an overall increase in distances between points but no change in the proportion of long to short connections. Differential expansion

(positive or negative intrinsic curvature) also results in an increase in the overall distance between points but more importantly it also increases the relative proportion of

short to long connections. Figure adapted in part from Ronan et al. (2011, 2012).

Intrinsic curvature has previously been used and shown to be
sensitive to cortical differences related to connectivity in patients
affected by schizophrenia compared to healthy controls (Ronan
et al., 2012) and in a study of healthy participants with various
combinations of the brain derived neurotrophic factor (BDNF)
val66met polymorphism (Forde et al., 2014). Furthermore, the
related measure of wiring cost was found altered in a group
of adults with autism spectrum disorder (ASD; Ecker et al.,
2013). ASD has also been associated with gyrification and long
range connectivity abnormalities (Anagnostou and Taylor, 2011;
Schaer et al., 2013). ADHD and ASD share many characteristics
as neurodevelopmental disorders and, at least partly, their
heritability (Rommelse et al., 2010, 2011), adding weight to
our hypothesis that there may be short range connectivity
abnormalities in the cortex of individuals with ADHD.

Intrinsic curvature is distinct from, though related to, the
overall degree of gyrification (Ronan et al., 2012). While
gyrification abnormalities in the left medial temporal region
(Mous et al., 2014) and folding abnormalities in the right frontal
lobe (Wolosin et al., 2009) have been reported in children
with ADHD in two small studies, such abnormalities were not
seen in a larger study of gyrification by Shaw et al. (2012). It
has been demonstrated that the move in scale-sensitivity using
intrinsic curvature, from centimeter to millimeter, increases
the power to detect subtle shape differences in the cortex
indicative of abnormal neurodevelopment (Ronan et al., 2012).
We therefore investigated both local gyrification index and
intrinsic curvature in the current study with the assumption
that the largely negative previous gyrification studies of ADHD
(Shaw et al., 2012) may have been obfuscated by the scale of
morphological parameters employed. We thus hypothesized that
an investigation of gyrification within the current study would
similarly show no group differences while intrinsic curvature
would detect subtle morphological alterations indicative of short
range dysconnectivity in ADHD.

ADHD is a highly heritable (∼80%), genetically complex and
heterogeneous disorder (Faraone et al., 2005). Endophenotypes,
biologically based phenotypes, hold much promise as less
genetically complex markers underlying psychiatric conditions
thereby allowing the pathophysiology of conditions to be
elucidated (Gottesman and Gould, 2003). As endophenotypes
can be thought of as markers of the genetic liability of a
disorder they should appear in those with a shared genetic
heritage irrespective of diagnosis, for instance the unaffected
relatives of an affected individual (Gottesman and Gould, 2003).
We therefore took this opportunity to additionally explore the
potential of intrinsic curvature as an endophenotypic marker of
ADHD by including healthy siblings of those with ADHD, along
with the individuals with ADHD and healthy controls in our
study design.

METHODOLOGY

Participants
This study was undertaken under the remit of the NeuroIMAGE
study, for details see von Rhein et al. (2014) and the study
website (www.neuroimage.nl). Briefly the NeuroIMAGE study
is the follow up, within the Netherlands, of the International
Multicenter ADHD Genetics study (IMAGE; Müller et al.,
2011a,b). Initially families who had an individual with ADHD-
combined type and healthy control families were recruited to the
IMAGE study; all participants were Caucasian, aged 6–18 years
and had an IQ≥ 70. Exclusion criteria were a diagnosis of autism,
epilepsy and brain, or genetic disorders. Within the ADHD
families, individuals with psychiatric diagnoses (other than
ADHD) were excluded except for oppositional defiant disorder
(ODD), conduct disorder (CD), and pervasive developmental
disorder not otherwise specified (PDD-NOS). One or more
subjects with ADHD and one or more healthy sibling of those
with ADHD from the same family were included. Similarly,
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multiple healthy subjects were included from healthy control
families to balance the familial effect across groups. An extensive
battery of diagnostic and neuropsychological tests as well as
genetic data were acquired for all participants. From the Dutch
sites (Vrije Universiteit [VU] in Amsterdam and Radboud UMC
in Nijmegen), all initial participants were invited to participate in
the follow up (mean follow up 5.9 years), namely NeuroIMAGE,
where neuroimaging data were acquired in addition to behavioral
data similar to the initial visit. Note that all ADHD participants
were required to still meet criteria for an ADHDdiagnosis at time
of scanning, therefore those who remitted were omitted from this
analysis.

There were 618 full datasets from 374 different families
available for the current analysis. Of these there were 306
participants with ADHD (mean [SD] age 17.2 [3.4] years), 148
healthy siblings of an individual with ADHD (mean [SD] age 17.7
[3.8] years), and 164 healthy controls (mean [SD] age 16.8 [3.2]
years), see Table 1 for full demographic details.

At the time of follow-up, all participants in the study were
similarly assessed using a combination of a semi-structured
diagnostic interview conducted by trained professionals (Dutch
translation of the Schedule for Affective Disorders and
Schizophrenia for School-Age Children—Present and Lifetime
Version K-SADS; Kaufman et al., 1997) and combination of
Conners’ ADHD questionnaires, these rating were collected of
children’s functioning off medication. Each child was assessed
with a parent-rated questionnaire (Conners’ Parent Rating
Scale—Revised: Long version CPRS-R:L; Conners et al., 1998a)
combined with either a teacher-rating (Conners’ Teacher Rating
Scale—Revised: Long version CTRS-R:L; Conners et al., 1998b)
or a self-report (Conners’ Adult ADHD Rating Scales—Self-
Report:Long Version CAARS-S:L; Conners et al., 1999).

A diagnostic algorithm was applied to combine symptom
counts from the K-SADS and Conners’ questionnaires. ADHD
diagnosis was given to participants with a combined total

symptom count of ≥ 6 (≥ 5 for participants ≥ 18 years) of
hyperactive/impulsive and/or inattentive behavior, provided they
also: (a) met the DSM-IV criteria for pervasiveness, impact of the
disorder and onset-age before 12, and (b) scored T ≥ 63 on at
least one of the Conners’ questionnaires (parent, teacher, or self-
rating). Healthy control participants were required to score T <

63 on both of the Conners’ questionnaires, and have≤ 3 (≤ 2 for
participants ≥ 18 years). The K-SADS was additionally used to
assess ODD, CD, and presence of tics. Full details can be found in
von Rhein et al. (2014).

Structural MRI Acquisition
Two T1-weighted MPRAGE scans were acquired for each
participant at one of the two test sites (Amsterdam and
Nijmegen). Similar 1.5 Tesla MRI scanners were employed
(Siemens SONATA and Siemens AVANTO; Siemens, Erlangen,
Germany), using identical head coils (8-channel Phase Array
Head Coil). Images were acquired with a sagittal, 3-dimentional
GRAPPA parallel imaging sequence with the following
parameters: TE = 2.95 ms, TR = 2730 ms, TI = 1000 ms,
flip angle = 7◦, voxel dimension = 1 × 1 × 1 mm and
acquisition time 6.21 min.

Quality Assessment
Image quality was assessed manually by two independent judges.
The better quality scanwas selected for each participant and those
with poor quality scans were omitted (n = 14; already excluded
from the demographic descriptions).

Surface Reconstruction
The cortical surfaces were reconstructed using FreeSurfer v5.3
(Dale et al., 1999; Fischl et al., 1999a,b; Fischl and Dale, 2000),
a programme specifically designed for cortical reconstruction
and volumetric segmentation (Dale et al., 1999; Fischl et al.,
1999a,b; Fischl and Dale, 2000). The raw images were fed into

TABLE 1 | Group Demographics.

ADHD Siblings Control Test statistic p-value

n 306 148 164 – –

Age in years, mean (SD) 17.2 (3.4) 17.7 (3.8) 16.8 (3.2) K–W χ
2
= 4.71 0.095

Sex, m/f 208/98 62/86 87/77 χ
2
= 29.85 <0.001***

IQ, mean (SD) 97.0 (15.2) 102.8 (14.3) 105.6 (13.5) K–W χ
2
= 36.71 <0.001***

Scanner site Ams/Nij 150/156 78/70 105/59 χ
2
= 9.78 0.008*

Handedness r/l/a 269/33/3 124/18/3 146/13/4 χ
2
= 3.31 0.51

ADHD Symptom count, n (SD) 13.2 (3.0) 1.2 (1.9) 0.8 (1.7) K–W χ
2
= 484.61 <0.001***

aStimulant use (never/previous/current) 41/112/147 134/8/1 145/0/0

Comorbidities No Yes – – – –

147 159 – – – –

ODD &/or CD only 116 – – – –

bMultiple or other 43 – – – –

SD, standard deviation, m/f–male/female, r/l/a–right/left/ambidextrous, ODD, oppositional defiant disorder, CD, conduct disorder, K–W, Kruskal-Wallis test, χ2–chi squared test. Scanner

site relates to the number of data sets that were acquired at each of the two sites in the study; Ams, VU Amsterdam and Nij, Radboud UMC, Nijmegen. aMedication data were not

available for all participants (missing for: 6, 5, and 19 participants from the ADHD, sibling and healthy control groups, respectively). bThis included 22 additional cases of ODD &/or CD

along with 10 cases of tic disorders and 33 cases of mood disorders. *p < 0.05, ***p < 0.001.
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the programme where the voxels were subsampled to voxels of
1 mm3, normalized for intensity, RF-bias field inhomogeneities
were removed and the images skull stripped. The gray-white
border was then identified followed by the hemispheres being
separated, tessellated and deformed resulting in a smooth
representation of the pial and white matter surfaces.

Intrinsic Curvature
Intrinsic curvature was calculated per vertex of each participants
FreeSurfer reconstruction using Caret software (v5.65, http://
brainvis.wustl.edu/wiki/index.php/Caret:About). This process
has been detailed previously (Forde et al., 2014; Ronan et al.,
2014). The Caret-generated files of intrinsic curvature were
imported to MatLab where they underwent filtering to remove
outlier curvature values that were not feasible given the
resolution of cortical reconstruction (Ronan et al., 2012, 2014).
Absolute values of the remaining per vertex intrinsic curvature
measures were calculated. Per region the skew of the curvature
distribution was then calculated (Ronan et al., 2012, 2014). These
regions (frontal, parietal, occipital, temporal, cingulate, and
insula) were generated by combining labels from the Desikan-
Killiany Atlas (Desikan et al., 2006) which is supplied with the
FreeSurfer package. Cortical intrinsic curvature has a distribution
highly skewed toward zero intrinsic curvature (Pienaar et al.,
2008; Ronan et al., 2011, 2012), therefore the less skewed the
distribution, the greater the degree of intrinsic curvature and
differential expansion.

Local Gyrification Index
Gyrification index (GI) is the ratio of the amount of cortical
surface exposed as opposed to buried within sulcal folds. A large
GI indicates a highly folded surface. Local gyrification index (lGI)
quantifies GI at each vertex on the surface and is computed in
a 3D fashion by using a region of interest around each vertex
within the FreeSurfer software (Schaer et al., 2008). Mean local
gyrification index was then extracted per region.

Statistical Analysis
R statistics programme was used for all statistical analysis and
graph generation. Continuous group demographics; age, IQ, and
symptom count were investigated for normality of distribution
(Shapiro-Wilks test) and homogeneity of variance (Bartlett’s test).
Following this, if the assumptions of normality and homogeneity
were met, group differences were investigated with an one-
way analysis of variance (ANOVA) or, if one or more of the
assumptions were violated, with the non-parametric equivalent,
the Kruskal-Wallis test.

The non-linear trajectories of intrinsic curvature skew and
local gyrification index over age, based on our cross-sectional
data, were modeled per group using a generalized additive
mixed-effect (GAM) model approach (Wood, 2006) allowing
us to compare the developmental trajectories for the different
groups. Applying a GAMmodel allowed the non-linear modeling
of the relationship between age and intrinsic curvature skew
with greater flexibility than the standard polynomial form of
the growth curve. This method has previously been effectively
applied in neuroimaging data (Alexander-Bloch et al., 2014).

Briefly, penalized spline mixed-effect models were used to fit
the developmental trajectories for each group in each region.
This was done using the gamm4 (Wood and Scheipl, 2014) and
mcgv (Wood, 2011) packages in R statistics with sex, scanner
site, and surface area included as possible confounders. Total
cortical surface area was included to control for brain size as
both intrinsic curvature and gyrification develop as a function
of surface expansion. The non-independence of family members
was accounted for by including family as a random factor. IQ,
stimulant use, comorbidity, and symptom severity were added to
the model to investigate their effect. Due to the nature of additive
models group-by-age and group-by-sex interactions could not be
appropriately modeled within the GAM model and were instead
modeled using a linear mixed effect model (LME) with similar
settings to the GAM model. As there were no hemisphere-by-
group interactions, measures were collapsed from left and right
to give an average intrinsic curvature skew or average local
gyrification index per region which was used for analyses. To
account for multiple comparisons (two measures each tested in
six regions) the alpha level was adjusted to 0.004 for all tests.

Sensitivity Analysis
Due to the possible confounds of having groups ill matched
for sex and scanner site a sensitivity analysis was undertaken.
Individuals were carefully matched on sex, scanner site, and age
which resulted in a subset of participants (n = 66 per group,
see Table 2). Furthermore, all participants with ADHD and a
comorbid condition (ODD, CD, tic disorder etc.) were excluded.
The above statistical methods were then reapplied to this subset.

RESULTS

Demographics
Groups did not differ significantly with respect to age. Groups
did differ with respect to the proportion of males to females,
the distribution of subjects across the two scanner sites and
IQ. Therefore, these measures were included in further analysis
(Table 1). Also approximately half of the ADHD group had
one or more comorbid conditions. A total of 138 participants

TABLE 2 | Demographics from matched groups.

ADHD Siblings Control Test stat p-value

n 66 66 66 – –

Age in years,

mean (SD)

16.97 (2.67) 17.03 (2.73) 17.07 (2.67) 0.02 0.98

Age in years,

range

11.3–22.0 11.3–22.2 11.5–22.5 – –

Sex, m/f 38/28 38/28 38/28 – –

Scanner site,

Ams/Nij

29/37 29/37 29/37 – –

IQ, mean (SD) 99.45 (14.1) 99.6 (14.1) 103.6 (11.5) 2.06 0.13

Handedness r/l/a 59/7/0 55/7/1 60/4/2

Symptom count,

n (SD)

13.08 (2.94) 1.39 (2.03) 0.79 (1.77)

SD, standard deviation, m/f, male/female, r/l/a, right/left/ambidextrous.
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with ADHD had comorbid ODD and/or CD, including 130
subjects with ODD and 46 subjects with a diagnosis of CD.
Ten participants with ADHD also presented with tics. Thirty-
three were also diagnosed with a mood disorder. There were
147 participants with ADHD and no comorbidities. Those with
comorbidities were excluded from the sensitivity analysis to
remove the possibility that these had an effect on findings.

Intrinsic Curvature
There was no main effect of group on intrinsic curvature
(Table 3, Figure 2). Indicating no difference in the degree
of differential expansion, and therefore the underlying
cytoarchitechture and connectivity of the cortex, between
individuals with ADHD, their siblings and controls. There was a
very strong main effect of age in all regions (Table 3). There was
also a main effect of sex in the frontal region (intrinsic curvature
skew higher in females; t = 4.11, p = 4.57 × 10−5) while in
the temporal and cingulate regions total surface area was also
significant (t =−5.78, p= 1.19× 10−8 and t = 3.47, p= 0.0006,
respectively).

Local Gyrification Index
Similarly, there was no main effect of group on local gyrification
(Table 3, Figure 3). This implies there is no differences in the
degree of cortical folding between participants with ADHD, their
siblings and controls. There was a very strong main effect of age
(Table 3) and total surface area (frontal: t = 14.12, p = 2.37
× 10−39, parietal: t = 17.11, p = 8.25 × 10−54, temporal: t =
19.31, p = 4.17 × 10−65, occipital: t = 14.50, p = 4.41 × 10−41,
cingulate: t = 13.13, p = 7.90 ×10−35, and insula: t = 14.07, p =
4.10× 10−39) in all regions.

Neither IQ, symptom severity, comorbidity nor stimulant
status had an effect on the intrinsic curvature or local gyrification
models. There were also no significant group-by-age or group-
by-sex interactions in either the intrinsic curvature or local
gyrification analyses as modeled with a LME model. Finally,
the sensitivity analysis to ensure that neither the covariates (sex
and scanner site) nor comorbidities were confounding our study
revealed no group differences between the carefully matched
groups (Table 4). Furthermore, data analyzed per test site and
per sex showed similar findings in each case (see Supplementary
Tables 1–4).

Tics
Only 10 members of the ADHD group were also seen to have tics,
this low number (3.3%) may relate to the older age of participants
(average 17.22 years) and method of recruiting (specifically
recruiting families affected by ADHD) and meant statistical
analysis between those with and without tics was deemed futile
due to the lack of power.

DISCUSSION

We applied measures of cortical intrinsic curvature and
local gyrification to investigate differences in cortical brain
development, related to cortical connectivity, between people
with ADHD, their healthy siblings and unrelated healthy
controls.We found no difference between the groups with respect
to either intrinsic curvature or local gyrification index within any
of the regions investigated.

These negative findings indicate that developmental
abnormalities previously found in the cortex of those with
ADHD (Shaw et al., 2007, 2012) are not due to underlying
differences in differential expansion. ADHD has been associated
with cortical developmental delay of measures such as cortical
thickness and surface area (Shaw et al., 2007, 2012) and cross
sectional abnormalities of cortical volume and thickness (Filipek
et al., 1997; Makris et al., 2007; Wolosin et al., 2009; Almeida
et al., 2010; Proal et al., 2011; Almeida Montes et al., 2012; Frodl
and Skokauskas, 2012), this includes cortical thickness deficits
bilaterally in the medial temporal cortex that have previously
been reported in this study cohort (Schweren et al., 2015).
This large study of gyrification is in keeping with a previous
longitudinal study that showed no maturational differences
in gyrification between individuals with ADHD compared to
healthy controls (Shaw et al., 2012). However, two smaller studies
have previously reported differences between those with ADHD
and controls; in gyrification of the left medial temporal region
(Mous et al., 2014) and folding index globally and in the right
frontal lobe (Wolosin et al., 2009). Inconsistency in findings
may relate to various methods having been employed. We
proposed that intrinsic curvature analysis may have been more
sensitive than gyrification measures to detect cortical differences
between groups if present, however, our results concur with

TABLE 3 | Results.

Intrinsic curvature Local gyrification index

Region Group F Group p Age F Age p Group F Group p Age F Age p

Frontal 0.41 0.66 128.75 9.6 × 10−25*** 0.63 0.53 326.90 1.3 × 10−60***

Parietal 1.96 0.14 108.31 3.0 × 10−21*** 0.41 0.67 407.01 2.2 × 10−74***

Temporal 0.74 0.48 63.95 5.6 × 10−15*** 0.26 0.77 192.43 5.0 × 10−36***

Occipital 2.61 0.07 10.58 0.001* 0.71 0.49 116.53 5.6 × 10−22***

Cingulate 2.94 0.05 40.31 4.4 × 10−8*** 0.66 0.52 92.26 1.3 × 10−20***

Insula 0.56 0.57 60.20 3.3 × 10−14*** 1.83 0.16 129.14 3.3 × 10−24***

Test statistics and p-values are reported for the main effects of group and age on intrinsic curvature and local gyrification index in each region for the full sample (n = 618). Adjusted p

= 0.004. *p < 0.004, ***p < 8 × 10−5.
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FIGURE 2 | Age-curves of intrinsic curvature skew per group for each region. Differences between groups were not significant. Caution must be taken when

viewing these graphs as a very small proportion of the participants were under the age of 12 or over 23 years of age thus the apparent differences at these ages are

driven by a few individuals only. Broken lines represent the standard error for each group. HC, healthy control (black lines), ADHD, Attention-deficit/hyperactivity

disorder (red lines), Siblings, healthy siblings of ADHD participant (gray lines).
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FIGURE 3 | Age-curves of local gyrification index per group for each region. Differences between groups were not significant. Caution must be taken when

viewing these graphs as a very small proportion of the participants were under the age of 12 or over 23 years of age thus the apparent differences at these ages are

driven by a few individuals only. Broken lines represent the standard error for each group. HC, healthy control (black lines), ADHD, Attention-deficit/hyperactivity

disorder (red lines), Siblings, healthy siblings of ADHD participant (gray lines).
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TABLE 4 | Matched results.

Intrinsic curvature Local gyrification index

Region Group F Group p Age F Age p Group F Group p Age F Age p

Frontal 0.15 0.86 36.55 6.8 × 10−9*** 0.32 0.72 90.98 1.2 × 10−16***

Parietal 1.04 0.36 37.91 3.8 × 10−9*** 0.29 0.75 103.33 1.5 × 10−18***

Temporal 1.16 0.32 29.50 1.6 × 10−7*** 0.06 0.94 47.12 7.1 × 10−11***

Occipital 0.52 0.59 4.28 0.04 0.90 0.41 15.88 9.5 × 10−5**

Cingulate 2.25 0.11 20.99 8.1 × 10−6*** 1.32 0.27 15.35 1.2 × 10−4**

Insula 2.23 0.11 6.98 0.009 0.13 0.88 37.70 4.6 × 10−8***

Test statistics and p-values are reported for the main effects of group and age on intrinsic curvature and local gyrification index in each region for the matched sample (n= 198). Adjusted

p = 0.004. *p < 0.004, **p < 8 × 10−4, ***p < 8 × 10−5.

the previous finding of Shaw et al. (2012) in that we found no
diagnostic difference in intrinsic curvature, which is predictive
of gyrification pattern (Ronan et al., 2014).

In contrast to our hypothesis we can infer from this that
there are no short range cortico-cortico connectivity differences
within the gray matter of the cortex between those with ADHD,
their siblings or healthy controls. Previous reports have found
evidence of white matter connectivity abnormalities in ADHD
when long range connections between distinct gray matter
regions were analyzed. Our findings suggest that these changes do
not similarly occur at a smaller within gray matter scale but are
constrained to the white matter. Furthermore, this finding helps
differentiate ADHD from ASD which has been associated with
cortical connectivity abnormalities in adults (Ecker et al., 2013)
and schizophrenia where the cortical connectivity differences
seen (Ronan et al., 2012) are proposed to relate to the abnormal
cytoarchitechture present in schizophrenia (Selemon et al., 1995,
1998). As well as cortical connectivity differences, abnormalities
in white matter tracts have been shown in schizophrenia (Ellison-
Wright and Bullmore, 2009; Ellison-Wright et al., 2014) and
ASD (Barnea-Goraly et al., 2004; Alexander et al., 2007). While
larger scale connectivity differences also occur in ADHD (Konrad
and Eickhoff, 2010) from this study we can infer that, unlike in
schizophrenia and ASD, there are no short range connectivity
abnormalities in the cortical gray matter of ADHD patients.
This implies that despite a shared heritability between ASD
and ADHD (Rommelse et al., 2010) there are, at least partially,
different abnormal developmental mechanisms at play in the
respective conditions.

Given our null findings of differences between groups the
use of either IC or LGI alone do not seem to be sensitive
endophenotypic markers for ADHD. However, despite this,
considering the high heritability of cortical indices (Thompson
et al., 2001; Panizzon et al., 2009; Rogers et al., 2010) the inclusion
of these measures along with various other biological and
cognitive indices in more complex data driven approaches may
aid in identifying biomarkers and endophenotypes for ADHD.

Intrinsic curvature holds much potential as a sensitive marker
of cortical connectivity and abnormal cortical development.
However, it has not yet been widely used and how the measure
changes over the lifetime in healthy participants needs further
quantification. Although our study had substantial numbers
of participants (n = 618) we lacked the power to detect

differences in the early adolescent and early adulthood stages
of development. This is due to our age range being normally
distributed about our mean, resulting in robust findings through
mid to late adolescents but reduced power in early adolescence
and adulthood. Finally, interactions between group and age
were modeled using a standard linear mixed-effects model,
which showed no significant interactions, instead of the GAM
model. This was due to the nature of additive models which
by definition do not allow interactions. However, there remains
the possibility that there may well be an interaction between
group and age but that this is not discernible with a linear
model.

In conclusion, we found there are no short range connectivity
differences within the cortical gray matter, as inferred from
intrinsic curvature measures, between participants with ADHD,
their unaffected siblings and healthy controls.
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Unmedicated Parkinsonian State
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1 Parkinson’s Disease Center and Movement Disorders Clinic, Department of Neurology, Baylor College of Medicine,
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Background: Deep brain stimulation (DBS) is an emerging treatment strategy for

severe, medication-refractory Tourette syndrome (TS). Thalamic (Cm-Pf) and pallidal

(including globus pallidus interna, GPi) targets have been the most investigated. While

the neurophysiological correlates of Parkinson’s disease (PD) in the GPi and subthalamic

nucleus (STN) are increasingly recognized, these patterns are not well characterized in

other disease states. Recent findings indicate that the cross-frequency coupling (CFC)

between beta band and high frequency oscillations (HFOs) within the STN in PD patients

is pathologic.

Methods: We recorded intraoperative local field potentials (LFPs) from the

postero-ventrolateral GPi in three adult patients with TS at rest, during voluntary

movements, and during tic activity and compared them to the intraoperative GPi-LFP

activity recorded from four unmedicated PD patients at rest.

Results: In all PD patients, we noted excessive beta band activity (13–30 Hz) at rest

which consistently modulated the amplitude of the co-existent HFOs observed between

200 and 400 Hz, indicating the presence of beta-HFO CFC. In all 3TS patients at rest,

we observed theta band activity (4–7 Hz) and HFOs. Two patients had beta band activity,

though at lower power than theta oscillations. Tic activity was associated with increased

high frequency (200–400 Hz) and gamma band (35–200 Hz) activity. There was no

beta-HFO CFC in TS patients at rest. However, CFC between the phase of 5–10 Hz

band activity and the amplitude of HFOs was found in two TS patients. During tics, this

shifted to CFC between the phase of beta band activity and the amplitude of HFOs in all

subjects.

Conclusions: To our knowledge this is the first study that shows that beta-HFO CFC

exists in the GPi of TS patients during tics and at rest in PD patients, and suggests that

this pattern might be specific to pathologic/involuntary movements. Furthermore, our

findings suggest that during tics, resting state 5–10 Hz-HFO CFC shifts to beta-HFO

CFC which can be used to trigger stimulation in a closed loop system when tics are

present.

Keywords: Tourette syndrome, Parkinson’s disease, voluntary movements, tics, globus pallidus interna, local field

potentials, deep brain stimulation
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INTRODUCTION

Tourette syndrome (TS) is a neuropsychiatric disorder defined
by the presence of vocal and motor tics, but characterized by
frequent co-morbidities such as attention deficit disorder and
obsessive compulsive disorder (Jankovic, 2001). Onset is typically
in childhood with a waxing and waning course that is likely
to resolve or significantly improve by the late teenage years
(Freeman and Tourette Syndrome International Database, 2007).
While the worst-ever time period for tics is often 10–12 years of
age (Bloch et al., 2006a; Shprecher et al., 2014), 5–10% of patients
will continue to experience significant or worsening symptoms
into adulthood (Freeman and Tourette Syndrome International
Database, 2007).

Predictors of severity or the course of TS are not well
understood, though contributing factors may include presence of
fine motor skills deficits (Bloch et al., 2006b), reduced caudate
volumes (Bloch et al., 2005) or greater tic severity at a younger
age (Bloch et al., 2006a). Approximately 5% of individuals
with TS in a tertiary referral setting may meet criteria for
“malignant” TS in which symptoms are self-injurious or may
lead to emergency room visits or hospitalizations (Cheung et al.,
2007). Pharmacologic and non-pharmacologic therapies exist for
management of TS symptoms, and several new treatments are
currently being investigated (Kious et al., 2016).

Deep brain stimulation (DBS) is an emerging therapy for
advanced, medication-refractory TS, and consensus criteria for
DBS candidacy have recently been revised (Schrock et al., 2015).
Considerations include such factors as age, tic severity, tics as
the primary source of disability, failure of typical medications
and behavioral therapy, psychiatric co-morbidities, and psycho-
social factors. While the exact mechanism of action of DBS is
unclear, small series have suggested that marked improvement
can be achieved (Schrock et al., 2015). Randomized clinical trials
(Maciunas et al., 2007; Ackermans et al., 2011; Kefalopoulou et al.,
2015) have shown less robust improvements following DBS, but
this could be related to difficulties in designing clinical trials
to adequately study this complex condition (Jimenez-Shahed,
2015). As a consequence, no consensus exists regarding the
optimal site of stimulation in TS. The most studied targets
include the globus pallidus interna (GPi) and the centromedian-
parafascicular complex of the thalamus (Cm-Pf).

During DBS, an electrical stimulus is applied to a deep
nucleus relevant to movement generation and the pathogenesis
of tic activity. As with DBS in other movement disorders,
a recording microelectrode is advanced into the target while
electrical recordings (microelectrode recordings, or MER) are
obtained, which are used to identify the optimal location for
final electrode placement. MER allows for analysis of single unit
neuronal activity (SUA), and different nuclei can be identified by
their signature firing rate and pattern, which may also differ by
disease state (Gross et al., 2006). Concurrent to the recording
and analysis of SUA (Telkes et al., 2015), and also following
placement of the DBS macroelectrode (Telkes et al., 2014),
local field potential (LFP) recordings can be obtained. LFPs
represent the aggregate activity of a group of neurons within the
target structure. LFP recordings can also be obtained from the

implanted DBS electrode(s) during surgery for replacement of a
depleted implantable pulse generator (IPG; Abosch et al., 2012).

LFP analysis in Parkinson’s disease (PD) has provided
substantial insight into the pathophysiology and treatment of
this movement disorder, including identification of the beta
band of oscillations as a potential biomarker for the untreated
disease state, which is abolished after administration of levodopa
(Thompson et al., 2014). Similarly, analysis of intraoperative LFP
recordings obtained during DBS electrode placement offers a
unique opportunity to study the in vivo neurophysiology of tics
in TS.

The purpose of this study was to obtain LFP recordings
during the resting state, during tic activity, and during voluntary
movements in patients with TS, and to compare these recordings
to those obtained in the unmedicated resting state of patients
with PD undergoing the same surgical procedure in the same
brain target. The chosen site of stimulation for TS at our center is
the bilateral postero-ventrolateral portion of the globus pallidus
interna (pvGPi), based upon our prior experiences (Shahed et al.,
2007) and anatomic considerations relating this nucleus to basal
ganglia circuitry and TS phenomenology (Viswanathan et al.,
2012), including “dystonic” tics. For a number of years, pvGPi
DBS has also been a well-established treatment for patients with
advanced PD (Deep-Brain Stimulation for Parkinson’s Disease
Study Group, 2001; Weaver et al., 2009). We hypothesized that
LFP spectral characteristics and non-linear interactions between
different frequency bands can distinguish tic activity from the
resting and parkinsonian states, as well as from voluntary
movements.

METHODS

Patients with medication refractory TS are considered for
surgery at our center during consensus review by a team
of Movement Disorders Neurologists, Neurosurgeons, and
Neuropsychologists, and according to accepted criteria. In both
TS and PD patients, comprehensive pre-operative neurologic and
neuropsychological assessments are performed and reviewed by
the consensus team in order to determine the appropriateness of
DBS for each candidate. Experimental procedures related to the
recording and analyses of LFPs are approved by the Institutional
Review Board of Baylor College of Medicine. Candidates for
DBS confirmed by consensus review were approached for
participation in the study and written informed consent was
obtained.

For both TS and PD patients undergoing an electrode
placement procedure, the stereotactic coordinates for the pvGPi
are chosen based on direct targeting (Machado et al., 2006). The
microelectrode is advanced to the intended target using standard
MER techniques. After the optimal location for implantation of
the electrode is decided, the DBS macroelectrode (model 3387,
Medtronic, Minneapolis, MN) is inserted to the appropriate
depth. In PD patients, the electrode placement procedure is
performed while “off” medications.

LFP recordings are obtained during the DBS electrode
placement procedure in the hemisphere contralateral to the more
severe tic activity in TS subjects, and in the left hemisphere
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of all PD subjects. The DBS macroelectrode is connected to
sterile recording cables [a twist-lock cable (Medtronic) and
a custom design matching cable (BioCables)] and the LFP
recordings are obtained from its four contacts by using a
gHIAmp (gTec, Graz, Austria) biosignal amplifier at a sampling
rate of 1200 Hz, with 24-bit A/D resolution. Electromyography
and electrocardiography is also performed in order to monitor
the patient’s behavioral state and to identify and remove artifacts
from recordings. These signals are entered into the multipurpose
neural data acquisition system in order to synchronize behavior
with the neural data. For TS patients, video recordings are also
made to characterize the phenomenology of any involuntary
movements and synchronize LFP activity to the presence,
absence, onset and offset of movements. During an IPG
replacement procedure, the depleted IPG is first disconnected
from the DBS lead extension cables. The distal ends of the
extension cables are then connected to sterile recording cables
(multiplex adapter cable model 74001 [2x4] and a twist-lock
cable (model 3550-03; Medtronic). LFP recordings are obtained
thereafter using the same biosignal amplifier, accompanied by
electromyography, electrocardiography, and video recordings.

LFPs are recorded before intraoperative test stimulation
during a resting period lasting for a minimum of 1 min in both
TS and PD patients, and for TS patients, during provocation
of spontaneous tics and during voluntary movements. Tic
provocation is accomplished by suggestion (discussing tic
characteristics or other triggers to provoke spontaneous tic
activity). At least 3 repetitions of this sequence are performed.
The recordings and motor assessments are conducted over
a 10–15 min period. A representative video demonstrating
the data and video acquisition system is included in the
Supplementary Material (Video 1). Once LFP recordings are
complete, the recording cable is disconnected and usual
surgical procedures continue, including intraoperative testing of
stimulation (Machado et al., 2006), to verify the presence of
motor benefits and absence of stimulation side effects.

In this investigation, we report LFP analysis from three
adult patients with TS and four with PD. LFP recordings
from one TS subject (Subject III) were made during an IPG
replacement procedure, 3.0 years after initial DBS electrode
placement surgery. All other recordings were made during the
initial DBS electrode placement surgery.

SIGNAL PROCESSING

All recorded signals were visualized with custom software that
was developed in-house, and annotated to distinguish artifact
and/or epochs of resting, active movements, and tic activity.
Based on these annotations, resting state data from all subjects
and tic periods from TS subjects were extracted into MATLAB
(Mathworks, Natick, Massachusetts). LFP data from all four
contacts were band-pass filtered using an FIR filter with 3 and 500
Hz cutoff frequencies. For elimination of power line artifacts, a 60
Hz notch filter and notch filters at harmonics of 60 Hz were used.
During preprocessing of LFP data, raw signals were converted
into a bipolar derivation (contacts 0–1, 1–2, 2–3).

The frequency content of the oscillatory LFP activity from
the GPi was explored by power spectral analysis. The power
spectrum of each bipolar LFP derivation was estimated using
the modified Welch periodogram method (Telkes et al., 2014).
Specifically, a fast Fourier transform (FFT) was computed with
a 2048-sample long Hanning window and the window was
shifted with 50% overlap. Since there were multiple segments
of tic movements, the power spectra related to each state
were averaged. In order to compare the power changes in
specific LFP sub-bands between different events, the power in
the beta, gamma and high frequency oscillation (HFO) ranges
were computed over averaged tic and averaged voluntary hand
movement periods separately, and were normalized according to
the power of the baseline. The power changes with respect to
baseline were represented in decibel (dB) scale,

Pi,j,k (dB) = 10 log10

(

Ak

Rk

)

(1)

where Ak and Rk represent the active and resting state power of
sub-band indexed with k respectively.

In order to quantify the non-linear interactions between
different LFP frequency bands, the coupling between the
amplitude of HFOs and the phase of low frequency oscillations
were investigated by using a phase locking value (PLV) approach
(Lachaux et al., 1999). For this particular purpose, LFP signals
were filtered with a 2nd order Butterworth filter from 4 to 40
Hz with a 2 Hz band width and 1 Hz shift that constituted 37
bandpass filtered components for the low frequencies. Similarly,
the same LFP signal was bandpass filtered from 150 to 500
Hz with another 2nd order Butterworth filter with 80 Hz band
width and 25 Hz shift. Thus, 15 bandpass filtered components
were obtained for high frequencies. The envelope of these
high frequency components was extracted by using the Hilbert
transform and the PLV method was used to estimate cross-
frequency coupling (CFC) between the phase of low frequency
activity and the amplitude of high frequency activity.

An analysis for statistical significance was performed over
every single CFC calculated in order to check if the observed
value differed from what would be expected due to chance alone.
To achieve this, a surrogate analysis was performed by calculating
the coupling between randomly selected blocks of both amplitude
and phase envelopes. The chance occurrence of coupling between
phase and amplitude was estimated by using 100 surrogates, and
a z-score was computed for each individual CFC. In order to
account for multiple comparisons, Bonferroni’s correction was
applied (the significance level of the test α = 0.05/555, where the
number of tests= 37× 15, or 555).

RESULTS

The clinical characteristics of enrolled subjects are included in
Table 1. Based upon the tic characteristics and the LFP recording
environment (electrode placement surgery vs. IPG replacement),
handgrip movements were performed in two subjects and lateral
neck movements were used in the other, in order to investigate
voluntary movements. The type of voluntary movements and
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observed tic epochs and their duration are provided in Table 2.
In all subjects where recordings were made during DBS surgery,
the position of the electrode at the time of LFP recording
remained unchanged after intraoperative testing of stimulation
verified improvement in symptoms and absence of side effects.
Test stimulation was performed after LFP recordings were made.
Additionally, a contralateral DBS electrode was also successfully
placed, and post-operative programming of the device led to
reduction in motor symptoms (Table 1).

Figure 1 shows representative raw LFP signal characteristics
in all three TS patients (Subjects I–III) in the resting state (left-
hand side) when no tics or other movements were present, and
during tic activity (right-hand side) as characterized by video
and surface EMG. The beta, gamma, and high frequency bands
are associated with event related desynchronization (ERD) and
synchronization (ERS) during tic events. The LFP data filtered
between 13 and 30 Hz in Subject I and Subject III indicate the
presence of ERD, with lower amplitude beta band oscillations
during tic periods compared to the resting state. During tic
periods, there is also amplitude enhancement (ERD) in the
gamma range (40–150 Hz) and higher frequencies (150–500 Hz)
in all subjects. LFP raw data from Subject II filtered in the same
frequency bands do not show an ERD-ERS pattern. A clear
difference in theta range (4–7 Hz) oscillations between resting
and tic periods are also not apparent in Subject II, whereas EMG
signals show a clear difference between resting and tic states in all
subjects.

We first investigated the LFP power spectra from each bipolar
electrode combination (0–1, 1–2, and 2–3) in Subjects I–III,
at rest and during tic activity. The greatest power of LFP
spectral dynamics was most commonly found in 0–1 and 1–
2 bipolar contact derivations. Figure 2 compares the power

spectra in the resting state to that during tic activity and active
movement, obtained from the bipolar contact combination with
the highest LFP power and across frequency ranges. In Subject I
(Figures 2A,B), 4 Hz (theta band) and 13 Hz activity (beta band)
during rest switches to 5 and 15 Hz activity during tics, and shifts
further during voluntary hand movements to a clear peak at 10
Hz with enhancement in the beta band between 20 and 30 Hz.
LFP power is broadly decreased in the 13–30 Hz range during
voluntary hand movements, correlating with the ERD pattern
demonstrated in Figure 1. In the HFO range, voluntary hand
movements have the highest power (fast HFO) compared to the
resting state and tic events. LFP power during tics is broadly
higher than baseline between 150 to 450Hz.

In Subject II, a 3.5 Hz activity peak is consistently seen during
all events (Figures 2C,D). Even though gamma-ERS occurs
during voluntary hand movements, no clear peak is observed.
The power of gamma LFPs during averaged tic periods is higher
than during the resting state. There is also clear enhancement of
slow HFO activity during tic events compared to both baseline
and voluntary hand movements. There are no event-related
differences in the fast HFO range. In Subject III, compared to the
resting state, the power of the theta peak is the highest during
active movements, and is only slightly higher during averaged
tic periods (Figures 2E,F). A clear beta peak is observed during
rest, which attenuates during averaged tic periods and active
movement. Once again, the power in the HFO range is higher
during tics and active movement compared to the resting state.

Figure 3 summarizes the LFP power changes during tics and
voluntary hand movements across frequency sub-bands relative
to the resting state in each of three TS subjects. Theta band
changes relative to the resting state are inconsistent across
subjects. Beta band activity was lower during tics and lowest

TABLE 1 | Clinical Characteristics of Subjects receiving pvGPi stimulation.

Diagnosis Age at time of

surgery, gender

Pre-op motor exam Motor exam 1-year post-implant (% change) Hemisphere

Subject I TS 36 yo M YGTSS total: 84 YGTSS total: 67 (20.2%) Left

Subject II TS 27 yo M YGTSS total: 88 YGTSS total: 58 (34.1%) Left

Subject III TS 22 yo F YGTSS total: 81 YGTSS total: 45 (44.4%) Left

Subject IV PD 51 yo M MDS-UPDRS3: Off = 72; on = 18 – Left

Subject V PD 49 yo F MDS-UPDRS3: Off = 47; on = 28 – Left

Subject VI PD 62 yo M UPDRS3: Off = not done; on = 40 – Left

Subject VII PD 62 yo M MDS-UPDRS3: Off = 40; on = 19 – Left

TS, Tourette syndrome; PD, Parkinson’s disease; YGTSS, Yale Global Tic Severity Scale; MDS-UPDRS3, Movement Disorders Society Unified Parkinson’s Disease Rating Scale Part 3

Motor exam; UPDRS, Unified Parkinson’s Disease Rating Scale.

TABLE 2 | Data segments used for the estimation of power spectra and CFC results in TS subjects.

Tic activity Voluntary hand movements

No. of epochs Total duration (s) No. and type of movements Total duration (s)

Subject I 3 35-17-10 3 sets of handgrips (5 times each) 11-9-8

Subject II 5 25-36-17-27-18 3 sets of handgrips (10, 5, 5 times) 18-11-15

Subject III 2 193-122 2 sets of lateral neck movements (4 and 6 times) 16-15
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FIGURE 1 | Representative LFP signal characteristics during the resting state and tics. Epochs of each state lasting 5 s are presented, separated by red

lines. The raw LFP data was bandpass filtered at the theta (4–7Hz), beta (13–30 Hz), gamma (40–150 Hz), and high frequency oscillation (HFO, 150–500Hz) ranges.

The EMG signals were filtered between 7 and 75 Hz. Event-related desynchronization and synchronization are evident in Subjects I (A) and III (C) but not in Subject II

(B). All subjects demonstrate a clear increase in EMG activity during tics compared to the resting state. The red lines indicate the end of one epoch and the beginning

of another.
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FIGURE 2 | LFP power spectra at rest, during tic activity and during voluntary movements in TS subjects. Spectra are shown in the bipolar contact

derivation with the highest power [0–1 (Subjects I and II) and 1–2 (Subject III)]. LFP activity related to the resting state is shown in black, related to tic activity is shown

in red, and related to voluntary movements is shown in green, for Subject I (A,B), Subject II (C,D), and Subject III (E,F). The number and the duration of individual tic

epochs and active movements which were averaged for spectral analysis are provided in Table 2.

during voluntary movements in Subjects I and III, corresponding
to the ERD demonstrated in Figure 1. By contrast, neither
reduced beta activity nor gamma-ERS during movement events
were seen in Subject II. HFO activity was consistently higher
during tics in all subjects. In Subjects I and III, there is a further
increase in power of this frequency sub-band during voluntary
movements.

The GPi power spectrum in the resting state for four subjects
with PD is shown in Figure 4. Two PD Subjects (V and VI)
show increased activity around 5 Hz, and one (Subject VII)
has a low power peak at 7 Hz. In the beta band, Subjects IV
and VI have increased activity between 20 and 30 Hz, while
Subject V demonstrates a relatively large and wide range of
beta band activity across the 12–30 Hz spectrum. Subject VII
shows weak beta band activity. In the HFO range, all PD subjects
show broad increases, with two (IV and VII) in the slower

HFO spectrum (200–250 Hz) and two (V and VI) in the faster
spectrum (250–350Hz).

Next, in order to characterize the temporal relationships
between low frequency (4–40 Hz) and wide HFO (150–500Hz)
bands, we assessed for the presence of CFC. Figure 5 depicts
the GPi CFC comodulograms for each TS subject, and Figure 6

for each PD subject. In subjects with TS, CFC was investigated
at rest (Figures 5A,C,E) and during tics (Figures 5B,D,F).
The strongest CFC was seen in Subject I during the resting
state, at a phase frequency between 5 and 10 Hz, coupled to
the HFO amplitude at 250–400 Hz (p < 0.05) (Figure 5A).
Interestingly, this range overlaps substantially with the theta
range LFP frequency peaks seen during the resting state in
this individual (Figure 2A). Significant CFC was also seen
during tics, but at a higher beta frequency phase (13–33 Hz,
p < 0.05) and remaining coupled to the amplitude in the
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FIGURE 3 | Normalized sub-band power of LFPs during tic and voluntary hand movements relative to the resting state. The sub-band power changes at

theta (4–7Hz), beta (13–30Hz), gamma (40–150Hz), and HFO (150–450Hz) bands are shown for Subject I (A), Subject II (B), and Subject III (C).

FIGURE 4 | LFP power spectra of PD subjects in the resting state at low (A) and high (B) frequencies.

same range of HFOs (Figure 5B). This phase coupling was
maximal at 24–26Hz.

By contrast, no CFC was found in Subject II during the
resting state (Figure 5C). CFC during tic periods was weak,
but still statistically significant (p < 0.05) (Figure 5D), and
still demonstrated coupling between the phase of beta activity
(localized at 25 Hz) and the amplitude of HFOs (localized at 325
Hz). In Subject III, the resting state (Figure 5E) is characterized
by CFC between the phase frequencies localized at 8–10 Hz,
and coupled to the amplitude of HFOs at 275–325 Hz (p <

350 Hz), whereas tic periods (Figure 5F) are characterized by a
shift to beta-HFO CFC to the phase of beta activity localized at
23–24 Hz, and coupled to the amplitude of HFOs at 275–300
Hz (p < 0.05). The presence of CFC was also assessed during
voluntary movements in all subjects, and none was found across
any frequency range (data not shown).

Analysis of CFC in PD patients during the resting state
indicates a very strong phase-to-amplitude modulation between
the phase of wide beta band activity and the amplitude of HFOs
(Figures 6A–D). CFC phase frequencies are consistent with the
increased LFP power shown in Figure 6, as are the amplitude
frequencies for HFOs. For example, Subject V (Figure 6B) shows
stronger and more widespread activity from 10 to 25 Hz than
the other PD subjects, which corresponds to the widest phase
frequency of CFC. This is coupled to the amplitude of HFOs
ranging from 250 to 400 Hz, a range where the LFP power spectra
is also greatest (Figure 4). On the other hand, Subject VII had
the lowest LFP spectral power without a clear beta frequency

band peak. This corresponds to the smallest coupling amongst
PD subjects, though it was still significant (p < 0.05). HFOs were
also amongst the lowest frequency range (Figure 4).

CONCLUSIONS

In this study we explored the LFP characteristics in the
pvGPi of three patients with TS and four patients with PD.
Although theta frequency peaks, lesser beta peaks, and HFO
activity characterized the resting state in TS subjects, changes
in LFP sub-bands did not consistently differentiate tics from
active movements or the resting state. However, we did find
a substantial difference in CFC between tic periods compared
to the resting state, which was not seen during voluntary
movements. Specifically, in TS subjects at rest, we found
coupling between the phase of theta-low alpha oscillations to
the amplitude of HFOs in 2 subjects, and during tic activity we
found coupling between the phase of beta oscillations to the
amplitude of HFOs in all 3 subjects. Amongst unmedicated PD
patients at rest, we demonstrated increased beta band and broad
HFO activity, as well as CFC between the phase of these beta
oscillations and the amplitude of HFOs.

It is well-recognized that beta frequency oscillations are
characteristic of the “off” medication state in PD in both
the STN and GPi, and are abolished in the “on” state after
administration of levodopa (Brown et al., 2001). The degree of
improvement in motor symptoms (bradykinesia and rigidity)
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FIGURE 5 | Phase-amplitude coupling comodulograms for three TS subjects during the resting state and tic activity. Panels (A–F) demonstrate

comodulograms for Subjects I–III respectively.

correlates with the degree of beta band suppression (Weinberger
et al., 2006; Ray et al., 2008; Kuhn et al., 2009). Lastly, in the
STN, beta ERD occurs uponmovement initiation and heightened
synchronization occurs upon termination of movements (Alegre
et al., 2005; Hsu et al., 2012). As expected, we found excessive
beta band activity at rest in our PD subjects with lower power
HFOs across a broad range. By contrast, TS is a hyperkinetic
movement disorder without features of bradykinesia or rigidity,
with abnormal movements occurring in bouts. When the LFP
spectra of TS subjects were compared to those of PD subjects,
the resting state was found to be characterized by predominant
excessive theta activity (3.5 or 4 Hz) in all three subjects, and
also with HFOs (200–400 Hz) at lower power. In PD subjects,
the main energy of LFPs was in the higher frequencies, except

for Subject VI, who also shows high activity ranging from 5 to
13 Hz. Two TS subjects demonstrated beta frequency oscillations
but at a lower power than the theta peak. Our findings therefore
support the idea that beta band activity relates to relative
akinesia.

Previous investigations into the LFP characteristics of TS
patients undergoing DBS have focused on the thalamus.
Neumann et al. (2013) identified LFP patterns in 5 subjects
undergoing GPi and CM-Pf DBS, and found a peak in the 6–10
Hz frequency band. Others have also demonstrated alpha (8–13
Hz) or lower frequency (2–7 Hz) activity in the VO nucleus of the
thalamus (Marceglia et al., 2010) and CM-Pf (Maling et al., 2012;
Bour et al., 2015), but the clinical correlates of these frequency
sub-bands remain unclear.
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FIGURE 6 | Phase-amplitude coupling comodulgrams for four PD subjects in the resting state. Panels (A–D) demonstrate the resting state comodulograms

in Subjects IV–VII, respectively, who all have Parkinson’s disease, and are “off” medications.

In PD, however, the power of the gamma and HFO spectra
increases after levodopa administration, and gamma activity
increases in the “off” state during voluntary movement (Brown
et al., 2001; Foffani et al., 2003; Kane et al., 2009). Moreover,
a cross-frequency coupling (CFC) between the phase of beta
oscillations and the amplitude of HFOs has been identified in the
STN, which also attenuates following administration of levodopa
and is less prominent in patients with milder PD symptoms
(Lopez-Azcarate et al., 2010; Ozkurt et al., 2011; Van Wijk et al.,
2016). Coupling between phase of beta band oscillations and
amplitude of broad band gamma activity (50–200 Hz) has also
been demonstrated in the motor cortex of PD patients, but found
to be absent in dystonia and epilepsy (De Hemptinne et al.,
2013), and is abolished after DBS (De Hemptinne et al., 2015).
Gamma band and HFOs therefore were suggested to represent a
prokinetic state, while beta-HFO phase amplitude coupling were
thought to characterize relative akinesia in patients with PD.

Our investigation identifies the presence of beta-HFO CFC in
the pvGPi of four PD subjects during the unmedicated resting
state. To our knowledge, this finding has not been previously
reported. We were further able to demonstrate, for the first time,
that the pattern of CFC in TS subjects at rest differs from that
of unmedicated PD, and that this in turn differs from the CFC
during tics. In two of three TS subjects, CFC between the phase
of 5–10 Hz band activity and the amplitude of HFOs was found
during the resting state. The 5–10 Hz range highly overlaps with
the excessive theta band activity we observed at rest (Figure 2).
We further found that this resting state CFC in the same subjects
shifts to beta-HFO CFC during tics. Despite the obvious change

in the phase index of CFC between the resting state and tic
periods, we were unable to identify a consistent or corresponding
change in theta band power during voluntary movements or tic
periods, compared to the resting state (Figure 3). It is possible
that the methodologic differences in LFP capture in Subject III
(recorded during IPG exchange) may have contributed to this
inconsistency. Nonetheless, the consistent beta-HFO CFC seen
during tic periods in all three subjects is notable, though found
to a lesser extent in Subject II. LFP analysis in Subject II did not
show either beta-ERD or gamma-ERS relative to the resting state
during movements or any CFC while at rest. Since LFPs recorded
from motor territories of the basal ganglia during voluntary
movements are associated with beta-ERD (Kuhn et al., 2004), the
absence of beta-ERD and gamma-ERS in Subject II suggests that
the electrode might not be optimally placed within the pvGPi
motor territory, thereby explaining the lack of CFC at rest or
strong CFC during tics.

Dystonia is another movement disorder amenable to pvGPi
DBS that is characterized by diminished power in the beta
band and higher power in the 8–20 Hz range (Silberstein et al.,
2003; Weinberger et al., 2012). Liu et al. (2008) showed an
increased power of synchronization in the 3–18 Hz range during
dystonic spasms compared to the resting state. Neumann et al.
(2016) demonstrated that theta (but not beta) frequency peaks in
patients with cervical dystonia at rest correlated with symptom
severity. CFC in dystonia patients within the GPi has been
identified between the phase of theta and the amplitude of gamma
oscillations (Moll et al., 2014), though it is unclear if this was
found at rest or during dystonic spasms. Barow et al. (2014)
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further demonstrated that high frequency stimulation of the
pvGPi can suppress theta oscillatory activity in subjects with
mobile, phasic dystonia. Excessive theta activity in the pvGPi at
rest in both dystonia and TS patients may therefore represent
an underlying pathophysiologic similarity that supports the
notion that a “dystonic” phenomenology of tics may indeed be
treated with pvGPi DBS, similar to idiopathic dystonia, and as
demonstrated by our three cases.

Another recent investigation into the LFP dynamics of the
subthalamic nucleus (STN) in both PD and dystonia patients
(Wang et al., 2016) found similar power spectral densities across
multiple frequency ranges, including beta and theta, between the
two groups, as well as resting state beta-HFO phase-amplitude
coupling. Rather than representing a PD biomarker, this coupling
may therefore represent pathologic network activity in patients
with movement disorders (such as PD, dystonia and TS), though
studies in patients without movement disorders are lacking.

Although the present study is limited to three patients with
TS, and lack of information about the response of these LFP and
CFC patterns to medications or DBS, our findings have particular
relevance to the design of a closed loop, on-demand DBS system
based on sensing of in vivo neurophysiologic biomarkers of
involuntary movements such as tics. Further investigation to
distinguish the LFP characteristics between tic and voluntary
movement sequences is warranted in order to make the sensing
paradigms as precise as possible. However, our findings do
suggest the possibility that the shift in phase to amplitude

CFC from the resting state (5–10 Hz activity coupled to HFO)
to tic activity (beta-HFO) can be used to trigger stimulation
in a closed loop system when tics are present. Furthermore,
our work provides support for the continued investigation
pvGPi DBS in cases of refractory TS as an overall modulator
of tics.
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Video 1 | This video segment demonstrates a representative example of a

tic flurry recording during DBS electrode placement into the pvGPi of

Subject II. An initial resting period is followed by the onset of a series of repetitive

right hand tics. The real-time neural acquisition system captures raw LFP signals

in each bipolar electrode derivation, EMG activity, and an electrocardiogram.
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Premonitory urges are a cardinal feature in Gilles de la Tourette syndrome. Severity of 
premonitory urges can be assessed with the “Premonitory Urge for Tic Disorders Scale” 
(PUTS). However, convergent validity of the measure has been difficult to assess due to 
the lack of other urge measures. We investigated the relationship between average real-
time urge intensity assessed by an in-house developed real-time urge monitor (RUM), 
measuring urge intensity continuously for 5 min on a visual analog scale, and general urge 
intensity assessed by the PUTS in 22 adult Tourette patients (mean age 29.8 ± 10.3 SD, 
19 males). Additionally, underlying factors of premonitory urges assessed by the PUTS 
were investigated in the adult sample using factor analysis and were replicated in 40 chil-
dren and adolescents diagnosed with Tourette syndrome (mean age 12.05 ± 2.83 SD, 
31 males). Cronbach’s α for the PUTS 10 was acceptable (α = 0.79) in the adult sample. 
Convergent validity between average real-time urge intensity scores (as assessed with 
the RUM) and the 10-item version of the PUTS (r = 0.64) and the 9-item version of the 
PUTS (r = 0.66) was good. A factor analysis including the 10 items of the PUTS and 
average real-time urge intensity scores revealed three factors. One factor included the 
average real-time urge intensity score and appeared to measure urge intensity, whereas 
the other two factors can be assumed to reflect the (sensory) quality of urges and subjec-
tive control, respectively. The factor structure of the 10 PUTS items alone was replicated 
in a sample of children and adolescents. The results indicate that convergent validity 
between the PUTS and the real-time urge assessment monitor is good. Furthermore, 
the results suggest that the PUTS might assess more than one dimension of urges, and 
it may be worthwhile developing different subscales of the PUTS assessing premonitory 
urges in terms of intensity and quality, as well as subjectively experienced control over 
tics and premonitory urges.

Keywords: Tourette syndrome, tic, premonitory urge, PUTs, real-time urge monitor

inTrODUcTiOn

Premonitory urges, or simply “urges,” are aversive subjective sensations that have been described to 
precede tics in patients suffering from Gilles de la Tourette syndrome (GTS) (1, 2).

In contrast to entirely involuntary movements in other movement disorders, tics can be suppressed 
for limited time intervals. However, during tic suppression, unpleasant urges tend to increase until 
relieved by a tic (3–5). Therefore, tics are frequently experienced as voluntary responses to urges (4). 
Approximately 80–90% of GTS patients report to experience urges (1, 6, 7); hence, urges may play a key 
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FigUre 1 | The figure shows an example of the real-time urge 
monitor. After a countdown, a blue line started moving across the screen 
continuously. Patients were asked to use the scroll bar on the right to 
continuously indicate the intensity of their current urge to tic on a scale from 
0 to 100, displayed on the right of the screen.
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role in understanding GTS. Although the onset of urges appears 
to be delayed relative to tic onset by approximately 3 years, this 
finding might be due to difficulties assessing urges in 5- to 7-year 
olds (1, 7). Premonitory urges typically occur at the location where 
a tic is about to occur, but can also be experienced as a general 
inner tension (1). They can be experienced as “warm” or “cold,” 
“pressure-like,” or “tickling” sensations (8). In terms of intensity 
or urgency, premonitory urges have been likened to an itch (9).

A decade ago, Woods and Colleagues developed a short 
questionnaire to capture urge severity in children with tics (6). 
This questionnaire has been shown to have good psychometric 
properties (6, 10) and was later validated in adults (2, 11). The 
items of the Premonitory Urge for Tic Disorders Scale (PUTS) 
assess different sensory qualities of the urge, such as tickling, 
rising inner tension, or a “not just right” feeling. Moreover, ques-
tions cover the frequency of urge–tic associations, and the relief 
patients may experience after a tic has been executed.

Assessing convergent and discriminant validity of a new 
questionnaire are methods typically applied in psychometrics 
in order to ensure that the questionnaire measures the theo-
retical construct it was designed to measure and can discriminate 
between this construct and closely related constructs. However, 
investigating the convergent validity of the PUTS has been dif-
ficult because research concerning urges is relatively young, and 
there is a lack of instruments measuring a comparable construct. 
Furthermore, despite the wide use of the instrument, we are not 
aware of any study addressing the question of whether the PUTS 
assesses more than one dimension of urge phenomenology. 
Factor analyses are commonly applied when evaluating whether 
a questionnaire measures multiple dimensions of a construct or 
several constructs, especially when the questionnaire has several 
subscales (e.g., impulsivity, hyperactivity, and attention). The 
PUTS was designed as a one-dimensional questionnaire assessing 
urge severity, but studies showing that urge severity measured 
by the PUTS correlates positively with tic severity, obsessive–
compulsive symptoms and anxiety (6, 10, 12, 13) suggest that the 
PUTS may reflect a multidimensional construct.

The current study uses a newly developed real-time urge moni-
tor (RUM) to examine convergent validity between the PUTS 
and average tic-related urge intensity measured in real time. 
Furthermore, we assessed the discriminant validity between the 
PUTS and measures of attention-deficit hyperactivity disorder 
(ADHD) and obsessive–compulsive disorder (OCD). Moreover, 
the study examines whether the PUTS might measure more than 
one dimension of the urge phenomenon.

MaTerials anD MeThODs

Participants – clinical assessment
Twenty-two patients (mean age 29.82 ± 10.34 SD, range = 17–55; 
19 males) with a GTS diagnosis according to DSM-5 criteria 
(14) were included in this study. All patients gave their written 
informed consent prior to the study. Additionally, questionnaire 
data of 40 children and adolescents with a GTS diagnosis (mean 
age 12.05 ± 2.83 SD, range = 7–17; 31 males) were included in the 
study. Informed written assent was given by the children and writ-
ten consent was given by their parents. The study was reviewed 

and approved by the local ethics committee and conformed to the 
Declaration of Helsinki.

Gilles de la Tourette syndrome symptom severity was assessed 
using the clinician-rated Yale Global Tic Severity Scale [YGTSS 
(15)]. In adults, symptoms of ADHD in childhood were rated 
on the German short version of the “Wender Utah Rating 
Scale” [WURS-K (16)], whereas current ADHD symptoms were 
assessed with the German ADHD self-rating scale [ADHD-SB 
(17)]. Symptoms of OCD were measured with the “Yale–Brown 
Obsessive–Compulsive Disorder Scale” [Y-BOCS (18)]. In 
children, symptoms of ADHD were assessed using the German 
parent-rated “FBB-ADHD” scale [“Diagnostik-System für 
Psychische Störungen nach ICD 10 und DSM-IV für Kinder und 
Jugendliche II,” DISYPS-II (19)] or the clinician-rated ADHD 
DSM-IV checklist [ADHD-DC (20)]. Symptoms of OCD were 
assessed with the “Yale–Brown Obsessive–Compulsive Disorder 
Scale for Children” [CY-BOCS (18, 21)].

The PUTs scale
Premonitory urges in general were measured using the validated 
German version of the PUTS (11). The PUTS is a 10-item self-
rating scale and was originally developed to assess the intensity 
of urge phenomena on a 1–4 Likert rating scale (6). However, the 
last item has been removed from the PUTS score, because it was 
found to show small correlations with the rest of the scale (6, 10).

experimental Procedure of the real-Time 
Urge Monitor
Adult patients (N = 22) were seated in front of a Sony Vaio lap-
top (15″ screen) and were familiarized with the task. They were 
instructed to perform a continuous rating of their urge to tic over 
a period of 5 min. The right-hand side of the laptop screen showed 
a vertical intensity scale from 0 to 100, and patients were asked 
to indicate the intensity level of their current urge to tic, with  
0 being no urge at all and 100 being the strongest urge intensity 
they typically experienced (see Figure  1). During the whole 
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course of the experiment, patients were asked not to suppress any 
tics and to tic freely.

The task started when patients pressed a button. The button 
press initiated a countdown (3–2–1–0). At time 0, a blue line 
moved across the screen (at an intensity level 50), starting on 
the right-hand side of the screen, crossing the screen within 
10 s. Patients were asked to continuously adjust the level of the 
blue line according to their subjectively experienced urge to tic. 
Hence, participants could see their urge ratings for the previous 
10 s at any time. Data were sampled at 10 Hz. Patients were given 
the opportunity of a 1-min practice run and were asked to start 
the task after the experimenter left the room.

Data analysis
The continuous RUM resulted in 3000 data points per 5 min. The 
first 10 s (100 urge data points) were excluded in order to allow 
patients time to adjust the urge level on the screen to the correct 
level. The remaining 2900 data points were aggregated into a 
mean real-time urge intensity score.

In order to assess the internal consistency of the PUTS, an 
indicator of the reliability of a questionnaire, Cronbach’s α was 
calculated. A value of α > 0.80 is generally considered good, a 
value of α > 0.70 acceptable. Reliability was assessed in adults and 
children/adolescents separately.

Convergent validity (the degree to which two measures assess-
ing the same construct are related) between the PUTS and the 
average real-time urge intensity monitor was assessed by correlat-
ing the mean real-time urge intensity scores of the adult sample 
(N = 22) with the PUTS 9 and the PUTS 10 score, respectively, 
using Pearson’s r. Discriminant validity (the degree to which a 
measure can discriminate between the construct it was designed 
to measure and the construct it was not designed to measure) 
between the PUTS and OCD/ADHD measures was assessed 
using Pearson’s r.

In order to assess the discriminatory power of individual PUTS 
items in the adult GTS sample, i.e., how well individual items of the 
PUTS capture the construct measured by the questionnaire over-
all, item-test correlations were performed between items and the 
PUTS 9 score as well as the PUTS 10 score (part-whole corrected) 
using Pearson’s r. Additionally, the individual PUTS items were 
correlated with the average real-time urge intensity score in order 
to investigate which PUTS items best captured urge intensity.

Thereafter, two factor analyses were run. The first included only 
the 10 items of the PUTS, in order to assess whether the PUTS 
might reflect more than one dimension of premonitory urges. The 
second additionally included the real-time urge intensity score as 
an item, in order to determine which one of the factors might best 
represent the construct of urge intensity. Finally, a factor analysis 
including only the 10 items of the PUTS was computed in the 
young sample (N = 40) to assess whether the factor structure was 
similar in a younger, independent sample.

resUlTs

clinical assessment
In the adults sample, mean total tic severity according to the 
YGTSS (0–50) was 17.05 ± 7.7 SD, and the mean PUTS 9 score 

(10–36) was 21.05 ± 5.78 SD. Results from the Y-BOCS showed 
that none of the patients exceeded the overall cut off for clinically 
relevant OCD symptoms (16), with values ranging from 0 to 14 
(3.19  ±  4.85). However, WURS-K values ranged from 0 to 48 
(15.98 ± 13.65) indicating that 4 patients scored in the clinical 
range (cut off = 30); three of these patients also fulfilled DSM-5 
criteria for ADHD (14).

In the young sample, mean total tic severity according to the 
YGTSS50 was 17.77  ±  8.12 SD. The mean PUTS 9 score was 
17.83  ±  6.38 SD. Mean ADHD values according to the FBB-
ADHD (N = 25) scale were 0.96 ± 0.77 SD and according to the 
ADHD-DC (N = 13) scale were 0.15 ± 0.14 SD. Nine out of the 
40 children scored in the clinical range and/or had an ADHD 
diagnosis according to DSM-5 (14). The mean CY-BOCS score 
(N = 36) was 3.03 ± 6.3 SD; five of these patients had a diagnosis 
in the OCD spectrum.

internal consistency of the PUTs
Cronbach’s α across the 10 items of the PUTS was acceptable 
in the adult sample (α  =  0.79) and good in the young sample 
(α = 0.84).

Item–test correlations between individual PUTS items and the 
PUTS 9/PUTS 10 score showed that items 1, 6, and 9 consistently 
did not assess the overall construct of the PUTS as well as the other 
items (please see Table 1 for coefficients; for items, see Table 2). 
As previously found, item 10 also showed a very small correlation 
with the overall test score (r = −0.02). Excluding items 1, 6, 9, and 
10 increased internal reliability of the PUTS in the adult sample 
(α = 0.84), but not the young sample (α = 0.84).

convergent Validity between the PUTs 
and real-Time Urge intensity
The average real-time urge intensity score was highly correlated 
with the PUTS 10 (r = 0.64, p = 0.001) and the PUTS 9 (r = 0.66, 
p  =  0.001). PUTS items 1, 9, and 10 showed weak and non-
significant correlations with the average real-time urge intensity 
score (r < 0.2, p > 0.4; for a full list of correlations between real-
time urge intensity score and single items of the PUTS, please see 
Table 1). Excluding these items increased the overall correlation 
between the mean real-time urge intensity score and the PUTS 
10 (r = 0.71, p < 0.001).

The YGTSS motor tic severity score showed medium correla-
tions with the PUTS (PUTS 10: rho = 0.43, p = 0.048; PUTS 9: 
rho = 0.48, p = 0.025) and a medium non-significant correlation 
with real-time urge intensity (rho = 0.37, p = 0.09). The number 
of tics per 5 min (121.36 ± 60.56) correlated significantly with 
real-time urge intensity (r = 0.46, p = 0.03), but not with the PUTS 
9 (r = 0.36, p = 0.103) or PUTS 10 score (r = 0.39, p = 0.073).

Discriminant Validity between Urge 
Measures and aDhD/OcD Measures
There was a significant correlation between the PUTS 10 and 
the Y-BOCS (see Table  1). Correlations between single items 
of the PUTS and clinical scores showed that the Y-BOCS was 
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TaBle 1 | correlations between PUTs items and rUM/aDhD/OcD measures.

PUTs rUM PUTs 9 PUTs 10 Y-BOcs WUrs-K aDhD-sB aDhD-a aDhD-h aDhD-i

Item 1 0.13 0.25 0.28 −0.18 −0.35 −0.01 −0.14 −0.09 0.17
Item 2 0.55** 0.67** 0.68** 0.25 0.29 0.13 0.002 0.34 −0.01
Item 3 0.36 0.58** 0.6** 0.59** 0.56** 0.44* 0.26 0.64** 0.27
Item 4 0.51* 0.8** 0.79** 0.53* 0.46* 0.27 0.26 0.26 0.15
Item 5 0.35 0.72** 0.75** 0.43* 0.27 0.18 0.22 0.22 0.18
Item 6 0.55** 0.3 0.22 0.08 0.32 0.25 0.24 0.27 0.08
Item 7 0.6** 0.58** 0.55** 0.09 0.02 0.02 −0.09 0 33
Item 8 0.67** 0.47* 0.41 −0.11 0.001 0.1 −0.13 0.23 0.35
Item 9 −0.01 0.21 0.26 0.5* 0.19 0.09 0.18 −0.11 0.18
Item 10 −0.17 −0.02 0.16 −0.23 −0.32 −0.27 −0.25 −0.34

Multitrait-multimethod matrix

RUM 1
PUTS 9 0.66** 1
PUTS 10 0.64** 0.99 1
Y-BOCS 0.11 0.41 0.43* 1
WURS-k 0.12 0.35 0.32 0.51* 1
ADHD-SB 0.2 0.25 0.21 0.34 0.61** 1
ADHSD-A −0.01 0.15 0.11 0.38 0.57** 0.89** 1
ADHD-H 0.26 0.35 0.31 0.28 0.73** 0.83** 0.54* 1
ADHD-I 0.05 0.3 0.25 0.09 0.58** 0.82** 0.61** 0.67** 1

RUM, real-time urge monitor; PUTS, Premonitory Urge for Tic Disorders Scale; Y-BOCS, Yale–Brown Obsessive–Compulsive Scale; WURS-K, Wender Utah Rating Scale Short 
Form; ADHD-SB, Attention Deficit Hyperactivity Disorder Self-Rating Scale; ADHD-A, inattention subscale of the ADHD-SB; ADHD-H, hyperactivity subscale of the ADHD-SB; 
ADHD-I, impulsivity subscale of the ADHD-SB.
*p < 0.05.
**p < 0.01.

TaBle 2 | rotated factor analysis of the PUTs and the real-time urge measure.

items adult sample Young sample

F1 F2 F3 F1 F2 F3

Item 1: Right before I do a tic I feel like my insides are itchy 0.02 0.60 0.59 0.67 −0.05 0.09
Item 2: Right before I do a tic I feel pressure inside my brain or body 0.72 0.32 0.06 0.76 0.4 0.04
Item 3: Right before I do a tic I feel “wound up” or tense inside 0.85 0.01 −0.05 0.34 0.82 −0.03
Item 4: Right before I do a tic I feel like something is not “just right” 0.86 0.27 0.03 0.07 0.82 0.28
Item 5: Right before I do a tic I feel like something is not complete 0.82 0.18 0.19 0.06 0.87 0.17
Item 6: Right before I do a tic I feel like there is energy in my body that needs to get out 0.44 0.18 −0.76 0.22 0.09 0.66
Item 7: I have these feelings almost all the time before I do a tic 0.27 0.82 −0.02 0.75 0.22 0.5
Item 8: These feelings happen for every tic I have 0.14 0.90 −0.26 0.83 0.1 0.16
Item 9: After I do the tic, the itchiness, energy, pressure, tense feelings, or feelings that 
something is not “just right,” or complete go away, at least for a while

0.38 −0.004 0.62 0.28 0.07 0.86

Item 10: I am able to stop my tics even if only for a short period of time 0.14 −0.22 0.76 −0.11 0.39 0.54

Real-time urge intensity score 0.46 0.63 −0.32

F, factor; PUTS, Premonitory Urge for Tic Disorders Scale.
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significantly correlated with items 3 (r  =  0.59, p  =  0.004), 
4 (r = 0.53, p = 0.012), 5 (r = 0.43, p = 0.047), and 9 (r = 0.5, 
p = 0.019; Table 1). The WURS-K score correlated significantly 
with items 3 (r = 0.56, p = 0.006) and 4 (r = 0.46, p = 0.032), 
ADHD-SB also correlated significantly with item 3 (r  =  0.44, 
p =  0.047), especially with hyperactivity (r =  0.64, p =  0.002). 
However, the WURS-K and the Y-BOCS total scores were also 
significantly correlated (r = 0.51, p = 0.014; Table 1).

There were no significant correlations between the real-time 
urge intensity score and ADHD/OCD scores (Table 1).

Dimensions of the PUTs
A factor analysis with Varimax rotation across the PUTS 10 and 
the real-time urge intensity score revealed three factors. Items 2, 
3, 4, and 5 loaded highest on the first factor, whereas the real-time 
urge intensity score loaded highest on the second factor together 
with items 1, 7, and 8. Item 1 did not load clearly on one factor 
though but was almost equally distributed between factors 2 and 
3. Items 6, 9, and 10 loaded highest on the third factor (Table 2). 
The same structure emerged when only the 10 PUTS items were 
included in the analysis.
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A very similar structure of the 10 PUTS items was found in 
the young sample. The only item that differed was Item 2, loading 
highest on the intensity factor instead of the quality factor (see 
Table 2).

DiscUssiOn

construct Validity of the PUTs
The current study sought to assess the convergent validity of 
the PUTS with a measure that assesses urge intensity in real 
time. Average real-time urge intensity correlated highly with 
the PUTS 9 and PUTS 10 scores. This shows good convergent 
validity of the PUTS with a measure that tracks urge intensity 
over a limited time interval. However, low correlations between 
urge intensity assessed by the real-time urge intensity monitor 
and individual items (1, 9, and 10) of the PUTS suggest that not 
all items of the PUTS tap into the construct of urge intensity. 
These findings were reflected by the results regarding internal 
consistency of the PUTS.

Internal consistency of the PUTS 10 was acceptable 
(α = 0.79) in adult GTS patients, replicating previous findings 
(2, 6). However, consistency could be increased by excluding 
a number of items that showed small to medium correlations 
with the overall construct assessed by the PUTS. Item 10, refer-
ring to the ability to stop one’s tics, was already removed from 
the PUTS total score in most recent studies (12, 22). Item 1,  
assessing an “itch-like” urge quality, item 6, characterizing 
urges as an energy that needs to get out, and item 9, assessing 
to what degree urges subside after tics, also appeared to assess a 
different construct than urge intensity. Excluding items 1, 6, 9, 
and 10 increased internal consistency and convergent validity in 
the adult sample. However, instead of excluding these items, it 
might be worthwhile investigating and building on the different 
underlying dimensions of urges that the PUTS might assess. 
Factor analyses including all 10 items of the PUTS (with and 
without real-time urge intensity score) revealed a three-factor 
solution.

Items loading on the first factor assess whether patients feel 
“a pressure,” “wound up,” “like something is not ‘just right’ or 
‘incomplete’” and might be interpreted to assess the quality of 
premonitory sensations. The second factor included the average 
real-time urge intensity score and two items assessing in how far 
patients had these “feelings almost all the time” before a tic and 
“for every tic” and might reflect the overall intensity of premoni-
tory urges. Item 1 (“…my insides are itchy”) also loaded highest 
on the second factor. However, it loaded almost equally high on 
factor three (0.60 vs. 0.59) and might not clearly reflect any of the 
underlying dimensions. Surprisingly, it was not included in the 
first factor, assessing quality of urges.

The third factor comprised item 9, assessing how much tics 
are associated with a relief in urges and item 10, referring to the 
patients ability to stop their tics. Additionally, item 6 assesses to 
what degree patients feel that there is “an energy” in their body 
that needs to get out before the tic and loaded highly negatively on 
factor three. The nature of these items suggests that the underlying 
factor may be related to the perceived control over tics and urges.

This pattern was largely replicated in 40 children and adoles-
cents with GTS. In this sample, item 2, referring to urges as a 
pressure moved from the quality factor to the intensity factor.

convergent and Discriminant Validity
The medium correlation between the overall PUTS score and 
the motor tic severity score of the YGTSS suggests that both 
questionnaires assess distinct, but related constructs. This can-
not strictly be taken as proof of validity of the PUTS because the 
YGTSS does not aim to assess the same construct as the PUTS. 
Moreover, previous studies regarding the association between the 
PUTS and the YGTSS have rendered mixed results (2, 6, 10, 12, 
23, 24). This suggests that the relationship between urge severity 
and tic severity either depends on the sample characteristics (e.g., 
comorbidities) or that they are not always sufficiently captured by 
the PUTS and/or the YGTSS to reveal their relationship.

A significant correlation in the medium range between the 
number of tics assessed in real time and urge intensity assessed 
in real time supports the notion that tic severity and urge severity 
are related, but distinct phenomena, independent of the measure 
used to assess them. The finding that correlations across different 
measures (real-time urge intensity with YGTSS motor tic severity; 
real-time number of tics with PUTS scores) were lower and non-
significant could be due to the different time windows assessed 
by questionnaires and real-time instruments. Questionnaires 
aim to assess phenomena in general, whereas the RUM assesses 
severity of tics and urges in a small time window. Tics wax and 
wane and urge severity assessed at a particular point in time can 
differ from urge severity judged over a longer time period and 
averaged across all tics that the patient recalls while filling out 
the questionnaire.

The PUTS 10, but not the PUTS 9 score, correlated significantly 
with the Y-BOCS, but not with ADHD measures, replicating 
previous mixed findings on the association between symptoms of  
OCD or ADHD and urges measured by the PUTS (6, 10, 12, 13,  
24, 25). However, we would not classify significant correlations 
with the Y-BOCS as convergent validity because the question-
naires aim to assess very different constructs. On the contrary, it 
might be more useful if items assessing urge intensity associated 
with tics did not tap into related phenomena that might be asso-
ciated with obsessions or compulsions. Hence, the discriminant 
validity of the PUTS was not good because it did not clearly 
measure urge intensity only associated with tics.

The majority of OCD patients with premonitory sensations 
experience “just-right” sensations (26), whereas the majority of 
GTS patients describe it as an impulse or urge to move (4). Based 
on the correlational pattern between single items of the PUTS 
and measures of OCD and ADHD, it appears likely that specific 
items, related to the quality of urges, tap into phenomena that 
are typically associated with OCD (i.e., “not just right” feelings 
or feelings of incompleteness) or ADHD (i.e., feeling “wound 
up”) and not specifically with the urge to tic. Similar associations 
between PUTS items and OCD symptoms have previously been 
found (10, 13).

Urge intensity per se might not be associated with symptoms 
of OCD and ADHD. In line with this assumption, items load-
ing on the intensity factor of the PUTS and the real-time urge 

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


208

Brandt et al. Convergent Validity of the PUTS

Frontiers in Psychiatry | www.frontiersin.org April 2016 | Volume 7 | Article 51

intensity score were not significantly correlated with OCD or 
ADHD scores, suggesting that urge intensity is independent from 
comorbidities.

limitations and Future Directions
The main limitation of the study is the sample size. Although this 
should not be problematic for the results concerning convergent 
validity between the PUTS and the real-time urge measure, more 
patients will be required to draw firm conclusions concerning 
the underlying dimensions assessed by the PUTS. Despite the 
replication of a very similar three-factor solution in the young 
sample, it might be useful for researchers to pool their PUTS data 
and investigate whether these dimensions can be replicated in 
large samples of at least 50 individuals (27).

If the structure can be replicated, the PUTS might be 
further developed into several subscales with more items on 
each scale. The subscale assessing urge intensity should then 
have high discriminant validity, purely assessing urge intensity 
regarding tics and not tap into phenomena that might also be 
associated with comorbidities. The subscales assessing qual-
ity of urges and perceived control over urges/tics might be 
very interesting and useful with regard to comorbidities. For 
instance, individuals with higher ADHD scores were less likely 
to say that they could stop their tics in this sample, whereas 
patients with higher OCD scores were more likely to say that 
urges subsided after tics. Although correlations with ADHD 
symptoms were not significant, perceived control might be 

an interesting question to pursue in the future. Furthermore, 
intelligence has been shown to be associated with some execu-
tive functions (28), and future studies might evaluate the role 
of intelligence in perceived and actual tic control. Until now, 
research investigating differences in premonitory urges has 
mostly focused on the different qualities of the experienced 
sensation (e.g., just right feeling, impulse, and energy release), 
and future studies might investigate the underlying dimensions 
of urges more comprehensively.
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Background: Gilles de la Tourette syndrome (TS) is a complex neuropsychiatric disorder

defined by the presence of motor and phonic tics, but often associated with psychiatric

comorbidities. The main objective of this study was to explore the clinical presentation

and comorbidities of TS.

Method: We analyzed clinical data obtained from a large sample (n = 1032; 529

children and 503 adults) of patients with tic disorders from one single German TS center

assessed by one investigator. Data was collected with the help of an expert-reviewed

semi-structured interview, designed to assess tic severity and certain comorbidities.

Group comparisons were carried out via independent sample t-tests and chi-square

tests.

Results: The main findings of the study are: (1) tic severity is associated with

the presence of premonitory urges (PU), copro-, echo-, and paliphenomena and

the number of comorbidities, but not age at tic onset; it is higher in patients with

comorbid obsessive-compulsive disorder (OCD) than in patients with comorbid attention

deficit/hyperactivity disorder (ADHD). (2) PU were found to be highly associated with “not

just right experiences” and to emerge much earlier than previously thought alongside

with the ability to suppress tics (PU in >60% and suppressibility in >75% at age 8–10

years). (3) Self-injurious behavior (SIB) is highly associated with complex motor tics

and coprophenomena, but not with OCD/obsessive-compulsive behavior (OCB). While

comorbid ADHD is associated with a lower ability to suppress tics, comorbid depression

is associated with sleeping problems.

Discussion: Our results demonstrate that tic severity is not influenced by age at

onset. From our data, it is suggested that PU represent a specific type of “not just

right experience” that is not a prerequisite for tic suppression. Comorbid ADHD reduces

patients’ ability of successful tic suppression. Our data suggest that SIB belongs to the
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coprophenomena spectrum and hence should be conceptualized as a complex tic rather

than a compulsion. Finally, this study strongly supports the hypothesis that TS+OCD is a

more severe form of TS and that comorbid OCD/OCB, depression, and anxiety belong to

the TS spectrum, while ADHD should be better conceptualized as a separate problem.

Keywords: Tourette syndrome, tics, comorbidities, ADHD, OCD, premonitory urges, self-injurious behavior,

depression

INTRODUCTION

A part of the broad spectrum of tic disorders—including
provisional tic disorder and persistent (chronic) tic disorder—
Gilles de la Tourette syndrome (TS) is a neuropsychiatric
disorder with an onset in childhood. This developmental disorder
is characterized by the presence of multiple motor tics and at least
one phonic tic for a minimum period of 1 year, beginning before
18 years of age and occurring in bouts (American Psychiatric
Association, 2013). Typically, tics begin to appear between 5–7
years of age, follow a waxing and waning course, reach their peak
severity between 10 and 12 years of age, and decline drastically
or even vanish completely by the end of adolescence (Leckman
et al., 1998). Not only is TS found among people in all countries,
cultures, and ethnic groups, but its main characteristics are also
mostly similar across such different populations (Tanner and
Goldman, 1997), with the estimated prevalence ranging between
1% (Robertson et al., 2009) and 5.26% (Cubo et al., 2011), the
latter relatively high percentage conveying that TS in the general
community is milder and more ubiquitous than its prevalence
estimates based on its occurrence in clinical settings (Robertson,
2000). Relevant literature also points toward a clear sex difference
in prevalence of TS, with it being approximately four times more
common in males than in females (Robertson, 1994; Tanner and
Goldman, 1997; Freeman et al., 2000).

The vast majority of individuals with TS report a certain
discomfort or feeling of pressure before a tic occurs—either
focal and specific to a particular anatomical location or
more generalized—called “premonitory urge” (PU), that tends
to intensify before the tic occurs and is usually mitigated
temporarily once the individual performs the tic (Leckman et al.,
1993).

Particularly in more severely affected patients, simple
motor and phonic tics are often accompanied by different
forms of complex tics including coprophenomena—such as
making socially inappropriate gestures (copropraxia) or verbal
expressions (coprolalia)—in which symptoms tend to manifest
during the preadolescent period when tics are at their most
severe (Freeman et al., 2009), echophenomena such as imitating
gestures (echopraxia) and words or phrases (echolalia), and
paliphenomena such as phonic blocking and repetition (palilalia).
Additionally, TS is considerably comorbid with attention
deficit/hyperactivity disorder (ADHD), obsessive-compulsive
disorder (OCD) or (subclinical) obsessive-compulsive behavior
(OCB), anxiety disorders, depression, self-injurious behavior
(SIB), rage attacks, and to a lesser extent with learning disorders,
personality disorders, and other behavioral disorders (Robertson,
2000). Freeman et al. (2000) found that at all ages, a mere

12% of the clinical population with TS have no reported
comorbidity.

Robertson and Baron-Cohen (1998) have provided a relatively
clear clinical division of TS: (i) “pure TS,” including almost only
motor and phonic tics; (ii) “full blown TS,” consisting of related
echo-, copro-, and paliphenomena; and (iii) “TS plus” (first
coined by Packer, 1997), which includes cases of those who also
have SIB, ADHD, severe OCB, or OCD, as well as other severe
psychopathologies such as depression, anxiety, and antisocial
behaviors. Another classification was proposed by Robertson
and Cavanna (2007), in which “cluster 1” consisted of only
simple tics, “cluster 2” involved tics, ADHD, and aggression,
whilst “cluster 3” included tics, and affective disorders such as
OCD/OCB, depression, and anxiety. The second classification is
in line with research indicating that depression, anxiety, OCD,
and OCB are all a part of the TS spectrum, whereas ADHD is
somewhat separate (Lebowitz et al., 2012; Hirschtritt et al., 2015;
Trillini and Müller-Vahl, 2015).

In their multisite study, Freeman et al. (2000) analyzed data
obtained from 3500 individuals diagnosed with TS obtained
from 64 different centers across 22 countries, and established
several findings. They reported that the mean age at onset of
tics was 6.4 years. The most common reported comorbidity
was ADHD at 60% followed by history of sleeping problems
(37%) and OCB (32%). In terms of gender differences, they
confirmed not only the well-known male:female ratio (4.3:1),
but also found that males are more likely to have comorbid
disorders such as conduct disorder (CD)/oppositional defiant
disorder (ODD), ADHD, pervasive developmental disorders,
anger control problems, specific learning disability, stuttering,
social skills problems, and pre-/perinatal-problems than females,
whereas females showed significantly higher rates for SIB and
trichotillomania. Males were also found to have a significantly
higher comorbidity score (2.06) than females (1.83). Symptoms
such as sleeping problems, coprolalia, SIB, and anger control
problems were found to be positively associated with the
comorbidity score. With respect to associated psychopathology,
their results also showed that sleeping problems were twice as
likely to occur in the comorbid group as opposed to the “TS only”
group (without comorbidities).

Through this study, we aim to extend our knowledge of
possible differences in the clinical presentation and nature of
TS-related phenomena/various tic symptoms based on gender,
age groups, and single comorbidity subgroups of TS, and
thereby achieve a better understanding of the factors producing
variations in order to engage in better subtyping of TS. Therefore,
we used a large database—consisting purely of data gathered
during the first evaluation of every patient at the TS center—as
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a suitable starting point for studying a large sample (n = 1032)
from a single research site, thereby controlling for inter-site
variance. We also posit a more specific hypothesis that whilst
comorbidities such as OCD, anxiety, depression, and SIB are
more related to the TS spectrum, comorbidities like ADHD and
rage attacks tend to be slightly independent of it, as has been
suggested earlier (Lebowitz et al., 2012; Hirschtritt et al., 2015;
Trillini and Müller-Vahl, 2015).

METHODS

This study bases on a large data set obtained from only one
single large German TS center at the Clinic of Psychiatry,
Socialpsychiatry, and Psychotherapy at the Hannover Medical
School (MHH). It is the largest TS center in all of Germany
with an outpatient clinic which treats both adults and children.
The waiting time for an appointment ranges between 2 and 3
months. The administration of this institution allows patients
to visit the outpatient clinic without the need for a referral by
another medical professional. The medical costs incurred by the
patients’ families are covered by health insurance. Thus, patients
from all over Germany—and in some cases even from abroad—
present at this TS center. All patients included in this study had
not only been personally seen by one of the authors (KMV), but
their medical history was also personally looked into by her in
each case. KMV is both a neurologist and an adult psychiatrist
and a well-experienced specialist for tic disorders.

Clinical data was elicited over a period of nearly 20 years
(1995–2013) from 1032 patients consisting of 529 children and
503 adults (median age = 17; SD = 12.91) with various tic
disorders. The diagnoses of different form of tic disorders were
made according to DSM criteria valid at that time (DSM-III-R–
DSM-IV-TR). All subjects were prospectively interviewed using
a clinician-reviewed semi-structured interview assessing several
different aspects including tics and comorbidities. This schedule
closely resembles the National Hospital Interview Schedule,
developed by Robertson and Eapen (1996), and its credibility
was established based on the expertise of one of the authors
(KMV). Lifetime data for 9 motor and phonic tic symptoms
were obtained: simple motor (MT) and phonic tics (PT), complex
MT and PT (including all different forms of complex tics), and
specifically coprolalia, copropraxia, echolalia, echopraxia, and
palilalia (each symptom was scored as either present or absent).
In addition, we asked for age at tic onset (separately for MT and
PT), suppressibility of tics (yes/no), and presence of PU (yes/no),
including the nature/localization of the PU (local, diffused, or
uncertain).

Current tic severity was assessed on the day of diagnosis
at MHH using the Shapiro Tourette-Syndrome Severity Scale
(STSS), which contains five variables with matching rating
scales as follows: (1) tics noticeable to others (0–3), (2) tics
elicit comments or curiosity (0–1), (3) patient considered odd
or bizarre (0–2), (4) tics interfere with functioning (0–2), (5)
incapacitated, homebound or hospitalized (0–1). The total score
ranges from 0 to 9 with the following interpretation: 0 = none,
0− <1 = very mild, 1 − <2 = mild, 2 − <4 = moderate, 4 −

<6=marked, 6− 8= severe, and >8 – 9= very severe (Shapiro

et al., 1988). The corresponding Global Severity Ratings (GSR)
range from 0 (indicating “none”) to 6 (indicating “very severe”).

Lifetime prevalence for the following comorbidities was
evaluated based on the semi-structured clinical interview:
hyperactivity, inattention, rage attacks, anxiety (including
different forms of anxiety disorders including phobias, panic
disorders, and general anxiety disorder), depression, OCD,
SIB, and sleeping problems. ADHD was diagnosed for each
participant based on the presence of either hyperactivity or
inattention, and hence these two are considered one comorbidity.
OCB, being a mild form of OCD, was assessed, but not
considered as a comorbidity. Specific obsessive-compulsive (OC)
symptoms such as obsessions and compulsions—particularly
those of counting, checking, ordering, washing, and “not just
right experiences”—were also assessed. For the assessment of
comorbidities, no validated rating scales were used. Diagnoses of
psychiatric comorbidities were based either on patients’ history
or—in case of current symptomatology—on DSM criteria. A
comorbidity score was calculated by adding up the total number
of comorbidities for each patient as suggested earlier (Freeman
et al., 2000), ranging from 0 to 6 (including OCD, ADHD, rage
attacks, anxiety, depression, and SIB).

Several group comparisons were undertaken. Patients
diagnosed with TS according to DSM (“TS group”) were
categorized as “TS only”—consisting of those individuals with
no comorbidities (as defined above)—and “TS + comorbidities”
(equivalent of the “TS plus” sub-group coined by Packer, 1997)—
comprised those TS patients with ≥1 comorbidity (including
OCD, ADHD, rage attacks, anxiety, depression, and SIB). In
addition, we conducted two further subgroup comparisons: (i)
TS+OCD (excluding ADHD but including other comorbidities)
vs. TS+ADHD (excluding OCD/OCB but including other
comorbidities) in order to further investigate the hypothesis
that OCD, but not ADHD, is part of the TS spectrum; and (ii)
TS+OCD/OCB/anxiety/depression/SIB vs. TS+ADHD+rage
attacks in order to verify the validity of the classification of TS
suggested by Robertson and Cavanna (2007).

All data analyses were carried out using the Statistical Package
for Social Sciences (V.21.0 for Mac, SPSS Inc.) and Microsoft
Excel Mac 2011. Z-score tests of proportion were carried out to
measure gender differences for various clinical features of TS and
associated disorders. Pearson’s Chi-square tests were conducted
to test for associations between categorical variables measuring
the presence of several comorbidities. ANOVA and t-tests were
conducted to test for gender differences and differences in tic
severity in continuous variables. Alpha value was set at 0.05 (two-
tailed). Due to a few issues related to data collection, some of
the fields in the database were left blank, thereby resulting in an
incomplete database and consequently certainmissing values, the
absolute numbers and percentages of which have beenmentioned
at the appropriate parts of the results section.

RESULTS

Of the entire sample of 1032 patients, 529 (51.3%) were
children (<18 years of age) whilst 503 (48.7%) were adults
(≥18 years of age). Nine hundred and seventy-eight patients
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had TS, 40 patients were diagnosed with chronic motor tics
(CMT), and the remaining 14 had other tic disorders, such as
transient (provisional) or chronic (persistent) vocal or other
tic disorders. Unless otherwise specified, all the results pertain
to the entire sample. Further, details for the CMT group will
be provided elsewhere (Müller-Vahl et al., in preparation).
Depending on the presence of comorbidities we found: “TS
only” (n = 75; 7.2%), “TS + comorbidities” (n = 898; 87.0%),
TS+OCD (n = 45; 4.4%), TS+ADHD (n = 102; 9.9%),
TS+OCD/OCB/anxiety/depression/SIB (n = 209; 20.3%), and
TS+ADHD+rage attacks (n= 56; 5.4%).

Tics: Age at Onset and Tic Severity
The mean age at time of assessment was 20.9 years (range 4–72;
SD: 12.91). The mean age at onset of tics was 6.97 years (range,
0–21; SD: 3.17). Only one of the 978 participants claimed that his
tics started at the age of 21 years, although all other respective
DSM criteria were met. The mean age at onset for MT was
7.51 years (range, 0–53; SD: 3.95) whereas that for PT was 9.76
years (range, 0–48; SD: 5.58). The mean age at diagnosis was
18.9 years (range, 4–72; SD: 12.72). Mean tic severity ratings
(GSR) according to STSS were 2.79 when considering the entire
sample (range, 1–6; SD: 1.17) and 2.83 within the TS group
(range, 1–6; SD: 1.17). Table 1 shows tic severity across the
entire sample demonstrating that even in a tertiary referral
center like ours, tic severity is very mild to moderate in almost
three-quarter of patients. No significant relationship was found
between age at onset of tics and tic severity as measured by the
STSS [F(5) = 0.817; n.s.]. Table 2 shows percentages of the total
sample developing tics at various age ranges.

TABLE 1 | Tic severity according to STSS-GSR (range, 1–6) across the

sample (n = 1032).

STSS-GSR Number (%)

1 = very mild 120 (12.0)

2 = mild 343 (34.3)

3 = medium 265 (26.5)

4 = marked 176 (17.6)

5 = severe 90 (9.0)

6 = very severe 5 (0.5)

STSS-GSR, Global Severity Rating of the Shapiro Tourette-Syndrome Severity Scale.

TABLE 2 | Age range at tic onset.

Age range [years] Tic onset

N (%)

<6 352 (34.1)

6–10 543 (52.6)

11–15 119 (11.6)

16–18 17 (1.6)

>18 1 (0.1)

N = number of cases.

Considering the three age groups (based on current age of the
patient) according to age dependency of tic severity provided by
Bloch et al. (2006), we found a significant positive association
between mean tic severity and age groups [F(2) = 31.658;
p < 0.001]: age <10 years (n = 184): mean STSS-GSR = 2.33,
age 10–12 years (n = 198): mean STSS-GSR = 2.52, and age
>12 years (n = 650): mean STSS-GSR = 3.00. For the purpose
of finding the age group where tics reach their worst severity,
in addition, for the following age groups mean STSS-GSR
were calculated and again demonstrated a significant positive
relationship between STSS-GTS and age groups [F(5) = 12.688;
p < 0.001]: <6 years (n = 13): mean STSS-GSR = 2.31, 6–10
years (n = 251): mean STSS-GSR = 2.38, 11–15 years (n = 205):
mean STSS-GSR= 2.66, 16–20 years (n= 141): mean STSS-GSR
= 2.99, 21–25 years (n= 100): mean STSS-GSR= 3.02,>25 years
(n= 322): mean STSS-GSR= 3.06.

In addition, mean tic severity (STSS-GSR) was found to be
highly associated with the comorbidity score [F(6) = 19.945;
p < 0.001; Table 3]. Mean STSS-GTS was significantly lower in
the “TS only” group (2.20) compared to the “TS + comorbidity”
group [2.88, [t(945) = −4.937; p < 0.001]]. Further, details
regarding tic severity depending on the presence of one or more
comorbidities are given in Table 4.

Coprophenomena, Echophenomena,
Palilalia
With regards to specific complex tics (“full blown TS”), 290
patients (28.1%) reported coprophenomena, of which 247 (24%)
reported coprolalia and 160 (15.5%) copropraxia, 290 patients
(28.1%) claimed to have echolalia and 238 (23.1%) echopraxia,
and 339 patients (33%) reported palilalia. Results showing
associations between presence of various complex tics and tic
severity are shown in Table 5.

In addition, we found a significant association between
coprophenomena and comorbidity score (X2

= 126.823;

TABLE 3 | Association between number of comorbidities (=comorbidity

score) and mean tic severity*.

Number of

comorbidities

N Mean tic

severity

SD Std.

Error

95% Confidence

Interval for Mean

Lower

bound

Upper

bound

0 82 2.11 0.817 0.09 1.93 2.29

1 179 2.38 1.006 0.075 2.23 2.53

2 206 2.71 1.083 0.075 2.56 2.86

3 217 2.82 1.147 0.078 2.67 2.97

4 170 3.02 1.186 0.091 2.84 3.20

5 107 3.38 1.264 0.122 3.14 3.63

6 36 3.69 1.091 0.182 3.33 4.06

*comorbidity score including OCD, anxiety, depression, SIB, rage attacks, and ADHD,

mean tic severity (according to SPSS-GSR; missing data: n = 35).

OCD, obsessive-compulsive disorder; OCB, obsessive-compulsive behavior; ADHD,

attention-deficit hyperactivity disorder; SIB, self-injurious behavior; STSS-GSR, Global

Severity Rating of the Shapiro Tourette-Syndrome Severity Scale; N, number of cases;

SD, standard deviation; Std., Standard.
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TABLE 4 | Tic severity depending on the presence (±) of different comorbidities*.

Comorbidity N Mean tic severity SD Std. Error Mean t-value Significance

OCD†
+ 97 3.15 1.143 0.038 3.266 p < 0.001

− 901 2.74 1.307 0.133

Anxiety + 314 3.05 1.106 0.042 4.88 p < 0.001

− 684 2.67 1.250 0.071

Depression + 228 3.15 1.130 0.041 5.453 p < 0.001

− 771 2.68 1.218 0.081

SIB + 392 3.19 1.039 0.042 9.201 p < 0.001

− 604 2.52 1.235 0.062

Rage attacks + 577 2.96 1.081 0.053 5.642 p < 0.001

− 420 2.54 1.198 0.050

ADHD†
+ 449 2.92 1.174 0.050 3.256 p < 0.001

− 550 2.68 1.146 0.054

TS only 75 2.20 0.870 0.100 −4.937 p < 0.001

TS + comorbidities 872 2.88 1.172 0.04

TS+OCD 45 3.07 1.388 0.209 2.434 p < 0.05

TS+ADHD 102 2.57 0.956 0.099

TS+OCD/OCB/Anxiety/Depression/SIB 205 2.66 0.908 0.125 1.424 n.s.

TS+ADHD+rage attacks 53 2.42 1.155 0.081

*comorbidities including OCD, anxiety, depression, SIB, rage attacks, and ADHD, mean tic severity according to SPSS-GSR (missing data: n = 35).
†
groups include patients having other miscellaneous comorbidities and are therefore larger in number than the “TS+OCD” and “TS+ADHD” groups, which indicate a purer form of the

stated comobidity.

OCD, obsessive-compulsive disorder; OCB, obsessive-compulsive behavior; ADHD, attention-deficit hyperactivity disorder; SIB, self-injurious behavior; STSS-GSR, Global Severity

Rating of the Shapiro Tourette-Syndrome Severity Scale; N, number of cases; SD, standard deviation; Std., Standard.

TABLE 5 | Tic severity* depending on presence (±) of certain complex tics.

Complex tic N Mean

STSS-

GSR

SD Std.

error

t-value Significance

Coprophenomena + 278 3.36 1.255 0.075 −10.093 p < 0.001

− 721 2.57 1.052 0.039

Coprolalia + 239 3.46 1.262 0.082 −10.742 p < 0.001

− 757 2.58 1.050 0.038

Copropraxia + 154 3.49 1.280 0.103 −8.473 p < 0.001

− 843 2.66 1.096 0.038

Echolalia + 280 3.21 1.220 0.073 −7.438 p < 0.001

− 717 2.62 1.100 0.041

Echopraxia + 227 3.19 1.292 0.086 −6.101 p < 0.001

− 770 2.67 1.098 0.040

Palilalia + 325 3.22 1.175 0.065 −8.406 p < 0.001

− 670 2.58 1.104 0.043

*according to STSS-GSR.

STSS-GSR, Global Severity Rating of the Shapiro Tourette-Syndrome Severity Scale; N,

number of cases; SD, standard deviation; Std., Standard.

p < 0.001), echophenomena and comorbidity score (X2
=

76.14; p < 0.001), and paliphenomena and comorbidity score
(X2

= 87.38; p < 0.001). Prevalence rates of coprophenomena
demonstrated a significant association with age (X2

= 23.227;
p < 0.001): <10 years = 36 (19.6%), 10–12 years = 46
(23.2%), and >12 years = 208 (32%). There were also significant
associations between age group and other complex tics such

as echolalia (X2
= 7.736; p < 0.05), echopraxia (X2

=

24.737; p < 0.001), and palilalia (X2
= 7.111; p < 0.05).

In terms of individual comorbidities, coprophenomena were
most highly associated with SIB (X2

= 60.302; p < 0.001;
with both coprolalia and copropraxia having similarly significant
associations), followed by depression (X2

= 34.484; p <

0.001), rage attacks (X2
= 33.800; p < 0.001); ADHD (X2

=

30,856; p < 0.001); anxiety (X2
= 27.122; p < 0.001), OCD

(X2
= 17.341; p < 0.001), and lastly OCB (X2

= 13.551;
p < 0.001).

Premonitory Urges (PU) and Tic
Suppressibility
Of the total sample of 1032 participants, 291 (29.4%) individuals
did not report a PU [missing data, n = 41 (3.97%)]. Amongst
the 700 (67.82%) patients who did report the experience of a PU,
446 (46%) participants experienced a localized PU, 113 (11.6%) a
diffused PU, and for the remaining 141 (13.7%), although the PU
was present, its precise nature was uncertain. With regards to tic
suppression, 853 (85.4%) participants mentioned that they were
able to suppress their tics whereas 146 (14.6%) claimed that they
were unable to do so (missing data, n= 33).

In order to investigate age dependencies for both PU and
suppressibility, we used different age ranges: on the one hand we
used ranges based on the natural course of tics with the worst
period between ages 10 and 12 (Bloch et al., 2006)—<10 years,
10–12 years, >12 years (Table 6)—and on the other hand age
groups as suggested by Banaschewski et al. (2003): 8–10, 11–14,
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15–19 years. In addition to the latter age ranges, we looked at
PU and suppressibility in very young children (age<8 years) and
adults (age >19 years) to further investigate age dependency and
possible habituation (Table 7). Both classifications demonstrated
clear age dependencies for PU as well as tic suppression. Patients
who reported a PU suffered from significantly more severe tics
compared to those without PU [mean STSS-GSR= 2.87 vs. 2.62,
(t=−3.164; p< 0.005)]. In contrast, tic severity was not different
in patients who were able to suppress their tics compared to
those who were unable to do so [mean STSS-GSR = 2.83 vs.
2.63, (t = −1.830; n.s.)]. A significant positive association was
found between PU and the ability to suppress tics (X2

= 96.691;
p < 0.001).

While no significant association was found between PU and
OCD (X2

= 3.085; n.s.), we found a highly significant (X2
=

15.379; p < 0.001) positive association between PU and OCB. In
particular, there was a strong direct association between PU and
“not just right experiences” (X2

= 20.871; p < 0.001). Certain
other such significant positive associations were also found
between PU and obsessions (X2

= 11.218; p< 0.01), compulsions
in general (X2

= 26.769; p < 0.01), and various specific OC
symptoms including counting (X2

= 15.571; p< 0.01), checking
(X2

= 18.897; p < 0.01), ordering (X2
= 13.979; p < 0.01), but

not washing (X2
= 0.854; n.s.). Tic suppression was found to have

a significant and direct association with inattention (X2
= 6.056;

p < 0.05), rage attacks (X2
= 5.062; p < 0.05), and hyperactivity

(X2
= 4.838; p < 0.05).

TABLE 6 | PU, tic suppression, comorbidity score, and tic severity* based

on age ranges suggested by Bloch et al. (2006).

Age group

(years; N)

PU

reported

(%)

Ability to

suppress

tics (%)

Mean comorbidity

score (entire age

group)

Mean tic

severity (entire

age group)

<10 (181) 46.7 65.5 2.35 2.33

10–12 (195) 61.3 78.8 2.21 2.52

>12 (623) 79.7 92.6 2.91 3

*according to STSS-GSR

PU, premonitory urge; STSS-GSR, Global Severity Rating of the Shapiro Tourette-

Syndrome Severity Scale; N, numbers.

Comorbidities
Comorbidity Score
Across the entire sample, following were the percentages
of different comorbidity scores: 84 patients (8.2%) had no
comorbidity (“TS only”), 186 (18.1%) had one, 211 (20.5%) had
two, 226 (22%) had three, 175 (17%) had four, 109 (10.6%)
had five, and 36 (3.5%) had all six comorbidities as defined
above (OCD, anxiety, depression, SIB, rage attacks, and ADHD;
missing data: n = 5; see also Table 3). The mean comorbidity
score was 2.67 (range, 0–6; SD = 1.57). A significant positive
relationship was found between age groups and comorbidity
score [F(2) = 20.579; p < 0.001; Tables 6, 7]. Only 75 (7.67%) of
the individuals from the “TS group” presented with “TS only.”
Table 4 shows that in all those with a comorbidity score >1
(indicating the presence of any of the six comorbidities), the
mean tic severity tended to be significantly higher than in those
with no comorbidity. We also ran a test to compare the presence
of comorbidities in patients based on the following age groups:
<25,≥25 and<50, and≥50 years at the time of assessment. This
was done to check for recall issues in describing comorbidities
before and after a certain age. However, no significant differences
were found between the various age groups.

OCD/OCB
Whilst only 103 (10%) patients of the sample had been clinically
diagnosed with OCD according to DSM, 637 (61.8%) suffered
from mild to moderate OCB without fulfilling diagnostic criteria
for OCD. Table 8 shows prevalence rates for different forms of
OC symptoms amongst those with OCD and OCB. The most
often reported OC symptom was a “not just right experience” [in
575 (55.9%) patients across the entire sample].

ADHD, Rage Attacks
Hyperactivity was reported by 291 (28.4%) participants,
inattention by 405 (39.4%), and the diagnosis of ADHD
according to DSM was made in 463 (44.9%) individuals. As
expected, ADHD was significantly associated with hyperactivity
(X2

= 499.818; p < 0.001), inattention (X2
= 816.434;

p < 0.001), and rage attacks (X2
= 67.331; p < 0.01). However,

the association with rage attacks was comparatively much weaker
than that with the other two variables. Of the 594 patients
(57.8%) who were diagnosed with rage attacks, 261 (43.94%) did

TABLE 7 | PU, tic suppression, comorbidity score, and tic severity* compared to results provided by Banaschewski et al. (2003).

Age group years (N) Presence of premonitory feeling Ability to suppress tics Mean comorbidity score

(entire age group)

Mean tic severity

(entire age group)
Banaschewski

et al. (%)

Current

study (%)

Banaschewski

et al. (%)

Current

study (%)

<8 (80) – 34.8 – 56.5 2.23 2.34

8–10 (180) 34 61.8 48 75.1 2.36 2.39

11–14 (174) 56 61.8 66 82.8 2.35 2.66

15–19 (136) 68 76.6 79 90.6 2.62 2.92

>19 (429) – 81.3 – 93.4 3.03 3.05

*according to STSS-GSR, comorbidity score including OCD, anxiety, depression, SIB, rage attacks, and ADHD.

PU, premonitory urge; STSS-GSR, Global Severity Rating of the Shapiro Tourette-Syndrome Severity Scale.
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TABLE 8 | Prevalence rates of different forms of OC symptoms in TS

patients with comorbid OCD compared to those with comorbid OCB.

OC Symptom OCD (N; %) OCB (N; %) Z-score Significance

Compulsions 101 (98.1) 603 (94.9) 1.41 n.s.

-Not just right

experiences

87 (85.3) 467 (73.3) 2.38 n.s.

-Checking 77 (76.2) 279 (43.9) 5.02 p < 0.001

-Ordering 57 (55.9) 181 (28.4) 3.80 p < 0.001

-Washing 35 (34.7) 50 (7.8) 3.12 p < 0.01

-Counting 28 (27.7) 96 (15.1) 1.53 n.s.

Obsessions 92 (91.1) 262 (41.3) 8.25 p < 0.001

OC, obsessive-compulsive; OCD, obsessive-compulsive disorder; OCB, obsessive-

compulsive behavior; TS, Tourette Syndrome; N, numbers; n.s., not significant.

not suffer from either hyperactivity or inattention, thus giving
rise to the new and significant observation of the prevalence of
rage attacks in Tourette patients, often even in the absence of
ADHD.

Sleeping Problems
Sleeping problems (lifetime prevalence) were reported by 273
(26.7%) patients in the sample. Sleeping problems were found to
have strong direct associations with depression (X2

= 24.548;
p < 0.001), followed by ADHD (X2

= 14.785; p < 0.001),
anxiety (X2

= 12.088; p < 0.005), and OCD (X2
= 7.214;

p < 0.001). Its associations with tic severity (X2
= 5.097;

p < 0.05) and OCB were very weak (X2
= 4.879; p < 0.05).

Accordingly, sleeping problems were significantly more common
in the “TS+ comorbidity” group [n= 256 (28.7%)] compared to
patients with TS only [n= 4 (5.3%); Z = 4.3905; p < 0.01]. There
was also a significant positive association between the presence
of sleeping problems and the comorbidity score (X2

= 53.569;
p < 0.001).

Anxiety
The clinical lifetime diagnosis of any kind of an anxiety disorder
was made in 323 patients (31.4%). Prevalence rates for anxiety
were significantly higher amongst those with TS+OCD (55.6%,
n = 45) compared to those with TS+ADHD (16.8%, n = 102;
Z = 4.794; p < 0.01; refer to Table 4).

Depression
The lifetime diagnosis of depression was made in 236 patients
(22.9%). However, depression was found in 55.6% of the patients
with TS+OCD, but only in 9.9% of the TS+ADHD group,
resulting in a significant difference (Z = 5.988; p < 0.01; refer
to Table 4). A significant positive association was also found
between the prevalence of depression and anxiety (X2

= 69.083;
p < 0.001).

SIB
Lifetime prevalence of SIB was reported by 405 (39.4%) patients.
SIB was found to have a significant positive associations with the
presence of complex motor tics (X2

= 57.551; p < 0.01), OCB
(X2

= 32.026; p < 0.01), and anxiety (X2
= 31.634; p < 0.01),

in a descending order of the strength of the association (refer to
Table 4). For association with coprophenomena, see above.

Sub-Classification of TS
For the purpose of further exploring Robertson and Cavanna’s
(2007) sub-classification of TS and common comorbidities, the
three clusters provided by them were examined for expected
differences in certain variables: (i) cluster 1, which consists of
only tics (“TS only”; n = 75), (ii) cluster 2, which consists of
TS and comorbid ADHD and rage attacks (n = 56), and (iii)
cluster 3, which consists of TS and comorbid OCD, OCB, anxiety,
depression, and SIB (n = 209). Since we included only those
patients in clusters 2 and 3 who had all of the aforementioned
comorbidities (e.g., cluster 2 consisted of TS patients with both
comorbid ADHD and rage attacks, and not just one of the two),
only one-third of the total number of patients could be classified
using Robertson and Cavanna’s (2007) sub-classification criteria.
The rate of copropraxia in cluster 2 was 16.1 vs. 4.8% in cluster
3 and 2.7% in cluster 1, the difference between cluster 2 and
cluster 3 being significant in the direction of the hypothesis (X2

=

25.887; p< 0.001). The ability for tic suppression in the “TS only”
group was 91.7%, and was significantly higher than that in cluster
2 (78.2%) (Z = 2.1983; p < 0.05), but not significantly different
from that in cluster 3 (89.7%) (Z = 0.5004; n.s.). The percentage
of patients reporting PU based on the different clusters was the
following: cluster 1 (“TS only”): 57.7%, cluster 2: 62.3%, and
cluster 3: 75.1%. PU reported in cluster 3 was significantly higher
than that reported in cluster 1 (Z = 2.835; p < 0.001) but was not
significantly higher than PU reported in cluster 2 (Z = 1.9029;
n.s.).

Gender Differences
The male-to-female ratio in the current TS group is 3.4:1.
Table 9 shows results of gender-based comparisons of TS-related
phenomena from data obtained from all patients in the sample
demonstrating that males suffer more often from coprolalia,
copropraxia, palilalia, OCB, hyperactivity, and inattention. They
are alsomore likely to experience PU. Females, on the other hand,
are more likely than males to suffer from sleeping problems. No
significant gender differences were found with regards to age
at onset of both tic types in general, [t(963) = 0.022; n.s.], MT
[t(542) =−1.216; n.s.], and PT [t(951) = 1.489; n.s.]. No significant
relationship was found between comorbidity score and gender
[t(1025) = 1.398; n.s.].

DISCUSSION

In this study, we report clinical information collected from a
large sample of 1032 patients with different forms of primary
tic disorder. As two of the primary objectives of this study were
the exploration of the TS spectrum and the verification of the
accuracy of the sub-group classifications propounded by other
researchers, we concentrated on TS in association to its various
comorbidities.

Age at Onset and Tic Severity
The mean age at onset of tics in general, and MT and PT in
particular, were all found to be consistent with findings of other
studies (Freeman et al., 2000), but somewhat above the data in
TS literature. This could be because there was a high number
of adult participants in our study and since such data are always
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TABLE 9 | Gender differences in various TS-related aspects.

Males n (%) Mean

STSS-GSR

Females n (%) Mean

STSS-GSR

Z-Score p-value Significance Dominant

Gender

Coprophenomena 242 (30.4) 3.4 48 (20.3) 3.35 3.0205 0.002 p < 0.01 m > f

-Coprolalia 205 (25.9) 3.48 42 (17.8) 3.36 2.5161 0.01 p < 0.05 m > f

-Copropraxia 141 (17.8) 3.45 19 (8.1) 3.83 3.6019 0.0003 p < 0.01 m > f

Palilalia 278 (35.1) 3.19 68 (25.8) 3.35 1.7465 0.08 p < 0.01 m > f

Echolalia 231 (29.1) 3.22 59 (25) 3.18 1.2067 0.22 n.s. −

Echopraxia 183 (23.1) 3.19 55 (23.3) 3.22 −0.1009 0.92 n.s. −

OCD 72 (9.1) 3.04 31 (13.1) 3.41 −1.8411 0.06 n.s. −

OCB 509 (64) 2.91 128 (54.2) 2.94 2.6946 0.007 p < 0.01 m > f

Compulsions 552 (69.7) 2.83 153 (65.1) 2.97 1.3097 0.19 n.s. −

-Non Just Right Experiences 446 (56.2) 2.94 129 (54.7) 2.06 0.3719 0.71 n.s. −

-Ordering 185 (23.3) 3.18 53 (22.5) 3.17 0.251 0.80 n.s. −

-Checking 281 (35.5) 3.08 81 (34.3) 3.14 0.2769 0.77 n.s. −

-Counting 97 (12.3) 3.03 28 (11.9) 3.41 0.133 0.89 n.s. −

-Washing 66 (8.3) 2.72 20 (8.5) 3.05 −0.0894 0.92 n.s. −

Obsessions 273 (34.6) 3.02 84 (35.7) 2.93 −0.3115 0.75 n.s. −

Hyperactivity 294 (31.4) 2.97 42 (17.9) 2.97 5.51 <0.0000 p < 0.01 m > f

Inattention 337 (42.4) 2.9 68 (29.1) 3.03 3.5378 0.0004 p < 0.01 m > f

ADHD 387 (48.6) 2.92 76 (32.2) 2.92 4.4449 <0.0000 p < 0.01 m > f

Sleeping problems 198 (25.1) 2.97 75 (32.1) 3.11 −2.1122 0.03 p < 0.05 f > m

Anxiety 246 (31) 3.06 7 (32.8) 3.03 −0.5012 0.60 n.s. −

Depression 177 (22.3) 3.1 59 (25) 3.32 −0.8879 0.37 n.s. −

Rage attacks 460 (58) 2.93 134 (57) 3.07 0.2755 0.77 n.s. −

SIB 310 (38.9) 3.2 97 (41.1) 3.15 −0.5955 0.54 n.s. −

Severity of Tics* (severe) 67 (8.7) – 28 (12.2) – −1.6104 0.10 n.s. −

Premonitory urges 551 (72.3) 2.85 149 (65.1) 2.99 2.133 0.03 p < 0.05 m > f

Tic suppression 655 (85.2) 2.82 198 (86.1) 2.85 −0.3439 0.72 n.s. −

*according to STSS-GSR, severe, 5; very severe, 6 (range, 0–6).

OCD, obsessive-compulsive disorder; OCB, obsessive-compulsive behavior; ADHD, attention-deficit hyperactivity disorder; SIB, self-injurious behavior; TS, Tourette Syndrome;

STSS-GSR, Global Severity Rating of the Shapiro Tourette-Syndrome Severity Scale; n.s., not significant.

based on patient reports and memory, it is possible that there was
a recollection bias toward slightly greater age at onset, because
tic onset goes back many years, and thus could not be dated
precisely.

We found no association between tic severity and age at
onset, which is contradictory to previous research (Khalifa and
von Knorring, 2005). To the best of our knowledge, there is
almost no data available investigating specifically the association
between age at tic onset and tic severity, although this is an
important clinical question that is often asked by parents of
affected children. From our results, it is strongly—and for the
first time—suggested that there is no such association, although
one could easily expect this. This finding is in line with results of
the large clinical database by Freeman et al. (2000): although not
specifically mentioned, it can be concluded that in this dataset
there was also no association between age at tic onset and tic
severity, since they found no difference with respect to age at
tic onset depending on the presence of comorbidities (but more
severe tics in patients with comorbidities compared to those
without). When looking at the data by Khalifa and von Knorring
(2005) in more detail, the suggested correlation between tic
severity and age at onset appears questionable, since this was

found only in the very small group of patients with TS (n = 25),
but not in the larger group diagnosed with chronic motor/vocal
tics (n= 58).

We also found that for a majority of the participants in our
study, tic onset was much earlier than the age of 18 (refer to
Table 2). This is consistent with Freeman et al.’s (2000) finding,
where in 92.7% of the sample, tic onset was before 10 years of
age, and in 99% of the sample, it was before 16 years. Thus, data
from these two large datasets clearly confirm that the “18-year
maximum age of onset criterion” used in DSM-5 is well-founded
and should be maintained. In our sample, the median for tic
severity was found to be mild to moderate (median STSS-GSR=

3; 25th percentile = 2, 75th percentile = 4), which demonstrates
how rare extremely severe TS is, since even in a highly specialized
outpatient unit such as our center, 904 (87.6%) patients had mild
to moderate tics and only 95 (9.2%) had severe or very severe tics.
Our data do not demonstrate the well-known age dependency
of tic severity, but a continuous tic increase with increasing age.
However, this should be interpreted as a bias stemming from
the fact that this was a cross-sectional and not a longitudinal
study, tic assessment was done only once during the first medical
examination, and patients tend to come to the clinic when their
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tics get worse and usually not when their tics reduce. At our
center several patients present for the first only at adult age (with
or without having received the correct diagnosis of TS before). It
can be assumed that the majority of these patients belong to the
small group of those patients who suffer not only from persistent
tics, but also from more severe tics. This selection bias may be
the reason why we failed to demonstrate the well-known age
dependency of tics.

Completely in line with available data (Freeman et al., 2000),
tic severity was positively related to the comorbidity score
in that greater the number of comorbidities, higher the tic
severity, and also that those with one or more comorbidities
had significantly more severe tics than those without comorbid
disorders. Comorbid SIB was found to have the highest impact
on tic severity, followed by rage attacks, depression, anxiety,
OCD, and lastly, ADHD. In line with our hypothesis and
TS literature (Lebowitz et al., 2012), we also found that tic
severity was significantly greater in those with comorbid OCD
but no ADHD than in those with comorbid ADHD but no
OCB/OCD. These findings further corroborate the hypothesis
that TS plus OCD is a more severe form of TS, that OCB/OCD
is part of the TS spectrum, and that ADHD should be better
conceptualized as a separate problem (Trillini and Müller-Vahl,
2015).

Coprophenomena, Echophenomena, and
Paliphenomena
The prevalence rates of both coprolalia and copropraxia were
higher as compared to the percentages reported in Freeman
et al.’s study on coprophenomena, where the rate of coprolalia
ever was 18.5% and that of copropraxia was 5.7% (Freeman et al.,
2009), but were lower than those reported by Cavanna et al.
(2011), in which coprolalia and copropraxia were reported by
30.4 and 21.1% of the sample, respectively. The relatively high
prevalence rates reported in our study are possible due to the
fact that ours is a highly specialized clinic, where mostly patients
with several complex tics are referred. In addition, almost half
of our sample comprised adult patients. This might be another
reason for the higher prevalence rates of coprophenomena in our
sample, since the prevalence of coprophenomena increases with
age. Finally, all patients were specifically asked for the presence of
copro-, echo-, and paliphenomena.

The presence of all, coprophenomena, echophenomena, and
paliphenomena were associated with both tic severity and the
number of comorbidities, corroborating the hypothesis that “full
blown TS” is a more severe form of TS as suggested by Robertson
and Baron-Cohen (1998).

We also found that for both copro- and echophenomena, the
prevalence of the respective PT form (i.e. copro- and echolalia)
was higher than their corresponding MT form (copro- and
echopraxia). This is well-known (Freeman et al., 2000, 2009)
and suggests that copro- and echophenomena are, in a way,
different from simple tics, in which the frequency is vice-versa
(MT > PT). Assuming that tics present “fragments of innate
behavioral routines” as suggested recently (Leckman et al., 2013),
it can be speculated that copro-/echolalia are more common than

copro-/echopraxia, because swearing and repeating noises (such
as coughing) is nearer to “normal behavior” than performing
obscene gestures and the repetition of movements. However,
and in contrast, excessive brief movements such as eye blinking
and grimacing are “nearer to normal” than excessive fast and
meaningless noises.

In agreement with results from Freeman et al.’s database
(2009), we found that both coprolalia and copropraxia were
most highly associated with SIB, while associations with
other comorbidities were much weaker. The strong association
of coprophenomena with SIB, along with the equally high
association between SIB and complexmotor tics suggests that SIB
in TS belongs to the coprophenomena spectrum and is a complex
tic rather than an OC symptom, as has previously been suggested
(Mathews et al., 2004). However, Mathews et al. (2004) found a
correlation between OC symptoms and “mild SIB,” while “severe
SIB” correlated with tic severity and, therefore, they suggested the
presence of two distinct forms of SIB. In this study, no distinction
was made with respect to severity in a mild form (including hand
banging, compulsive skin picking, self-hitting, and lip biting) and
a severe form with serious injuries. In line with Mathews et al.’s
results (2004), we found no strong association between SIB and
rage attacks. Our finding that SIB had a higher impact on tic
severity than all other comorbidities (rage attacks, depression,
anxiety, OCD, and ADHD), in addition with the well-known
correlation between coprophenomena and tic severity (Freeman
et al., 2009), further suggests that SIB is a specific form of a
complex tic rather than an OC symptom. Our findings may have
important implications for the clinical management of SIB and
suggest the use of both behavioral therapy and antipsychotics
instead of serotonin reuptake inhibitors.

Prevalence rates of echolalia and echopraxia were found to
be lower than the rates reported by Eapen et al. in their 2004
paper (echolalia: 37.4%, n = 34; echopraxia: 29.9%, n = 27)
as well as those reported by Cavanna et al. (2011) [echolalia:
40.3%; echopraxia: 36.9%; (numbers not provided)], but higher
compared to other samples: echolalia: 16% (n = 32; Cardoso
et al., 1996) and echolalia: 21% and echopraxia: 18% (n = 71;
Neal and Cavanna, 2013). In our sample, the prevalence rate
for palilalia was found to be similar to that in Eapen et al.’s
(2004) sample (29.7%) as well as to Cavanna et al.’s (2011)
sample (31.7%). These differences may be due to the fact that
the prevalence rate for echophenomena and palilalia in any study
depends on whether the examiner asks the patient for relevant
symptoms, or only records what (s)he observes in the patient.
Furthermore, the way in which these questions are framed by
the examiner may also affect the prevalence rate. In the case of
echophenomena, the examiner in the present study specifically
asked all patients “when you seemovements and hear noises from
other people—independent of whether these are tics or normal
movements, or noises like coughing, or even noises from animals
or machines—have you ever felt that you had to imitate this?”
Only when the patient responded in the affirmative and said that
(s)he had acted accordingly was (s)he recorded as positive for the
echophenomenon. In any case, our data confirm the assumption
that echophenomena are a core symptom of TS (Ganos et al.,
2012).
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Premonitory Urges and Tic Suppression
Banaschewski et al. (2003) conducted a study to determine if
there is any age dependency of the presence of PU as well as
of tic suppression (refer to Table 7). In our study, we aimed
to replicate these findings. Our results were mixed in terms of
support for Banaschewski et al.’s findings. In general, PU and tic
suppression showed a clear age dependency. Secondly, although
PU and the ability to suppress tics were strongly associated, in
each age group, the percentage of patients who were capable of
tic suppression was greater than the percentage of those who
experienced a PU, indicating that tic suppression is possible
without necessarily being aware of a PU. However, there were
also some relevant differences between our results and those of
Banaschewski et al. Firstly, our results did not show “jumps”
for the development of either PUs or the ability to suppress
tics, unlike Banaschewski et al.’s findings, which suggested that
children develop the ability for tic suppression at around the
age of 10 years, and for PU around age 14. Secondly and most
important, the percentages of those patients who experience a PU
as well as those who could suppress their tics were much higher
at each age group compared to Banaschewski et al.’s study. We
found that both PU and tic suppressing ability is already present
in a high number of TS patients before the age of 8 (refer to
Table 7)—much earlier than previously thought. This indicates
that PU and suppression exist right from the beginning, and do
not develop during the course of TS. From our data, therefore,
it is suggested that the only reason that PU and tic suppression
cannot be seen in (very) young children is because they are
unable to either introspect or express them well-enough. This
has important implications with respect to the treatment with
habit reversal training and is in line with efficacy of this treatment
even in younger children as was demonstrated by Piacentini et al.
(2010).

On considering the age dependency based on the natural
history as described by Bloch et al. (2006), we found high
percentages of those who experienced PU and had the ability to
suppress tics at every age category. Here too, we observed a clear
age dependency, with a consistent increase of around 12–20% at
every successive age category.

Finally, our results also show that the higher the tic severity,
the more likely it is that the patient experiences a PU.
However, no such association was observed between tic severity
and tic suppression ability. With respect to Robertson and
Cavanna’s (2007) classification, we found that patients in cluster
3 (comorbid OCD/anxiety/depression/SIB) were almost equally
able to suppress their tics compared to those in cluster 1 (“TS
only”). However, a significant difference exists in tic suppression
between patients with TS only and patients in cluster 2 (comorbid
ADHD/rage attacks). This suggests that tic suppression is
independent from comorbid OCD/anxiety/depression/SIB, but
patients who suffer from ADHD are less able to suppress
their tics. Results also showed that PU was higher in the
“TS + comorbidity” group than in the “TS only” group,
which is supported by past findings (Eddy and Cavanna, 2013).
Particularly, it was highest in cluster 3 (including patients
with OCD/OCB/SIB/anxiety/depression), followed by cluster 2
(including patients with ADHD/rage attacks) and finally by the

group of patients having no comorbidities (cluster 1, “TS only”).
This too is in line with Eddy and Cavanna’s (2013) finding that
comorbidities such as anxiety, OCD, and ADHD are strongly
correlated with PU. Finally, our results also showed a strong
positive association between PU and “not just right experiences”
(and to a relatively lesser degree with OCB, but not OCD), which
indicates that PUmay be a form of this specific and very common
form of OCB in TS. This further corroborates the hypothesis that
“not just right experiences” are intrinsic to the phenomenology
of TS (Neal and Cavanna, 2013).

Influence of Comorbidities
The fact that only a small percentage of the TS sub-group had not
reported or were diagnosed with any comorbidity is consistent
with relevant literature (Freeman et al., 2000; Khalifa and von
Knorring, 2006; Cavanna et al., 2011; Robertson et al., 2015).
However, relative to the total TS population, this could be a
bias arising out of the method of data collection; the sample is
a clinical one and mostly, only patients with more severe tics and
more comorbidities come for a referral. This could be because
the quality of one’s life is impaired by common comorbidities of
TS far more than the tics themselves, as has been consistently
demonstrated in past literature (Pringsheim et al., 2009; Müller-
Vahl et al., 2010; Jalenques et al., 2012). Research has shown
that quality of life (Eddy et al., 2012) and psychosocial health
(Pringsheim et al., 2009) was most adversely affected on all
domains in those TS patients suffering from both comorbid
OCD and comorbid ADHD, whereas having only one of the
two comorbidities causes domain-specific impairment. Rizzo
et al. (2014) found a significantly lower quality of life among
those patients having TS+OCD/TS+ADHD/TS+OCD+ADHD
as compared to patients with pure TS. Studies have also
found comorbid depression to be one of the most significant
independent factors impairing the quality of life of TS patients
(Müller-Vahl et al., 2010; Jalenques et al., 2012).

In our sample, rage attacks were found to be themost common
comorbidity followed by ADHD. In contrast to this, Freeman
et al. (2000) found ADHD (60%) to be the most highly occurring
comorbidity. With respect to anxiety, depression, and SIB, the
sample in the current study showedmuch higher prevalence rates
compared to Freeman et al.’s sample, where 18, 12.1, and 14% had
anxiety, depression, and SIB respectively. All these differences in
prevalence rates of different comorbidities can probably be best
explained by age differences between our sample and Freeman
et al.’s sample (mean age = 18.9 vs. 13.2 years), as the older
the patients, the more likely it is that they have comorbidities
such as depression and sleeping problems and the younger they
are, the more likely it is that they have ADHD. The prevalence
rate of depression was also much higher than the 6.0% found
by Khalifa and von Knorring (2006), but this could be because
their sample consisted only of school children in the 7–15 years
age range. Our results, however, were very similar to the 27.8%
reported by Robertson et al. (2006). Cavanna et al. (2009), in their
review of the literature on the phenotype of TS stated that among
the 5295 patients with TS who presented at specialist clinics, the
prevalence rate of depressive symptomatology was found to range
from 13 to 76%.
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With respect to OC symptoms, we found a lower prevalence
rate for OCD compared to the Freeman et al.’s (2000) sample
in their 2000 paper (27%). This might be explained by the
fact that the evaluator (KMV) was extremely particular whilst
diagnosing OCD and often made the diagnosis of OCB, unless
all symptoms matched the prerequisites. However, the by far
most often reported OC symptom in both groups OCD and
OCB was a “non-just right experience” (refer to Table 8),
which corroborates recent findings suggesting that “not just
right experiences” are intrinsic to the clinical phenomenology
of TS (Neal and Cavanna, 2013). As described above, in this
context again it is worth mentioning that from our findings
it is suggested that premonitory urges (PU) prior to the
occurrence of tics may also be a form of a “non-just right
experience.” In addition, we found that among those who
had either OCD or OCB in our sample, compulsions such as
checking and ordering were much higher, whereas those of
counting and washing tended to be lower. This is in line with
past research in TS related OCD/OCB (Worbe et al., 2010).
According to Stewart et al. (2008), there are four factors for
OCD: factor 1 (aggressive/sexual/religious/somatic/checking);
factor 2 (symmetry/ordering/counting/repeating); factor 3
(contamination/cleaning), and factor 4 (hoarding). Of these,
only factor 2 was found to be common in TS, which further
supports the hypothesis that OCD/OCB in TS is different form
pure OCD.

We found that almost half the total number of patients
diagnosed with rage attacks did not have either hyperactivity
or inattention, which is consistent with the finding that rage
attacks, as compared to hyperactivity and inattention, is highly
common and represents one symptom of the typical spectrum of
disinhibited behaviors in TS that occurs in a substantial number
of patients independently from the presence of ADHD (Frank
et al., 2011). The assumption that rage attacks in TS are slightly
separate from and independent of the ADHD spectrum is further
supported by our finding that in our sample both inattention and
hyperactivity, but not rage attacks were more common in males
than in females.

Sleeping problems among the patients in our sample were
very common, and were found to be about five times as
common in the “TS + comorbidity” group as compared to the
“TS only” group. Such problems were most highly associated
with depression, indicating the well-stated finding that in TS
depression has a strong adverse effect on the patients’ quality
of life (Müller-Vahl et al., 2010; Eddy et al., 2011; Jalenques
et al., 2012). Other comorbidities (such as ADHD, anxiety, and
OCD, in a descending order of the strength of the association)
as well as tics (with lesser strength of association) may also
have an impact, but these associations were found to be much
weaker in comparison to depression. The strong association
between sleeping problems and depression has important clinical
implication: TS patients suffering from sleeping problems should
be screened for depression and, if necessary, treated for this
disorder. We found sleeping problems in the comorbid group
as twice as common in the comorbid group studied by Freeman
et al. (2000). This can be explained by the age difference between
both samples with more children in the Freeman et al.’s group

and the strong association with depression. Significantly higher
prevalence rates of both anxiety and depression in the TS+OCD
group as compared to the TS+ADHD group are in line with
previous research findings (Lebowitz et al., 2012; Trillini and
Müller-Vahl, 2015) and also provide support to our hypothesis
that TS is more closely related with OCD, anxiety, and depression
as compared to ADHD.

Influence of Gender
The male-to-female ratio in our sample was 3.4:1 and
therefore comparable to several other studies (Erenberg et al.,
1986; Freeman et al., 2000). In addition, results showed
significant predominance of males over females with respect to
coprophenomena (coprolalia, copropraxia, and overall), OCB,
hyperactivity, inattention, ADHD, and PU. A significantly greater
percentage of females in the sample had sleeping problems. In
contrast to our findings, past research in non-TS samples has
consistently shown twofold higher prevalence of anxiety and
depression in females over males (Bijl et al., 2002). In agreement
with recent studies in larger samples in both children (Robertson
et al., 2006) and mixed groups (Freeman et al., 2000), we did not
find gender differences with respect to anxiety and depression.
In contrast, in a recent internet-based survey (n = 460 adults)
women reported more often about both depressive symptoms
and non-OCD anxiety disorders (35.6 and 33.7%, respectively)
compared to men (23.2 and 15.5%, respectively; Lewin et al.,
2012). However, these results should be interpreted with caution
not only due to the well-known limitations related to such a
study design, but also other findings (e.g., insignificantly higher
prevalence rate for self-reported ADHD in female compared to
male). Thus, our results as well as past research (Freeman et al.,
2000; Robertson et al., 2006) suggest that the nature of both
depression and anxiety disorders in patients with TS differs from
that found in the general population. These disorders are a part
of the TS spectrum and are not only secondary due to tics and
an impaired quality of life. This, in addition, also supports the
assumption that the TS subgroup with comorbid OCD, anxiety,
and depression represents a more severe form of the disease.

We found no gender differences in the prevalence of rage
attacks. Since there is a general predominance of males over
females with respect to the prevalence of ADHD in ADHD-
only samples (Kessler et al., 2006), TS+ADHD samples (Freeman
et al., 2000), as well as in the current study sample, our finding of
similar prevalence rates of rage attacks for both genders is in line
with relevant literature (Frank et al., 2011) which shows that in
TS, rage attacks are independent and separate from ADHD.

Limitations
Our study has some noticeable limitations. Primarily, there
was an absence of a standardized assessment procedure and
diagnoses were made based on judgments of a single expert
clinician, thereby increasing the likelihood of errors caused
by various biases in evaluation. However, KMV is a highly
trained expert in both neurology and psychiatry and thus
had a rich experience in diagnosing movement disorders from
the very start of her career. Since most studies are carried
out by clinicians with less expertise in diagnosing TS, we do
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not see this is being any major disadvantage of our study.
Another limitation is a lack of temporal stability, since data
was collected over almost two decades and the diagnoses were
made based on the version of the DSM valid at that time. It
should be noted though, that the core criteria of tic disorders
did not change over time, therefore this should not be too
much of a concern. The cross-sectional nature of our data also
makes it difficult to learn about the temporal progression of tic
severity. Lastly, the possible effects of various medications on
tic suppression were not controlled for. It can be assumed that
using medication would improve one’s ability to suppress tics,
and therefore we cannot dismiss the idea that its use by some of
the patients influenced our results. However, to the best of our
knowledge, there is no study that looks particularly into such an
influence.

CONCLUSION

We believe that this study is the first single-site study on TS and
TS-related phenomena involving such a large sample. For the
first time, our results suggest that an early age of tic onset is not
necessarily associated with higher tic severity at subsequent ages.

Secondly, it has revealed that PU and tic suppression are
factors that are present from earlier than previously assumed
in past literature (Banaschewski et al., 2003). Both phenomena
seem to emerge in parallel to the tics rather than later in the
course of the disorder. Therefore, our data corroborate more
recent findings suggesting that PU is not a prerequisite for tic
suppression.

Thirdly, our data suggests that PU could represent of specific
type of OCB and in particular a “not just right experience.”

Fourthly, our data suggest that SIB belongs to the
coprophenomena spectrum and hence should be conceptualized
as a complex tic rather than a compulsion. This has important
implications for the treatment of severe SIB.

Fifthly, our results suggest that both depression and anxiety
disorders in patients with TS differ from their presentation
in non-TS samples. Sleeping problems are common in (adult)
patients with TS and are most often caused by comorbid
depression. Therefore, patients with TS reporting about sleeping
problems should be screened for comorbid depression.

Sixthly, rage attacks represent a typical symptom of
disinhibited behaviors in patients with TS. For clinicians it
is important to classify rage attacks as a manifestation of the
disease that often occur even in the absence of comorbid ADHD.

Seventhly, patients with TS and comorbid ADHD are less
able to suppress their tics when compared with those without
attention deficits.

Finally, our data demonstrate that TS+OCD is a more severe
form of the disease. Furthermore, our clinical data adds to other
clinical observations that subjects with ADHD may not be able
to suppress tics as well as those without ADHD. Synthesizing
all our data, we find support for the hypothesis that comorbid
OCD/OCB, depression, and anxiety belong to the TS spectrum,
while ADHD needs to be considered an independent diagnosis.
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The impact of a cognitive–Behavioral 
Therapy on event-related Potentials 
in Patients with Tic Disorders or 
Body-Focused repetitive Behaviors
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context: Tic disorders (TD) are characterized by the presence of non-voluntary con-
tractions of functionally related groups of skeletal muscles in one or multiple body parts. 
Patients with body-focused repetitive behaviors (BFRB) present frequent and repetitive 
behaviors, such as nail biting or hair pulling. TD and BFRB can be treated with a cogni-
tive–behavioral therapy (CBT) that regulates the excessive amount of sensorimotor acti-
vation and muscular tension. Our CBT, which is called the cognitive–psychophysiological 
(CoPs) model, targets motor execution and inhibition, and it was reported to modify brain 
activity in TD. However, psychophysiological effects of therapy are still poorly understood 
in TD and BFRB patients. Our goals were to compare the event-related potentials (ERP) 
of TD and BFRB patients to control participants and to investigate the effects of the CoPs 
therapy on the P200, N200, and P300 components during a motor and a non-motor 
oddball task.

Method: Event-related potential components were compared in 26 TD patients, 27 
BFRB patients, and 27 control participants. ERP were obtained from 63 EEG electrodes 
during two oddball tasks. In the non-motor task, participants had to count rare stimuli. 
In the motor task, participants had to respond with a left and right button press for rare 
and frequent stimuli, respectively. ERP measures were recorded before and after therapy 
in both patient groups.

results: CoPs therapy improved symptoms similarly in both clinical groups. Before 
therapy, TD and BFRB patients had reduced P300 oddball effect during the non-motor 
task, in comparison with controls participants. An increase in the P300 oddball effect 
was observed posttherapy. This increase was distributed over the whole cortex in BFRB 
patients, but localized in the parietal area in TD patients.
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inTrODUcTiOn

Tic disorders (TD) are characterized by repetitive non-voluntary 
contractions of functionally related groups of skeletal muscles 
in one or more parts of the body, including blinking, cheek 
twitches, and head or knee jerks among others. Tics can also 
be more complex and take the form of self-inflicted repetitive 
actions, such as teeth grinding, head slapping, or tense-release 
hand gripping cycles. They also appear as more purposive and 
stereotyped movements of longer duration, such as facial gestures 
and grooming-like movements. Furthermore, tics can be vocal, 
and they range from simple sounds, such as sniffing, coughing, 
or barking, to more complex vocalizations, such as echolalia or 
coprolalia. The tics may wax and wane over the course of weeks, 
months, and years. They can appear in bouts many times a day 
with onset longer than a year and arise prior to 18 years old with 
a peak in symptoms intensity around 12 years old. Tourette syn-
drome, which is the best known TD, involves multiple motor tics 
and at least one vocal tic. In comparison, persistent TD implies 
either motor or phonic tics, but not both. Tourette syndrome and 
persistent TD patients are often pooled together as a sole group, 
and the need for a distinction between both has been debated, 
since phonic tics have an inherent motor component (1).

Recent brain imaging investigations have revealed impair-
ment in cortico-striato-thalamo-cortical (CSTC) pathways, 
which assure the communication between the basal ganglia 
and the motor cortex (2–4). At the cortical level, the overactivity 
of the supplementary motor area (SMA) was also observed in 
TD. The SMA is an important structure related, in large part, to 
the generation of tics and also to sensory urges (5, 6). Consistent 
with these findings, gray matter thinning was also found within 
the SMA, and this was also correlated to the severity of tics (7) 
and premonitory urges (8).

The large majority of patients with TD also face various 
comorbidities (9), which include obsessive–compulsive disorder 
(OCD) or at least some obsessive–compulsive symptoms (OCS), 
attention-deficit hyperactivity disorder (ADHD), depression, 
and anxiety disorders. Another pathology often associated with 
TD is body-focused repetitive behaviors (BFRB), also known 
as habit disorder. BFRB represent a clinical term that includes 
various diagnoses, such as trichotillomania, skin picking, and 
onychophagia. Despite the heterogeneity of symptoms comprised 
of the BFRB category, their main symptoms are directed toward 
the body, in reaction to feelings of discomfort, which is often 
present in TD. In the DSM-IV-TR, trichotillomania was catego-
rized as an impulse control disorder, not elsewhere classified, 
and was associated with skin picking and onychophagia  (10). 

In the DSM-V, trichotillomania and skin picking are now clas-
sified within the obsessive–compulsive and related disorders 
category, while onychophagia and dermatophagia are mentioned 
as “other specified obsessive–compulsive and related disorders.” 
Despite the fact that these disorders have been relocated to the 
obsessive–compulsive category, impulse control and feeling of 
sensory discomfort remain an important communality of their 
profile. This incapacity to resist a specific impulse or urge is a 
characteristic shared with TD patients. Both groups also show 
heightened levels of sensorimotor activation (11–13). However, 
even though BFRB resemble to TD in certain ways and these two 
disorders sometimes co-occur with one another, it must be noted 
that are different diagnoses.

There is a clear benefit in distinguishing between TD and 
BFRB, for the reason that the relationship between these two 
entities is sometimes clinically unclear, because the presence of 
complex movements in BFRB can often be confounded with com-
plex tics. We propose that a reasonable method of differentiating 
these two groups would be to compare directly their brain activity 
during the performance of contrasting tasks with different levels 
of motor demand. For instance, O’Connor et al. (14) reported that 
TD and BFRB patients both failed to adequately adjust their hand 
responses to automated or controlled movements. More precisely, 
TD patients had the most severe impairment in synchronizing 
motor-related brain activity with their actual response time, fol-
lowed by the BFRB and the control groups. These findings give 
support to a dimensional model of classification with BFRB falling 
between TD and controls along a continuum of motor arousal.

Recent brain imaging investigations on trichotillomania sug-
gest that BFRB could share common impaired neural networks 
with TD, affecting mainly motor processing. For instance, 
increased gray matter density in the left striatum, the left amygda-
lohippocampal formation, the cingulate gyrus, the SMA, and the 
frontal cortex was found in trichotillomania (15). Furthermore, 
BFRB patients with trichotillomania or skin picking as their main 
habit have less fractional anisotropy in the anterior cingulate 
and temporal areas, which indicate a lower fiber density, axonal 
diameter, and myelination in white matter tracts involved in 
motor habits generation and suppression (16, 17). Additional 
circuits seem affected in unmedicated TD, where engagement in 
habit formation behavior correlated with greater connectivity of 
motor structures in the right hemisphere and stronger structural 
connectivity between the SMA and the putamen, which predicted 
more severe tics (18). All in all, aberrant reinforcement signals 
to the sensorimotor cortex and the striatum might be crucial for 
habit formation and tic generation as well. These areas are all 
known to be involved in cognition and habit learning and could 

Discussion: These results suggest a modification of neural processes following CoPs 
therapy in TD and BFRB patients. CoPs therapy seems to impact patients’ attentional 
processes and context updating capacities in working memory (i.e., P300 component). 
Our results are consistent with a possible role of the prefrontal cortex and corpus callo-
sum in mediating interhemispheric interference in TD.

Keywords: Tourette syndrome, tic disorders, body-focused repetitive behaviors, habit disorder, cognitive–
behavioral therapy, cognitive–psychophysiological therapy, event-related potentials, electrophysiology
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contribute to the development of pathological habits, but more 
research are needed to incorporate other types of impulse control 
disorders.

Another good reason to characterize TD and BFRB is mainly 
related to their response to treatment. Currently,  cognitive–
behavioral therapy (CBT) constitutes an effective line of treat-
ment for adults with both TD (19, 20) and BFRB (21–24), but 
the cognitive–behavioral and physiological outcomes are not 
well understood. The therapy proposed by our group is based 
on the cognitive–psychophysiological (CoPs) model and aims at 
regulating the high level of sensorimotor activation present in 
these populations and preventing the build-up of tension that 
leads to tic bursts or to the compulsive habit related to BFRB 
(12, 25, 26). Its effectiveness in treating adults affected by either 
disorder has been demonstrated many times (26–28). The posi-
tive effects of the CoPs therapy in TD patients are also reflected at 
the cerebral level. This was first reported with a TD group, which 
showed reduced electrocortical activity related to the inhibition 
of automatic motor responses. It was shown that the motor-
related brain response during automatic inhibition, normalized 
following successful CoPs therapy (29). These results are also 
consistent with fMRI recordings during a motor inhibition task, 
which found a significant decrease in putamen activation after 
cognitive–behavioral treatment in adult TD (30). More recently, 
the CoPs therapy induced a reduction of the lateralized readiness 
potentials, a brain electrical potential partly generated by the 
SMA and the basal ganglia (13). Thus, these results are strongly 
consistent with the cortical–striatal and basal ganglia impairment 
hypothesis in TD. More importantly, these results showed that 
psychological treatments have the potential to induce changes in 
behavior and cognitive processes that are followed by modifica-
tion of brain activity. The next question to explore is the cerebral 
impact of therapy in the BFRB.

One effective way to follow various levels of cognitive and 
electrocortical activity within milliseconds accuracy is the use 
of event-related potentials (ERPs). Thus, we specifically aimed at 
the investigation of three ERP components, the P200, the N200, 
and the P300 recorded at pre- and posttherapy. The P200 is a 
component that indexes evaluation of stimulus salience and its 
task-related adequacy (31, 32). The N200 indexes target detec-
tion and conflict monitoring (33), whereas the P300 is related to 
stimulus evaluation and context updating in working memory 
(34). To the best of our knowledge, no study has, so far, investi-
gated the ERPs in BFRB patients, although several have studied 
TD patients (35–42). Thus, our first goal is to compare specific 
ERP components in TD and BFRB patients before any treatment. 
Our second aim is to focus on cerebral changes that accompany 
behavioral and cognitive modification, after CoPs therapy. We 
expect an improvement in tics and habits symptoms in TD and 
BFRB patients, respectively. The main hypothesis predicts that 
TD and BFRB patients will show intact early evaluation of sali-
ence as reflected by the P200 (31, 32), while showing larger target 
detection and conflict monitoring as indexed by a larger N200 
(33), which is consistent with earlier clinical findings with TD 
reporting an intact P200 amplitude (42), and larger N200 ampli-
tude (39). Finally, we hypothesize a reduced P300 oddball effect 
in our clinical groups, which was also consistently found in TD 

patients with OCS (42), with OCD (43–46), and without comor-
bidity (39, 47). Such reduced P300 would indicate a decrease in 
memory updating processes (34) in both disorders. We propose 
to contrast ERPs across motor and non-motor oddball tasks, 
which will ascribe the contribution of motor responses. Earlier 
studies involving healthy participants with the counting and the 
motor oddball task showed activation of the SMA, the cerebel-
lum, the thalamus, and the parietal cortex. However, activation 
of the middle frontal gyrus central opercular cortex and parietal 
operculum was specific to the motor oddball task, suggesting a 
specific contribution of these regions in action execution (48). 
Finally, we hypothesize an equivalent normalization of the P300 
in both patient groups after treatment.

MaTerials anD MeThODs

Participants
Patients with either TD or BFRB were recruited from the Centre 
d’études sur les troubles obsessionnels-compulsifs et les tics from the 
Centre de recherche de l’Institut universitaire en santé mentale de 
Montréal to participate in this study. Patients with TD as their 
main concern were assigned to the TD group. Therefore, the TD 
group was composed of 26 patients who met the DSM-IV-TR 
criteria for either Tourette syndrome (307.23) or chronic TD 
(307.22) (10). Patients with BFRB as their main concern were 
assigned to the BFRB group. The latter group was composed of 
27 patients with specific habit disorders, such as trichotillomania 
(n = 12), onychophagia (n = 8), skin picking (n = 5), and bruxism 
(n = 2). These two patients’ groups were matched to a group of 
27 healthy controls on the basis of age, intelligence (Raven), and 
laterality.1 The project was approved by the ethics committee of 
the Centre de recherche de l’Institut universitaire en santé mentale 
de Montréal, and all participants granted their written informed 
consent, in accordance with the Declaration of Helsinki. Seven 
TD patients and four BFRB patients were under medication 
during the study. Those medication were α2-adrenergic agonists 
(n = 1), β2-adrenergic agonists (n = 1), antidepressants (n = 7), 
benzodiazepine (n = 3), non-benzodiazepine (n = 1) hypnotics, 
neuroleptics (n = 2), and lithium (n = 1). However, to be included 
in our study, their medication had to remain stable throughout 
the entire process. Socio-demographic characteristics of our 
participants can be found in Table 1.

Exclusion criteria consisted of the presence of a psychiatric 
diagnosis, such as schizophrenia, mood disorders, somatoform 
disorders, dissociative disorders, and substance-related  disorders. 
The presence of personality disorders was screened with the 
personality diagnostic questionnaire-fourth edition (49–51), and 
participants with personality disorders were excluded. Other 
medical conditions, such as neurological diseases, were screened 
by a neurologist (Pierre J. Blanchet) and were also a criterion for 
exclusion.

1 Twenty of the 26 TS patients and 19 of the 27 controls included in this study 
were also included in one of our previous study, but with a different experimental 
task (13).
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TaBle 1 | socio-demographic and clinical characteristics.

TD (n = 26) BFrB (n = 27) controls (n = 27)

Mean sD Mean sD Mean sD F p group difference

Age 38 11.9 40 14.4 36 13.0 0.48 ns

Sex (% of males) 65% N/A 26% N/A 41% N/A 4.60* <0.05 TD > BFRB

Intelligence (percentiles) 88 13.8 80 17.2 84 17.1 1.49 ns

Laterality (R:L:A) 24:2:0 N/A 24:3:0 N/A 25:0:3 N/A 5.42a ns

OCS (Padua) 32 32.1 35 25.8 17 15.6 4.14* <0.05 BFRB > controls

Depression (BDI) 11 10.2 14 7.8 3 3.8 15.70*** <0.001 TD and BFRB > controls

Anxiety (BAI) 8 5.9 11 6.6 5 4.6 7.19** <0.01 BFRB > controls

Impulsivity (BIS-10)b 71 8.8 72 7.9 64 8.7 5.82** <0.01 TD and BFRB > controls

Laterality: R, right-handed; L, left-handed; A, ambidextrous. Intelligence: Raven’s matrices percentiles; OCS, obsessive–compulsive symptoms; BDI, Beck depression inventory; BAI, 
Beck anxiety inventory; BIS-10, Barratt impulsiveness scale; ns, not statistically significant.
*p < 0.05.
**p < 0.01.
***p < 0.001.
aFisher’s exact test was used to analyze categorical data with cells containing an expected count below 5.
bOne TD patient and eight controls with missing data.
Every significant result is in bold.
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Procedures
Clinical Assessment
Patients underwent a battery of psychological tests to assess 
symptoms. The Tourette Syndrome Global Scale [TSGS (52)] 
and the Yale Global Tic Severity Scale [YGTSS (53)] were used 
to assess tics symptoms in TD patients. We adapted the TSGS 
and the YGTSS to assess the presence of habit disorders in the 
BFRB group. In these adapted versions of both questionnaires, 
the word “tic” was replaced by the word “habit.” These question-
naires were adapted to quantify both tics and habits on the same 
metric uniformly. This adaptation has been validated in a prior 
research from our group (54).

We also used the Massachusetts General Hospital Hair Pulling 
Scale [MGH-HPS (55)] to assess BFRB severity. The MGH-HPS 
is a seven-point inventory measuring the severity of trichotillo-
mania symptoms. Again, an adaptation of this scale was pro-
posed to assess onychophagia, skin picking, and skin scratching. 
Therefore, the current data reported in the MGH-scale column 
reflected the severity score of the principal habit of each BFRB 
patient. Good convergent validity was found between TSGS and 
MGH scales, as prior research found correlations between TSGS 
tic scores and the MGH-HPS (r = 0.49, p < 0.05), as well as the 
MGH scales adapted for nail biting and skin picking (r = 0.52, 
p < 0.05) (54).

Obsessive–compulsive symptoms were assessed with the Padua 
inventory (56). The 10th version of the Barratt Impulsiveness 
Scale (BIS-10) was administered to assess impulsivity in our 
participants (57). The Beck anxiety inventory [BAI (58)] and the 
Beck depression inventory [BDI (59)] were used to assess anxiety 
and depression symptomatology, respectively. The occurrence of 
anxiety disorders was assessed by a structured interview with the 
anxiety disorders interview schedule (60). Severe psychological 
stressors, time availability, and other psychological problems 
were also screened.

Cognitive–Behavioral Therapy Based on the 
Cognitive–Psychophysiological Model
The two clinical groups, which are composed of 26 patients with 
TD and 27 patients with BFRB, underwent the same CBT, based 
on the cognitive–psychophysiological (CoPs) model (12). This 
treatment, while including some classic principles of symptom 
awareness and habit reversal therapy, focuses on cognitive and 
behavioral restructuration in situations presenting a high risk for 
tic bouts. The therapy was delivered by two licensed psychologist 
(supervised by Kieron P. O’Connor) on a weekly one-to-one basis. 
The treatment program includes basic clinical steps, which are 
cumulative and administered over 14 60-min sessions: awareness 
training (psychoeducation, daily diary, video, situational profile), 
muscle discrimination (gradation of tension, normalize contrac-
tions), muscular relaxation, reducing sensorimotor activation, 
modifying background style of action, cognitive and behavioral 
restructuring (development of alternative goal driven responses 
using cognitive and behavioral strategies), generalization, and 
preventing relapse.2 At the end of the 14th week, there is a home-
based practice period lasting 4 weeks with weekly phone contact 
with the therapist to ensure compliance and deal with trouble 
shooting. Therefore, there was a time lapse of 18 weeks between 
the beginning of the program and the posttreatment evaluation. 
Conditions of treatment delivery, duration, homework, and treat-
ment monitoring were equivalent and supervised for integrity.

Oddball Paradigms
Two types of oddball paradigms were used in this study. During 
both oddball tasks, 200 black letters (X and O on a white 
background) were randomly presented during 100  ms on a 

2 Contact the authors for more information about the CoPs program. Also, see 
Lavoie et al. (25) or O’Connor et al. (26) for further details.
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computer screen (Viewsonic SVGA 17″ monitor), with a random 
1700–2200 ms inter-trial interval. The frequent stimulus (the let-
ter “O”) was presented 80% of the time (n = 160), whereas the rare 
stimulus (the letter “X”) was presented with a 20% probability 
(n = 40). The first task is a counting oddball task, which presented 
the same stimuli, but this time participants must only count the 
number of rare stimuli. At the end of the experiment, the partici-
pants had to report the exact amount of rare stimuli (n = 40). The 
second task is a motor oddball task, where participants pressed the 
keyboard left arrow key with their left index finger when frequent 
stimuli were presented and pressed the right arrow key with their 
right index finger, when the rare stimuli were presented. The 
order of presentation of the counting and the motor tasks was 
counterbalanced across participants.

electrophysiological recordings
The EEG was recorded during both oddball tasks, with a 
digital amplifier (Sensorium Inc., Charlotte, VT, USA). EEG 
signal was recorded from 63 Ag/AgCl electrodes mounted in 
a lycra cap (Electrode Arrays, El Paso, TX, USA)3 and placed 
according to standard EEG guidelines (61). All electrodes were 
referenced to the nose. The signal was sampled continuously 
at 500  Hz and recorded with 0.01  Hz high-pass filter and a 
100-Hz low-pass filter (60 Hz notch filter). Impedance was kept 
below 5 kΩ, using an electrolyte gel (JNetDirect Biosciences, 
Herndon, VA, USA). Bipolar electro-oculogram (EOG) was 
recorded to clear EEG from eye artifacts, such as blinks and 
eye movements. Electrodes were placed at the outer canthus 
of each eye (horizontal EOG) and below and above left eye 
(vertical EOG). The stimuli were monitored by Presentation 
(Neurobehavioral Systems, Albany, CA, USA),4 and the signal 
was recorded with IWave (InstEP Systems, Montréal, QC, 
USA) running on two PCs.

erP extraction from raw eeg signal
Ocular artifacts were corrected offline with the Gratton algorithm 
(62). Raw signals were averaged offline and time-locked to the 
stimulus onset, in a time window of 100  ms prior to stimulus 
onset until 900 ms after stimulus onset. Stimuli were categorized 
across frequent and rare conditions. ERP data were filtered offline 
with a 0.30-Hz high-pass filter and a 30-Hz low-pass filter. During 
the averaging procedure, clippings due to amplifiers saturation 
and remaining epochs exceeding 100 μV were removed. Finally, 
participants had to have at least 20 valid trials in each condition 
to be included in the analyses.

The amplitude of the P200 was calculated as the maximum 
peak during the 150–300  ms interval, whereas the amplitude 
of the N200 was calculated as the lowest peak during the same 
interval. The amplitude of the P300 component was calculated as 
the mean amplitude in the 300–550 ms interval. Thirty electrodes 
were used to analyze each of these components: AF1, AF2, AF3, 
AF4, F1, F2, F3, F4, F5, F6 (frontal region), FC1, FC2, FC3, FC4, 
C1, C2, C3, C4, C5, C6 (central region), CP1, CP2, CP5, CP6, P1, 
P2, P3, P4, P5, and P6 (parietal region).

3 http://www.sandsresearch.com/electrode-caps.html
4 http://www.neurobs.com/

statistical analyses
Since the control group was only tested once, two separate sets 
of analyses were performed. The first set of analyses compared 
the TD, BFRB, and control groups at the baseline, whereas the 
second set of analyses compared the TD and BFRB groups at 
baseline and after CoPs therapy. Therefore, we performed each 
MANOVA twice, first with the between-group factor group (TD/
BFRB/controls), and then the within-group factor therapy (pre/
post) was added. The between-group factor Group only contained 
two levels in this second set of analyses (TD/BFRB). Independent 
samples t-tests were performed to compare the two groups on 
age, intelligence, depression, and anxiety scores. Paired samples 
t-tests were also performed to compare TSGS, YGTSS, BDI, and 
BAI scores before and after the therapy.

To compare TD and BFRB patients with controls on N200, 
P200, and P300 peak amplitude, repeated-measures MANOVAs 
were performed with the between-group factor Group (TD/
BFRB/controls), and three within-group factors: condition (fre-
quent/rare), region (frontal/central/parietal), and hemisphere 
(left/right). To assess the therapy effects, a within-group factor 
therapy was added (pre/post) in the second set of analyses. 
Significant interactions in all components were further analyzed 
with paired and independent samples t-tests. Further analyses 
were performed on each clinical group (TD and BFRB) to 
examine if the impact of CoPs therapy differed between groups. 
Huynh–Feldt corrections for repeated-measures analyses were 
performed when required. Tukey’s test was used to assess differ-
ences between groups before therapy.

resUlTs

impact of coPs Therapy on clinical 
Measures
The therapy induced a reduction in tics and habits symptoms in 
TD and BFRB patients, respectively. In both groups, there were 
reductions in TSGS [F(1,51)  =  67.09, p  <  0.001] and YGTSS 
total scores [F(1,51)  =  89.13, p  <  0.001]. Reductions in TSGS 
total score remained significant when covarying for depres-
sion [F(1,51) = 26.39, p < 0.001] and anxiety [F(1,51) = 23.99, 
p  <  0.001]. With impulsivity as a covariant, there was a trend 
toward a significant reduction in TSGS score [F(1,50)  =  3.23, 
p = 0.078]. Reductions in YGTSS total score remained significant 
when covarying for depression [F(1,51) = 31.16, p < 0.001], anxi-
ety [F(1,51) = 17.07, p < 0.001], and impulsivity [F(1,50) = 5.15, 
p < 0.05].

There were also reductions in YTGSS tics/habits impairment 
[F(1,51)  =  60.42, p  <  0.001] and motor tics/habits subscales 
[F(1,51)  =  55.84, p  <  0.001]. Moreover, there was a therapy 
by group interaction on the YGTSS motor tics/habits subscale 
[F(1,51) = 5.84, p < 0.05], which showed that motor tics/habits 
severity decrease following CoPs therapy in both patient groups, 
but improvements were more pronounced in the BFRB group. 
Moreover, the therapy induced a significant improvement 
in YGTSS scores on the phonic tic subscale in TD patients 
[F(1,25)  =  19.30, p  <  0.001], as well as reduced MGH scales 
scores for BFRB patients [F(1,23) = 25.90, p < 0.001]. Following 
therapy, anxiety and depressive symptoms were also diminished 
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TaBle 2 | cBT impact on clinical scales.

Pre Post

TD  
(n = 26)

BFrB  
(n = 27)

TD  
(n = 26)

BFrB  
(n = 27)

Mean sD Mean sD Mean sD Mean sD F p d group difference

Depression (BDI) 11 10.2 14 7.8 6 6.5 7 6.0 26.69*** <0.001 0.73 TD and BFRB: pre > post

Anxiety (BAI) 8 5.9 11 6.6 6 6.5 8 4.7 6.29* <0.05 0.41 TD and BFRB: pre > post

OCS (Padua)a 30 30.9 35 25.8 28 23.5 35 24.4 0.22 ns 0.04

Tic severity TSGS total score 18 9.8 17 9.7 9 8.6 7 7.0 67.09*** <0.001 1.06 TD and BFRB: pre > post

YGTSS Total 40 15.3 28 10.8 26 11.2 16 9.3 89.13*** <0.001 1.04 TD and BFRB: pre > post

Tics/habits impairment 20 10.5 14 5.9 10 5.0 7 5.2 60.42*** <0.001 1.11 TD and BFRB: pre > post

Motor tics/habits severity 13 4.3 13 3.5 11 4.6 8 4.4 55.84*** <0.001 0.86 TD and BFRB: pre > post

Phonic tics severityb 7 5.6 N/A N/A 5 4.7 N/A N/A 19.30*** <0.001 0.53 TD: pre > post

MGH scalesc N/A N/A 17 3.6 N/A N/A 10 5.6 25.90*** <0.001 1.49 BFRB: pre > post

Impulsivity (BIS-10)d 71 8.8 72 7.9 69 9.0 71 7.4 2.76 ns 0.13

BDI, Beck depression inventory; BAI, Beck anxiety inventory; OCS, obsessive–compulsive symptoms; TSGS, Tourette’s syndrome global scale; YGTSS, Yale Global Tic Severity 
Scale; MGH scales, Massachusetts General Hospital Hairpulling Scale and its adapted versions for other BFRB; ns, not statistically significant; d, Cohen’s d were calculated with 
both clinical groups pooled together, except for YGTSS phonic tics subscale (TD only) and MGH scales (BFRB only).
*p < 0.05.
***p < 0.001.
a11 TD patients and five BFRB patients with missing data.
bOnly for TD patients.
cOnly for BFRB patients. Three patients with missing data.
dOne TD patient with missing data.
Every significant result is in bold.
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in both patient groups, as shown by significant reductions in 
BAI [F(1,51) = 6.29, p < 0.05] and BDI scores [F(1,51) = 26.69, 
p  <  0.001]. The CoPs therapy had no impact on impulsivity. 
Clinical results are shown in Table 2.

counting Oddball Task
P200 Component
Before CoPs therapy, there were main effects of condition 
[F(1,77) = 170.52, p < 0.001], region [F(2,76) = 7.30, p < 0.005], 
and hemisphere [F(1,77) = 15.80, p < 0.001]. The rare–frequent 
oddball effect was larger over the central region in all groups, 
which lead to a condition by region interaction [F(2,76) = 80.50, 
p < 0.001]. There was no group main effect or interaction for that 
component. No therapy effect reached statistical significance. ERP 
waveforms for the counting oddball task are shown in Figure 1.

N200 Component
Before CoPs therapy, there was a region main effect [F(2,76) = 12.71, 
p  <  0.001], as well as condition by region [F(2,76)  =  13.86, 
p < 0.001] and region by hemisphere [F(2,76) = 4.58, p < 0.05] 
interactions. There was also a condition by region by hemisphere 
by group interaction [F(3.89,149.63) =  23.65, p <  0.05], which 
revealed that BFRB patients had a larger N200 amplitude than 
controls over the right-central region during frequent stimuli 
[F(2,77) = 3.36, p < 0.05, Tukey: p < 0.05], thus reducing the N200 
oddball effect. No significant change due to therapy was noted.

P300 Component
Before CoPs therapy, there were main effects of condition 
[F(1,77)  =  97.94, p  <  0.001], region [F(1.30,100.32)  =  51.46, 

p < 0.001], and hemisphere [F(1,77) = 4.31, p < 0.05], as well 
as condition by region [F(1.34,103.02) = 45.58, p < 0.001] and 
condition by hemisphere [F(1,77) = 4.75, p < 0.05] interactions.

Most importantly, there was a condition by group [F(2,77) = 5.26, 
p  <  0.01] interaction, which revealed smaller P300 amplitude 
during rare trials for both clinical groups, in comparison with the 
control group (Figure 2). This interaction remained significant 
even when covarying for medication [F(2,76) = 4.65, p < 0.05]. 
There was also a condition by region by hemisphere by group 
four-way interaction [F(3.34,128.65)  =  3.20, p  <  0.05], which 
revealed that there were significant between-group differences 
during rare trials over the left frontal [F(2,77) = 3.25, p < 0.05], 
left [F(2,77) = 3.56, p < 0.05] and right-central [F(2,77) = 3.34, 
p < 0.05], and right parietal [F(2,77) = 3.35, p < 0.05] regions. 
There were no such group differences during frequent trials.

When clinical groups were pooled together, the TSGS global 
score was negatively correlated with the P300 oddball effect in 
the right-central (r = −0.28, p < 0.05) and the left (r = −0.27, 
p < 0.05) and right (r = −0.28, p < 0.05) parietal regions. In the 
TD group, the P300 oddball effect was positively correlated with 
the BIS-10 score in the left-central (r = 0.43, p < 0.05) and parietal 
regions (r = 0.48, p < 0.05). There was no such correlation in the 
BFRB or the control group.

There was a main effect of therapy [F(1,51) = 5.20, p < 0.05], and 
a therapy by condition interaction [F(1,51) = 10.63, p < 0.005], 
which revealed an increase in amplitude during rare trials fol-
lowing therapy (see Figure 2). When covarying with medication, 
the therapy main effect was no longer significant, but the therapy 
by condition interaction remained significant [F(1,50)  =  5.42, 
p < 0.05]. Also, when we analyzed groups separately, there was 
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FigUre 1 | erP waveforms during the counting oddball task. The initial positive deflection that arises about 200 ms after stimulus presentation corresponds 
to the P200 component. The negative deflection that follows is the N200, which is then followed by the P300, a positive deflection that emerges 300 ms after 
stimulus presentation. The oddball effect is represented by the P300 amplitude to rare (dotted line) − frequent (solid line) stimuli. Before therapy, TD and BFRB 
patients had reduced P300 amplitude than controls during rare trials. A significant amplitude increase was induced by the CoPs therapy. This increase occurred in 
all three regions in BFRB patients but was more localized in the parietal region in TD patients.
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a therapy main effect [F(1,26) =  4.61, p <  0.05] and a therapy 
by condition interaction [F(1,26) = 8.17, p < 0.01] in the BFRB 
group (which also revealed amplitude increase in rare trials). In 
comparison, there was only a trend toward a therapy by condition 
interaction in the TD group [F(1,25) = 3,39, p = 0.078], when ana-
lyzing the entire cortex. However, there was a localized therapy by 
condition interaction in the left parietal region [F(1,25) = 3.88, 
p < 0.05] in TD patients, revealing an amplitude increase during 
rare trials and thus, a larger oddball effect in this region after CoPs 
therapy (Figure 3).

Motor Oddball Task
Reaction Times
Before CoPs therapy, there was a main effect of condition 
[F(1,77) = 169.37, p < 0.001], which indicated that all participants 
responded faster to frequent than to rare stimuli. There was also a 

group main effect [F(2,77) = 4.02, p < 0.05] on median reaction 
times, which revealed that BFRB patients reaction times were 
delayed compared to the control group (Tukey: p < 0.05). There 
was no significant difference between TD patients and controls 
and no significant effect of therapy per se on reaction times.

P200
Event-related potentials waveforms for the motor oddball task 
are shown in Figure 4. Before CoPs therapy, there were condi-
tion by region [F(2,76) = 98.10, p < 0.001], condition by hemi-
sphere [F(1,77) = 16.45, p < 0.001], and region by hemisphere 
[F(2,76) = 10.87, p < 0.001] interactions.

N200
Before CoPs therapy, there were condition by region 
[F(2,76)  =  10.44, p  <  0.001] and condition by hemisphere 
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FigUre 3 | P300 scalp topographies of activation changes induced by 
coPs therapy. P300 data before therapy were subtracted from P300 data 
after CoPs therapy to illustrate the activation changes induced by CoPs 
therapy in frequent and rare conditions. Red color represents an activation 
increase following CoPs therapy, whereas blue color represents a decrease in 
activation in microvolts. The SLORETA number indicates the timeframe of 
each scalp. The timeframes were selected as the maximum peak during the 
300–550 ms interval following stimulus presentation, for the frequent and rare 
condition. For both groups, scalp topographies show that most of the pre–
posttherapy difference in P300 activation occurred during rare condition. In 
TD patients, the activation increase was localized in the parietal area, 
especially the central and left hemisphere. In BFRB patients, the increase 
was generalized to the whole cortex. Scalp topographies were obtained 
through LORETA (63).

FigUre 2 | The P300 oddball effect (therapy by condition). The P300 
oddball effect represents the subtraction of frequent condition from the rare 
condition across all scalp regions. With the counting oddball task, the oddball 
effect was significantly reduced in both clinical groups at pretherapy (black). 
However, there were no significant differences across groups during the 
motor task (gray) and no effect of therapy reached significance. At 
posttherapy, a normalization of the oddball effect was induced during the 
counting oddball task (black), especially in BFRB patients, where it almost 
reaches the level of control participants. Note: error bars represent the SEM.
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[F(1,77) = 12.62, p < 0.01] interactions, which revealed a larger 
condition effect over the frontal left hemisphere.

P300
Before CoPs therapy, there were main effects of condition 
[F(1,77)  =  71.57, p  <  0.001] and region [F(2,76)  =  41.45, 
p < 0.001] followed by condition by region [F(2,76) = 13.65, 
p  <  0.001] and condition by hemisphere [F(1,77)  =  45.81, 
p  <  0.001] interactions. There was no significant group dif-
ference or effect of therapy in all three components during the 
motor oddball task (see Figure 3).

DiscUssiOn

The main goal was to compare brain function in TD and BFRB 
patients during two oddball tasks and to record the effect of the 
CoPs therapy on clinical measures and brain functioning. To 
achieve this goal, we used ERP, a technique with high temporal 
resolution, which is well suited to follow complex stages of the 
processing stream. We expected that the CoPs therapy would 
induce a significant reduction in tic symptom severity in both 
clinical groups, whereas an increase in P300 amplitude was 
hypothesized to accompany that clinical improvement.

Our results showed that the P300 oddball effect was reduced 
in both clinical groups. Then, the CoPs therapy induced a 

normalization of the P300 oddball effect. The clinical change 
following therapy confirmed our hypothesis with a significant 
reduction in tics and habit disorders scale scores. Moreover, anxi-
ety and depression symptoms also improved following therapy. 
These results were observed only in the counting oddball where 
no motor response was required.

counting Oddball Task
Habit symptoms induced an increase in N200 amplitude over the 
right-central region, during the counting oddball task. Indeed, 
in BFRB patients, the N200 was larger for frequent stimuli, thus 
reducing the oddball effect. In an oddball paradigm, the N200 is 
traditionally representative of attention and detection processes 
(64). At a functional level, this central N200 is generated by the 
anterior cingulate cortex and is related to conflict monitoring and 
cognitive control (64, 65). The observed N200 asymmetry toward 
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FigUre 4 | erP waveforms during the motor oddball task. No significant group differences were observed during the motor oddball task.
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the right hemisphere could be caused by the impaired function-
ing of the corpus callosum (66). The corpus callosum and the 
prefrontal cortex have a role in mediating interhemispheric inter-
ference (67). Smaller corpus callosum could be due to accelerated 
pruning, whereas axonal pruning is reduced in the frontal cortex 
of TD patients (68). Therefore, such reports are consistent with 
our results of hemispheric discrepancy in the frontal and central 
regions, and the BFRB group seems to share that characteristic 
with the TD.

Since the N200 reflects monitoring and control, an increase 
in N200 amplitude could be considered as a function of the 
amount of effort that the individual put into regulating the urge 
to perform their habits and/or tics. However, the fact that the 
therapy failed to affect the N200 oddball effect could mean that 
despite better tics/habits awareness and modification of action 
style, this is not reflected by cerebral activity, at least in that ERP 
temporal window.

Later in the processing stream, for both patient group there 
was a significant reduction of the P300 oddball effect, particularly 
over the left anterior hemisphere (frontal and central) and the 

right posterior hemisphere (central and parietal). Moreover, the 
P300 oddball effect in the right-central region and bilaterally in 
the parietal region was negatively correlated with TSGS score, 
showing that the P300 oddball effect was reduced when tic/
habits symptoms were more severe. Such correlation was not 
found with the YGTSS total score or one of its subscales. This 
could be explained by the fact that the TSGS has a more detailed 
behavioral subscale, including individual rating of learning prob-
lems, occupational problems, and motor restlessness (52). On the 
other side, the YGTSS has a 0–50 impairment subscale in which 
global impairment caused by TD is scored (53). Therefore, this 
difference between those two scales could explain why we found 
correlations between the P300 oddball effect with the TSGS, but 
not with the YGTSS.

The P300, which indexes processes of stimulus evaluation and 
categorization (69, 70), is generated by a network that includes 
the prefrontal cortex, the temporoparietal junction, the inferior 
parietal lobule, the supramarginal gyrus, and the cingulate gyrus 
(70, 71). In a study on a specific subtype of BFRB (i.e., tricho-
tillomania) with MRI, it was reported that patients show higher 
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levels of gray matter in the cingulate and parietal regions, in 
comparison with healthy controls (15). Trichotillomania patients 
also showed impairments in white matter tracts in the anterior 
cingulate gyrus, as shown by reduced fractional anisotropy in that 
region (16). In comparison, TD patients showed decrease gray 
matter in the anterior cingulate gyrus and the sensorimotor areas 
and reductions in white matter in the right cingulate gyrus (72). 
The P300 reduction has been related to impairments in gray mat-
ter of these regions (73), whereas another study reported positive 
correlations between P300 amplitude and white matter volumes 
in the prefrontal cortex and the temporoparietal junction, 
which were found in both healthy controls and patients at risk 
for psychosis (74). Therefore, P300 reduction could potentially 
reflect reduced white or gray matter of the prefrontal cortex and 
sensorimotor regions of the brain that in turn affect tics/habit 
symptoms.

Interestingly, the non-motor P300 oddball effect increased 
in both clinical groups following therapy. While this enhance-
ment was found over the entire cortex in BFRB patients, it was 
localized to the parietal cortex in TD patients. One component 
of CoPs treatment model for tics and habits is awareness training, 
in which patients learn to better integrate information from the 
social, geographical, physical, and emotional context (12). Hence, 
the larger P300 oddball effect, found after therapy during a non-
motor task, may depict enhance cognitive resources mobilized 
for working memory and contextual updating processes acquired 
through persistent training, during the CoPs therapy and prac-
tice sessions. Thus, the treatment may promote normalization 
of aberrant cortical pathways in adults with TD and BFRB. The 
change in P300 oddball effect could also represent an adaptive 
mechanism to update information in working memory despite 
reduced gray and white matter in sensorimotor and prefrontal 
areas (7, 8, 72, 75). Our findings are also consistent with recent 
findings in fMRI, which revealed that patients with greater tic 
severity reduction had higher activity in the inferior frontal gyrus 
(30). The authors argue that since the inferior frontal gyrus is 
involved in task-switching and set-shifting, greater activity of this 
region could be associated with less impairment in TD patients. 
However, these results were obtained from a motor inhibition 
priming task, which differ from our own non-motor oddball 
task that mobilize cerebral structures, such as the cerebellum, the 
thalamus, and the frontal and parietal cortex (48). Intriguingly, 
our posttherapy increase was found only with the counting 
oddball task, which could suggest that the non-motor P300 
amplitude forms a good marker of tic/habits normalization that 
accompanies change in cortical activation.

Motor Oddball Task
Consistently, our ERP results during the motor oddball task 
confirmed that there were no significant group difference in all 
components during the motor oddball task and these ERP com-
ponents, along with the reaction times, also were not affected by 
the CoPs therapy. While all participants showed delayed reaction 
times for rare than for frequent stimuli, which is expected with 
this type of motor oddball task, both clinical groups’ reaction 
times were not significantly different from controls. This is 
consistent with prior findings with similar oddball paradigms in 

TD patients (39). Intact reaction times in adults with TD have 
also been found in Go/NoGo motor inhibition tasks (76, 77) and 
during a stimulus–response compatibility paradigm (13, 78).

As seen in Figure 2, the oddball effect is generally smaller in 
the motor than the counting task, in all groups. The amplitude 
of the P300 oddball effect during the motor task does not differ 
between groups. Motor-related potentials have been reported 
to overlap with the P300 and, thus, motor responses can have 
an attenuating effect on P300 component (79, 80). This could 
explain, in part, why that motor-related P300 was not signifi-
cantly affected by tic/habit symptoms or by therapy in the motor 
oddball task. This suggests that TD and BFRB patients do not 
differ from healthy controls in the evaluation of stimuli salience 
and its task-related adequacy (N200/P200) in the context of a 
motor oddball task. Again, this is consistent with prior research 
on adults with TD that also showed intact P200 in counting 
oddball paradigm (42).

limitations
The principal limitation of the current study is the fact that the 
control group was only tested once. Ideally, controls could have 
been tested a second time, with the same time interval between 
electrophysiological recordings than our patient groups. However, 
previous investigations showed good test–retest reliability of 
the P300 amplitude over time (81, 82), suggesting that control 
participants’ electrocortical activity would not differ significantly 
in a second recording. Another limitation is that there were more 
males in the TD group and more females in the BFRB group, but 
this is consistent with the inherent gender ratio of both disorders 
(9, 83). Literature on this matter does not reveal significant gen-
der difference on P300 amplitude in oddball paradigms (84–86).

Also, some patients were under medication, and others had 
sub-clinical comorbid disorders. Even though some of our 
results could be explained by these factors, we chose to include 
patients with comorbidities to have a better ecological validity, 
since comorbidities are the norm rather than the exception in 
TD (9, 87) and BFRB as well (88, 89). Finally, clinical scales were 
administered by unblinded clinicians, which could have affected 
the rating of symptom severity.

cOnclUsiOn

Our findings constitute one of many building blocks that seek 
integration of psychophysiological measures into evidence-based 
treatment of TD and BFRB. Consistent with that approach, the 
CoPs model considers the release of tension as a part of a general 
regulation system, which postulates that the evaluation of tics 
must focus further on situational triggers and on a particular 
style of action characterized by sensorimotor functioning that 
tends to increase muscular activation and tension. Our results 
allowed to improve the cerebral and cognitive outcome follow-
ing the CoPs therapy, for these clinical groups. In conclusion, 
we demonstrated that TD and BFRB patients have smaller P300 
oddball effect, reflecting impairments in attention and working 
memory. We also found a modification of this neural process after 
therapy, which was generalized throughout all brain regions in 
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BFRB patients and more localized in the parietal motor area in 
TD patients.
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Background: Tourette syndrome (TS) is a childhood-onset neurodevelopmental

disorder and its impact on cognitive development needs further study. Evidence from

neuropsychological, neuroimaging and electrophysiological studies suggests that the

decline in tic severity and the ability to suppress tics relate to the development of

self-regulatory functions in late childhood and adolescence. Hence, tasks measuring

performance monitoring might provide insight into the regulation of tics in children

with TS.

Method: Twenty-five children with TS, including 14 with comorbid Attention-deficit/

hyperactivity disorder (ADHD), 39 children with ADHD and 35 typically developing

children aged 8–12 years were tested with a modified Eriksen-Flanker task during

a 34-channel electroencephalography (EEG) recording. Task performance, as well as

stimulus-locked and response-locked event-related potentials (ERP) were analyzed and

compared across groups.

Results: Participants did not differ in their behavioral performance. Children with TS

showed higher amplitudes of an early P3 component of the stimulus-locked ERPs in

ensemble averages and in separate trial outcomes, suggesting heightened orienting

and/or attention during stimulus evaluation. In response-locked averages, children with

TS had a slightly higher positive complex before the motor response, likely also reflecting

a late P3. Groups did not differ in post-response components, particularly in the

error-related negativity (ERN) and error-related positivity (Pe).

Conclusions: These findings suggest that children with TS may employ additional

attentional resources as a compensatory mechanism to maintain equal behavioral

performance.

Keywords: Tourette syndrome, ADHD, children, P3, event-related potentials, performance monitoring
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INTRODUCTION

Tourette Syndrome (TS) is a childhood onset neuropsychiatric
disorder with multiple motor tics and at least one vocal tic
for more than 1 year (American Psychiatric Association, 1994).
Tics are often described as semi-voluntary, because children
with TS can suppress their tics for a certain amount of time at
the cost of increasing discomfort for the patient (Spessot et al.,
2004). However, tic suppression is tiring and effortful, and may
contribute to an increased feeling of “premonitory urge,” which
is an unpleasant bodily sensation preceding a tic and relieved
by tic expression (Leckman, 2002). This reduction of unpleasant
bodily sensation may contribute to a negative reinforcement of
tic performance habit (Plessen, 2013).

Tic symptoms often attenuate in adolescence and about 40%
of children are tic-free at the age of 18 (Leckman et al., 1998;
Burd et al., 2001; Bloch and Leckman, 2009). This typical course
of symptoms suggests that individuals with TS constantly, and
often unconsciously, aim to suppress emerging tics to improve
their psychosocial function (Eichele and Plessen, 2013). This
process coincides with the development of self-regulatory control
during childhood and adolescence (Davidson et al., 2006; Tau
and Peterson, 2010) and maturation of the frontal cortex (Gogtay
et al., 2004).

The ability to dynamically adapt the behavior to situational
demands is a crucial part of adequate daily functioning
(Ullsperger, 2006; Ullsperger et al., 2014). This requires a
set of processing functions that localize to a broad network
of brain areas encompassing frontal cortices, basal ganglia
and thalamic nuclei, the cortico-striato-thalamo-cortical (CSTC)
circuits. Activity in this network is elicited during performance
monitoring and can be tested with the Eriksen-Flanker task
(Eriksen and Eriksen, 1974).

Attention networks contribute to the perception of
environmental cues that is essential for regulating behavior
(Posner et al., 2014), and thus underlie the capacity of self-
regulation (Rothbart et al., 2011). Different tasks of performance
monitoring have been widely used to study this form of control
(Fan et al., 2002). Recent work indicates that inhibitory control
networks involving CSTC circuits are engaged during conflict
trials to prevent attentional capture and interference (Tau and
Peterson, 2010). Finally, imaging studies of individuals with TS
implicate that inhibitory cognitive control processes might be
altered (Worbe et al., 2015).

Due to the assumption that persons with TS show impairment
of the CSTC circuits and the overlap of these networks with those
involved in performance monitoring, the latter may also show
impaired function. However, multiple studies report comparable,
or even superior abilities of motor and cognitive control in
children with TS compared with controls (Ozonoff and Jensen,
1999; Serrien et al., 2005; Mueller et al., 2006; Jackson et al., 2007,
2011; Eichele et al., 2010a). It is therefore of interest to investigate
possible adaptive effects in this network. Many persons with TS
are co-diagnosed with at least one further psychiatric disorder,
with attention-deficit/hyperactivity disorder (ADHD) being the
most common comorbid condition with 50–60% of all Tourette
syndrome patients (Robertson, 2012; Hirschtritt et al., 2015). The

reasons for the high co-occurrence have been widely discussed
in the last decades but exact mechanisms still remain unclear.
Evidence suggests that deficits in the basal portions of CSTC
circuits represent shared neurobiological substrates for both
disorders (Vloet et al., 2006; Sobel et al., 2010). Studies comparing
children with TS with and without comorbid ADHD implied that
children with comorbid ADHD showed impaired performance in
tasks demanding cognitive control (Roessner et al., 2007; Greimel
et al., 2008, 2011; Sukhodolsky et al., 2010). This is in line with
findings suggesting altered behavioral and electrophysiological
measures of performance monitoring tasks in persons with
ADHD (Barry et al., 2003; Liotti et al., 2005; Johnstone and
Galletta, 2013; Johnstone et al., 2013).

Different trial types modulate the sequence of stimulus-
and response-locked event-related potentials (ERP) in
the electroencephalogram (EEG) and outcomes indicate
modulations of interference/conflict and control. The stimulus-
locked N2 reflects early stages of conflict/mismatch detection
(Folstein and Van Petten, 2008; Larson et al., 2014). This
component is also reduced in children with ADHD (Albrecht
et al., 2008). We decided to focus on the subsequent P3 that
is thought to reflect a neural representation of a sensory
process where the incoming stimulus is compared to the
mental representation of the previous stimuli and the stimulus
environment is updated. This is closely linked to concepts of
orienting/surprise and predictive coding (Eichele et al., 2005). A
later aspect of P3, the late positive complex (LPC) is thought to
more closely represent working memory and response selection
(Donchin, 1981; Donchin and Coles, 1998, 2010; Polich, 2007).
Contingent upon this, the P3 is also sensitive to changes in
conflict and control (Clayson and Larson, 2011a,b). Due to the
ability of children with TS to react to the presence of internal
cues (premonitory urges) we expected a superior function of this
electrophysiological correlate for performance monitoring.

After errors, the error-related negativity (ERN) and error
positivity (Pe) are detectable. The ERN arises immediately after
error commission (Debener et al., 2005; Larson et al., 2014) and
reflects automatic error detection in the mesial frontal cortex.
Individuals with several neuropsychiatric disorders, including
adolescents with ADHD (Albrecht et al., 2008) show a reduction
of this early negativity. Finally, the ERN is followed by the Pe,
a P3-like positive deflection, emerging approximately 300ms
after incorrect responses and is associated with evaluation and
awareness, as well as the salience of errors. It is important to note
here that the ERN is not fully established before adolescence and
was therefore not focus in our study, whereas the Pe amplitude
does not appear to change much with age (Davies et al., 2004;
Ladouceur et al., 2007; Wiersema et al., 2007; Brydges et al., 2013;
Tamnes et al., 2013; Dupuis et al., 2015).

To our knowledge, no prior ERP study has used this type of
Flanker task in children with TS. However, one behavioral study
reported that children with TS performed slightly less accurately
on incompatible trials (Crawford et al., 2005). Only few ERP
studies overall have included children with TS, mainly auditory
oddball paradigms have been used with variable results (Van
Woerkom et al., 1994; Oades et al., 1996; Zhu et al., 2006). A
recent study using a Go/Nogo paradigm (Shephard et al., 2015)
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did not report significant differences in the ERP in children
with TS compared with controls. However, here two distinct
subcomponents of a P3 can be appreciated, which each show
a differential amplitude modulation between the groups, where
indeed the TS group grand average has highest amplitudes during
an earlier subcomponent (Shephard et al., 2015) and thus add to
motivate further study of this component in children with TS.
Interestingly, this component seems reduced in children with
ADHD (Albrecht et al., 2008). These independent observations
motivate the focus on P3 in the current analysis.

A larger amount of data exists from children with ADHD,
indicating either non-different or reduced N2, P3, ERN, and
Pe amplitudes compared with controls (for an overview, see
Barry et al., 2003; Johnstone et al., 2013). We aimed at
investigating electrophysiological measures in the Flanker task
related to attention, stimulus evaluation, conflict and control in
medication-naïve children with TS, compared with medication-
naïve children with ADHD and controls, primarily in the
N2-P3 latency range and the post-response ERN-Pe. We
hypothesized that participants with TS would show a typical or
enhanced performance and ERP amplitudes similar to control
participants, whereas participants with ADHD would show
impaired performance (Willcutt et al., 2005;Mazaheri et al., 2014)
and reduced ERP amplitudes. Due to the limited ERP-literature
on children with TS we do not only present hypothesized effects
but all components involved in the Flanker task for reference and
discovery of knowledge in the field of child psychopathology (Loo
et al., 2015). Comparisons between groups should not be limited
to measurement of one component to ensure that significant
differences between groups are not ceiling effects transporting
smaller differences from one component to the next until adding
up to a significant difference (Picton et al., 2000).

We focus on performance monitoring in children with TS,
and, due to ADHD being a frequent comorbidity, we also
included participants with TS and comorbid ADHD. This group
is compared with children with ADHD, and a group of typically
developing children. This allows to leverage the impact of
comorbid ADHD in combination with TS, as well as to measure
the specific contribution of TS on our main outcome variables.
The recent attempt to collect data across the boundaries of
diagnostic entities calls for the inclusion of contrastgroups to
allow differentiating characteristics found in individuals with
a specific disorder from more general markers present across
conditions (Cuthbert, 2014).

MATERIALS AND METHODS

Participants
One hundred and two participants were recruited for a
prospective longitudinal study of children with ADHD, Tourette
syndrome, and control children aged 8–12 years. Participants
with ADHD and TS were recruited from the Department
of Child and Adolescent Psychiatry, Haukeland University
Hospital, and from outpatient clinics in the greater Bergen area
in the Hordaland County, Norway. Controls were recruited
from local schools in the same geographic regions. The
Regional Ethics Committee approved the study, and written

consent in accordance with the Declaration of Helsinki was
obtained from all parents. The diagnostic procedure consisted
of a semi-structured interview, the K-SADS (Kiddie-Schedule
for Affective Disorders and Schizophrenia for School-Aged
Children; Kaufman et al., 1997); the Children Gobal Assessment
Scale (CGAS; Shaffer et al., 1983), and the DuPaul ADHD-
Rating Scale (ADHD-RS; Dupaul et al., 1998), along with a best
estimate consensus procedure that considered all available study
material (Leckman, 2002). TS andADHDdiagnoses, respectively,
met the criteria set in Diagnostic and Statistical Manual of
Mental Disorders, fourth edition (DSM-IV; American Psychiatric
Association, 1994). Tic symptoms were measured with the Yale
Global Tic Severity scale (YGTSS; Leckman et al., 1989). All
children were native Norwegian speakers of Caucasian origin,
were medication-naïve and had no prior treatment for ADHD.
Exclusion criteria for the control group were a lifetime history of
Tic disorder, Obsessive compulsive disorder (OCD), ADHD, or a
current DSM-IV axis I disorder. Additional exclusion criteria for
all groups were epilepsy, head trauma with loss of consciousness,
autism spectrum disorder, prematurity (gestational age <36
weeks), or a full scale intelligence quotient (FSIQ) below 75,
measured by the Wechsler Intelligence Scale for Children-IV
(Wechsler, 2003). Children with ADHD had a diagnosis of
ADHD, combined type (n= 25), inattentive type (n= 11) or
hyperactive type (n= 3). Within the study groups, the following
comorbid disorders were present: oppositional defiant disorder
(ODD; ADHD n = 17, TS n = 7), and three children with
ADHD also had conduct disorder (CD), chronic and transient
tics (ADHD n = 3), OCD (TS n = 2), and elimination disorder
(ADHD n = 4, TS n = 3, controls n = 2). Moreover, several
children fulfilled criteria for phobia (ADHD n = 7, TS n = 3,
control n = 1), separation anxiety (ADHD n = 6, TS n = 1)
and general anxiety (ADHD n = 3, TS n = 1). Thirteen children
with TS had an additional ADHD diagnosis (ADHD combined
type n = 7, ADHD inattentive type n = 6), 1 of these had an
additional OCD diagnosis.

Experimental Design
After instruction and training, participants performed a
modified visual Eriksen-Flanker task implemented in E-prime
2 (Psychology Software Tools, Inc., Pittsburgh, PA, USA).
Participants were instructed to fixate a dot presented in the
center of a PC screen. Trials began with the presentation of 6
horizontal flanker arrows appearing below fixation. Participants
should respond as fast as possible, and as accurate as possible
with either a left or a right mouse button press following the
direction of a central target arrow that appeared after 100ms,
pointing either into the same direction as the flanker arrows
in compatible trials (<<< < <<<, >>> > >>>) or in
the opposite direction in incompatible trials (<<< > <<<,
>>> < >>>). The target- and flanker-arrows remained on
screen until a response was registered. Trials were terminated
by the motor response and followed by an 800-ms interval
before onset of the next trial. Stimuli were presented in two
blocks with 200 trials that were pseudorandomized separately
for each participant. The overall probability of compatible
and incompatible trials, as well as left and right responses
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were kept at 0.5. Performance feedback was given during the
experiment when responses were erroneous or slower than an
adaptive individual threshold value (mean response time plus 1.5
standard deviations (SD).

EEG Acquisition
EEG was recorded continuously in an electromagnetically
shielded chamber. Data were sampled at 1000Hz frequency with
a time-constant of 10 s and a high cutoff at 250Hz with Brain
Amp amplifiers (BrainProducts, Munich, Germany). An elastic
cap containing 34 Ag/AgCl electrodes placed at Fp1, Fp2, F7,
F3, Fz, F4, F8, FT9, FC5, FC1, FC2, FC6, FT10, T7, C3, Cz, C4,
T8, TP9, CP5, CP1, CP2, CP6, TP10, P7, P3, Pz, P4, P8, PO9,
O1, O2, PO10, Iz was used. Channels were referenced to Fz.
Vertical eye movements were recorded with a bipolar derivation
between Fp1 and an additional electrode placed below the left
eye, horizontal eye movement were recorded with a bipolar
derivation between F7 and F8. Additionally, electrocardiogram
was monitored. Impedances were kept below 10 k�.

EEG Processing
We preprocessed the EEG in Matlab (Mathworks, Natick, MA,
USA) using the EEGLAB toolbox (Delorme and Makeig, 2004)
and in-house scripts.

The continuous EEG data were resampled to 500Hz. The
data were then re-referenced to common average reference, and
filtered from 0.5 to 45Hz using a finite impulse response filter
generated with the firfilt plugin (Widmann, 2006).

For artifact removal/reduction, the data were segmented into
stimulus-locked (−0.5 to +1 s), and response-locked epochs
(−1 to 0.5 s). The prestimulus period was used as baseline for
both epochs. Epochs were excluded when exceeding a ±300µV
amplitude criterion. The remaining epochs were sorted using a
summary score of rootmean square amplitude across all channels
and time points, spatial SD, power spectrum ratio between low
and high frequencies, skewness and kurtosis, normalized to
unit variance across epochs. Only epochs within ±1 SD were
retained for further analysis. These epochs were concatenated
and subjected to temporal independent component analysis
(ICA) using the infomax algorithm (Bell and Sejnowski, 1995),
and 32 components were estimated. We used spatial templates
to identify horizontal and vertical eye movements and ECG
artifacts, and removed these automatically (Viola et al., 2009).
Following the rationale presented in COMPASS (Wessel and
Ullsperger, 2011), we assumed that components of interest
were broad, dipolar topographies with time-locked event-related
responses, and we therefore generated scores based on the
spatial smoothness of the component scalp maps and the root
mean square of the event related average, and retained the top
15 components. These were then visually cross-checked, and
components reminiscent of artifacts were marked. Between 10
and 15 components were kept and back-projected in this manner.

Averaging and Data Extraction
We sorted compatible, incompatible and erroneous trials and
visually inspected the grand averaged data across all participants
to generate ERP for further testing. Upon inspection of grand

average ERP data and difference waves, we found that conditional
effects on several components were consistently expressed
around Cz/Vertex, which is in line with other work in this age
group (Cycowicz, 2000; Stige et al., 2007). We therefore used
regional averaging, for spatial data reduction, and controlling
for inter-individual variability (Handy, 2005). This provides
a better fit to the statistical models by collapsing together
electrodes that commonly covary, in the same way that adding
a spatial factor would do, however without complicating the
analysis by additional terms of interaction. Moreover, it helps
to control for variability (as seen in different age groups e.g.,
Cycowicz, 2000; Davies et al., 2004; Brydges et al., 2013) over
locations by averaging across locations. This method addresses
the objection to the large degrees of freedom that multiple
electrode readings afford (Handy, 2005). We selected a central
region of interest containing FC1, FC2, Cz, CP1, and CP2 with
clear N1 (108ms), P2 (196ms), P3 (320ms), and LPC (598ms)
waveforms in the stimulus-locked average, as well as LPC
(−82ms) in the response-locked average, and a clear modulation
between outcomes (see Figure 1). ERN was identified as the
first post-response negativity maximal on erroneous trials. The
early positivity is defined as the first positive wave post-
response—this common post-response component is labeled
P2 or P90 elsewhere (Brunia and Van Boxtel, 2000). Error
response generated an additional broad positivity Pe with peak
latency at 268ms post-response. Because latency jitter in ERP
components between trials, especially in children, and peak
amplitudes can be influenced by group differences in signal-
noise-ratio, analyses of mean amplitudes were chosen (Luck,
2005). Amplitudes were extracted from 40ms long windows
centered on the grand average peak latency and were used for
testing of group differences.

Statistics
Statistics were performed in Matlab and Statistica (Statsoft,
Tulsa, OK, USA). Repeated measure analyses were conducted
to test outcome effects in the behavioral and the ERP data

FIGURE 1 | P3 amplitude difference. Topographic plot of the amplitude

difference between compatible and incompatible outcomes at 300ms post

stimulus. Scaling from -2 to 2µV. Voltage maximum is at centro-parietal

midline sites.
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(congruent vs. incongruent vs. error trials) and “group.”
Additional univariate Analysis of Covariance (ANCOVA) were
conducted for behavioral measures and ERP components as
dependent variable, group as categorical factor and covariates
as continuous predictors to test group differences. Significant or
trend-significant effects were followed-up with additional post-
hoc tests. All statistics were considered significant at p < 0.05.
The effect size indicator partial eta squared (η2

p) is reported
for each significant/trend-significant statistical comparison as a
measure of the strength of the effect, with of 0.01 representing
a small effect, 0.06 a medium effect, and 0.14 a large effect
(Cohen, 1988). To demonstrate the adequacy of pooling children
with TS with and without comorbid ADHD, we also performed
ANCOVAs with four groups, separating TS only and TS+ADHD,
control group, ADHD, with the main behavioral and ERP
result.

Response times (RT) and response accuracy (RACC) averages
were generated for all possible outcomes. Premature responses
faster than 200ms and slow responses >2000ms were not
considered in the averages. RTs were analyzed with covariates:

Age: Because of substantial speeding of RT, and improvement
of accuracy with age across the entire sample regardless of group,
all analyses included age as a covariate.

FSIQ: We decided to analyze the behavioral data with FSIQ as
covariate for the sake of consistency across behavioral- and ERP
analyses. This appears to be the most sound practice in our case,
however see relevant publications for a discussion on this issue
(Willcutt et al., 2005; Dennis et al., 2009).

ERP components were analyzed with covariates:
Age: Groups did not differ in mean age. However, to control

within group variation of electrophysiological measures we
followed current guidelines (Picton et al., 2000). Age in particular
influences many features in the EEG, resulting also in prominent
maturational changes of ERP amplitudes and latencies (Davies
et al., 2004; Wiersema et al., 2007; Brydges et al., 2013; Rojas-
Benjumea et al., 2015).

FSIQ: Earlier research has also shown that IQ differences
account for variability of ERP measures. We therefore decided
to include IQ as a covariate in line with other studies in the field
(Pelosi et al., 1992; Deary and Caryl, 1997; Jausovec and Jausovec,
2000; Ramchurn et al., 2014).

RT/ IIV: Response times and their variability substantially
affect ERP features (Eichele et al., 2010b). This is partly due
to task-induced amplitude modulation, and partly nuisance
variability due to spatio-temporal overlap of stimulus and
response-related components, see also (Ramchurn et al., 2014).

RACC: Average accuracy provides a gross measure of the
effort that an individual invests in a task, therefore adjusting for
ACC is useful to account for state and trait factors not specifically
related to diagnosis/group.

ADHD symptom scores were included initially as a covariate
in the statistical models for the behavioral and the ERP correlates,
but proved non-significant and were subsequently removed
from both models. Pairwise correlations were used to further
investigate significant effects of the group factor and covariates.
To test for post-error slowing (PES) and to compensate for
confounders, we conducted a pairwise comparison of post-error

and pre-error trials around each error (Dutilh et al., 2012)
followed by an ANCOVA, including the covariates age and FSIQ.

Behavioral Characteristics
Data from two participants (with ADHD and with TS/ADHD,
respectively) were discarded due to excessive EEG artifact,
data from another participant (ADHD) were discarded due to
performance on chance level, data from 99 participants thus were
included, 39 children with a diagnosis of ADHD, 25 children
with TS (11 TS “only” and 14 TS+ADHD), and 35 typically
developing children. Children’s age ranged from 8 to 12 years
(M= 10.05; SD ± 1.21), 64 participants were boys and groups
did not differ for age or sex. 15 participants were left-handed.
Groups differed in FSIQ, similar to findings reported in other
studies (Bornstein, 1991; Ozonoff et al., 1998; Baym et al., 2008;
Debes et al., 2011), and FSIQwas employed as a covariate. Groups
also differed in ADHD-RS total values. Current tic severity in the
TS group was 11.3± 3.34 for motor and 8.00± 4.83 for vocal tics,
and lifetime worst ever score 15.68± 3.44 for motor and 11.95±
5.0 for vocal tics (Table 1).

RESULTS

Behavioral Performance
We observed no significant differences between groups for
premature responses, but a significant effect of FSIQ, with a weak
correlation where lower FSIQ correlated with more premature
responses (r = −0.29). Slow responses were more frequent in all
groups compared with fast responses, also with a significant FSIQ
effect, with correlations for lower FSIQ predicting more frequent
slower responses (r = −0.34) and age (r = −0.38). (Table 2).

Reaction Times
A Repeated Measure Analysis revealed a typical RT pattern for
the Flanker task with fast RT in compatible (CC) responses,
slower incompatible (IC) responses and faster RT in erroneous
trials in all three groups, and trend-significant group differences
across all three outcomes [F(2, 96) = 2.85, p = 0.06, η

2
p =

0.06], without significant interactions of outcome-by-group.
Post-hoc assessment revealed trend-significant differences for CC
responses (p = 0.07) and erroneous responses (p = 0.08)
between controls and ADHD and a significant difference in IC

TABLE 1 | Sample characteristics.

Controls ADHD TS Statistics

Mean ± SD Mean ± SD Mean ± SD

FSIQ 105.82 ± 1.68 91.71 ± 1.59 97.96 ± 1.99 F(2, 96) = 18.51,

p < 0.001, η
2
p = 0.28

Age (years) 10.04 ± 0.21 10.18 ± 0.19 9.87 ± 0.24 F(2, 96) = 0.49, n.s.

Sex (% male) 57.14 69.23 68 χ2 = 1.34, n.s.

Handeness (%

right handed)

91.43 84.62 76 χ2 = 2.7, n.s.

ADHD-RS total

score

2.91 ± 1.33 30.73 ± 1.26 22.12 ± 1.57 F(2, 96) = 117.09,

p < 0.001, η
2
p = 0.62

ADHD, attention-deficit/hyperactivity disorder; TS, Tourette syndrome; FSIQ, full scale

intelligence quotient; ADHD-RS, attention-deficit/hyperactivity disorder rating scale; SD,

standard deviation.
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TABLE 2 | Behavioral performance.

Controls ADHD TS Repeated Measure ANOVA ANCOVA

Mean ± SD Mean ± SD Mean ± SD Outcome Group Outcome × group Group Covariates

RT CC (ms) 646.44 ± 19.69 677.37 ± 18.43 652.99 ± 21.26 F(2, 192) = 136.9,

p < 0.001, η
2
p = 0.59

F(2, 96) = 2.85,

p = 0.06, η
2
p = 0.06

F(4, 192) = 1.14, n.s. F(2, 94) = 0.65, n.s. FSIQ F(1, 94) = 11.77,p < 0.001,

η
2
p = 0.11; Age F(1, 94) = 64.68,

p < 0.001, η
2
p = 0.41

RT IC (ms) 773.11 ± 25.73 840.70 ± 24.01 789.58 ± 27.77 F(2, 94) = 1.77, n.s. FSIQ F(1, 94) = 10.19,p < 0.01,

η
2
p = 0.09; Age F(1, 94) = 61.04,

p < 0.001, η
2
p = 0.39

RT error (ms) 624.42 ± 29.70 644.70 ± 27.79 627.28 ± 32.06 F(2, 94) = 0.13, n.s. FSIQ F(1, 94) = 7.5,p < 0.01,

η
2
p = 0.07; Age F(1, 94) = 34.06,

p < 0.001, η
2
p = 0.27

IIV CC (ms) 209.48 ± 10.98 245.21 ± 10.27 231.66 ± 11.85 F(2, 192) = 25.46,

p < 0.001, η
2
p = 0.21

F(2, 96) = 5.68,

p < 0.01, η
2
p = 0.11

F(4, 192) = 0.71, n.s. F(2, 94) = 2.46, n.s. FSIQ F(1, 94) = 14.43,p < 0.001,

η
2
p = 0.13; Age F(1, 94) = 32.72,

p < 0.001, η
2
p = 0.26

IIV IC (ms) 245.13 ± 12.95 261.21 ± 12.12 266.46 ± 13.98 F(2, 94) = 0.66, n.s. FSIQ F(1, 94) = 12.66,p < 0.001,

η
2
p = 0.12; Age F(1, 94) = 22.48,

p < 0.001, η
2
p = 0.19

IIV error (ms) 271.01 ± 20.41 309.89 ± 19.09 290.70 ± 22.03 F(2, 94) = 0.83, n.s. FSIQ F(1, 94) = 7.75,p < 0.01,

η
2
p = 0.08; Age F(1, 94) = 26.73,

p < 0.001, η
2
p = 0.22

Compatible errors(%) 6.57 ± 1.07 7.85 ± 1.01 9.32 ± 1.26 F(1, 96) = 142.14,

p < 0.001, η
2
p = 0.6

F(2, 96) = 2.46,

p = 0.09, η
2
p = 0.05

F(2, 96) = 3.01,

p = 0.06, η
2
p = 0.06

F(2, 92) = 1.47, n.s. FSIQ F(1, 94) = 7.12,p < 0.01,

η
2
p = 0.07

Incompatible errors (%) 18.96 ± 2.37 20.65 ± 2.21 21.78 ± 2.56 F(2, 92) = 0.32, n.s. FSIQ F(1, 92) = 9.53,p < 0.01,

η
2
p = 0.003

Responses <200ms (n) 6.79 ± 2.64 4.77 ± 2.47 9.01 ± 2.85 F(2, 94) = 0.63, n.s. FSIQ F(1, 94) = 8.35,p < 0.01,

η
2
p = 0.08

Responses >2000ms (n) 12.49 ± 3.59 21.65 ± 3.36 11.73 ± 3.87 F(2, 94) = 2.29, n.s. FSIQ F(1, 94) = 7.22,p < 0.01,

η
2
p = 0.07; Age F(1, 94) = 23.22,

p < 0.001, η
2
p = 0.19

PES (ms) 79.47 ± 20.71 87.11 ± 19.38 36.73 ± 22.36 F(2, 94) = 1.67, n.s.

Overall RT (ms) 695.49 ± 22.16 735.80 ± 20.73 690.72 ± 23.92 F(2, 94) = 1.21, n.s. FSIQ F(1, 94) = 8.01,p < 0.01,

η
2
p = 0.08; Age F(1, 94) = 56.71,

p < 0.001, η
2
p = 0.38

Overall IIV (ms) 255.11 ± 11.26 286.59 ± 10.53 270.25 ± 12.15 F(2, 94) = 1.8, n.s. FSIQ F(1,94) = 17.21,p < 0.001,

η
2
p = 0.15; Age F(1, 94) = 38.29,

p < 0.001, η
2
p = 0.29

Overall RACC (%) 86.68 ± 1.63 86.54 ± 1.52 84.64 ± 1.75 F(2, 92) = 0.25, n.s. FSIQ F(1, 92) = 10.05,p < 0.01,

η
2
p = 0.10

CC, compatible correct; IC, incompatible correct; PES, post-error slowing; RT, reaction time; IIV, intraindividual variability; RACC, response accuracy; ANCOVA, analysis of covariance; ANOVA, analysis of variance, ADHD,

attention-deficit/hyperactivity disorder; TS, Tourette syndrome; SD, standard deviation; n.s., not significant; Responses >2000ms are considered equivalent to omissions, Responses <200ms are considered false alarms.
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trials (p < 0.01) between controls and ADHD. No differences
between children with TS and controls.

When controlling for covariates in a follow-up ANCOVA, the
CC, IC or erroneous RTs did not differ between groups (Table 2).

Response Accuracy
Errors were defined as incorrect key presses to compatible
and incompatible trials. As expected, significantly more errors
occurred to incompatible than compatible trials [F(1, 96) =

142.14, p < 0.001, η
2
p = 0.6]. A repeated measure analysis

revealed a trend-significant group difference [F(2, 96) = 2.46,
p = 0.09, η2

p = 0.05] and a trend-significant outcome-by-group

difference [F(2, 96) = 3.01, p = 0.06, η
2
p = 0.06] which was

due to higher incompatible error rates in children with ADHD
(p < 0.01) and TS (p < 0.05) than controls.

After controlling for covariates (ANCOVA), groups did not
differ in in error rates for either CC or IC responses, or for overall
RACC with a significant effect of FSIQ (Table 2).

Post Error Slowing
ANCOVA for PES yielded no significant group differences
(Table 2).

Intraindividual Variability
A repeated measure analysis of IIV showed smaller IIV for
compatible trials, larger IIV in incompatible trials and largest
IIV in erroneous trials, and significant group differences across

all three outcomes [F(2, 96) = 5.68, p < 0.01, η
2
p = 0.11]. No

significant interaction for outcome-by-group was found.
When controlling for covariates in the follow-up ANCOVA

groups did not differ with respect to IIV, but the relevant
covariates FSIQ and age reached significance in the overall IIV,
as well as in the separate CC, IC and error trials (Table 2).

Electrophysiological Results
After inspection of the grand averages of the stimulus-
locked (Figure 2) and response-locked (Figure 3) ERP data,
we conducted repeated measure analyses for the components
separately to test the presence of the typical compatibility/conflict
effects considering the factors “outcome,” “group” and the
“outcome x group” interaction. We observed significant
“outcome” effects for the stimulus-locked P3 and LPC and the
response-locked LPC, ERN and Pe. Trend-significant effects of
“outcome” were seen in the P2, no significant effects of outcomes
were seen for N1 and response-locked early positivity. We also
did observe “group” and “outcome x group” effects, which were
followed-up by appropriate ANCOVA designs controlling for
confounds (Tables 3, 4).

Stimulus-Locked ERPs (Table 3)
N1 (108ms)
ANCOVA showed no group differences in compatible,
incompatible, and error outcomes. A significant effect of
RT and IIV was present in incompatible correct outcomes.

FIGURE 2 | Stimulus-locked event-related potentials (ERP). (A) Butterfly plot. Topographical distribution of the P3 component across outcomes. (D) Grand

average ERP by Outcome at a central region of interest for compatible (blue), incompatible (green) and erroneous (red) trials. (B,C,E) Grand average ERPs at a central

region of interest with a N1 (108ms), P2 (196ms), P3 (320ms), and a Late Positive Component (598ms) for compatible, incompatible and erroneous trials. (F) Grand

average ERP by Group. Group differences for Tourette syndrome (TS) (pink), attention-deficit/hyperactivity disorder (ADHD) (turquoise) and control children (blue) at a

central region of interest.
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FIGURE 3 | Response-locked event-related potentials (ERP). (A) Butterfly plot. Topographical distribution of the Late Positive Component across outcomes. (D)

Grand average ERP by Outcome at a central region of interest for compatible (blue), incompatible (green) and erroneous (red) trials. (B,C,E) Linked mastoid referenced

grand average ERPs at a central region of interest with a Late Positive Component (−80ms) and early positivity (60ms). In erroneous trials (bottom middle) also seen

an ERN (20ms) and a Pe (268ms). (F) Grand average ERP by Group. Group differences for Tourette syndrome (TS) (pink), attention-deficit/hyperactivity disorder

(ADHD) (turquoise) and control children (blue) at a central region of interest.

P2 (196ms)
No group effects were found in ANCOVA for compatible,
incompatible, and erroneous P2 amplitudes.

P3 (320ms)
ANCOVA yielded a significant group effect for compatible
correct [F(2, 91) = 4.62, p = 0.01, η

2
p = 0.09] and erroneous

responses [F(2, 91) = 5.17, p < 0.01, η2
p = 0.10]. Incompatible

correct outcomes also approached significance [F(2, 91) = 2.82,
p = 0.06, η2

p = 0.06], and a significant effect of RACC and IIV
was observed. A post-hoc assessment revealed that, P3 amplitudes
across outcomes were higher in children with TS compared to
both controls (p < 0.05), and those with ADHD (p < 0.05).
No significant differences were found between participants with
ADHD and controls.

LPC (600ms)
ANCOVA showed no significant group difference in compatible
correct outcomes, there was a significant effect of RACC.
Similarly, no differences were present in incompatible correct
outcomes, while a significant covariate-effect of IIV was present.
No differences were found in erroneous LPC amplitudes.

Response-Locked ERPs (Table 4)
LPC (−80ms)
ANCOVA showed no significant group differences in compatible
and erroneous amplitudes. Incompatible amplitudes showed a

trend-significant group effect [F(2, 91) = 2.5, p = 0.08, η
2
p =

0.05], with a significant effect of RACC and RT. Post-hoc tests
showed higher amplitudes in TS vs. controls (p = 0.04), and
a similar trend between TS and ADHD (p = 0.09), but no
difference between controls and ADHD.

ERN (20ms)
In this sample, we did not observe a distinct negative ERN
in this age group, consistent with Davies (Davies et al., 2004).
However, the most negative amplitudes during the post-response
period were seen for erroneous trials, and a trend-significant
outcome-by-group effect [F(4, 192) = 2.09, p = 0.08, η

2
p =

0.04]. However, this was due to higher incompatible amplitudes
for controls than ADHD (p = 0.03) and similarly for TS
compared to ADHD (p = 0.06), whereas no differences were
seen between TS and controls. Note though that there is a
substantial carry-over of the amplitude modulation from the
preceding LPC into this time-window, especially for correct
responses.

When controlling for covariates, ANCOVA showed no group
differences in any trial outcome, whereas clear effects of age and
RT were present for incompatible correct.

Early positivity (60ms)
ANCOVA showed no significant group differences across
outcomes. Significant effect of RT and age were present only for
incompatible outcomes.
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TABLE 3 | Stimulus-locked ERP amplitudes.

Controls ADHD TS Repeated Measure ANOVA ANCOVA

Stimulus-locked Mean ± SD (µV) Mean ± SD (µV) Mean ± SD (µV) Outcome Group Outcome x Group Group Covariates

N1 (108ms)

Compatible −2.72± 0.70 −3.04± 0.65 −2.42± 0.75 F(2, 192) = 1.89, n.s. F(2, 96) = 0.22, n.s. F(4, 192) = 0.43, n.s. F(2, 91) = 0.19, n.s. RT F(1, 91) = 5.95,p = 0.02,

η
2
p = 0.06;IIV F(1, 91) = 7.06,p < 0.01,

η
2
p = 0.07

Incompatible −2.49± 0.68 −3.47± 0.63 −2.36± 0.73 F(2, 91) = 0.74, n.s.

Error −3.07± 0.90 −4.03± 0.84 −2.79± 0.97 F(2, 91) = 0.5, n.s.

Mean −2.80± 0.69 −3.44± 0.65 −2.57± 0.75

P2 (196ms)

Compatible 7.19 ± 0.91 7.05 ± 0.84 6.36 ± 0.96 F(2, 192) = 2.69,

p = 0.06, η
2
p = 0.03

F(2, 96) = 0.21, n.s. F(4, 192) = 0.35, n.s. F(2, 91) = 0.23, n.s.

Incompatible 7.23 ± 0.98 6.73 ± 0.92 6.33 ± 1.05 F(2, 91) = 0.19, n.s.

Error 6.53 ± 1.06 5.82 ± 0.99 5.99 ± 1.13 F(2, 91) = 0.11, n.s.

Mean 6.89 ± 0.91 6.64 ± 0.85 6.19 ± 0.97

P3 (320ms)

Compatible 5.26 ± 1.04 4.70 ± 0.93 8.69 ± 1.07 F(2, 192) = 11.71,

p < 0.001, η
2
p = 0.11

F(2, 96) = 3.61,

p = 0.03, η
2
p = 0.07

F(4, 192) = 2.21,

p = 0.06, η
2
p = 0.04

F(2, 91) = 4.62,

p = 0.01, η
2
p = 0.09

RACC F(1, 91) = 4.43,p = 0.04,

η
2
p = 0.05;

IIV F(1, 91) = 5.21,p = 0.03, η
2
p = 0.05

Incompatible 4.60 ± 1.03 4.46 ± 0.97 7.61 ± 1.12 F(2,91) = 2.82,

p = 0.06, η
2
p = 0.06

Error 2.84 ± 1.15 2.89 ± 1.07 7.47 ± 1.23 F(2, 91) = 5.17,

p < 0.01, η
2
p = 0.10

Mean 4.09 ± 0.99 4.22 ± 0.93 7.81 ± 1.06

LPC (598ms)

Compatible 7.12 ± 0.96 7.78 ± 0.89 8.46 ± 1.02 F(2, 192) = 14.35,

p < 0.001, η
2
p = 0.13

F(2, 192) = 0.61, n.s. F(4, 192) = 0.48, n.s. F(2, 91) = 0.45, n.s. RACC F(1, 91) = 3.96,p = 0.05,

η
2
p = 0.04

Incompatible 8.11 ± 1.03 8.89 ± 0.96 10.86 ± 1.11 F(2, 91) = 1.79, n.s. IIV F(1, 91) = 9.01,p < 0.01, η
2
p = 0.09

Error 5.95 ± 1.39 5.73 ± 1.31 8.13 ± 1.50 F(2,91) = 0.88, n.s.

Mean 6.83 ± 1.00 7.72 ± 0.94 9.07 ± 1.08

ERP, event-related potentials; SD, standard deviation; ANOVA, analysis of variance; ADHD, attention-deficit/hyperactivity disorder; TS, Tourette syndrome; LPC, Late positive component; n.s., not significant.

F
ro
n
tie
rs

in
N
e
u
ro
sc
ie
n
c
e
|
w
w
w
.fro

n
tie
rsin

.o
rg

M
a
rc
h
2
0
1
6
|V

o
lu
m
e
1
0
|
A
rtic

le
5
0

244

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


E
ic
h
e
le
e
t
a
l.

P
e
rfo

rm
a
n
c
e
M
o
n
ito

rin
g
in

To
u
re
tte

S
yn
d
ro
m
e

TABLE 4 | Response-locked ERP amplitudes.

Controls ADHD TS Repeated measure ANOVA ANCOVA

Response-locked Mean ± SD (µV) Mean ± SD (µV) Mean ± SD (µV) Outcome Group Outcome × Group Group Covariates

LPC (−82ms)

Compatible 6.37 ± 0.88 5.88 ± 0.82 8.14 ± 0.93 F(2, 192) = 26.92,

p < 0.001, η
2
p = 0.22

F(2, 96) = 1.21, n.s. F(4, 192) = 2.01,

p = 0.09, η
2
p = 0.04

F(2, 91) = 1.84, n.s. RACC F(1, 91) = 8.21,p < 0.01,

η
2
p = 0.08; RT F(1, 91) = 16.46,

p < 0.001, η
2
p = 0.15

Incompatible 7.46 ± 0.87 8.24 ± 0.82 10.23 ± 0.94 F(2, 91) = 2.5,

p = 0.08, η
2
p = 0.05

Error 4.41 ± 1.25 4.34 ± 1.17 5.29 ± 1.34 F(2, 91) = 0.17, n.s.

Mean 6.09 ± 0.86 6.19 ± 0.81 7.79 ± 0.92

ERN (20ms)

Compatible 4.55 ± 0.89 4.25 ± 0.84 5.71 ± 0.96 F(2, 192) = 13.04,

p < 0.001, η
2
p = 0.12

F(2, 96) = 1.46, n.s. F(4, 192) = 2.09,

p = 0.08, η
2
p = 0.04

F(2, 91) = 0.74, n.s. RT F(1, 91) = 16.45,p < 0.001,

η
2
p = 0.15; Age F(1, 91) = 6.57,

p = 0.01, η
2
p = 0.07

Incompatible 4.85 ± 0.90 5.28 ± 0.85 6.52 ± 0.98 F(2, 91) = 0.87, n.s.

Error 1.93 ± 1.50 1.73 ± 1.40 4.24 ± 1.61 F(2, 91) = 0.84, n.s.

Mean 3.77 ± 0.96 3.80 ± 0.80 5.42 ± 1.03

EARLY POSITIVITY (62ms)

Compatible 6.47 ± 0.96 6.02 ± 0.89 7.23 ± 1.02 F(2, 192) = 1.72, n.s. F(2, 96) = 1.53, n.s. F(4, 192) = 1.69, n.s. F(2, 91) = 0.41, n.s. RT F(1, 91) = 14.17,p < 0.001,

η
2
p = 0.13; Age F(1, 91) = 4.35,

p = 0.04, η
2
p = 0.05

Incompatible 5.80 ± 0.98 6.12 ± 0.93 7.49 ± 1.06 F(2, 91) = 0.78, n.s.

Error 5.12 ± 1.51 4.59 ± 1.41 7.15 ± 1.62 F(2, 91) = 0.78, n.s.

Mean 5.81 ± 1.02 5.61 ± 0.96 7.20 ± 1.09

Pe (268ms)

Compatible −0.07± 0.99 −1.45± 0.92 −0.88± 1.05 F(2, 192) = 115.16,

p < 0.001, η
2
p = 0.55

F(2, 96) = 0.31, n.s. F(4, 192) = 0.12, n.s. F(2, 91) = 0.44, n.s. RT F(1, 91) = 8.58,p < 0.01, η
2
p = 0.08;

Age F(1, 91) = 4.27,p = 0.04,

η
2
p = 0.04

Incompatible −1.13± 0.94 −1.31± 0.88 −0.99± 1.01 F(2, 91) = 0.03, n.s. FSIQ F(1, 91) = 5.39,p = 0.02,

η
2
p = 0.06; RACC F(1, 91) = 8.84,

p < 0.01, η
2
p = 0.09

Error 9.31 ± 1.68 8.08 ± 1.56 10.42 ± 1.79 F(2, 91) = 0.48, n.s.

Mean 2.58 ± 1.01 1.93 ±.94 2.78 ± 1.08

ERP, event-related potentials; SD, standard deviation; ANOVA, analysis of variance; ADHD, attention-deficit/hyperactivity disorder; TS, Tourette syndrome; LPC, Late positive component; ERN, error-related negativity; Pe, error positivity;

n.s., not significant.
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Pe (268ms)
ANCOVA showed no group differences throughout.
Incompatible ERPs showed a significant effect of RT and
age, during erroneous trials with we saw a significant effect of
FSIQ and RACC.

Correlation with Symptoms
We found no robust correlations between behavioral or ERP
measurements and YGTSS scores.

Grouping of Children with TS Only and with TS and

Comorbid ADHD
To demonstrate the adequacy of pooling children with TS with
and without ADHD, we performed ANCOVAs with four groups,
separating TS only and TS+ADHD, control group, ADHD, with
the main behavioral and ERP result.

For RT, this analysis showed no group difference [F(3, 93) =

1.21, p = 0.31, η
2
p = 0.03]. Comorbid ADHD in the TS

group resulted in marginally different RTs compared to TS only
(p = 0.99) and controls (p = 0.78). Children with ADHD
showed high RTs, but no significant differences to other groups
(p > 0.2).

Also for the IIV, no group differences were found [F(3, 93) =

1.21, p = 0.31, η2
p = 0.03] and a post-hoc comparison revealed

no significant differences between the groups (all p ≥ 0.1).
For the P3 this analysis repeats a significant group difference

[F(3, 90) = 2.99, p = 0.04, η
2
p = 0.09], and showed

that comorbid ADHD resulted in marginally lower amplitude
values in ERPs compared to participants with TS only without
significant differences (p = 0.63). Children with TS+ADHD
showed trends toward higher amplitudes than controls (p =

0.06) and children with ADHD (p = 0.06), whereas TS only
had significantly larger amplitudes than ADHD (p = 0.03), and
controls (p = 0.02).

Based on these additional analyses, the fact that the sample
sizes in analyses of these subsamples are small, and the pattern of
results redundant and the high clinical relevance of a comorbid
group, we merged all participants with TS into one group.

DISCUSSION

This study investigated electrophysiological differences in a
Flanker task in children with TS compared with children with
ADHD and with typically developing children. We expected
that children with TS would perform comparable or better than
controls, whereas children with ADHDwould show impairments
of behavior and ERP measures.

Our results confirmed that children with TS performed
behaviorally on the same level as control children. This finding
is consistent with previous studies of behavioral performance
(Serrien et al., 2005; Roessner et al., 2008; Eichele et al., 2010a;
Greimel et al., 2011). In contrast to our expectations, the present
study did not find group behavioral differences between children
with ADHD and control children when controlling for relevant
covariates, which stands in contrast to some previous findings
(Albrecht et al., 2008), but not others (Johnstone and Galletta,
2013).

Children with TS, however, showed higher amplitudes in the
stimulus-locked ERPs in the early P3 amplitude compared with
children with ADHD and control children across task outcomes,
which was sustained through the later positive complex. We
speculate therefore, that this increased amplitude might reflect
a process that may help children with TS to maintain their
behavioral performance. The increase in P3 amplitude might
reflect greater sustained effort in the TS group in processing the
stimuli (Isreal et al., 1980; Luck, 2005) yielding in turn increased
attentional resource allocation during stimulus processing. This
is supported by the fact that the P3 in children with TS
consistently higher across outcomes.Moreover, the increase in P3
in the TS group might indicate that children with TS displayed
enhanced processes to update working memory. Together
with the increase in the response-locked LPC amplitude, this
might reflect an altered sustained attention/orienting pattern of
whether the first decision of stimulus classification has led to
appropriate steps of processing (Verleger et al., 2005) in children
with TS.

Here, TS children show the largest peak of all groups in
the earlier P3 subcomponent around 300–350ms after flanker
onset. A recent study using a Go/Nogo-paradigm (Shephard
et al., 2015) in a similar cohort with a broader age range did
not report differences in ERP correlates between children with
TS and control children. The authors analyzed the P3 complex
in a longer time-window from 300 to 650ms. Interestingly, two
distinct subcomponents of the P3 can be appreciated during
this period, which each show a differential amplitude pattern
between the groups, where indeed the TS group grand average
has highest amplitudes during the earlier subcomponent (see
Figure 3 in Shephard et al., 2015). Similarly, another experiment
from the same group, the authors assessed goal directed learning
and showed distinct P3 peaks, where the earlier peak consistently
had higher amplitudes in TS (Shephard, 2013, pp. 102–103).
With respect to children with ADHD who showed the smallest
amplitude across outcomes here, it is interesting to note that
the data presented by a prior study had the same pattern for
this component at the central site around 300ms after flanker
onset, as well as across flanker conditions (see figure 2 and 4 at
Cz in Albrecht et al., 2008). Interestingly, in this dataset, the P3
component seemed reduced in children with ADHD (Albrecht
et al., 2008, personal communication).

While there are some notable exceptions (Albrecht et al.,
2008), many studies using simple choice response tasks in
children do not find specific differences in N2 between ADHD
and controls (e.g., Banaschewski et al., 2004; Broyd et al., 2005;
Wiersema et al., 2006; Spronk et al., 2008). In our data, we saw a
small frontal N2 component (not shown), but we did not find any
clear negative modulation for incompatible and erroneous trials,
or any group differences in the location and latency range of N2
that is typically present in flanker tasks in healthy young adults
(e.g., Eichele et al., 2010b). Similarly, in this data we did not see a
distinct ERN, or specific group differences therein, which may be
explained by the clear developmental effect in this component, in
the sense that our sample on average has an immature response
(Davies et al., 2004). Due to the close interrelation between the
ERN and the midfrontal N2, we can also speculate that frontal
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lobe maturation might affect N2 in the same way (Brydges et al.,
2012; Tamnes et al., 2013).

We did separate analyses of the P3 subcomponents here
to disentangle processing related to an early P3 component,
representing more likely the orienting of attention to stimuli
(Polich, 2007), and the later P3b/LPC reflecting response
selection and other response-related processing (Falkenstein
et al., 1994). The separation of stimulus- and response-locked
LPC allows to study response selection/ orienting and response
preparation separately (Verleger et al., 2005), which gives
further insight into motor control in children with TS. It
is possible that the greater increase in P3/LPC amplitude in
the TS group reflects a stronger consolidation of the Flanker
task in children with TS than in children with ADHD and
control children (Johnson, 1984) and may suggest that children
with TS employ greater resources in this process to maintain
performance.

Individuals with TS frequently need to suppress emerging
tics to achieve adequate psychosocial function. Other research
has shown that children with TS have a generalized increase
in cognitive control over motor activity (Mueller et al., 2006;
Jackson et al., 2007) and enhanced control over their manual
responses on a task-switching paradigm (Jackson et al., 2011),
probably as a consequence of tic suppression. Here, we show that
these adaptive effects already may happen earlier during stimulus
evaluation, where an adaptation of the attentional system may
result in higher attentional levels toward salient stimuli and an
increased ability to suppress distracting information. This would
in turn improve response selection.

The earlier discordant findings in the few previous studies of
P3 in TS children may relate to different methods of recruiting
the subjects (comorbidities, medication), and to differences in
task selection (passive, active, visual, auditory, response mode;
Luck, 2005), as well as different EEG/ERP post-processing
and analysis. Here, use of ICA for artifact correction, and
region of interest averaging allows for a clearer representation
of a small, but robust ERP difference that is appreciable
already in earlier work (Albrecht et al., 2008; Shephard et al.,
2015).

We found smallest P3/LPC component amplitudes in the
ADHD group, albeit not reaching significant difference levels
compared with controls. This appears generally consistent with
existing literature from several choice response tasks in this
age group, including the Flanker task (Johnstone et al., 2010;
Kratz et al., 2011). A reduced P3 in ADHD is considered
reflective of diminished evaluative and processing capabilities
(Brandeis et al., 2002; Lawrence et al., 2005; Johnstone et al., 2010;
Kratz et al., 2011). Results from this group are heterogeneous
however, for example a recent study using a Flanker task did
not find differences on ERP or behavioral measures in children
with ADHD compared to a control group (Johnstone and
Galletta, 2013). Some inconsistencies may be related to study
design, i.e., use of different compositions of clinical samples
regarding age-range, sample size, medication status/type, gender
distribution or comorbid disorders (Johnstone et al., 2013).
However, amplitudes of children with ADHD become more like

those of controls when motivated to perform well (Groom et al.,
2010) and might have resulted in typical amplitude findings in
our study.

We did not find that children with TS used a different
strategy in prioritizing either speed or accuracy in compatible or
incompatible trials and with respect to symptoms measured with
the YGTSS, nor could we find significant correlations for speed
or accuracy.

Strengths and Limitations of the Study
All children were medication-naïve. Age and FSIQ differences
did not readily explain group differences because groups were
matched for age, as well as age and FSIQ were also used
as covariates. The inclusion of children with ADHD is a
strength of the study, because it allowed to illustrate the
specificity of a higher P3 in children with TS, with and without
comorbidity.

A limitation here is the relatively small sample size given
the incidence, which led us to group TS+ADHD and TS only
together. Ideally, the impact of comorbid conditions should
be assessed separately, and in more detail, requiring larger
sample sizes in future studies, probably best achievable through
collaborative multi-site consortia. However, the fact that we did
not find any significant differences between these subsamples
in the dependent measures reported here justified the inclusion
of children with TS only and those with additional ADHD
in the same group. The relative lack of negative impact of
comorbid ADHD on TS in our sample seems at variance with
previous work reporting impaired ERPs (Shephard et al., 2015)
and behavior (Roessner et al., 2007; Sukhodolsky et al., 2010;
Greimel et al., 2011; Shephard et al., 2015) in participants with
TS and ADHD. However, differences in mean age and gender
distribution of the samples, as well as use of medication are
different. Differences in task design and time on task may also
play a role.

Many executive tasks are influenced by global changes in
response caution, and motivation and error rates might fluctuate.
The skills implemented to solve cognitive challenges may differ
considerably in typically developing children from children
with ADHD or TS. However, we tried to minimize these
influences by keeping the time-on-trial to a minimum, and
providing individual feedback after slow and after erroneous
trials, respectively. During the experiment and upon debriefing
there was no reason to suspect differences in motivation,
attention or fatigue across groups and order of tasks was
counterbalanced. Also, we used a robust estimate of PES (Dutilh
et al., 2012), that discounts slow drifts.

CONCLUSION

These findings provide further evidence that TS is not associated
with widespread executive impairments, but presents robust
evidence that adaptive changes, such as a heightened attentional
capacity, are a core component of the TS disorder. In particular,
we report a differential modulation of a P3-subcomponent that
has not received much attention so far.
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Tic Frequency Decreases during 
short-term Psychosocial stress – an 
experimental study on children with 
Tic Disorders
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It has been suggested that psychosocial stress influences situational fluctuations of tic 
frequency. However, evidence from experimental studies is lacking. The current study 
investigated the effects of the Trier Social Stress Test (TSST-C) on tic frequency in 31 
children and adolescents with tic disorders. A relaxation and a concentration situation 
served as control conditions. Patients were asked either to suppress their tics or to “tic 
freely.” Physiological measures of stress were measured throughout the experiment. The 
TSST-C elicited a clear stress response with elevated levels of saliva cortisol, increased 
heart rate, and a larger number of skin conductance responses. During relaxation and 
concentration, the instruction to suppress tics reduced the number of tics, whereas 
during stress, the number of tics was low, regardless of the given instruction. Our study 
suggests that the stress might result in a situational decrease of tic frequency.

Keywords: tic disorders, Tourette syndrome, psychosocial stress, Trier social stress Test, free speech task, 
cortisol, skin conductance, heart rate

inTroDUcTion

Tic disorders (TDs) are neuropsychiatric disorders characterized by motor or vocal tics with regular 
first onset in childhood. Although the waxing and waning of tics over weeks and months is well 
known, its underlying pathophysiological mechanism is still obscure (1). The same has to be stated 
for mechanisms resulting in changes in a short-term perspective. Only few contextual factors, such 
as psychosocial stress, are suspected to be responsible for these fluctuations of symptoms (2–4).

There are a couple of studies investigating the relationship between stress (assessed via reports 
about life events or questionnaires on perceived stress) and fluctuations of tics in a longer perspec-
tive, i.e., over weeks or months. Early self-report-based studies suggested a relationship between life 
events and the onset or worsening of tics (5, 6). In line with this, a recent study found associations 
between several subscores of the Yale Global Tic Severity Scale (YGTSS) and major as well as minor 
life events (7). But the findings of Hoekstra et al. (8) are partly discordant, since only a minority 
of patients showed an association between tic severity and minor life events. While those studies 
focused on reports of life events, others examined the level of perceived psychosocial stress. The most 
compelling evidence for an association between perceived psychosocial stress and tics comes from 
a longitudinal study by Lin et al. (9) showing that overall levels of psychosocial stress were elevated 
in children and adolescents with TD compared to controls, and current levels of psychosocial 
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stress were found to be a significant predictor of future severity 
of tics, obsessive–compulsive disorder (OCD), and depressive 
symptoms.

In addition to studies on tic fluctuations in a longer perspec-
tive, some studies focused on the effect of stress on tic frequency 
in a short-term perspective, i.e., in a specific situation. It has been 
shown that thermal stress leads to a marked situational increase 
of tic frequency (10, 11). Using a specific interviewing technique, 
O’Connor et al. (12–14) found that socializing was the situation 
in which tics appeared most likely. In another study on short-
term fluctuation of tic frequency, the patients watched emotional 
scenes in a movie. Tic frequency was lower during emotionally 
charged scenes compared to baseline – particularly during happy 
and anger scenes. Interestingly, when asked later about emotional 
triggers for their tics, the patients reported that being happy was 
the only emotion which resulted in improvement of tics. A wors-
ening of tics was attributed to anger by some of the patients, while 
others reported that anger did not affect their tics (15). A recent 
experimental study using a stress induction task indicates that 
psychosocial stress does not affect tic frequency per  se, but 
psychosocial stress mainly reduced the ability to suppress tics, 
leading to an increase of tic frequency only in those situation with 
tic suppression (16).

Patients with TD also show an altered physiological stress 
response. They exhibited enhanced levels of cortisol secretion 
after exposure to psychosocial stress (17) and higher levels of 
adrenocorticotropin (ACTH) in blood plasma during lumbar 
puncture (18). Also, higher levels of corticotropin-releasing 
hormone (CRH) in the cerebrospinal fluid were found (19).

Up to now, there has been no study investigating the effect 
of psychosocial stress on short-term tic fluctuations in a larger 
sample size by using a standardized method to induce stress, by 
measuring physiological stress parameters to validate the stress 
induction, and by using objective measures of tic frequency at 
the same time. A detailed picture of the situational fluctuation of 
tic frequency, the (physiological) parameters modulating those 
fluctuations and the relationship between the patients’ subjective 
experience, and an objective measure of tics is a prerequisite of a 
successful behavioral therapy, e.g., with the well-established habit 
reversal training.

We aimed to elucidate these potential relationships by running 
an experimental design, in which we compared tic frequency 
during standardized induced stress vs. concentration vs. relaxa-
tion, and by combining measures of cortisol, heart rate, and skin 
conductance with self reports of psychosocial stress. Considering 
the suggestion that the relationship between tic frequency and 
stress is mediated by the ability to suppress tics, we also included 
a reinforced tic suppression condition in our study design.

MaTerials anD MeThoDs

sample characteristics
The participants were recruited in the TD outpatient clinic of 
the Department of Child and Adolescent Psychiatry of the TU 
Dresden. The sample consisted of 31 children and adolescents 
with either chronic tic disorder (n = 10) or Tourette syndrome 

(n = 21). The diagnoses were obtained according to the DSM-IV 
criteria in a clinical interview. Some of the patients also fulfilled 
diagnostic criteria of comorbid psychiatric disorders: OCD 
(n = 4), attention deficit hyperactivity disorder (ADHD) (n = 6), 
oppositional defiant disorder (n = 2), enuresis (n = 2), anxiety 
disorder (n  =  1), adjustment disorder (n  =  1), and insomnia 
(n = 1). Three patients were currently taking medication to treat 
their tics (aripiprazole n =  2 and tiapride n =  1), two patients 
were currently treated with ADHD medication (methylphenidate 
n = 1 and atomoxetine n = 1). The patients were aged between 
7 and 17  years (mean 11.9  years), 26 of them were males and 
five females, respectively. The mean total tic severity score on 
the YGTSS was 14.13 (SD  =  6.32), the mean motor tics score 
was 10.10 (SD  =  3.59), and the mean vocal tic score was 4.03 
(SD = 4.83).

Task
Within the experiment, we simulated three situations (stress, 
concentration, and relaxation) with different levels of arousal. 
In addition, we gave two different instructions regarding the 
suppression of tics (reinforced volitional tic suppression and no 
suppression of tics).

Stress
Stress was induced by a free speech task similar to the first part 
of the children version of the Trier Social Stress Test [TSST-C; 
Buske-Kirschbaum et al. (20)]. The patients received the begin-
ning of a story (in written form) and were told to finish the 
story as exciting as possible in front of a committee, which was 
announced as experts in judging the quality of children’s stories. 
After receiving the beginning of the story, the patients were given 
5  min to think of an ending for the story and prepare for the 
speech in front of the committee. Thereafter, the patients were 
asked to stand in front of a table with the committee seated 
behind, consisting of two persons wearing white physician’s 
coats. The patients were then requested to finish the story in a 
free speech of 5-min duration. In order to increase the stress 
induction, the participants received no or only very little verbal 
and non-verbal feedback. Whenever patients finished the story 
in <5  min, they were stonily asked to continue. At the end of 
the whole experiment, the participants were debriefed about the 
actual aim of the task.

Concentration
In order to induce a concentrated state in the patients, we 
used a modified version of the symbol search task taken from 
the Hamburg-Wechsler-Intelligenztests für Kinder [HAWIK; 
Petermann and Petermann (21)]. The adaptation of the instruc-
tion served to provoke concentration only. Instead of provoking 
concentration and stress at the same time.

Relaxation
In the relaxing situation, the patients leaned back in a comfortable 
chair and listened to two pieces of quiet instrumental music com-
posed by the italic composer Ludovico Einaudi (“Giorni Dispari” 
and “Fuori dal mondo”) via headphones.
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FigUre 1 | illustration of the experimental procedure. The figure 
displays only one of the possible sequences. The order of the three situations 
with the different levels of arousal as well as the order of the instructions 
within these situations was randomized.
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Volitional Tic Suppression
In the tic suppression condition, the patients were instructed to 
suppress their tics as much as possible. To increase the motivation 
to do so, a 20-cent reward was promised for each tic-free interval 
of 30  s and disbursed in the end. For this purpose, the actual 
video was displayed online on a screen in an observation room, 
where a second investigator made a quick count of the number  
of tics.

No Suppression of Tics
In those conditions, the patients were instructed to “tic freely.”

Procedure
The patients arrived in the early afternoon. The patient’s parents 
were completely informed about the procedure and the purpose 
of the study. The patients were informed about the procedure. 
They were not informed about the purpose of the stress induc-
tion task until debriefing at the end of the experiment. Written 
informed consent was obtained from both the participants and 
their parents. The study was approved by the ethics committee 
of the TU Dresden and was carried out in accordance to the 
approved protocol and the Declaration of Helsinki.

The patients were video recorded throughout the experiment 
from a camera in front of them. Vocal expressions were recorded.

The experiment followed a 3 situation × 2 instruction design, 
resulting in six experimental conditions: (1) relaxation + no sup-
pression of tics, (2) relaxation + tic suppression, (3) concentra-
tion + no suppression of tics, (4) concentration + tic suppression, 
(5) stress + no suppression of tics, and (6) stress + tic suppression. 
Over the course of the experiment, each patient underwent all 
six conditions. The order of the conditions was randomized. We 
aimed for a full randomization. However, due to drop outs and 
technical difficulties, some sequences were overrepresented. We 
therefore checked for sequence effects statistically, as further 
described in Section “Statistical Analysis.”

The duration of each condition was 5 min. Between the condi-
tions, there was a 5-min break, in which cortisol samples were 
taken and instructions for the next condition were given. In addi-
tion, the participants answered three very short questionnaires 
during that break (see next section). To await the decrease of the 
cortisol response during the stress induction task, the break after 
the stress conditions was 30 min long. The experimental proce-
dure in one of the possible variations is illustrated in Figure 1.

Measures
Tics were coded offline from the video and audio recordings 
obtained throughout the whole experiment by two well-trained 
raters who were blind to the study hypothesis. Five data sets were 
coded by both raters independently in order to determine the 
inter-rater agreement. Since the inter-rater agreement was satis-
fying (80%), the remaining data sets were coded by only one of 
the raters. The coding was done with the software The Observer® 
XT (Noldus).

Several physiological measures were obtained in order to 
determine the stress response to the different conditions: salivary 
cortisol, heart rate, and skin conductance.

Salivary cortisol was sampled using the Salivetten® device 
(Sarstedt, Nümbrecht). This device is a small cotton swab, which 
has to be chewed for 30–60 s. The saliva samples were obtained at 
the end of each condition. In addition, the delayed increase of the 
cortisol concentration in response to the stress induction task was 
captured with three subsequent saliva samples taken 10, 20, and 
30 min after the stress condition. The cortisol concentration was 
analyzed from the clear supernatant of the saliva with a chemi-
luminescence assay (CLIA, IBL-International, Hamburg). The 
cortisol concentration in the saliva was indicated in nanomoles 
per liter.

The heart rate was measured continuously with three electrodes 
positioned on the upper body and recorded with the BrainVision 
Recorder software (Brain Products GmbH). The data preprocess-
ing (segmentation, baseline correction, and detection of R peaks) 
was done offline with the BrainVision Analyzer software (Brain 
Products GmbH). The final analysis was run with the Kubios 
Heart Rate Variability Analysis software. For each condition, an 
average score of the heart rate in beats per minute (bpm) was 
determined.

As another indicator of physiological arousal, we measured 
skin conductance with two resuable Ag/AgCl electrodes on the 
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index and middle finger of the non-dominant hand. The skin 
conductance data were analyzed with the Matlab-based software 
Ledalab V3.4.7. After preprocessing (downsampling to 10 Hz and 
adaptive smoothing), continuous decomposition analysis was 
used to decomposed the data into continuous phasic and tonic 
components (22). For each experimental condition, the number of 
skin conductance responses (NSCR) was extracted. The threshold 
for detecting significant skin conductance responses was 0.01 μS.

The affective reaction to the previous condition was assessed 
with a couple of self-report questions. The Self-Assessment-
Manikin Scale [SAM; Bradley and Lang (23)] was used to deter-
mine how much pleasure and arousal the participants experienced 
in the previous condition. A short version of the Perceived Stress 
Scale [PSS-4; Cohen et al. (24)] was applied to assess the subjec-
tive perception of psychosocial stress in the previous condition.

In addition, the Premonitory Urge for Tics Scale [PUTS; 
Woods et al. (25)] was used to assess the strength of premoni-
tory urges in the previous condition. On that behalf, the original 
PUTS was modified into asking the participants, explicitly how 
they felt about their premonitory urges in the preceding situation.

statistical analysis
Statistical analysis was done with IBM SPSS Statistics 21 Software. 
The two-way repeated measures analysis of variance (ANOVA) 
was conducted in order to analyze the effects of situation (stress 
vs. concentration vs. relaxation) and instruction (tic suppression 
vs. no suppression) on the number of tics, on the different physi-
ological stress measures, and on the affective ratings. Before each 
ANOVA, Mauchly’s tests were computed to test the assumption of 
sphericity. Whenever the assumption had been violated, degrees 
of freedom were corrected using Greenhouse–Geisser estimates 
of sphericity.

In order to check for sequence effects, we ran additional 
repeated measures ANOVAs including the between-subject fac-
tor “sequence of the conditions.” We found no constant influence 
(main effects of sequence, interaction effects between sequence 
and situation, or interaction effects between sequence and 
instruction) on the number of tics or on any of the physiological 
stress measures (salivary cortisol, heart rate, and NSCR).

The findings reported in Section “Results” refer to the ANOVAs 
without “sequence of the conditions” as between-subject factor.

resUlTs

The mean raw scores for salivary cortisol, heart rate, and NSCR 
are listed in Table 1. The results of the ANOVAs for the different 
dependent measures are described in the following.

number of Tics
The average numbers of tics in the different experimental 
conditions are listed in Table  1. The main effect of situation 
on the number of tics was not significant, but reached trend 
level [F(2,54) = 3.1, p = 0.053]. Post hoc tests revealed a lower 
number of tics during stress compared to relaxation (p = 0.017), 
while there was no difference between stress and concentra-
tion or between concentration and relaxation. Instruction had 

an effect on the number of tics, indicating that the number of 
tics was reduced when the participants were instructed to sup-
press their tics [F(1,27) =  17.0, p <  0.001]. There was also an 
interaction effect between the factors situation and instruction 
[F(2,54) = 3.1, p < 0.044]. This interaction effect is illustrated in 
Figure 2.

cortisol concentration in the saliva
There was a main effect of situation [F(2,25.25) = 8.55, p = 0.004] 
on the salivary cortisol level. Instruction had no effect on the 
salivary cortisol level, and there was no interaction between the 
factors situation and instruction. However, in the case of the cor-
tisol data, the assumption of normal distribution was not fulfilled, 
which makes the use of the two-way repeated measures ANOVA 
invalid. We therefore conducted separate non-parametric tests to 
analyze the effect of situation and the effect of tic suppression 
within the stress condition. The Friedman test showed that 
the difference between the three situations reached trend level 
(p = 0.099). Post hoc tests were run with Wilcoxon signed-rank 
tests: The salivary cortisol level during stress was higher as com-
pared to concentration (p = 0.011), but there was no significant 
difference between the salivary cortisol level during stress and 
relaxation (p = 0.117). A Wilcoxon signed-rank test also showed 
that there was no significant difference between the stress + tic 
suppression condition and the stress  +  no suppression of tics 
condition (p = 0.263).

heart rate
There was a main effect of situation on the heart rate 
[F(2,30.88) = 79.67, p < 0.001]. Post hoc tests revealed that all 
situations differed (p < 0.001) with the heart rate being highest 
during stress and lowest during relaxation. The main effect of 
instruction reached trend level [F(1,25)  =  4.01, p  =  0.056]. 
There was no interaction between the factors situation and 
instruction.

number of skin conductance responses
Situation had a main effect on the NSCR [F(2,48)  =  16.86, 
p < 0.001]. Post hoc tests revealed that this effect was driven by 
a higher NSCR during stress compared to both concentration 
(p  <  0.001) and relaxation (p  <  0.001). There was no effect of 
instruction on the NSCR and no interaction between the factors 
situation and instruction.

Figure 3 gives an overview of salivary cortisol, heart rate, and 
skin conductance in the three different situations.

In the relaxation and the stress condition, there was no 
correlation between the three different measures of bio-
logical stress, but in the concentration condition there was a 
positive correlation between cortisol and heart rate (r = 0.045, 
p = 0.023).

Perceived stress scale
There was a main effect of situation on the rating of perceived 
psychosocial stress [F(2,27.47) = 25.34, p < 0.001]. This effect was 
driven by higher ratings for the stress situation compared to both 
concentration (p = 0.001) and relaxation (p < 0.001). There was 

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


FigUre 2 | interaction effects of situation, and instruction on the 
number of tics. Mean number of tics in the n = 6 conditions of 5 min 
duration each. Error bars indicate the SEM.

TaBle 1 | number of tics, salivary cortisol level, heart rate, and skin conductance in the n = 6 conditions.

number of tics (N = 28) cortisol (N = 20) heart rate (N = 26) skin conductance (N = 25)

Relaxation No suppression 17.11 (18.28) 7.55 (3.22) 83.51 (8.88) 92.64 (36.67)
Tic suppression 9.54 (12.53) 7.73 (3.98) 82.27 (9.14) 90.84 (34.55)

Concentration No suppression 13.43 (14.84) 6.01 (2.28) 86.85 (10.43) 89.76 (23.55)
Tic suppression 7.86 (9.80) 6.16 (2.25) 86.02 (10.06) 91.68 (22.42)

Stress No suppression 8.29 (16.40) 11.06 (10.16) 100.21 (12.15) 113.60 (20.3)
Tic suppression 7.89 (17.00) 11.46 (9.31) 98.89 (12.38) 120.56 (20.6)

Tics: number of tics (duration of each condition: 5 min); cortisol: cortisol concentration in saliva in nanomoles per liter; heart rate in beats per minute; skin conductance: number 
of skin conductance responses (threshold = 0.01 μS). N indicates the number of participants, of whom the respective measurement were valid. Values are means (SD).
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no effect of instruction and no interaction effect of situation and 
instruction on the perceived psychosocial stress.

self-assessment-Manikin scale
There was a main effect of situation on the subjective pleasure 
rating [F(2,19.82) = 15.91, p < 0.001]. Post hoc tests revealed that 
this effect was driven by lower pleasure ratings for the stress situ-
ation compared to both concentration (p = 0.003) and relaxation 
(p = 0.002). There was no effect of instruction and no interaction 
effect of situation and instruction on the pleasure rating. There was 
also a main effect of situation on the subjective rating of arousal 
[F(2,34) = 17.86, p < 0.001], which was driven by higher arousal 
ratings for the stress situation compared to both concentration 
(p = 0.002) and relaxation (p < 0.001).

Premonitory Urges
There were no effects of situation or instruction on the rating 
of premonitory urges as obtained with the PUTS. However, the 
main effect for situation reached trend level [F(2,32)  =  2.66, 
p = 0.086]. Post hoc tests revealed that this trend was driven by 
trend for higher urge ratings in the stress situation compared to 
the relaxation situation (p = 0.059).

correlations between YgTss scores 
and number of Tics
The severity of motor tics at baseline (as measured with the 
YGTSS) was positively correlated to the number of tics in all of 
the six conditions [correlation coefficients ranging from r = 0.445 
(p = 0.016) to r = 0.554 (p = 0.001)]. There was no correlation 
between baseline severity of vocal tics and the number of tics 
during the experiment. The total tic severity score was positively 
correlated to the number of tics during the relaxation condi-
tions [relaxation + no suppression of tics: r = 0.370 (p = 0.040), 
relaxation + tic suppression: r = 0.367 (p = 0.046)]. There was no 
correlation between total tic severity at baseline and the number 
of tics during concentration and stress.

correlations between Biological Measures 
of stress and affective reaction
We did not find correlations between cortisol, heart rate, or skin 
conductance and scores of the PSS-4, SAM, or PUTS in any of 
the conditions.

DiscUssion

The aim of our study was to investigate the effect of psychosocial 
stress on short-term tic fluctuations in children and adolescent 
with TD. To the best of our knowledge, this is the first study using 
a standardized method to induce psychosocial stress, using physi-
ological measures of stress to validate the stress induction and 
using objective measures of tic frequency in parallel.

We video recorded the number of tics during a standard stress 
induction task and compared it to the tic frequency during situ-
ations in which the participants were relaxed or concentrated. 
In order to analyze the effect of stress on the ability to suppress 
tics, we gave our participants two different instructions for each 
situation: once they were asked to suppress their tics and once 
they were asked to “tic freely.”

During the stress induction task, we observed clearly the 
expected increase of salivary cortisol, heart rate, and NSCR. 
Accordingly, the subjective rating of perceived psychosocial stress 
was highest during the stress induction task, as compared to both 
other situations concentration and relaxation. In addition, the 
stress situation was rated less pleasant and more arousing than 
both other situations, i.e., concentration and relaxation. These 
findings are in line with previous studies using the TSST-C 
(20,  26–28) and prove that our participants were effectively 
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FigUre 3 | salivary cortisol level, heart rate, and skin conductance in the six different conditions. Error bars indicate the SDs. (a) Indicates the cortisol 
concentration in the saliva in nanomoles per liter obtained from the samples taken at the end of each of the six conditions. (B) Indicates the heart rate in beats per 
minute (bpm) during each of the six conditions. (c) Indicates the number of skin conductance responses (NSCR) during each of the six conditions. For the number 
of tics, see Figure 2 and Table 1.
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stressed by the task, irrespective of the instruction to suppress 
their tics.

Our main variable of interest was the number of tics. In 
general, the number of tics was lowest during stress and highest 
during relaxation, and there were fewer tics when the participants 
were instructed to suppress them. However, the most important 
finding is the interaction between the factor situation and the 
factor instruction: there was a clear effect of instruction dur-
ing relaxation and concentration. As expected, the participants 
exhibited a lower number of tics, when instructed to suppress 
them. However, the instruction to suppress the tics did not have 
any effect during the stress induction task. In both stress condi-
tions, the number of tics was equally low, i.e., with or without 
instruction to suppress them, and similarly low as in the other 
conditions (relaxation and concentration) with the instruction to 
suppress the tics (see Figure 2).

At first glance, these findings speak against previous sugges-
tions that stress leads to a short-term increase of tic frequency (10, 
11, 14). Our findings are also not fully in line with recent studies 
on the role of the autonomic nervous system in Tourette syn-
drome (29). In a skin response biofeedback study, tics were lower 
during relaxation biofeedback compared to arousal biofeedback 
(30). However, those previous studies differ substantially from 
ours with regard to the experimental design that has been used 
and with regard to the methods that were used to measure stress 
and tic frequency, making it difficult to draw comparisons.

Interestingly, results of Wood et al. (15) on short-term changes 
in tic frequency determined also from video recordings are 
mostly in line with ours. In this study, patients (n = 4) with TD 
watched emotional scenes from a movie. The tic frequency was 
consistently lower during emotionally charged scenes than dur-
ing baseline and especially low during happy and anger scenes 
(15). This corresponds to our finding that tic frequency was 
lower during stress compared to relaxation and concentration, 
to the effect that both findings suggest that situations with strong 
emotional valence (i.e., happy and anger scenes in the study by 
Wood et al. and the stress induction task in our study) might have 
a tic suppressing effect, at least on a short-term perspective.

But how does this fit together with the self-report studies and 
experts’ statements about increases of tic frequency in response 
to elevated levels of psychosocial stress? (5–8). A possible expla-
nation might be the subjective experience of a rebound effect 
after tic suppression independently of a stress level. Most recent 
studies argue against a rebound effect (31–35) by reporting that 
tic frequency solely returns to baseline level after a period of tic 
suppression but does not exceed that baseline level. However, 
due to difficulties in rating their own tic frequency validly (32), 
patients might perceive this differently. Conceivably, the patients 
might mistake the post-suppression increase of tics as an increase 
from baseline level and attribute it to the preceding suppression 
situation. In this way, they might report a stress-related increase 
of tics, when tic frequency solely goes back to baseline after a 
period of suppression during stress.

Beyond the assumption that stress itself might have a sup-
pressing effect on tic frequency, the level of focused attention on 
the stress induction task might have been the key component 
responsible for the observed tic reduction. It speaks against this 
alternative explanation that tic frequency was not reduced in the 
concentration situation, in which the patients were also attentive 
but not stressed. However, one might argue that the participants’ 
children have concentrated more during storytelling than during 
the symbol search task, because they were more motivated to 
concentrate in this stressful situation.

A recent study has indicated that psychosocial stress does not 
increase short-term tic frequency per se, but that stress increases 
the tic frequency, because it mainly reduces the ability to suppress 
tics (16). In order to take this possibility into account, we included 
a reinforced tic suppression condition in the stress induction task 
and in both the concentration and relaxation situations. Since we 
found that the tic frequency during reinforced suppression in the 
stress induction task was similarly low as in the other situations 
during reinforced suppression, we cannot completely support the 
suggestion by Conelea et al. (16). However, since reinforced tic 
suppression did not have any effect during the stress induction 
task, we can confirm that the ability to suppress tics is reduced, 
when a patient with TD is under stress. The difference between the 
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previous findings (16) and our results might also be explained by 
the different types of stress induction used. While Conelea et al. 
(16) used a math task, which required cognitive and attentional 
effort that might have influenced tic suppression independent of 
the individual stress level, the free speech task does not put such 
high demands on both cognition and attention.

The current study has several limitations that have to be taken 
into account. First, with the free speech task, we induced a specific 
type of stress, i.e., psychosocial stress. Thus, our results might not 
be generalized to other types of stressors. Second, we induced the 
intention to suppress tics by instructing our participants to do 
so and by reinforcing successful suppression, but without getting 
feedback about the individual effort they put in the tic suppres-
sion. We, therefore, could not rule out that the low number of 
tics in the stress situation might be due to an (uninstructed) 
increase of the participant’s suppression effort. Third, we also do 
not know how well the symbol search task worked in inducing 
concentration, because we did not collect the outcome measures 
of this task to avoid a “stress-inducing component.” In order to be 
able to further analyze the differential effect of attention on the 
number of tics, future studies might include a dimensional and 
precise measure of concentration that does not induce stress at 

the same time. Furthermore, as mentioned above, since the stress 
situation might have included an inherent need for concentration, 
it is impossible to completely rule out concentration as a potential 
driving force for the reduction of the tics. It would therefore be 
interesting to see whether future studies using a form of stress situ-
ation that does not require as much concentration as the present 
test would obtain similar results. Finally, our study only focuses 
on the short-term fluctuation of tics. It would be an interesting 
question to address in future studies, if those stress-related short-
term fluctuations are related to the long-term fluctuations of tics.
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Tourette disorder (TD) is characterized by motor and vocal tics, and children with TD 
tend to present a lower quality of life than neurotypical children. This study applied a 
manualized treatment for childhood tics disorder, Facotik, to a consecutive case series 
of children aged 8–12 years. The Facotik therapy was adapted from the adult cogni-
tive and psychophysiological program validated on a range of subtypes of tics. This 
approach aims to modify the cognitive–behavioral and physiological processes against 
which the tic occurs, rather than only addressing the tic behavior. The Facotik therapy 
lasted 12–14 weeks. Each week 90-min session contained 20 min of parental training. 
The therapy for children followed 10 stages including: awareness training; improving 
motor control; modifying style of planning; cognitive and behavioral restructuring; and 
relapse prevention. Thirteen children were recruited as consecutive referrals from the 
general population, and seven cases completed therapy and posttreatment measures. 
Overall results showed a significant decrease in symptom severity as measured by the 
YGTSS and the TSGS. However, there was a discrepancy between parent and child 
rating, with some children perceiving an increase in tics, possibly due to improvement 
of awareness along therapy. They were also individual changes on adaptive aspects 
of behavior as measured with the BASC-2, and there was variability among children. 
All children maintained or improved self-esteem posttreatment. The results confirm the 
conclusion of a previous pilot study, which contributed to the adaptation of the adult 
therapy. In summary, the Facotik therapy reduced tics in children. These results underline 
that addressing processes underlying tics may complement approaches that target tics 
specifically.
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inTrODUcTiOn

Definition and symptoms
Tourette disorder (TD) is considered a motor disorder in the 
neurodevelopmental disorders section of the DSM-5 (1). TD is 
diagnosed by multiple motor tics and at least one vocal tic present 
for at least 1 year. This child-onset disorder appears to be a com-
plex condition with the changing nature of tics evolving over time 
in frequency, intensity, localization, and complexity (2). Children 
and adolescents are the most affected by TD with a prevalence 
rate between 0.3 and 0.9% (3).

Studies report that children with TD are more likely to expe-
rience daily struggles in several spheres of activities (4). Cutler 
et  al. (5) showed that 66% of 57 young participants reported 
some physical consequences associated with tics (e.g., pain, aches, 
physical discomfort). In a school setting, tics may interfere with 
academic performance and produce difficulty concentrating, 
writing, or reading (6). Children with TD may also experience 
relationship problems because they can be victimized when 
their tics are severe and complex, and they can be stigmatized 
or have more conflicts with their parents and teachers than other 
children (7–9). Hoekstra and colleagues (10) reported an increase 
in emotional problems over time in TD children and a higher rate 
of cognitive difficulties than children in the general population 
(p < 0.05) (11). Consequently, children with TD tend to present a 
lower quality of life than neurotypical children (5, 12, 13).

About 85% of individuals with TD report at least one 
comorbid disorder (14, 15). The most frequent comorbidity in 
children with TD is attention deficit hyperactivity disorder and 
oppositional defiant disorder (16, 17), but they can also show 
obsessive–compulsive disorder, anxiety disorder, and depres-
sive disorder (18, 19). The severity of the comorbidity seems to 
worsen the quality of life of these children often more than tics. 
The variety of symptoms then interferes in daily functioning, 
leading to several impairments in children with TD and comor-
bidity (20, 21).

Behavioral Therapies
Canadian, American, and European clinical guidelines recom-
mend medication plus a cognitive–behavioral treatment for 
reducing tics (22–24). Behavioral therapies are recommended 
as evidence-based interventions to manage tics, and behavioral 
approaches have taken several forms depending on whether the 
tic is conceptualized.

The comprehensive behavioral intervention for tics (CBIT) 
proposed by Woods and colleagues (25) is mainly based on the 
habit reversal treatment [HRT, Ref. (26)], which was reported 
to be effective for both children and adults (27–31). In addition 
to HRT components, such as awareness training, relaxation, 
competing response, contingency management, and generaliza-
tion training, CBIT emphasizes the importance of addressing 
environmental factors that can influence tic manifestations. This 
8-week treatment also uses strategies such as psychoeducation 
about tics and function-based interventions. CBIT appears to 
be effective for tic reduction in children and adults with TD 
(32–34). However, the premonitory urge remained unchanged 
across therapy (35), whereas, in theory, it should decrease with 

the negative reinforcement process. Therefore, the mechanisms 
underlying tics and therapeutic processes remain unclear.

In treatment by exposure and response prevention [ERP, Ref. 
(36)], the aim is to reduce tics by breaking the negative reinforce-
ment loop between the premonitory urge and the tic itself. The 
individual learns to tolerate the premonitory urge and resists 
the appearance of tics for longer and longer periods (response 
prevention). A study comparing two treatment protocols ERP/
HR in 43 participants with TD (aged 7 to 55 years old) showed 
no significant difference between groups in reduction of tics, 
where 58% of the participant in the ERP group and 28% of the 
participant in the HR group showed a decrease of at least 30% on 
the YGTSS (37). However, some children are unable to feel and 
detect the premonitory urges (38), and the therapy to resist the 
tic may be sometimes emotionally difficult for the child because 
of the pressure to succeed.

cognitive Psychophysiological Treatment
An elaboration of the functional role of tics in sensorimotor regu-
lation is found in O’Connor’s (39) cognitive psychophysiological 
model. This model conceives of tics as serving a function of sen-
sorimotor autoregulation, while decreasing tension in muscles 
inappropriately contracted. Tension in TD seems characterized 
by a cycle where the muscle is inappropriately prepared prior to 
execution (40). For example, during an activity, the individual 
with a tic is preparing too quickly for an immediate response, 
but, at the same time, preparing more muscles with more effort 
than necessary. This preparation is inappropriate so the tic action 
relieves, in part, through local tension release. Electromyographic 
(EMG) recordings of tic-affected muscles show that these mus-
cles are rarely associated with zero tension and have a greater 
difficulty compared to non-affected muscles achieving different 
degrees of tension rather just an all or nothing state of tension 
[(41) and replication is in preparation]. People suffering from tics 
also subjectively report chronic tension, and Hoogduin et al. (36) 
reported high overall muscle tension as a consistent feeling in all 
patients, when identifying premonitory urges. The originality of 
this approach is its targeting of excessive overall sensorimotor 
activations by addressing cognitions, behaviors, and physiologi-
cal strategies, which engender excessive tension leading to and 
maintaining tics, rather than learning a competitive response to 
the tic or to the urge to tic.

The cognitive psychophysiological [CoPs; Ref. (40)] treatment 
for tics was developed in order to focus on the processes influenc-
ing thoughts and behaviors underlying tics, rather than working 
exclusively on the tic per se. Several cognitive factors are targeted 
in the CoPs treatment, such as anticipation, rigid beliefs (e.g., 
about action and organization), a judgmental style of thinking, 
attentional focus, and a perfectionistic style of planning action 
involving over-activity and over-preparation. This thinking 
can encourage the tendency to complete several tasks rapidly 
and at the same time (a style termed over-activity), together 
with an over-investment in preparation for action by recruiting 
redundant muscles and employing more effort than necessary 
(a style termed over-preparation). People with tics frequently 
experienced rigid thinking about how they should act and appear, 
resulting in inflexible black and white thoughts, which impair 
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TaBle 1 | age, sex, medication intake, and length of the therapy for each 
participant.

Participant age sex Medication  
intake

Days between first and 
last therapy session

1 11 Girl Valerian, atomoxetine 91
2 10 Boy – 98
3 10 Boy – 115
4 12 Boy – 98
5 11 Boy Melatonin 104
6 9 Boy Methylphenidade, 

risperidone
106

7 9 Boy – 105

TaBle 2 | Tests of tic severity differences between completers and  
non-completers on the YgTss and on the Tsgs.

scale Median score 
for completers 
(participants)

Median 
score for 

non-completers

asymptotic  
Wilcoxon–Mann–

Whitney Test

YgTss
Global 37.00 29.50 Z = −0.857, p = 0.39
Tic severity 23.00 19.50 Z = −0.714, p = 0.48
Deterioration 10.00 10.00 Z = −0.158, p = 0.87

Tsgs
Global 25.50 21.08 Z = −0.286, p = 0.78
Tic domain 13.00 10.00 Z = −0.644, p = 0.52
Social functioning 
domain

10.00 10.00 Z = 0.443, p = 0.66
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adaptation (42). In addition, meta-cognitive factors, as defined 
by O’Connor as thoughts about performing the tic and expecta-
tions or beliefs about tic onset, are targeted along with how people 
with tics evaluate and judge situations at high risk for eliciting 
tics (42). These cognitive factors also interact with physiological 
factors such as an increased sensorimotor activation, leading to 
hypersensitivity and over-reactivity and so, as a circular linking, 
to tic onset (42). A behavioral target of this therapy is to break 
the negative reinforcement cycle between the tic onset and the 
immediate relief of the accumulation of muscular tensions caused 
by the heightened sensorimotor activation (40). There is evidence 
of tension building up, prior to ticking, and subjective reports of 
relief, post-ticking (40). The aim of the CoPs treatment is to help 
the individual in understanding how these cognitive–behavioral 
and physiological factors lead to tension and how gradually 
addressing and modifying them can prevent tension build-up 
and tic onset, while increasing self-control.

An open trial showed the efficacy of CoPs treatment in adults 
with tics compared to waitlist with a 6:1 ratio (43). Results showed 
that 10 of the 85 participants completely reduced tic onset after 
therapy (gains maintained at 6-month follow-up). Prior results 
also showed efficacy in tic reduction in adults with or without 
medication, following CoPs treatment (44, 45). The therapy was 
applied to five adolescents with TD, in a pilot study (46). Results 
showed a decrease in tic frequency and intensity and improve-
ment in social functioning for the five participants. The CoPs 
treatment has also been adapted for children with TD address-
ing explosive outbursts (EO). Results showed a decrease of EO 
frequency of at least 34% for four participants out of six. Another 
participant showed a 75% decrease in posttreatment, but did not 
complete the follow-up assessment. The last participant showed 
a 67% decrease between the beginning of therapy and follow-up, 
despite an increase of EO frequency at baseline assessment (47). 
Finally, a single-case design study of the CoPs treatment address-
ing tic severity in childhood was conducted with 11 children 
aged 8–12 years old (48). A decrease of 29.8% of tic onset was 
observed posttreatment (p < 0.001, d = 0.97), and the decrease 
was monitored over 1 year. Results showed a decrease of at least 
1 SD in measures, post 12 months.

After this pilot study, a manualized version of the treatment 
protocol in children termed Facotik has been finalized (49), and 
the aim of the current study is to evaluate its efficacy in a larger 
consecutive case series. Based on previous research, a decrease of 
tic severity was expected after treatment. The efficacy of the treat-
ment adapted for children will have important implications for 
the intervention in TD and whether addressing the underlying 
sensorimotor processes is sufficient to reduce tics.

MaTerials anD MeThODs

Participants
The recruitment was carried out through the Centre d’études 
troubles obsessionnels-compulsifs et tics – Institut universitaire en 
santé mentale de Montréal. Consecutive referrals were evaluated 
according to the inclusion criteria: 8–12 years old, a primary TD 
diagnosis, and medication stable at least 1 month before treatment 

and stable for the duration of the therapy. Exclusion criteria were: 
a diagnosis of autism spectrum disorder or intellectual disability, 
receiving another behavioral treatment for tics during the study, 
and a problem of geographical location to assure treatment 
adherence. Thirteen children were originally recruited and seven 
children completed therapy and posttreatment measures (one 
retracted before therapy, four abandoned during therapy, and 
one completed the therapy, but did not complete the follow-up). 
Table  1 summarizes age, sex, medication intake, and number 
of days between the first and the last therapy session for each 
participant that completed the therapy. The mean age of the seven 
participants was 10.29 years (six boys, one girl). Mean age of the 
non-completers was 9.4 years (four boys, two girls). There was 
no statistical difference between completers and non-completers 
over all measures of tic severity in the pre-treatment assessment 
as shown in Table 2.

assessment Measures
Yale Global Tic Severity Scale
The Yale Global Tic Severity Scale [YGTSS, Ref. (50)] is used to 
assess a global scale based on a tic severity subscale with five 
dimensions (number, frequency, intensity, complexity, and inter-
ference of tics) and an impairment subscale. Inter-rater agree-
ment ranges from 0.52 to 0.99 and 0.85 for the global severity 
score. Factor loadings on the items in factor analyses revealed 
two separated factors, one for motor tics and overall impairment 
and one for phonic tics, although the two factors account only 
for 8% of the variance showing a low-factor validity. The YGTSS 
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TaBle 3 | Basc-2 T-scores indicating thresholds scores for clinical and 
adaptive scales.

Type of scales T-scores

<30 40 50 60 >70

Clinical Normal At-risk Clinical

Adaptive Clinical At-risk Normal

The gray shade are visual indicator of the At-risk and Clinical score range for the 
BASC-2.
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is completed by the children with the help of an independent 
evaluator. Scores for the YGTSS ranged from 0 to 100.

Tourette’s Syndrome Global Scale
The Tourette’s Syndrome Global Scale [TSGS, Ref. (51)] is used to 
assess a global scale based on a tics domain and a social function-
ing domain. The tics domain evaluates frequency and disruption 
of different subtypes of tics (motor/phonic and simple/complex). 
Social functioning domain included the assessment of learning, 
motor restlessness, and occupational problems. There is a good 
inter-rater agreement (0.89) for the global scale, and the criterion 
validity was demonstrated as a correlation between TSGS’s global 
scale and severity of TD symptomatology ranked by four raters 
ranging from 0.46 to 0.99. The TSGS highly correlates with the 
YGTSS for motor, phonic, and total tics (from 0.86 to 0.91), but 
the correlation is moderate for the global score. The TSGS is com-
pleted by the children with the help of an independent evaluator 
and by one of their parents. Scores for the TSGS ranged from 0 
to 100.

Behavior Assessment System for  
Children – Second Edition
The Behavior Assessment System for Children  –  Second Edition 
[BASC-2, Ref. (52)] is a multidimensional and multimodal 
assessment for adaptive and clinical aspects of behavior and 
personality in children. Two tests were used to assess participants 
on secondary outcomes of the therapy, one by the parents and 
one by the children. The Parent Rating Scale (PRS) assesses nine 
clinical scales (hyperactivity, aggression, conduct problems, 
anxiety, depression, somatization, atypicality, withdrawal, and 
attention problems), five adaptive scale (adaptability, social skills, 
leadership, activities of daily living, and functional communica-
tion), three clinical composite scale (externalizing problems 
composite, internalizing problems composite, and behavioral 
symptoms index), and one adaptive composite scale (Adaptive 
skills composite), over 160 items. The self-reported personality 
(SRP) for children assesses 10 clinical scales (attitude to school, 
attitude to teachers, atypicality, locus of control, social stress, 
anxiety, depression, sense of inadequacy, attention problems, 
and hyperactivity), four adaptive scales (Relations with parents, 
Interpersonal relations, Self-esteem and Self-reliance), 4 clini-
cal composite scales (school problems composite, internalizing 
problems composite, inattention/hyperactivity composite, and 
emotional symptoms index), and 1 adaptive composite scale 
(personal adjustment composite), over 139 items.

For both tests, scores were converted to T-score based on the 
age of the participant. Intervals of T-scores indicating thresholds 
for “normal,” “at risk,” and “clinically significant” ranges are 
presented in Table 3, for the clinical scales and for the adaptive 
scales. Internal consistency of scales and composite scales for 
the PRS were all above α = 0.80, and test–retest reliability were 
all above 0.77. For the SRP, internal consistency of scales and 
composite scales ranged from α = 0.71 to α = 0.96 and test–retest 
reliability ranged from 0.66 to 0.83. Change in time on the SRP 
could be attributed to low reliability. Confirmatory factor analysis 
for the PRS showed a comparative fit index of 0.88 and a root 
mean square error of approximation of 0.13, both indicating near 

good validity of the test. Confirmatory factor analysis results were 
equivalent on the SRP, with a comparative fit index of 0.90 and a 
root mean square error of approximation of 0.11, indicating good 
and near good validity of the test.

Culture-Free Self-esteem Inventory
The Culture-Free Self-Esteem Inventory  –  second edition form B 
[CFSEI, Ref. (53)] was used to evaluate change in self-esteem in 
children between pre- and posttreatment as a secondary benefit 
of the therapy. The CFSEI form B included 30 yes or no items 
assessing five subscales (general, social, academic, parents, and 
defensiveness) extracted from form A. Correlation between the 
two forms was 0.86. Test–retest reliability was ranging from 0.79 
to 0.92 for the total score and was ranging from 0.49 to 0.80 for 
subscales. Concurrent validity was obtained with the self-esteem 
inventory (54), ranging from 0.71 to 0.80.

Treatment Material
The Facotik treatment is a manualized therapy (therapist and 
child manual), including a self-monitoring diary and a token 
economy motivational board. The therapist’s manual includes 
an explicit protocol for every exercise and instructions for the 
participants and their parents for each session of the therapy 
with time estimation. The child’s manual contains information 
on each topic of the treatment with colorful examples, activities 
named “challenges,” and exercises to practice between therapy 
sessions named “missions of the week.” A particular concern was 
to adapt the CoPs exercises to a child’s cognitive level of func-
tioning. For this purpose, a narrative approach was proposed in 
Facotik where two characters named Lea and Nico accompanied 
the child over the treatment. To improve understanding, new ele-
ments have been added in the children adaptation of the therapy, 
such as concrete language, practical examples, metaphors, visual 
analogies, and pictures. Also, behavioral restructuring precedes 
cognitive restructuring, unlike the adult version. The self-mon-
itoring diary is used for assessing frequency of tics, conducting 
a functional analysis (antecedents, consequences), and clinical 
awareness training. Each participant notes the frequency of a 
targeted tic for a 15-min period, once a day, in a predetermined 
high-risk tic onset situation. The child also estimates the intensity 
of the tics (low, medium, or high) and his/her principal activity 
at this time. The token economy motivational system works on 
a three-point award for each therapy session, one for participat-
ing in the challenges during the session, one for completing the 
self-monitoring diary every day and one for completing the 
weekly exercises or missions between sessions. Children could 
exchange nine points for a specific reward (not  necessarily 
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TaBle 4 | Procedure, therapeutic components, and clinical objectives of each Facotik session.

clinical 
objectives

session Procedure and therapeutic components

Awareness 
training

1  – Introduction to the therapy; psychoeducation about TD and tics
 – Identifying a targeted tic (the most preoccupying or frequent)
 – Identifying form of tic in details (muscles involved, sequence)
 – Establishing a list of inconveniences to tics
 – Presentation of the self-monitoring diary and token economy motivational boards

2  – Psychoeducation and presentation of the CoPs approach to managing tics
 – Explanation of the triple link between thoughts, feelings and global tension, and tics

3  – Tic profiling: identifying personal high and low tic onset risk situation
 – Analyzing situation profiles; activities, and feelings in each of those situations? (establishing distinctions)

4  – Cognitive and emotional analysis of high and low tic onset risk situation
 – Analyzing the link between thoughts (anticipations), emotions, physiological state, and actions/tics

5  – Video recording of a high and a low tic onset risk situation (a real-life experience forms the basis for the script)
 – Each situation is filmed for 10 min during the session.
 – Viewing the scenes together with the child to analyze the differences between both situation (behavioral situational analysis)

Muscle 
discrimination

6  – Awareness training of muscular tension and muscular discrimination
 – Increasing tic muscle flexibility and gaining control over tension in the tic-affected muscles
 – Learning to graduate the muscle tension level through practice in slowly contracting/relaxing muscles by degree (normalize effort 

involved; not yet progressive muscular relaxation)

Relaxation 7  – Practicing abdominal breathing and progressive muscular relaxation to improve motor control learned with discrimination exercises and 
to prevent tension in everyday life

Sensory-
motor 
activation

8  – Reducing sensory–motor activation in avoiding anticipatory vigilance to sensation and not attributing significance to sensation in high tic 
onset risk situations (stopping negative reinforcement process)

 – Identification of personal style of planning action (over-activity, over-investment)

Style of 
planning 
action

9–10  – Understanding the link between a tension-producing style of planning action and specific experienced muscle tension, and tics (reducing 
over-activity and over-investment)

 – Identifying personalized advantages and disadvantages of those styles of action; which may relate to irrational thoughts that can be 
addressed with cognitive restructuring

 – Realizing that optimal preparation is already in their person’s repertoire

Cognitive 
restructuring

11–13  – Modifying core beliefs about perceptions of others and related to style of action planning
 – Activities at high-risk tic onset are evaluated for the presence of beliefs and judgments about the activity likely to impede optimal planning
 – Addressing perfectionist thinking and irrational thoughts on how to behave

Behavioral 
restructuring

11–13  – Modifying preparation for a situation (e.g., prevention by relaxation)
 – Eliminating tension-producing strategies to inhibit or disguise the tic (e.g., holding in the tic)
 – Highlighting existing abilities rather than learning a new response

Global 
restructuring

11–13  – Cognitive, sensorimotor, emotional, and behavioral components of this planning can be addressed at the same time during cognitive–
behavioral modification

 – Cognitive and behavioral restructuring are two steps integrated during the last session of global restructuring
 – Generalizing practice to different situations

Generalization 14  – Applying strategies to other high-risk situations or to unforeseen situations
 – Applying strategies to other tics or behavior

Relapse 
prevention

14  – Keep practicing, refresh knowledge, and maintain gains
 – Anticipate situations that may trigger relapse of tics and change other aspects of life style
 – Feedback and therapy conclusion
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tangible, e.g., a specific  activity), determined with their parents 
at the second session.

Procedure
Participants and one of their parents completed the pre-treatment 
assessment with a trained specialized evaluator, including YGTSS, 
TSGS, BASC-2, and CFSEI. The certified evaluator was independ-
ent of the therapy process and research protocol. The evaluator 
completed the scoring of the YGTSS and the TSGS, after semi-
structured interviews with the parents and the children separately. 
Afterward, each participant followed the Facotik therapy with 
one of the two trained psychotherapists: a licensed psychologist 
and a certified final year graduate student. The Facotik therapy 

lasted 12 to 14 sessions depending on the understanding and on 
the success of the steps by the child. Each 90-min session began 
by reviewing the content previously discussed and ended with 
20 min of parental training (information on the clinical objective 
of the session, supportive coping strategies, and how to give posi-
tive reinforcement for home exercises to their child). Information 
was also given to the parents on the theoretical approach to 
enable them to act as a collaborator in the therapy process based 
on a psychoeducation method (55, 56). Psychotherapists wrote 
a progress report at the end of each therapy session, indicating 
children’s progress and difficulties.

The Facotik treatment is progressive and passes through 
progressive therapeutic steps with a “one tic at a time” approach. 
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Table  4 presents a schema of the clinical objectives and the 
therapeutic components of each therapy session. The clinical 
objective distributed over 14 sessions are: awareness training, 
muscle discrimination, relaxation, reduced sensorimotor activa-
tion, modifying style of planning action, cognitive restructura-
tion of anticipation and appraisals, behavioral restructuration, 
generalizations, and preventing relapse. The first clinical objective 
(awareness training) is spread over several sessions, while, from 
the 9th therapy session, several clinical objectives are addressed 
in the same sessions. Between each therapy session, the child 
completed the self-monitoring diary and the weekly exercises. 
Three participants completed treatment in 13 sessions, and four 
others completed therapy in 14 sessions (the total duration of the 
therapy was an average of 102.49 days between the first and the last 
session, all children skipped at least 1 week between two sessions 
due to sickness or scheduling constraints). At posttreatment, each 
participant and one of their parents completed all assessments on 
the YGTSS, the TSGS, the BASC-2, and the CFSEI.

ethics
This study was approved by the local ethic review board of the 
Institut universitaire en santé mentale de Montréal in accordance 
with the ethical standards of the Canadian Tri-Council Policy 
Statement of Ethical Conduct for Research Involving Humans. The 
parents of the participants (or the legal guardian) gave their signed 
consent for the participation of their child to the study (assess-
ments and therapy), and the child himself gave his or her approval.

Data analyses
Two analysis procedures were planned. For statistical analyses, 
one-sided exact Wilcoxon signed-rank test was conducted due 
to the small sample on the children and parents’ assessments to 
evaluate global symptoms decrease after treatment, as measured 
by the YGTSS global scale and the TSGS global scale. Additional 
one-sided exact Wilcoxon signed-rank tests were conducted with 
the tic severity subscale and the impairment subscale of the YGTSS 
and with the tics domain and the social functioning domain of the 
TSGS, using a Pratt correction in the case of tied ranks. Person’s 
correlations were computed between parents and children for 
pre-treatment scores, posttreatment scores, and difference scores 
on all scales and subscales. Difference scores were computed as 
pre-treatment score minus posttreatment score for each parents 
and children. All analyses were calculated with n = 7 based on 
a complete dataset. All statistical analyses were computed using 
R statistical software (57) and the coin package (58). For clinical 
results, changes of at least 1 SD on the BASC-2 subscales and on 
the CFSEI were reported.

resUlTs

statistical results
Results of the parents’ assessments on the YGTSS global scale 
showed a general and significant symptom decrease at posttreat-
ment (from Mdn = 43.00 to Mdn = 27.00, Z = −2.37, p = 0.008, 
r  =  −0.63). This decrease was not perceived by the children 
themselves, as they estimated no significant symptoms decrease 
(from Mdn  =  37.00 to Mdn  =  26.00, Z  =  −0.85, p  =  0.234). 

Figure  1 shows the global scale on the YGTSS for pre- and 
posttreatment as assessed by the children and their parent. Four 
participants showed a decrease on the YGTSS global scale for 
both child and parent, while the other three reported discrepant 
results. Correlations between parents and children showed good 
agreement for pre-treatment scores (r = 0.70, p = 0.005), but poor 
agreement for posttreatment scores (r = 0.34, p = 0.234) and for 
difference scores (r = 0.30, p = 0.300).

Analysis of the YGTSS subscales showed a significant decrease 
in both the tic severity subscale (Mdn = 27.00 to Mdn = 15.00, 
Z = −2.37, p = 0.008, r = −0.63) and the impairment subscale 
(Mdn = 20.00 to Mdn = 10.00, Z = −2.19, p = 0.031, r = −0.69), as 
observed by parents. Children reported a significant decrease on 
the tic severity subscale (Mdn = 23.00 to Mdn = 16.00, Z = −2.29, 
p  =  0.016, r  =  −0.66), but not on the impairment subscale 
(Mdn = 10.00 to Mdn = 10.00, Z = 0.81, p = 0.813). Correlations 
between parents and children on the tic severity subscale were 
moderate for pre-treatment scores (r = 0.60, p = 0.023), nega-
tive for posttreatment scores (r = -0.35, p = 0.220), and poor for 
difference scores (r  =  0.29, p  =  0.315). Correlations between 
parents and children on the impairment subscale were poor for 
pre-treatment scores (r = 0.61, p = 0.021), good for posttreatment 
scores (r = 0.75, p = 0.002), and moderate for difference scores 
(r = 0.50, p = 0.069).

In contrast to YGTSS, results on the TSGS global scale showed 
a significant symptom decrease after treatment, as assessed by 
children (from Mdn = 25.50 to Mdn = 11.67, Z = −2.37, p = 0.008, 
r = −0.59), and by the parents (from Mdn = 16.83 to Mdn = 12.00, 
Z = −2.20, p = 0.016, r = −0.59). Figure 2 shows scores on the 
TSGS global scale for pre- and posttreatment as assessed by chil-
dren and parents for each participant. Five participants showed 
a decrease in tic symptoms on the TSGS global scale, while a 
further two reported discrepant results. Correlations between 
parents and children showed good agreement for pre-treatment 
scores (r = 0.74, p = 0.002), poor agreement for posttreatment 
scores (r = 0.19, p = 0.515), and moderate agreement for differ-
ence scores (r = 0.47, p = 0.090).

Analysis of the TSGS domains as reported by parents 
showed a significant decrease in the tics domain (Mdn = 13.00 
to Mdn  =  4.00, Z  =  −2.37, p  =  0.008, r  =  −0.63), but not on 
the social functioning domain (Mdn =  10.00 to Mdn =  10.00, 
Z = −0.71, p = 0.750). Children reported a significant decrease 
on tics domain (Mdn  =  13.00 to Mdn  =  6.00, Z  =  −2.37, 
p = 0.008, r = −0.63), but not on the social functioning domain 
(Mdn = 10.00 to Mdn = 6.67, Z = 0.78, p = 0.281). Correlations 
between parents and children on the tics domain were good for 
pre-treatment scores (r =  0.75, p =  0.002), moderate for post-
treatment scores (r = −0.41, p = 0.145), and good for difference 
scores (r = 0.77, p = 0.001). Correlations between parents and 
children on the social functioning domain were moderate for 
pre-treatment scores (r = 0.55, p = 0.042), poor for posttreatment 
scores (r =  0.20, p =  0.493), and negative for difference scores 
(r = −0.11, p = 0.708).

clinical results
The BASC-2 and the CFSEI were used to detect if the Facotik 
therapy brought secondary benefits to develop adaptive and 
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clinical aspects of behaviors and self-esteem. Table  5 showed 
clinical changes of at least 1 SD on the BASC-2 SRP and on the 
BASC-2 Parent rating scale (PRS). There were no globally signifi-
cant changes over participants even if there were some changes at 
the individual level. For all participants and all clinical subscales 
together, parents reported improvements in 13 subscales and 
decreases in 6 subscales, while the children report 9 improvements 
and 9 decreases. An overall decrease is observed for participant 1 
(as noted by the parent) and participant 7 (as noted by the child). 
Participant 6 is the only one to present only slight increases 
observed by the parent (atypicality) and the child (anxiety, atten-
tion problems). However, children scoring shows that the attitude 
toward school, teachers, and the school problems composite 
increased slightly for three participants. All other participants 
showed decreases and increases in some subscales without gen-
eral trend. For the adaptive scales, improvements are observed by 
parents in five subscales for the seven participants (adaptability 
for two participants, leadership, functional communication, and 
adaptive skills). Children have noted improvements in three 
subscales (self-esteem for two participants and self-reliance) and 
one decrease (interpersonal relations). All these results are not 
significant, but showed clinical changes of at least 1 SD.

One child showed improvement on self-esteem as measured by 
the CFSEI, with an increase on the total score of 2 SD, the global 

subtest of 1.5 SD, the parent subtest of 1 SD and the academic 
subtest of 2.7 SD. All other participants maintained medium to 
high levels of self-esteem from pre- to posttreatment. Table  6 
shows data for all participants on the CFSEI.

DiscUssiOn

Principal results
The purpose of the current study was to evaluate the efficiency of 
the Facotik treatment to decrease the severity of tics in children 
aged 8–12 years old. Secondary benefits to improve adaptive and 
clinical aspects of behaviors and self-esteem were also anticipated.

The overall results showed a significant decrease in tics 
as assessed by the parents of children with TD. The results 
as assessed by children were discrepant; tics decreased sig-
nificantly for all children as measured with the TSGS and 
four participants on seven reported a non-significant decrease 
on the YGTSS. However, children and parents, all reported a 
significant decrease in tic severity when the subscales of the two 
questionnaires were analyzed. What is interesting is that, even 
considering this change in tics, children and parents generally 
perceive no changes in the impairment subscale. This could be 
explained by the presence of comorbidity symptoms, which was 
not controlled in this study or by the subjective experience of 
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the impairment. The correlations between the child/parents’ 
rating showed a good agreement regarding the tic severity in 
pre-treatment, but not in posttreatment, neither for difference 
scores (pre-minus posttreatment), suggesting a disagreement 
about the perception of change. There are two possible explana-
tions for the preceding results. First, the difference between the 
child/parents’ rating on the YGTSS and the TSGS may highlight 
the sensitivity of the TSGS, which is multidimensional and 
is rated on a scale rather than in categories as in the YGTSS. 
Second, the tic decrease might not always be detected by the 
children themselves and discrepancies between the child/par-
ents’ rating may be explained by one of the therapy components 
termed “awareness training” (59). Children are more aware of 
their tics after the therapy and they can detect and report them 
more accurately than at pre-treatment, while the parents noticed 
a decrease of tics because they were already conscious of the 
tics. The self-monitoring diaries are a key component of the 
tic awareness training (60). The focus on a single tic may help 
children to acknowledge the difference between a situation with 
high risk of tic onset versus low-risk situations. Some situations 
may be perceived as a high risk in the first place, but may become 
low risk following the self-monitoring diary. Thus, the mixed 
results may be more of an indication of the therapy process than 
an absence of progress in tic reduction.

Adaptive and clinical aspects of behaviors in children, as 
measured by the BASC-2, showed no significant changes, but 
improvements and clinical changes were reported individually, 
suggesting a regular fluctuation over time. There are further 
improvements to clinical subscales than deterioration as 
reported by children and parents. As an example, internal-
izing problems showed punctual improvement. Improvements 
have also been noticed in general for the adaptive scales. This 
highlights positive results although there are no significant dif-
ferences. All the participants maintained or reached medium to 
high levels of self-esteem from pre- to posttreatment. However, 
attitude toward school or teacher appear to have increased for 
three participants after therapy. This could be explained by the 
fact that the therapy ended concurrently with or after the end 
of the school year, and posttreatment assessment took place 
(particularly for participants 4 and 5) just before the return to 
school period (in August).

In terms of experiential factors, all children benefited from the 
therapy, and no adverse effects were reported by the participants 
or their parents. The participants reported to the therapists that 
theoretical concepts and exercises were presented in a clear and 
colorful way, which made them comprehensive for all, even for 
participant 4 who had language issues; some activities took more 
time, but without causing a significant delay. Some children 
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TaBle 5 | clinical change between pre- and posttreatment on the Basc-2a.

Participant 1 Participant 2 Participant 3 Participant 4 Participant 5 Participant 6 Participant 7

Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post

(a) Data from the Parent rating scale (Prs)

Clinical scales Conduct problems 65 51 – – – – – – – – – – – –
Externalizing problems 62 52 – – – – – – – – – – – –

Anxiety 72 49 – – – – 57 72 – – – – – –

Depression 68 52 11 49 – – 67 54 – – – – – –

Somatization – – 67 47 53 36 – – 44 56 – – 44 70

Internalizing problems 65 46 – – 53 40 – – – – – – – –

Atypicality 65 52 – – – – 44 54 – – 49 65 – –

Withdrawal 69 56 – – – – 65 54 – – – – – –

Behavioral symptoms index 68 56 – – – – – – – – – – – –

Adaptive scales Adaptability – – – – 32 53 – – – – 16 28 – –

Leadership – – – – 38 51 – – – – – – – –

Functional communication – – 30 55 – – – – – – – – – –

Adaptive skills – – – – 40 53 – – – – – – – –

(B) Data from the self-reported personality (srP)

Clinical scales Attitude to school – – – – – – – – 45 61 – – – –
Attitude to teachers 49 71 – – – – 36 49 – – – – – –

School problems composite 52 68 – – – – – – 42 52 – – – –

Atypicality – – – – – – – – – – – – 59 45

Locus of control – – – – 53 42 – – 51 37 – – 58 46

Social stress 13 48 – – 50 64 – – – – – – 52 37

Anxiety – – – – – – – – – – 39 51 62 47

Depression – – – – – – – – – – – – 61 45

Internalizing problems composite – – – – – – – – – – – – 57 42

Attention problems – – – – – – – – – – 40 51 – –

Emotional symptoms index – – – – – – – – – – – – 54 40

Adaptive scales Interpersonal relations – – – – 50 38 – – – – – – – –

Self-esteem – – – – 41 58 – – – – – – 47 58

Self-reliance – – – – 47 59 – – – – – – – –

a(A) data from the Parent Rating Scale (PRS); (B) data from the self-reported personality (SRP). Only scores that changed for at least 1 SD (10 T-score) are shown. Clinical scales: 
scores ≥ 60 are “at-risk”; scores ≥ 70 are “clinically significant.” Adaptive scales: scores ≤ 40 are “at-risk”; scores ≤ 30 are “clinically significant.”

TaBle 6 | T-score on the cFsei for each participant in pre- and posttreatment on each scale.

Total score global subtest Parent subtest academic subtest social subtest

Pre Post Pre Post Pre Post Pre Post Pre Post

Part 1 63 60 65 65 50 50 63 63 55 46
Part 2 63 65 60 65 60 60 63 63 55 55
Part 3 55 52 55 55 60 60 54 54 46 38
Part 4 63 63 60 60 60 60 63 63 55 46
Part 5 65 68 65 65 60 60 63 63 55 55
Part 6 60 63 60 60 60 60 63 63 46 46
Part 7 45 65a 50 65a 50 60a 36 63a 46 46

aChange in T-score of at least 1 SD.
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had a little trouble to identify their irrational thoughts during 
high-risk tic onset situations, and all participants reported that 
completing their self-monitoring diary and relaxation exercises 
were most helpful to them. According to the therapists, the set 
of strategies formed a coherent whole, and children were open-
minded to the complementary elements of the therapy; they 
were particularly interested when the style of action planning 
was addressed.

limitations
The limitations of the present study are those inherent in a con-
secutive case series without baseline or control group and a lim-
ited number of participants. The attrition rate was around 40%, 
but there were no clinical or demographical differences between 
participants and those who abandoned. Personal motivation 
and difficulty scheduling therapy sessions appear to account for 
attrition. This protocol had a confounding variable, considering 

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


268

Leclerc et al. Intervention in Children with Tics

Frontiers in Psychiatry | www.frontiersin.org August 2016 | Volume 7 | Article 135

that the posttreatment was concomitant with the preparation of 
a new school year. This situation could have an impact on tics 
and on clinical aspects of behaviors. A 6- and 12-month follow-
up assessment is planned. The participants were prescribed a 
variety of medications, and comorbidities were not controlled. 
Nonetheless, the statistical and clinical significance of the tic 
reduction indicates potential efficacy of the Facotik treatment.

Future research
The main strength of the current study is the demonstration of the 
effect of the Facotik treatment for the decrease of tic severity in 
children as a first step of the validation procedure. These findings, 
with a manualized treatment and a structured protocol, highlight 
the clinical importance of working on the cognitive and central 
processes underlying tics in children as in adults (40). CoPs 
treatment in adults has been shown to produce neurocognitive 
changes in style of action and concomitant cerebral functioning 
(61, 62). Such physiological changes (activation of the pre-motor 
and motor cortex) related to the intervention remain to be vali-
dated in children with tics (61, 62). In conclusion, this study has 
important implications for the conceptualization of interventions 
in TD; namely to know if tics are the necessary and sufficient 
target for effective interventions or if the processes underlying 
tics should also be addressed to obtain greater symptom reduc-
tion and wider behavioral impact. Future research will include 
a randomized clinical trial design where the efficacy of Facotik 
treatment as well as CoPs treatment in adults is compared to 
CBIT (2015–2020). Follow-up data and the effect of the therapy 
on quality of life for all the participants of the present study are still 
pending. Finally, the Facotik therapy manual will be published as 

a workbook for therapists and specialized training will be offered 
to clinicians to facilitate knowledge transfer.
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Gilles de la Tourette Syndrome (GTS) is characterized by motor and vocal tics, as

well as associated comorbid conditions including obsessive-compulsive disorder (OCD),

attention deficit/hyperactivity disorder (ADHD), depression, and anxiety which are present

in a substantial number of patients. Although randomized controlled trials including a

large number of patients are still missing, aripiprazole is currently considered as a first

choice drug for the treatment of tics. The aim of this study was to further investigate

efficacy and safety of aripiprazole in a group of drug-free, adult patients. Specifically,

we investigated the influence of aripiprazole on tic severity, comorbidities, premonitory

urge (PU), and quality of life (QoL). Moreover, we were interested in the factors that

influence a patient’s decision in electing for-or against- pharmacological treatment. In this

prospective uncontrolled open-label study, we included 44 patients and used a number

of rating scales to assess tic severity, PU, comorbidities, and QoL at baseline and during

treatment with aripiprazole. Eighteen out of fortyfour patients decided for undergoing

treatment for their tics with aripiprazole and completed follow-up assessments after 4–6

weeks. Our major findings were (1) aripiprazole resulted in significant reduction of tics,

but did not affect PU; (2) aripiprazole significantly improved OCD and showed a trend

toward improvement of other comorbidities including depression, anxiety, and ADHD;

(3) neither severity of tics, nor PU or QoL influenced patients’ decisions for or against

treatment of tics with aripiprazole; instead patients with comorbid OCD tended to decide

in favor of, while patients with comorbid ADHD tended to decide against tic treatment;

(4) most frequently reported adverse effects were sleeping problems; (5) patients’ QoL

was mostly impaired by comorbid depression. Our results suggest that aripiprazole

may improve associated comorbid conditions in addition to tics in patients with GTS.

It can be hypothesized that these beneficial effects are related to aripiprazole’s adaptive

pharmacological profile, which exhibits an influence on the dopaminergic as well as a

number of other neurotransmitter systems. For the first time, our data provide evidence

that patients’ decision making process for or against medical treatment is influenced by

other factors than tic severity and QoL.

Keywords: Tourette Syndrome, aripiprazole, OCD, depression, anxiety, ADHD, premonitory urge, quality of life
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INTRODUCTION

Gilles de la Tourette Syndrome (GTS) is a chronic
neuropsychiatric disorder with childhood onset. GTS is
characterized by multiple motor and one or more vocal tics
(American Psychiatric Association, 2013). Tics are defined as
rapid, non-rhythmic, involuntary movements or vocalizations
that are misplaced in context and time (Jankovic, 1997). The
majority of adult patients is able to suppress their tics voluntarily
(Müller-Vahl et al., 2014) and most adults report premonitory
urge (PU) sensations prior to their tics (Leckman et al., 1993).
Contrary to the general belief and patients’ reports, recent studies
have been suggested that there is no direct relation between tic
severity, PU, and tic suppression (Ganos et al., 2012; Müller-Vahl
et al., 2014).

Today, it is well-known that 80–90% of patients with
GTS in addition suffer from comorbid disorders such as
obsessive-compulsive disorder (OCD), depression, anxiety, and
attention deficit/hyperactivity disorder (ADHD) (Freeman et al.,
2000; Leckman, 2002). At such, there is an ongoing debate
concerning the number of valid sub-classifications within the
GTS spectrum. For example, Robertson (2000) suggested the
following classification: pure GTS (tics only), full-blown GTS
(plus complex tics), and GTS plus (including comorbidities).
More recent work has provided strong evidence that comorbid
OCD, anxiety, and depression belong to the GTS spectrum,
while comorbid ADHD should be classified as a separate
problem (Lebowitz et al., 2012; Hirschtritt et al., 2015; Trillini
and Müller-Vahl, 2015a). In adult patients with GTS, it has
been demonstrated that health-related quality of life (QoL) is
remarkably influenced by psychiatric comorbidities, in particular
depression and OCD (Müller-Vahl et al., 2010; Jalenques et al.,
2012).

Although varied therapeutic strategies currently being
used to treat patients with GTS (e.g., behavioral therapy,
pharmacotherapy, and deep brain stimulation), no currently
available intervention has been shown to be able to effectively
target the multiple symptoms associated with GTS. With respect
to pharmacological treatment, current recommendations are
based on a small number of controlled or uncontrolled studies,
as large scale and longitudinal randomized controlled trials
(RCTs) including a larger number of patients over a longer
period of time have not been undertaken to date (Roessner
et al., 2011; Weisman et al., 2014). Nevertheless, there is general
agreement that substances that affect the dopaminergic system
(antipsychotics) are most effective in the treatment of tics
(Singer, 2010).

Since the discovery of its tic suppressive effects in the 1970s,
haloperidol still stands as the sole formally approved medication
for the treatment of GTS in most European countries. However,
many clinicians no longer recommend it as haloperidol exhibits
a significant adverse effect (AE) profile (Shapiro et al., 1973).

Although not licensed, other (second generation)
antipsychotics such as risperidone, sulpiride, tiapride, and
in particular aripiprazole are the most common medications
used today for the treatment of tics, mainly as a result of their

more favorable side effect profile. Within this class of drugs,
aripiprazole has become the preferred antipsychotic in many
centers for treating tics (Roessner et al., 2011; Hartmann and
Worbe, 2013), since it is suggested that it causes less side effects
(Wenzel et al., 2012) and is also effective in severely affected
and otherwise treatment-refractory patients (Roessner et al.,
2011).

Since 2004, various reports exploring the efficacy and safety of

aripiprazole in the treatment of tics in GTS have been published.

These include 28 case reports (Hounie et al., 2004; Dehning
et al., 2005; Kastrup et al., 2005; Murphy et al., 2005, 2009;
Padala et al., 2005; Bubl et al., 2006; Constant et al., 2006;
Davies et al., 2006; Duane, 2006; Fountoulakis et al., 2006; Yoo
et al., 2006, 2007; Ben Djebara et al., 2008; Budman et al.,
2008; Findling et al., 2008; Seo et al., 2008; Winter et al., 2008;
Ikenouchi-Sugita et al., 2009; Kawohl et al., 2009; Lai, 2009;
Lyon et al., 2009; Cui et al., 2010; Frölich et al., 2010; Masi
et al., 2012; Wenzel et al., 2012; Diomšina et al., 2015; Mazlum
et al., 2015), 3 controlled trials (Gulisano et al., 2011; Yoo et al.,
2013; Ghanizadeh and Haghighi, 2014), and 1 systematic review
(Ghanizadeh, 2012). However, less than 40% of these reports have

investigated the effects of aripiprazole on adult populations. In
the two largest children only studies, aripiprazole was found to be

superior to placebo (Yoo et al., 2013) and comparably effective as

risperidone (Ghanizadeh and Haghighi, 2014) with respect to the
improvement of tics and QoL. In general, aripiprazole was well

tolerated. The most frequently reported AEs were drowsiness,
increased appetite and weight gain. Based on these preliminary

data, Ghanizadeh (2012) concluded in his systematic review that
aripiprazole is effective in the treatment of tics in both adults

and children with GTS with an adverse effect profile that seems

to be safer than in other antipsychotic drugs. To the best of
our knowledge, so far, no data are available on the effect of

aripiprazole on PU.

Interestingly, in most of these studies effects of aripiprazole

on tics have been investigated, but not on psychiatric

comorbidities. Since aripiprazole influences the dopaminergic,
and other neurotransmitter systems including the serotonergic,

GABAergic, and glutamatergic systems (De Bartolomeis et al.,
2015), it can be speculated that in addition to tics, it ameliorates

comorbid symptoms including OCD, ADHD, depression, rage

attacks, and anxiety. As a result in this work, we aimed at
investigating the efficacy and safety of aripiprazole in a relatively

large sample of unmedicated adult patients with GTS, specifically
focusing on its effects on tics, QoL, PU, and psychiatric

comorbidities (OCD, ADHD, depression, and anxiety). Since no
other psychotropic drugs were allowed, influences from other
drugs or interactions with other substances could be excluded.
Our study design additionally allowed us to investigate difference
in clinical features between patients who elected for (and against)
treatment with aripiprazole.

We hypothesized that (1) aripiprazole improves both tics and
behavioral problems in unmedicated adult patients with GTS and
that (2) tic severity and QoL have the strongest influence on
patients’ decision for treatment with aripiprazole.
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METHODS

This study has been performed as part of the EU-funded
Marie Curie Initial Training Network (ITN) TS-EUROTRAIN
(FP7-PEOPLE-2012-ITN, Grant Agr.No.316978). Patients were
investigated at baseline and following treatment with aripiprazole
using a variety of clinical tools. We decided to use both self-
and expert ratings in order to obtain higher validity. Self-
ratings solely based on patient’s judgment. Expert-ratings were
performed by a team of 2 psychologists and 1 physician either at
the HannoverMedical School (MHH) or the Institute for Human
Cognitive and Brain Sciences at the Max-Planck-Institute in
Leipzig. In most cases, the respective patient was assessed at
baseline and follow-up by the same rater. In addition, in all
patients Magnetic Resonance Imaging (MRI) was performed (at
the Institute for HumanCognitive and Brain Sciences at theMax-
Planck-Institute, Leipzig) both at baseline and after treatment
with aripiprazole. Neuroimaging results of this study will be
published elsewhere.

Subjects
In this study, 44 patients with GTS according to DSM-5 were
included. Patients using any psychoactive substances underwent
a 4-week washout period before participation. Exclusion criteria
were age <18 and >65 years, inability to lie still in the MRI,
MRI contraindications, pregnancy, and breast-feeding. Patients
were recruited from the Clinic of Psychiatry, Socialpsychiatry
and Psychotherapy at the MHH and via newsletters, internet
and the German Tourette advocacy groups between May 2014
and October 2015. Ethics approval was granted by the ethics
committees both at the MHH and the University of Leipzig.
All participants gave written informed consent before entering
the study. Patients received a monetary compensation for study
participation.

Design
After baseline investigations, to all patients aripiprazole was
offered for treatment of tics. Aripiprazole was gradually up-
titrated every 3 days starting with 2.5mg/day up to a maximum
dose of 30mg/day. Dosage was increased individually until
the patient reached his/her individually tolerated maximum
dose or best tic improvement defined on the basis of patient’s
judgment and investigator’s assessments. Thus, no target dose
was predefined and the final dose could range from 2.5 to
30mg/day. Aripiprazole was administered once daily in the
morning or in case of significant sedation, alternatively in the
evening. In those patients, who decided for treatment with
aripiprazole, investigations were performed again after 4–6 weeks
treatment with aripiprazole. After study completion, patients
could decide either to continue or to discontinue treatment.

Clinical Assessments
All patients underwent a neuropsychiatric interview and
a comprehensive clinical assessment battery including
measurements of tics, PU, QoL, and psychiatric comorbidities
(OCD, ADHD, depression, anxiety, and autism).

Assessments for Tics
(1) Yale Global Tic Severity Scale (YGTSS) (Leckman et al.,

1989): The YGTSS is a scale for the assessment of number,
frequency, intensity, complexity, and interference of motor
and vocal tics, and for the estimation of the global
impairment; “total tic score” (TTS) (range, 0–50), divided in
“motor tic score” (MT) (range, 0–25) and “vocal tic score”
(VT) (range, 0–25), “overall impairment score” (range, 0–
50), and “global score” (GS) (range, 0–100).

(2) Modified Rush Video-Based Tic Scale (MRVS) (Goetz et al.,
1999): The 10-min film protocol includes full frontal body
(far) and head/shoulders only (near) views with and without
an examiner in the room lasting 2.5min each. For tic rating,
only two (far and near body views) 1-min recordings with no
examiner present were scored rating 5 domains: number of
body areas involved (range, 0–4), motor tic frequency (range,
0–4), vocal tic frequency (range, 0–4), motor tic severity
(range, 0–4), vocal tic severity (range, 0–4) resulting in the
total score (range, 0–20).

Assessment for PU
Premonitory Urge for Tics Scale (PUTS) (Woods et al., 2005):
The PUTS is a self-rating for PU (range 0–36); the higher the sum,
the higher the PU.

Assessments for Health-Related QoL
The Gilles de la Tourette Syndrome Quality of Life Scale (GTS-
QoL) and satisfaction-with-life visual analog scale (GTS-QoL-
VAS) (Cavanna et al., 2008) were used to assess health-related
QoL (range, 0–100, each): the higher the GTS-QoL score, the
lower the patients’ QoL; the higher the GTS-QoL-VAS, the higher
the satisfaction-with-life.

Assessments for Psychiatric Symptoms
(1) M.I.N.I. International Neuropsychiatric Interview 5.0

(Sheehan et al., 2006): TheM.I.N.I. is an abbreviated version
of the Structured Clinical Interview for DSM-IV (SCID)
(Wittchen et al., 1997) based on ICD-10 classifications
of mental and behavioral disorders. It is divided into 16
modules, each corresponding to a diagnostic category.
At the end of each module, diagnostic box(es) allow the
interviewer to specify whether diagnostic criteria for the
respective clinically relevant disease are met (Goodman
et al., 1989).

(2) Montgomery Asberg Depression Scale (MADRS)
(Montgomery and Asberg, 1979): MADRS is an examiner
rating for the diagnosis and severity of depression (range,
0–60), 0–6 = normal/symptoms absent, 7–19 = mild
depression, 20–34 = moderate depression, ≥35 = severe
depression.

(3) Beck Depression Inventory II (BDI-II) (Beck et al., 1996;
Hautzinger et al., 2006): BDI-II is a self-report scale
for depression (range, 0–63); 0–12 = no depressive
symptoms, 13–19 = mild, 20–28 = medium, and ≥29 =

severe depressive symptoms. Cut-off for clinically relevant
depressive symptoms is ≥18.
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(4) Beck Anxiety Inventory (BAI) (Beck et al., 1988; Margraf
and Ehlers, 2007): This self-rating was used to measure
anxiety symptoms (range, 0–63), 0–7 = minimum level
anxiety, 8–15 = mild, 16–25 = medium, and ≥26 =

serious level anxiety. Cut-off for clinically relevant anxiety
symptoms is ≥26.

(5) Yale-Brown Obsessive Compulsive Scale (Y-BOCS)
(Goodman et al., 1989): The Y-BOCS was used to assess
obsessive-compulsive symptoms, obsessions (range, 0–24),
cut-off for clinical relevant obsessions ≥10, compulsions
(range, 0–24), cut-off for clinical relevant compulsions
≥10, for both (range, 0–48), cut-off ≥16.

(6) Obsessive-Compulsive Inventory Revised (OCI-R) (Foa
et al., 2009): in addition, we used the OCI-R for the
measurement of OCD and obsessive-compulsive behavior
(OCB). It is a self-rating-scale including a five-point Likert-
type scale from 0 (“not at all”) to 4 (“extremely”). The
scale consists of 6 three-item subscales (range, 0–12 each):
washing (cut-off= 3), checking (cut-off= 5), ordering (cut-
off= 7), obsessing (cut off= 5), hoarding (cut-off= 5) and
mental neutralization (cut-off= 3).

(7) DSM-IV symptom list for ADHD (Rösler et al., 2004):
this retrospective questionnaire (range, 0–18) includes
2 domains; attention deficit disorder (cut-off ≥6) and
hyperactivity disorder (cut-off ≥6).

(8) Wender Utah Rating Scale (WURS-k) (Ward et al., 1993;
Retz-Junginger et al., 2003): The WURS-k was used as
a retrospective self-rating (range, 0–100), cut-off ≥30
suggests the diagnosis of ADHD.

(9) Conners Adult ADHDRating Scale (CAARS) (Christiansen
et al., 2011): The CAARS was used to measure current
symptoms (range, 0–198). Raw scores have to be
converted into T-scores (cut-off ≥65) for each category:
inattention/memory problems, hyperactivity/restlessness,
impulsivity/emotional lability, problems with self-concept,
DSM-IV inattentive symptoms, DSM-IV hyperactive-
impulsive symptoms, DSM-IV ADHD symptoms total, and
ADHD index.

(10) Autism-Spectrum-Quotient (AQ) (Baron-Cohen et al.,
2001): The AQ was used to measure autistic traits (range,
0–50), cut-off ≥32. The AQ cannot be used to make the
diagnosis of an autism spectrum disorder.

Diagnoses of Comorbidities
In order to (1) achieve a reliable diagnosis of psychiatric
comorbidities, (2) reduce the rate of type-I and type-II errors,
and (3) avoid a bias due to erroneous self-perception, we utilized
a number of assessment tools, including both self-rating and
expert-rating scales, to diagnose each condition. Accordingly, the
particular diagnoses were made as follows:

Diagnosis of depression: For the diagnosis of depression,
results of both M.I.N.I., MADRS, and BDI-II were taken into
account as suggested earlier (Uher et al., 2008; Van Noorden
et al., 2012; Van der Lem et al., 2015). Patients were diagnosed
as depressive if they fulfilled (1) the M.I.N.I. category “major
depressive episode current” and reach a BDI-II score≥18 and/or

a MADRS score≥7 or (2) reached both a BDI-II score≥18 and a
MADRS score ≥7.

Diagnosis of anxiety disorder: For the diagnosis of anxiety
disorder, results of both M.I.N.I. and BAI were taken into
consideration (Phan et al., 2016). Anxiety disorder was diagnosed
if the patients (1) fulfilled the category “panic disorder
current,” “agoraphobia current,” “social phobia current,” and/or
“generalized anxiety disorder current (GAD)” according to
M.I.N.I. and reach a BAI score ≥8 or (2) reached a BAI score
≥26.

Diagnosis of OCD: 3 different rating scales were used to assess
OCD in which the patient had to fulfill the M.I.N.I. category
“OCD current” and the respective cut-off values of the Y-BOCS
and/or the OCI-R (in at least one subscale).

Diagnosis of ADHD: As suggested elsewhere, the diagnosis
of current ADHD was made based on results obtained from
DSM-IV symptom list, WURS-k, and CAARS (Taylor et al., 2011;
Smyth and Meier, 2016). Patients were diagnosed with ADHD
if they satisfied respective cut-off values of WURS-k or DSM-IV
symptom list and of ≥4/8 CAARS categories.

GTS Subgroup Classification and Comorbidity Score
Depending on the presence of comorbid diagnoses as defined
above, the following subgroup classifications were used for
further analysis: “GTS only” (without comorbid OCD, ADHD,
depression, and anxiety disorder) and “GTS plus” (with ≥1
of above mentioned comorbidities). In addition, we defined
the following sub-classifications depending on the kind of
the psychiatric comorbidities: (1) “GTS+OCD” (excluding
ADHD, but possibly other comorbidities), (2) “GTS+ADHD”
(excluding OCD, but possibly other comorbidities), and (3)
“GTS+OCD+ADHD” (and possibly other comorbidities).
Patients not belonging to one of these subgroups were classified
as “others.” Furthermore, a comorbidity score representing the
individual’s number of comorbid disorders (including OCD,
ADHD, depression, and anxiety as defined above, range, 0–4)
was calculated as suggested earlier (Freeman et al., 2000).

Serum Levels of Aripiprazole
In order to investigate patient adherence, to quantify aripiprazole
serum concentration and to correlate serum levels of aripiprazole
with oral dosages of aripiprazole, we took 10ml of blood for
analysis of drug serum concentrations at follow-up.

Statistical Analyses
Statistical analysis was performed in the Statistical Package for
Social Sciences (SPSS, Version 20.0 for Windows). Descriptive
statistics (means, standard deviation, frequencies) were
computed for all baseline characteristics. Associations between
clinical assessments at baseline and follow up were examined
via the Spearman rank correlation coefficient. In particular,
correlates of PU, GTS-QoL, and GTS-QoL-VAS were computed.
All statistical tests were two-sided and the alpha value was set at
0.05. No adjustment for multiple comparison (e.g., Bonferroni)
was performed due to the exploratory nature of the analysis.
Treatment effects in terms of pre/post-comparison of symptom
severity of tics and comorbidities were carried out using the
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Wilcoxon-Mann-Whitney-Test for paired samples. The baseline
characteristics of patients electing for- and against-treatment
with aripiprazole were compared using the Wilcoxon-Mann-
Whitney-Test for unpaired samples. Aripiprazole serum levels
were correlated with administered oral dosage via Pearson
correlation.

RESULTS

Baseline Characteristics
A total of 44 patients were included in the study [mean age= 39.4
(±12.2 (SD)] years, range, 18–58 years, female = 9, male = 35).
Mean tic severity was 22.2 [(±8.5), range, 3–39] according to
YGTSS-TTS and 9.6 [(±5.0), range, 0–18] according to MRVS.
The sample exhibited a mean comorbidity score of 1.36 (range,
0–4) with a total of 9, 5, and 4 patients exhibiting 2, 3, and 4
comorbid conditions respectively. The diagnosis for comorbid
OCD was made in 15 patients, for ADHD in 16, for depression
in 14, and for anxiety in 15 patients. The subgroups of GTS
depending on psychiatric comorbidities at baseline are shown
in Table 1. Detailed clinical characteristics of the sample are
presented in Table 2.

Table 3 displays baseline correlates of PUTS, GTS-QoL, and
GTS-QoL-VAS. PU (according to PUTS) did not correlate with
tic severity [YGTSS-TTS (r = 0.281) and MRVS (r = 0.042)], but
with Y-BOCS (r = 0.340), DSM-IV attention (r = 0.313), and
CAARS ADHD total (r = 0.411).

QoL (as assessed by GTS-QoL) correlated with a number
of baseline characteristics significantly. We found the strongest
correlations with assessments for depression [BDI-II (r = 0.776)
and MADRS (r = 0.790)], followed by those for anxiety
[BAI (r = 0.672)], ADHD [CAARS ADHD total (r = 0.583),
WURS-k (r = 0.421), DSM-IV attention (r = 0.360)], and OCD
[OCI-R (r = 0.571)]. Tic severity had only medium strength
correlation [YGTSS-TTS (r = 0.461)]. Satisfaction-with-life

TABLE 1 | Subgroups of GTS depending on psychiatric comorbidities.

GTS Subgroups Baseline Follow-up

Overall Patients not Patients

treated with treated with

aripiprazole aripiprazole

N = 44 N = 26 N = 18 N = 18

GTS only 15 9 6 8

GTS+comorbidities 29 17 12 10

GTS+OCD 8 2 6 2

GTS+ADHD 8 8 1 1

GTS+OCD+ADHD 7 4 3 2

Others 6 3 2 5

GTS, Gilles de la Tourette Syndrome; OCD, Obsessive-Compulsive Disorder; ADHD,

Attention-Deficit/Hyperactivity Disorder; N, Number of cases; Others, Patients with

comorbidities who does not fulfill criteria for one of the defined subgroups (comorbidities

that fell into this category were depression N = 6, anxiety N = 6, depression+anxiety

N= 4). Comorbidities include OCD, ADHD, depression, and anxiety (diagnoses as defined

above).

(according to GTS-QoL-VAS) correlated with several baseline
characteristics significantly: assessments for depression [BDI-II
(r = −0.680) and MADRS (r = −0.731)], followed by those
for anxiety [BAI (r =−0.577)] and OCD [Y-BOCS (r = −0.322)
and OCI-R (r = −0.509)]. While YGTSS-TTS (r = −0.379) and
MRVS (r = −0.330) had only weak correlations with GTS-QoL-
VAS, YGTSS-GS correlated strongly with it (r = −0.609). There
were no significant correlations with ADHDmeasures.

Autistic traits demonstrated no significant correlations with
any of the above mentioned variables. Differences between males
and females were not detected in any of the tests.

Treatment Effects of Aripiprazole
18 of 44 patients elected for commencing treatment of their
tics with aripiprazole. At follow-up, mean dosage of aripiprazole
was 12.2mg (median = 10mg, range, 2.5–30mg). All patients
reported that they had reached their individual target dosage at
the follow-up visit.

Tics and PU
Treatment with aripiprazole resulted in a significant tic reduction
according to YGTSS (YGTSS-TTS: difference: −3.5, p = 0.027,
YGTSS-MT: difference: −1.9, p = 0.037, YGTSS-VT: difference:
−1.6, p = 0.045, YGTSS-GS: difference: −15.0, p = 0.002) and
MRVS (difference:−2.4, p= 0.022) (see Table 2).

In contrast, aripiprazole did not result in a significant
improvement of PU as assessed by PUTS (p = 0.917).
Comparable to results at baseline, we observed no correlations
between PU (according to PUTS) and tic severity (according
to YGTSS and MRVS) for on-treatment patients. In contrast
to results at baseline, at follow-up we only found a significant
correlation between PU (according to PUTS) and BAI (r= 0.496,
p= 0.036), but not with any other assessment for comorbidities.

Comorbidities
In relation to psychiatric comorbidities, our results indicated
that aripiprazole caused a significant impact on psychiatric
comorbidities. Specifically, the number of patients with the
diagnosis of “GTS only” increased from N = 6 at baseline to
N = 8 at follow-up, and the diagnosis of “GTS plus” decreased
from N = 12 to N = 10 patients. With respect to above defined
subgroups, the number of patients with “GTS+OCD” decreased
from N = 6 to N = 2 patients, with “GTS+OCD+ADHD” from
N = 3 to N = 2, but remained unchanged for the subgroup
“GTS+ADHD” (N = 1) (see Table 1 for an overview).

With respect to the specific comorbidities, we discuss below
all the clinical changes observed at follow-up in comparison to
baseline (Figure 1). Treatment with aripiprazole resulted in a
significant improvement of OCD. At baseline, the diagnosis of
OCDwasmade in 9 patients (50%), but only in 5 patients (27.8%)
after treatment (p= 0.046). None of the patients developed OCD
during treatment. However, no significant changes were observed
in the respective assessments for OCD at follow-up compared to
baseline [Y-BOCS (p= 0.445), M.I.N.I. OCD current (p= 0.317),
OCI-R (p= 0.585)].

For depression, although the total number of diagnosed
patients decreased from 6 (33.33%) at baseline to 4 patients
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TABLE 2 | Clinical characteristics at baseline and follow-up.

Assessment Patients not treated Patients treated with aripiprazole (N = 18)

with aripiprazole (N = 26)

Mean (SD) Mean (SD) Mean (SD) Difference between

Baseline Baseline Follow-up Baseline and Follow-up

Tics YGTSS -TTS 21.8 (±9.1) 22.7 (±7.9) 19.2 (+7.5) −3.5*

MT 12.8 (±4.5) 13.7 (±3.4) 11.8 (+3.4) −1.9*

VT 9.4 (±6.2) 9.0 (±5.8) 7.4 (±5.4) −1.6*

GS 42.5 (±17.8) 50.9 (±17.2) 35.9 (±17.4) −15.0**

MRVS 8.9 (±4.7) 10.4 (±5.5) 8.0 (±4.2) −2.4*

PU PUTS 21.8 (±5.9) 19.7 (±6.1) 19.8 (±5.5) +0.1

OCD Clinical diagnosis N = 6 N = 9 N = 5 −4*

M.I.N.I. OCD current N = 6 N = 9 N = 7 −2

Y-BOCS 3.7 (±6.9) 5.3 (±6.9) 4.2 (±5.5) −1.1

Obsessions 1.2 (±3.6) 1.7 (±3.5) 1.3 (±3.5) −0.4

Compulsions 2.5 (±4.4) 3.7 (±4.9) 3.0 (±4.9) −0.7

OCI-R 16.6 (±15.0) 15.5 (±11.6) 14.6 (±13.8) −0.9

Washing 0.9 (+1.9) 0.8 (±1.20) 1.6 (±2.85) +0.8

Obsessing 3.2 (±3.3) 2.7 (±2.6) 2.6 (±2.5) −0.1

Hoarding 3.2 (±2.7) 2.1 (±2.8) 2.1 (±2.9) −

Ordering 3.7 (±3.2) 4.3 (±3.3) 3.4 (±3.1) −0.9

Mental neutralization 1.4 (±2.1) 2.0 (±2.5) 2.2 (±2.9) +0.2

Checking 3.7 (±3.4) 3.6 (±3.3) 2.8 (±3.3) −0.8

Depression Clinical diagnosis N = 8 N = 6 N = 4 −2

M.I.N.I. MD current N = 5 N = 3 N = 1 −2

BDI-II 12.8 (±12.9) 13.7 (±10.8) 10.6 (±8.20) −3.1

MADRS 8.7 (±8.27) 7.2 (±5.6) 8.6 (±4.00) +1.4

Anxiety Clinical diagnosis N = 9 N = 6 N = 4 −2

M.I.N.I. panic current N = 3 N = 1 N = 1 −

agoraphobia N = 4 N = 3 N = 3 −

social phobia N = 1 N = 0 N = 0 −

GAD N = 2 N = 1 N = 1 −

BAI 13.8 (±13.8) 9.4 (±8.7) 8.6 (±7.0) −0.8

Autistic traits AQ 18.2 (±8.4) 19.3 (±7.7) 19.7 (±7.2) +0.4

ADHD Clinical diagnosis N = 12 N = 4 N = 3 −1

CAARS Inattention 50.4 (±13.2) 50.6 (±10.4) 47.9 (±7.3) −2.7

Hyperactivity-Restless 51.6 (±9.9) 51.9 (±11.3) 51.4 (±9.9) −0.5

Impulsivity 50.8 (±10.2) 52.5 (±11.9) 50.5 (±11.5) −2

Selfconcept 48.8 (±8.9) 47.6 (±8.9) 48.5 (±8.30) +0.9

Inattentive 53.1 (±15.6) 52.8 (±15.7) 54.7 (±13.9) +1.9

Hyperactive-Impulsive 51.4 (±13.3) 51.1 (±14.4) 51.5 (±9.4) +0.4

ADHD total 53.1 (±14.8) 52.3 (±14.9) 54.2 (±12.3) +1.9

ADHD index 53.1 (±11.2) 53.8 (±11.5) 53.8 (±9.6) −

WURS-k 35.3 (±15.5) 29.2 (±12.8) − −

DSM-IV Attention 4.3 (±2.9) 4.3 (±3.2) − −

Hyperactivity 3.5 (±3.1) 2.7 (±2.4) − −

(Continued)
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TABLE 2 | Continued

Assessment Patients not treated Patients treated with aripiprazole (N = 18)

with aripiprazole (N = 26)

Mean (SD) Mean (SD) Mean (SD) Difference between

Baseline Baseline Follow-up Baseline and Follow-up

QoL GTS-QoL 33.4 (±23.8) 26.7 (±16.1) 24.5 (±17.1) −2.2

GTS-QoL-VAS 61.5 (±27.3) 60.6 (±20.5) 67.1 (±19.4) +6.5

YGTSS, Yale Global Tic Severity Scale; TTS, Total Tic Score; MT, Motor Tic Score; VT, Vocal Tic Score; GS, Global Score; MRVS, Modified Rush Video-Based Tic Scale; PU, Premonitory

Urge; PUTS, Premonitory Urge for Tics Scale; OCD, Obsessive-Compulsive Disorder; M.I.N.I., International Neuropsychiatric Interview; Y-BOCS, Yale-Brown Obsessive Compulsive

Scale; OCI-R, Obsessive-Compulsive Inventory Revised; MD, Major Depression; BDI, Beck Depression Inventory; MADRS, Montgomery Asberg Depression; GAD, Generalized Anxiety

Disorder; BAI, Beck Anxiety Inventory, AQ, Autism-Spectrum-Quotient; ADHD, Attention-Deficit/Hyperactivity Disorder; CAARS, Conners Adult ADHD Rating Scale (for patients treated

with aripiprazole, CAARS scores are given for N = 15/17 due to missing data), WURS-k, Wender Utah Rating Scale; DSM, Diagnostic and Statistical Manual; QoL, Quality of Life (the

higher the sum, the lower the QoL); VAS, Visual Analogue Scale (the higher the sum, the higher the satisfaction). Clinical diagnosis, Diagnoses for comorbidities as defined above; N,

Number of cases. *p < 0.05, **p < 0.01.

TABLE 3 | Correlates of Premonitory Urges (as assessed by PUTS) and Quality of Life (as assessed by GTS-QoL and GTS-QoL-VAS) at baseline (N = 44).

Assessments PUTS GTS-QoL GTS-QoL-VAS

r p-value r p-value r p-value

TICS

YGTSS-TTS 0.281 0.065 0.461** <0.01 −0.379* 0.011

YGTSS-GS 0.294 0.052 0.600**a <0.01 −0.609** <0.01

MRVS 0.042 0.790 0.139a 0.216 −0.330* 0.031

OCD

M.I.N.I. OCD current 0.258 0.091 0.223 0.146 −0.316* 0.036

OCI-R 0.244 0.111 0.571** <0.01 −0.509**a <0.01

Y-BOCS 0.340* 0.024 0.277 0.069 −0.322* 0.033

DEPRESSION

M.I.N.I. MD current 0.207 0.177 0.573*** <0.001 −0.589*** <0.001

BDI-II 0.276 0.070 0.776** <0.01 −0.680** <0.01

MADRS 0.293 0.054 0.790** <0.01 −0.731**a <0.01

ANXIETY

M.I.N.I. panic 0.250 0.102 0.417** 0.005 −0.353* 0.019

M.I.N.I. agoraphobia 0.246 0.108 0.335* 0.026 −0.314* 0.038

M.I.N.I. social phobia 0.187 0.225 0.234 0.126 −0.253 0.098

M.I.N.I. GAD −0.321* 0.034 0.185 0.230 −0.018 0.909

BAI 0.184a 0.229 0.672** <0.01 −0.577** <0.01

ADHD

DSM-IV Attention 0.313* 0.038 0.360* 0.016 −0.217 0.157

DSM-IV Hyperactivity 0.110 0.478 0.073 0.636 0.082 0.595

CAARS ADHD total 0.411* 0.013 0.583** <0.01 −0.302 0.073

WURS-k 0.256 0.098 0.421** <0.01 −0.211 0.175

AUTISTIC TRAITS

AQ 0.000 0.999 0.260 0.088 −0.209 0.174

PUTS, Premonitory Urge for Tics Scale; GTS, Gilles de la Tourette Syndrome; QoL, Quality of Life (the higher the sum, the lower the QoL); VAS, Visual Analogue Scale (the higher the sum,

the higher the satisfaction); YGTSS, Yale Global Tic Severity Scale; TTS, Total Tic Score; GS, Global Score; MRVS, Modified Rush Video-Based Tic Scale; OCD, Obsessive-Compulsive

Disorder; M.I.N.I., International Neuropsychiatric Interview; OCI-R, Obsessive-Compulsive Inventory Revised; Y-BOCS, Yale-Brown Obsessive Compulsive Scale; MD,Major Depression;

BDI, Beck Depression Inventory; MADRS, Montgomery Asberg Depression Scale; GAD, Generalized Anxiety Disorder; BAI, Beck Anxiety Inventory; ADHD, Attention-Deficit/Hyperactivity

Disorder; DSM, Diagnostic and Statistical Manual; CAARS, Conners Adult ADHD Rating Scale; WURS-k, Wender Utah Rating Scale; AQ, Autism-Spectrum-Quotient. Correlation

coefficient is given as r, Spearman correlation. N = Number of cases. *p<0.05, **p < 0.01, ***p < 0.001. a = significant at follow-up.

(22.2%) upon treatment, this decrease was not significant
(p = 0.317). Notably, none of the patients developed comorbid
depression while treated with aripiprazole. None of the different

assessments for depression used in this study demonstrated
a significant improvement [MADRS (p = 0.245), BDI-II
(p= 0.201), M.I.N.I. MD current (p= 0.157)].
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FIGURE 1 | Patients with respective comorbidity at baseline compared to follow-up, N = 18 (for definition of psychiatric comorbidities (OCD, ADHD,

depression, anxiety, and autistic traits) refer to chapter 2.3).

In 6 patients (33.33%) the diagnosis of anxiety disorder was
made at baseline. After the treatment period, the diagnosis was
still made in 4 patients (22.2%) resulting in a non-significant
difference (p = 0.157). None of the patients developed an
anxiety disorder during treatment with aripiprazole. Although
BAI scores decreased in 12 patients, in none of the single tests
a significant difference was seen [BAI (p= 0.163), M.I.N.I. social
phobia/agoraphobia/panic current/GAD (p= 0.100)].

The diagnosis of comorbid ADHD was made in 4 patients
(22.2%) at baseline and in 3 patients (16.7%) at follow-up
(p = 0.271). However, we found no significant changes in
respective assessments for ADHD at follow-up compared to
baseline [CAARS ADHD total (p= 0.272)].

Accordingly, the mean comorbidity score decreased from
1.38 at baseline to 1.16 at follow-up. Specifically, at follow-up,
1 patient suffered from 1 comorbidity (compared to N = 5 at
baseline), 8 patients from 2 (baseline N = 3), and 1 patient from
4 (baseline N = 2).

With respect to autism, of the 2 patients (11.1%), who
exhibited pathologically autistic traits (according to AQ) at
baseline, only 1 patient was still above the AQ cut-off at follow-up
(p= 0.721). However, absolute AQ scores improved in 8 patients.

QoL and Satisfaction-with-Life
With respect to patient’s QoL and satisfaction-with-life,
treatment with aripiprazole resulted in a non-significant
improvement as assessed by both GTS-QoL (difference: −2.2,
p = 0.760) and GTS-QoL-VAS (difference: +6.5, p = 0.106).
Comparable to baseline correlations in the whole sample

(N = 44), we found significant positive correlations at follow-up
(N = 18) between GTS-QoL and tic severity [YGTSS-GS
(r = 0.581, p = 0.011) and MRVS (r = 0.616, p = 0.007)]. Once
more, we found a negative and significant correlation between
assessments for depression [MADRS (r = −0.663, p = 0.003)]
and OCD [OCI-R (r =−0.492, p= 0.038)] with GTS-QoL-VAS.
All other correlations with GTS-QoL and GTS-QoL-VAS were
not significant.

Further details on clinical characteristics at follow-up
(N = 18) are given in Table 2 and Figure 1. In none of the tests
differences between male and female participants were detected.

Adverse Effects and Continuation of Treatment
12 out of 18 patients (66.7%) reported AEs (for details
see Table 4). However, the AEs experienced by the patients
were not severe, as no medical intervention was necessary
for any patient. After the end of the study, 14 patients
(77.77%) decided to continue treatment with aripiprazole. Four
patients stopped medication, among them three due to AEs
[drowsiness, restlessness, sleep disturbance, restlessness of legs
(akathisia)] and one due to no tic improvement. We found no
differences between male and female participants with respect to
reported AEs.

Comparison of Clinical Characteristics of
Patients Depending on their Decision
for/against Treatment with Aripiprazole
Of 44 patients included in this study, 18 patients elected
to undergo treatment for their tics with aripiprazole [mean
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TABLE 4 | Reported adverse effects while taking aripiprazole (N = 18,

multiple answers possible).

Adverse effects N (%)

Sleep disturbance 8 (44.4)

Restlessness 3 (16.7)

Restlessness of legs (akathisia) 1 (5.6)

Obstipation 2 (11.1)

Drowsiness 2 (11.1)

Hot flushes 1 (5.6)

Cardiac/chest pain 1 (5.6)

Weight gain 1 (5.6)

Feeling depressive 1 (5.6)

age= 38.5 (±13.7) years, range, 18–56 years, female= 4, male=
14] while 26 patients [mean age= 40 (±11.4) years, range, 18–58
years, female= 5, male= 21] elected for no treatment.

The reasons for the patients’ decision were: (1) not interested
in taking medication at all, (2) lack of disabling impairments
by their tics, and (3) worries about possible AEs related to
aripiprazole.

Since this choice was solely based on the patients’ own
decision and neither on tic severity (according to YGTSS/MRVS;
see Figure 2), nor the advice of the treating physician or the
investigators, we compared the clinical characteristics between
both groups at baseline in order to identify factors that may
influence their decision for undergoing medical treatment for
their tics. Most interestingly, neither tic severity (according
to YGTSS and MRVS), nor PU (according to PUTS), nor
QoL (as assessed by GTS-QoL and GTS-QoL-VAS) were
significantly different between both groups. With respect to
comorbidities (OCD, ADHD, depression, and anxiety), we
observed that the diagnosis of comorbid OCD at baseline tended
to be significantly more common in patients who decided for
treatment with aripiprazole (9/18, 50%) compared to those
who decided against the treatment (6/26, 23.1%, p = 0.067).
With respect to comorbid ADHD, the opposite was the case
as the diagnosis of ADHD was made less in patients who
decided for treatment with aripiprazole (4/18, 22.2%) compared
to those, who decided against (12/26, 46.2%, p = 0.109) (see also
Figure 3).

When comparing both groups with respect to above defined
subgroups, we found no significant differences. The diagnosis
of “GTS only” was made in 6/18 (33.3%) patients, who decided
for treatment with aripiprazole, compared to 9/26 (34.6%), who
decided against treatment (p= 0.931). Accordingly, the diagnosis
of “GTS plus” was made in 12/18 (66.7%) patients, who decided
for treatment with aripiprazole, compared to 17/26 (65.4%)
who decided against (p = 0.931) (subgroups: “GTS+OCD”:
N = 2, “GTS+ADHD”: N = 8, “GTS+OCD+ADHD”: N = 4,
others: N = 3) (see Table 1). Accordingly, the mean comorbidity
score was comparable: 1.38 (range 0–4, N = 18) in patients,
who decided for treatment and 1.34 (range 0–4, N = 26)
in those, who decided against. When comparing results of
distinct assessments for psychiatric comorbidities, no significant
differences could be detected between both groups. Neither

gender nor age had any influence on patients’ decision for or
against treatment.

Serum Levels of Aripiprazole
Serum levels of aripiprazole were measured in 14/18 patients
(missing blood samples in N = 4) ranging from 7.5 to 269µg/L
[mean = 125.3 (±79.8 (SD)] (therapeutic range: 150–250µg/l).
Serum levels correlated significantly with administered oral
dosages of aripiprazole (2.5–30mg/day) (r = 0.7, p = 0.003)
indicating successful adherence to treatment.

DISCUSSION

This study is novel in two ways. Firstly, it is the first open-
label clinical trial with a prospective investigation of the effect of
aripiprazole on tic severity as well as on psychiatric comorbidities
in adult patients with GTS. Secondly, our study design allowed
us to investigate the factors that influence a patient’s decision
in undergoing pharmacotherapy of their tics for the first time.
Our results indicated that (1) aripiprazole is effective and safe for
the treatment of tics as well as for comorbid OCD and possibly
other comorbidities such as ADHD, depression and anxiety; (2)
aripiprazole has no influence on PU; (3) patients with comorbid
OCD are more likely to elect for undergoing medical treatment
for the treatment of their tics when compared to those with
comorbid ADHD; and (4) neither tic severity, nor PU, nor QoL
influence the patients decision making process.

Efficacy of Aripiprazole on Tics and PU
Our findings are in line with preliminary data (Padala et al.,
2005; Davies et al., 2006; Yoo et al., 2007, 2013; Budman
et al., 2008; Lyon et al., 2009; Ghanizadeh, 2012; Wenzel et al.,
2012) demonstrating that aripiprazole results in a significant
improvement of tics in the majority of adult patients with GTS.
This could be demonstrated by using both the examiner rating
scale YGTSS-TTS and the video-based assessment MRVS.

In contrast, aripiprazole did not result in a significant
improvement of PU. To the best of our knowledge, this is the
first study, investigating the effect of aripiprazole on PU in adult
patients with GTS. Thus, from our results it is suggested that
effective treatment of tics is possible without improvement of
PU. In addition, neither at baseline (N = 44), nor at follow-
up (N = 18), significant correlations between PU (as measured
by PUTS) and tic severity (according to YGTSS-TTS and -GS
and MRVS, respectively) were found. These findings, therefore,
further support recent clinical studies suggesting that PU is
not as closely related to tic severity as previously assumed
(Ganos et al., 2012; Müller-Vahl et al., 2014). In line with these
findings, from an increasing number of brain imaging studies it is
suggested that different brain areas are involved in the occurrence
of PU (supplementary motor area, insula, and mid-cingulate
cortex) and tics (thalamus, central operculum, primary motor,
somatosensory, premotor, and parietal cortices) (Bohlhalter et al.,
2006; Jackson et al., 2011; Neuner et al., 2014).

Our results showed a positive correlation between PU
(according to PUTS) and anxiety (according to BAI) at baseline.
This finding is in line with recent data demonstrating on the one
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FIGURE 2 | Mean tic severity (according to YGTSS-TTS) at baseline (in whole sample and in those decided for vs. against treatment) and follow-up.

FIGURE 3 | Prevalence of comorbidities at baseline in patients who decided for vs. those who decided against treatment with aripiprazole (for

definition of psychiatric comorbidities (OCD, ADHD, depression, anxiety, and autistic traits) refer to chapter 2.3).

hand stronger PU in GTS patients with comorbidities compared
to those without and on the other hand a positive correlation
between PU and OCD (Eddy and Cavanna, 2013; Sambrani et al.,
2016).

Diagnoses for Comorbidities
For a thorough clinical characterization of our sample, a
number of clinical assessment tools were utilized to diagnose
and quantify each of the commonly associated psychiatric
comorbidities. Specifically, 3 rating scales were used for each
of obsessive-compulsive symptoms inattention/hyperactivity and
depressive symptoms, while 2 rating scales were used for anxiety.

Nevertheless, it is well known that the use of different
assessments—although developed for the measurement of the
same symptoms—may reflect different sides of the same disorder
and therefore, may lead to inconsistent findings. In addition,
it is generally accepted that patients’ self-perception may differ
from professional evaluation (Beblo and Lautenbacher, 2015)
resulting in discrepant results when using self-ratings compared
to examiner rating scales (Olariu et al., 2015). For example,
the subtle differences of commonly used depression rating
scales were pointed out by Uher et al. (2008), who showed
that the Hamilton Rating Scale for Depression (HAMD-17),
MADRS and BDI-II, while all being valid and reliable scales,
reflect “internally consistent but mutually distinct estimates of
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depression severity.” While the MADRS is closer to the core of
depression—observable from the outside—the BDI represents a
“cognitive” dimension—which is more of an internal experience.
Uher et al. (2008), therefore, recommended to use these scales in a
complementary fashion. Comparably, we found contrary results
when using the BDI-II as a self-rating compared to the MADRS
as an expert rating: while treatment with aripiprazole resulted in a
decrease in mean BDI-II values, mean MADRS scores increased.
A closer investigation showed that this obvious inconsistency
was due to the high incidence of “sleep disturbances” (44.4%)
and “internal unrest” (16.7%), which were the most frequently
reported AEs during treatment with aripiprazole. While having
little impact on the BDI-II score, the presence of these symptoms
had a considerably high impact on the MADRS scores leading
erroneously to high scores for depression.

Similar findings were reported for OCD, where the Y-BOCS
was shown to represent a better measure for symptom severity
and the OCI-R was shown to be primarily a measure of symptom
presence (Sulkowski et al., 2008) and for ADHD ratings (Rösler
et al., 2006). Taylor et al. (2011) report CAARS and WURS-
k as the most robust ADHD scales with content validity,
compared with 12 other ADHD scales. The same was true for
anxiety ratings, where the discriminant validity of generally used
anxiety screening was reported (Phan et al., 2016). In addition,
limitations of the M.I.N.I. in assigning anxiety disorders are well
known, since it includes only four, but not all categories for
anxiety disorders as defined in the ICD-10.

To overcome these methodological difficulties and to help
balance the advantages and disadvantages of self-report and
clinician-ratings, we therefore decided to make the diagnoses
of both OCD, ADHD, depression and anxiety, not only based
on any single (arbitrarily selected) rating scale, but on the
combination of several scales. While this procedure is well
accepted for the diagnosis of ADHD (Rösler et al., 2006), it is
less established in the context of other diagnoses such as OCD,
depression, and anxiety. We are aware that in most other clinical
trials diagnoses of comorbidities and changes during treatment
are only based on one single assessment. However, we believe
that this concept may result in more robust diagnoses and may
avoid false positive and negative results. In addition, we want
to stimulate a discussion about the diagnostic procedure of
comorbidities in patients with GTS. It is well known that both
depressive (Trillini andMüller-Vahl, 2015b) and OCD symptoms
(Worbe et al., 2010) in this group of patients may differ from
those in patients without GTS and therefore well-established
instruments for these diagnoses (without GTS) might be less
suitable in patients with GTS.

Efficacy of Aripiprazole on Comorbidities
According to diagnoses defined in these terms, treatment with
aripiprazole resulted in a significant improvement of OCD
(although respective assessments for OCD demonstrated no
significant changes at follow-up compared to baseline). Due
to the small number of patients, results in other psychiatric
comorbidities did not reach statistical significance. However,
according to this concept, treatment with aripiprazole, in
addition, resulted in remission of comorbid depression in 4

of 6 patients, of comorbid anxiety in 4 of 6 patients, and of
comorbid ADHD in 1 of 4 patients. Accordingly, the mean
comorbidity score decreased from 1.38 at baseline to 1.16 at
follow-up. Furthermore, pathologically autistic traits changed in
1 of 2 patients and absolute scores (according to AQ) improved
in 8 patients.

Our findings corroborate available case reports in patients
with GTS reporting about beneficial effects of aripiprazole in
the treatment of depression (Murphy et al., 2009; Wenzel et al.,
2012), OCD (Murphy et al., 2005, 2009; Winter et al., 2008),
anxiety, self-injurious behavior (Wenzel et al., 2012), inattention
(Murphy et al., 2009), and ADHD (Masi et al., 2012), but in
contrast to preliminary results by Frölich et al. (2010) who found
no improvement of ADHD and OCD in children with GTS.
However, in none of these studies the effect of aripiprazole has
been investigated specifically for the treatment of psychiatric
comorbidities, comorbidities were not assessed by using a variety
of self- and examiner-ratings, and, at least in part, data were
collected retrospectively from patient records.

Furthermore, our findings in patients with GTS are completely
in line with data in patients with pure OCD, where aripiprazole
has been found to be effective not only in the treatment of
uncomplicated OCD (Sayyah et al., 2012), but even in patients
resistant to treatment with selective serotonin reuptake inhibitors
(SSRI) (Delle Chiaie et al., 2011; Masi et al., 2013; Dold et al.,
2015; Shoja Shafti and Kaviani, 2015). Aripiprazole has also been
found helpful in the treatment of depression (Wen et al., 2014)
and anxiety disorders (Pae et al., 2008; Katzman, 2011). It is even
one of the most often prescribed medication in patients with
anxiety and mood disorders (Carton et al., 2015). Although often
prescribed in ADHD (Carton et al., 2015) its efficacy has not been
shown (Ghanizadeh, 2013).

The effective influence of aripiprazole on a number of
psychiatric conditions has been suggested to be a result of
its unique pharmacological profile. Specifically, aripiprazole
is a functionally selective drug that exhibits an adaptive
pharmacological profile that is dependent on the local levels
of the endogenous ligands. Aripiprazole is a partial dopamine
D2 agonist, a partial serotonin 5-HT1A agonist, and a
5-HT2A antagonist. Apart from its recognized influence
on the dopaminergic and serotonergic systems, aripiprazole
has also been shown to modulate the glutamatergic and
GABAergic neurotransmitter systems (De Bartolomeis et al.,
2015). Therefore, it can be speculated that beneficial effects of
aripiprazole on OCD, depression and anxiety in patients with
GTS may be the result of its ability to selectively and adaptively
stabilize multiple neurotransmitter systems.

Influence of Aripiprazole on Quality of Life
Comparable to previous reports by Müller-Vahl et al. (2010) and
Jalenques et al. (2012), we found that in adult patients with GTS
both QoL and satisfaction-with-life (as assessed by GTS-QoL
and GTS-QoL-VAS) are mainly impaired by depression. This
was true at baseline and also during treatment with aripiprazole.
Although aripiprazole resulted in a significant improvement
of tics, we only found a trend toward an improvement in
patients’ QoL. This is in line with the finding that depression
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influences patients’ QoL more than the tics. Interestingly, we
found a significant correlation between PU and QoL at baseline.
Assuming that PU is a kind of an OCB as suggested recently
(Sambrani et al., 2016) and against the background that it is
well-known that OCD significantly impairs QoL in adult patients
with GTS (Müller-Vahl et al., 2010), this correlation can possibly
be explained by the negative influence of OCD on patients’
QoL. The complex interplay between tics, comorbidities, and
QoL is also expressed in changes in the YGTSS-GS: this “global
score” of the YGTSS is a measurement for both tic severity and
overall impairment. Completely in line with all above mentioned
results, after treatment with aripiprazole we found amuch greater
reduction of the YGTSS-GS (p= 0.002) compared to the tic score
of the YGTSS (YGTSS-TTS, p= 0.027).

Adverse Effects of Aripiprazole
Although AEs were reported by a substantial number of patients
(66.7%), most AEs were mild and/or tolerable corroborating
recent data that in most adult patients with GTS aripiprazole is
well tolerated (Lyon et al., 2009; Wenzel et al., 2012; Diomšina
et al., 2015). No serious AEs occurred. Three of eighteen patients
(16.7%) decided to stop treatment with aripiprazole due to
AEs such as drowsiness, restlessness, sleep disturbance, and
restlessness of legs (akathisia). Comparable to our data, Wenzel
et al. (2012) also reported about the occurrence of AEs in nearly
2/3 (59%) of their patients. However, in contrast to our results,
they found drowsiness (20%) to be the most common side effect,
while sleep disturbances were quite rare (9%). In this study,
sleep disturbances (44.4%) followed by restlessness (16.7%) were
the most often reported AEs, while drowsiness occurred in only
11.1% of our patients. This difference might be explained by
different study designs and different treatment durations (4–6
weeks in our study vs. 1–60 months in Wenzel et al., 2012).
Hence, it can be assumed that in the context of a longer-
term treatment, patients may tolerate drowsiness rather than
restlessness and sleep disturbances. Nonetheless, our data further
support the clinical practice to start treatment with aripiprazole
once daily in the morning, and to postpone intake to the evening,
if significant drowsiness occurs.

Decision Factors for Treatment with
Aripiprazole
Our study design provided us with the possibility of investigating
the factors that influence patient’s decision in electing for—
or against—treatment. This choice was solely based on each
patient’s own preference. We found no differences between both
groups with respect to age, gender, and comorbidity score.
Most interestingly, neither tic severity (according to YGTSS and
MRVS), nor PU (according to PUTS) nor QoL (as assessed
by GTS-QoL and GTS-QoL-VAS) was significantly different
between both groups. However, we found a trend with respect
to comorbid OCD and ADHD. While OCD was more common
in those patients who decided for treatment with aripiprazole,
ADHD was more common in those who decided against. Thus,
although not reaching the significance threshold, our data seems
to indicate that there are aspects influencing patients’ decisions
for or against medical treatment for tics beyond tic severity. Since

comorbid OCD has a strong negative impact on patients’ QoL,
it can be speculated that this might be a driving force that also
influences patients’ treatment decision in favor of treatment for
tics. However, it can also be possible that patients with comorbid
OCD differ in their assessment of impairment caused by their tics
as compared to patients without OCD, possibly due to a larger
extent of ruminating and worrying caused by their compulsions.
Finally, it can be hypothesized that patients with comorbid
ADHD are less impaired by their tics and therefore tend to decide
against treatment. This is particularly noteworthy, since it has
been demonstrated that patients with comorbid ADHD are less
able to suppress their tics (Sambrani et al., 2016) and effective
tic suppression has a positive impact on patients’ QoL (Matsuda
et al., 2016).

Characteristics of the Sample and Serum
Levels of Aripiprazole
With respect to tic severity, comorbidities, and distribution of
gender, in this open-label study a representative clinic sample
of adult patients with GTS was included. Although, all patients
participating in this study, in addition, participated in an
MRI study—and therefore patients also had to fulfill inclusion
criteria for that study—our group of patients was characterized
by moderate tics (mean tic severity = 22.2 according to
YGTSS-TTS, N = 44). Usually, a threshold of YGTSS-TTS
>14 indicates clinically significant tics that justify treatment
(Leckman et al., 1989; Wilhelm et al., 2012). In contrast to
most other studies investigating the efficacy of aripiprazole in
patients with GTS, we included only adults > age of 18 years.
It is noteworthy that all patients who received treatment with
aripiprazole were otherwise free of any other psychoactive drug
for at least 4 weeks before entering the study. Thus, interactions
with other psychoactive substances or augmentation effects are
not of concern. Measurements of serum levels of aripiprazole
demonstrated patient adherence. For the first time, we were able
to show positive correlation between oral dosage and serum levels
of aripiprazole in this group of patients.

Limitations
There are the following limitations of the study: (1) no patient
control group with either placebo or another active drug was
included, (2) we included different groups of patients (mildly
vs. severely affected patients, pretreated vs. drug-naive patients,
and patients with vs. without comorbidities), (3) the number of
patients undergoing treatment was relatively low, (4) given that
treatment duration was relatively short (only 4–6 weeks) and that
(5) aripiprazole’s long half-life of approximately 72 h, we cannot
rule out that aripiprazole levels were still increasing at the follow-
up assessment. (6) Most of the patients were recruited from the
Clinic of Psychiatry, Socialpsychiatry and Psychotherapy at the
MHH and, therefore, we cannot exclude a bias toward more
severely and complex affected patients as well as a selection bias,
(7) only those patients were assessed who agreed to participate
in the study and only those were reassessed who decided in
favor of treatment with aripiprazole, which decreases the external
validity of our trial, (8) we cannot exclude that patients decided
for participation in the study at baseline and/or follow-up due
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to monetary compensation, and (9) declining the participation
at follow-up due to reluctance of travel and/or discomfort in
the MRI, (10) from our data, it cannot be excluded that other
factors than comorbid OCD and ADHD may influence patients’
decisions making process for or against medical treatment of
their tics.

The strengths of this study are: (1) the inclusion of a relatively
large number of patients, (2) at baseline, all patients were
drug-free, (3) a combination of several validated assessment
instruments insured the integration of the benefits of both
clinician rating and self-ratings for the diagnoses of psychiatric
comorbidities including OCD, ADHD, depression and anxiety,
(4) monotherapy with aripiprazole, enabled the exclusion of
influence of interactions with other drugs, (5) direct comparison
of groups of patients, electing for and against treatment
with aripiprazole was conducted, (6) confirmation of patients’
treatment adherence by determination of serum levels of
aripiprazole, and (7) the self-selection of patients in our study has
a high external validity, since these would be the patients opting
for aripiprazole in the clinic.

CONCLUSION

To the best of our knowledge, this is the first prospective open-
label clinical trial with a larger sample examining untreated adult
patients with GTS before and after a treatment period of 4–
6 weeks with aripiprazole monotherapy. The major findings of
the study are: (1) aripiprazole results in significant reduction
of tics in adult patients with GTS, but it does not affect PU;

(2) aripiprazole results in significant reduction of OCD and
possibly other comorbidities including depression, anxiety, and
ADHD; (3) patients with GTS with comorbid OCD tend to

decide for treatment of tics with aripiprazole, whereas patients
with comorbid ADHD tend to decide against this kind of
medication; (4) neither tic severity, nor PU or QoL influence
patients’ decisionmaking process for or against treatment of their
tics with aripiprazole, (5) aripiprazole appears safe and AEs are
commonly tolerable; and (6) patients’ QoL is mostly impaired by
comorbid depression. For further clinical trials it is suggested to
use a large variety of different rating scales in order to capture and
assess psychiatric comorbidities in patients with GTS.
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effect of Deep Brain stimulation 
on regional cerebral Blood Flow 
in Patients with Medically 
refractory Tourette syndrome
Cathleen Haense1†, Kirsten R. Müller-Vahl2†, Florian Wilke3, Christoph Schrader4, 
Holger H. Capelle5, Lilli Geworski3, Frank M. Bengel1, Joachim K. Krauss5† and 
Georg Berding1*†

1 Department of Nuclear Medicine, Hannover Medical School, Hannover, Germany, 2 Clinic of Psychiatry, Social Psychiatry 
and Psychotherapy, Hannover Medical School, Hannover, Germany, 3 Department of Radiation Protection and Medical 
Physics, Hannover Medical School, Hannover, Germany, 4 Department of Neurology, Hannover Medical School, Hannover, 
Germany, 5 Department of Neurosurgery, Hannover Medical School, Hannover, Germany

In this study, alterations in brain perfusion have been investigated in patients with 
Tourette syndrome (TS) compared with control subjects. In addition, we investigated 
the effects of deep brain stimulation (DBS) in both globus pallidus internus (GPi) and 
centromedian-parafascicular/ventralis oralis internus nuclei of the thalamus (CM/Voi) and 
sham (SHAM) stimulation on cerebral blood flow. In a prospective controlled, random-
ized, double-blind setting, five severely affected adult patients with TS with predominant 
motor or vocal tics (mean total tic score on the Yale Global Tic Severity Scale: 39) 
underwent serial brain perfusion single photon emission computed tomography with 
99mTc-ECD. Results were compared with data from six age-matched control subjects. 
All patients were investigated at four different time points: once before DBS implanta-
tion (preOP) and three times postoperatively. Postoperative scans were performed in 
a randomized order, each after 3 months of either GPi, CM/Voi, or SHAM stimulation. 
At each investigation, patients were injected at rest while awake, but scanned during 
anesthesia. This procedure ensured that neither anesthesia nor movement artifacts 
influenced our results. Control subjects were investigated only once at baseline (without 
DBS or anesthesia). At baseline, cerebral blood flow was significantly reduced in patients 
with TS (preOP) compared with controls in the central region, frontal, and parietal lobe, 
specifically in Brodmann areas 1, 4–9, 30, 31, and 40. Significantly increased perfusion 
was found in the cerebellum. When comparing SHAM stimulation to preOP condition, 
we found significantly decreased perfusion in basal ganglia and thalamus, but increased 
perfusion in different parts of the frontal cortex. Compared with SHAM condition both 
GPi and thalamic stimulation resulted in a significant decrease in cerebral blood flow 
in basal ganglia and cerebellum, while perfusion in the frontal cortex was significantly 
increased. Our results provide substantial evidence that, in TS, brain perfusion is altered 
in the frontal cortex and the cerebellum and that these changes can be reversed by both 
GPi and CM/Voi DBS.

Keywords: Tourette syndrome, deep brain stimulation, brain perfusion, 99mTc-ecD-sPecT, prospective study
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inTrODUcTiOn

Tourette syndrome (TS) is a neuropsychiatric disorder character-
ized by the presence of chronic, fluctuating motor and vocal tics. 
It is associated with an increased risk of comorbid emotional and 
behavioral psychopathologies, including attention deficit hyper-
activity disorder (ADHD) and obsessive–compulsive disorder 
(OCD), which considerably affect one’s individual prognosis 
(1). Although it is believed that TS is an inherited condition, the 
precise underlying genetics still remain unknown (2).

The neurobiology and the pathomechanisms of TS are still not 
completely understood (3). Some studies show a predominant 
involvement of cortico-striato-thalamo-cortical (CSTC) circuits 
with links from distinct frontal cortical regions to subcortical 
structures (4, 5). Tics are thought to be secondary to focal excita-
tory abnormalities in the striatum, which lead to an erroneous 
inhibition of a group of neurons in the globus pallidus internus 
(GPi) and, on the other hand, to a disinhibition of cortical 
neurons (6, 7). Accordingly, neuropathological studies have 
reported on cellular alterations in the basal ganglia, such as an 
increased number of neurons in the GPi along with a reduction 
of quantity and density of neurons in the globus pallidus externus 
and nucleus caudatus (8). In addition, decreases in volume and 
microstructural changes in the thalamus have been found (9).

Alternatively, a primary cortical dysfunction has been sug-
gested, supported by different structural and functional neuro-
imaging studies. For example, hypoperfusion in frontal cortex 
areas, including prefrontal and premotor frontal cortices as well 
as the primary motor cortex, has been reported in patients with 
TS with mild to moderate tics using 15O-H2O positron emission 
tomography (PET) (10). In line with these data, volume reduc-
tions in frontal regions, reduced prefrontal cortical thickness, 
and abnormal gray matter diffusivity in the orbitofrontal cortex 
have been reported (11, 12). Recent magnetic resonance imaging 
(MRI) studies, in addition, provided evidence for an involvement 
of the SMA in tic generation (13–15). However, until today, 
it is unclear which of these abnormalities are related to the 
underlying cause of the disease and which are due to secondary 
compensatory effects.

Treatment of patients with TS is difficult and often unsatisfac-
tory. Pharmacological interventions, including antipsychotics, 
clonidine, botulinum-toxin injections as well as cannabinoids, 
neither cover the complete spectrum of symptoms nor target 
additional behavioral problems, adequately (16). Furthermore, 
available therapies are often associated with intolerable side 
effects. Therefore, deep brain stimulation (DBS) has been sug-
gested as an alternative treatment for medically refractory, 
severely affected, adult patients with TS (17). Stimulation of vari-
ous targets, including the centromedian-parafascicular/ventralis 
oralis internus nuclei of the thalamus (CM/Voi) as well as the 
GPi, resulted in beneficial clinical effects with tic improvement 
and variable amelioration of comorbidities, such as OCD, anxi-
ety, and self-injurious behavior (18–22). However, the underlying 
mechanisms of DBS in TS and its influence on abnormal cerebral 
perfusion remain unknown.

To the best of our knowledge, this is the first study investigat-
ing the impact of bilateral DBS of both the GPi and the CM/Voi 

on regional cerebral blood flow in severely affected, medically 
refractory, adult patients with TS. In order to image these severely 
affected patients, serial single photon emission computed tomog-
raphy (SPECT) with 99mTc-ECD was employed. This technique 
is feasible since the radiotracer is injected in the awake state 
and distributes according to the cerebral perfusion at the time 
of injection. Subjects may then be anesthetized for motion-free 
imaging of cerebral perfusion at the time of radiotracer injection, 
but not at the time of imaging.

MaTerials anD MeThODs

subjects
In this prospective controlled, randomized, double-blind study, 
five severely affected adult patients with TS according to DSM-
IV-TR criteria were enrolled (three women, two men, mean 
age ± SD, 29 ± 11, range, 19–47 years). Patients had to present 
with predominant and severe motor or vocal tics [total tic score 
(TTS) of the Yale Global Tic severity Scale (YGTSS) >35] (23). 
Prior interventions with at least three different medications 
(e.g., typical and atypical antipsychotics) must have had failed to 
improve the tics or resulted in intolerable side effects. Eight weeks 
before study entry and during its complete course, medication 
for the treatment of TS remained stable. Medication included 
antipsychotics (n = 4), serotonin reuptake inhibitors (n = 2), ben-
zodiazepines (n = 1), and anticholinergics (n = 1). One patient 
was free of any neurotropic medication.

Brain perfusion studies of patients were compared with those 
of six control subjects (one woman, five men, mean age ± SD, 
43 ± 8, range, 30–52 years), which represented neuropsychiatri-
cally healthy subjects with tumors of the skull base, neck, or 
throat. TS patients and controls did not significantly differ with 
respect to age and gender. All control subjects gave written-
informed consent receiving baseline brain perfusion scans 
before surgery. All patients gave written-informed consent to 
participate in the clinical study and, additionally, in the present 
imaging study. Both studies were approved by the local ethics 
committee of Hannover Medical School, and the imaging study 
also by the German Federal Office for Radiation Protection 
(trial registration identifier: Z5-22461/2-2008-006). Patients 
received extensive screening, clinical examinations, and a 
diagnostic battery consisting of neurologic, psychiatric, neu-
ropsychological, and structural MRI examinations to exclude 
diseases other than TS.

clinical assessment
All patients underwent a detailed clinical and neuropsychologi-
cal evaluation. The YGTSS was used as a semi-structured clinical 
rating instrument to evaluate the number, frequency, intensity, 
complexity, and interference of motor and vocal tics and to indi-
cate disease severity (23). Comorbid emotional and behavioral 
psychopathologies in our patients included alcoholism (n = 1), 
conduct disorder (n = 1), OCD (n = 1), subclinical OCD (n = 1), 
anxiety disorder (n = 1), and major depression (n = 1). None of 
our patients suffered from ADHD at time of investigation. Upon 
final conclusion of the clinical study with 10 patients, clinical data 
will be given in detail elsewhere.
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FigUre 1 | Flow chart illustrating the study design.
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Deep Brain stimulation
Patients with TS underwent presurgical preparation in the 
Department of Neurosurgery. DBS electrodes (Medtronic 3387) 
were placed both in the posteroventral lateral GPi and in the tha-
lamic CM/Voi bilaterally, during general anesthesia in the frame 
of the clinical study protocol. Electrode placement was guided 
via CT-stereotactic surgery refined by microelectrode recording. 
In a second step, a dual channel implantable pulse generator 
(Kinetra, Medtronic) was implanted in the subclavicular region 
with a switch allowing to connect all four electrodes. Stimulation 
conditions of the electrodes (SHAM, GPi, and CM/Voi) were 
applied in a randomized order according to the study protocol 
(Figure 1). Prior to programing of DBS settings, thresholds for 
any stimulation-induced side effects were determined to allow 
blinding of the patient with subsequent subthreshold chronic 
stimulation. Each condition lasted 3 months to allow for stable 
adjustment. Patients and clinical investigators were blinded to the 
stimulation condition.

99mTc-ecD sPecT
Brain perfusion studies were performed in accordance with the 
guidelines of the European Association of Nuclear Medicine 
(EANM) (24). Before injection of 99mTc-ethyl-cysteinate-dimer 
(99mTc-ECD, Neurolite®, IBA/CIS bio GmbH, Berlin, Germany), 
patients were lying comfortable for 15 min in a quiet room with 
dimmed light. They were instructed not to speak and to relax but 
not to suppress their tics during this time and for an additional 
5 min after application of the radiopharmaceutical. Controls were 
injected under the same conditions.

Single photon emission computed tomography scanning was 
performed 1 h after injection of 550 MBq 99mTc-ECD using a dual 
head camera (ECAM variable, Siemens, Erlangen, Germany). The 
participants were positioned supine and with the canthomeatal 
line perpendicular to the rotation axis. Patients were scanned dur-
ing anesthesia to allow for motion-free acquisition. Controls were 
studied without anesthesia, but as neuropsychiatrically healthy 
subjects they were readily able to avoid head movements. Patients 
were studied four times: once before DBS implantation (preOP) 
and three time after surgery, each after 3 months of either GPi 
DBS, CM/Voi DBS, or sham stimulation (SHAM), which were 
applied in a randomized order (Figure 1). Since 99mTc-ECD was 
no longer commercially available in Germany, the enrollment 
into the imaging study had to be terminated after inclusion of 
five patients.

Data and statistical analysis
3D datasets were spatially normalized into stereotactic standard 
space according to Montreal Neurological Institute (MNI) 
using the default brain perfusion template of SPM2 (Statistical 
Parametric Mapping, Wellcome Trust Centre for Neuroimaging, 
London, UK) and employing affine and non-linear procedures 
(16 non-linear iterations, 7  ×  9  ×  7 basis functions). 3D data-
sets were smoothed (FWHM 10 mm) and rescaled to the 75th 
intensity percentile of the whole brain. Rescaled 3D datasets of 
patients and control subjects were compared based on volumes of 
interest (VOIs) as well as voxelwise to detect regional changes of 
brain perfusion. VOIs were delineated by automated anatomical 
labeling using the Cyceron and the Brodmann (BA) map of the 
brain, respectively (25).

To identify changes in larger brain regions, small VOIs 
according to Cyceron were summarized to large VOIs as fol-
lows: (i) frontal lobe =  superior, middle, inferior and orbital 
frontal gyrus, and supplementary motor area; (ii) parietal 
lobe = superior and inferior parietal gyrus, angular gyrus, and 
precuneus; (iii) temporal lobe = superior, middle and inferior 
temporal gyrus, Heschl’s gyrus, and temporal pole; (iv) limbic 
lobe = hippocampus and parahippocampus and amygdala; (v) 
cingulum  =  anterior, middle, and posterior cingulate gyrus; 
(vi) occipital lobe = cuneus, lingual gyrus and superior, middle, 
and inferior occipital gyrus; (vii) central region =  precentral 
and postcentral gyrus and paracentral lobe; and (viii) cerebel-
lum. Moreover, the following regions were evaluated separately: 
caudate, putamen, pallidum, and thalamus. Always the average 
of left and right side was considered. Mean rescaled counts in 
VOIs were compared between groups (preOP vs. controls) and 
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TaBle 1 | significant differences in blood flow between patients preoperatively and control subjects.

Direction of  
flow change

VOi analysis sPM analysis

large region p Brodmann  
area

p subregion Mni (x y z) Voxel Z value

Decrease Central cortex 0.0020 BA 1 0.0103 Right pre- and postcentral 36 −12 68 367 4.41
BA 4 0.0275 Left paracentral −14 −54 78 143 4.28

Decrease Frontal cortex 0.0138 BA 6 0.0001 Bilateral SMA, superior frontal −10 20 60 335 4.43
BA 8 <0.0001 Right middle frontal 38 8 64 245 4.15
BA 9 0.0012

Decrease Parietal cortex 0.0026 BA 5 0.0388 Bilateral precuneus −6 −50 56 277 3.98
BA 7 0.0090 Left superior parietal, inferior parietal,  

angular gyrus
−40 −64 60 253 4.48

BA 40 0.0017 Right superior parietal 32 −54 68 146 4.10
Right inferior parietal, angular gyrus 54 −62 46 47 4.29

Decrease BA 30 0.0416
BA 31 0.0050

Increase Cerebellum 0.0079 Right cerebellum 16 −70 32 124 4.01
Left cerebellum 0 −18 −34 153 3.57
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conditions (e.g., GPi vs. SHAM) using t-tests for independent 
and paired samples with a threshold of at least p  <  0.05 for 
significance, respectively. Voxelwise comparisons were done 
using SPM2 with combined thresholds for statistical inferences 
of p = 0.001 on voxel level and p = 0.01 on cluster level (uncor-
rected p-values).

resUlTs

clinical assessment
There were no surgical complications. Postoperative stereotactic 
computed tomography (CT) confirmed DBS electrode placement 
in all patients. Before DBS (preOP), patients had a mean YGTSS-
TTS (±SD) of 39 (±5). During all postoperative conditions, the 
mean YGTSS-TTS was reduced  –  GPi: 33 (±10), CM/Voi: 33 
(±14), SHAM 31 (±13). There were no significant differences 
between conditions. Detailed results will be reported elsewhere 
after completion of the study including n = 10 patients.

cerebral Perfusion – Patients vs. controls
In patients with TS preOP compared with control subjects, 
analysis of large VOIs showed significantly decreased cerebral 
perfusion in the central region, the frontal lobe, and the parietal 
lobe (Table 1). Cerebellar perfusion was significantly increased.

With respect to BA, significant flow reductions were detected 
likewise in the central region (BA 1and BA 4), the frontal cortex 
(BA 6, including the SMA, BA 8, and BA 9), the parietal cortex 
(BA 5, BA 7, and BA 40), and in the posterior cingulum (BA 30 
and BA 31).

SPM analysis showed correspondingly decreased perfusion in 
the central cortex (right pre- and postcentral, left paracentral), 
the frontal cortex (bilateral SMA, bilateral superior frontal cortex, 
and right middle frontal gyrus), and the parietal cortex (bilateral 
precuneus as well as bilateral superior, inferior and angular 
gyrus). Perfusion was increased in the left temporal cortex and 
bilaterally in the cerebellum. Results of SPM analysis are given in 
Table 1 and displayed in Figure 2.

cerebral Perfusion – shaM vs. preOP
When comparing SHAM to preOP condition, VOI analysis 
showed decreased perfusion in the thalamus, putamen, pallidum, 
anterior and posterior cingulate (BA29, BA33), as well as inferior 
frontal cortex (BA44, BA45) (Table  2). SPM analysis, likewise, 
revealed reduced perfusion in the basal ganglia, thalamus, and 
cingulum (left caudate, putamen, anterior and middle cingulum, 
right thalamus), as well as frontal cortex (left inferior, right mid-
dle, and superior gyrus). Areas of decreased perfusion detected 
in SPM analysis are shown in Figure  3 and listed in Table  2. 
Increased perfusion during SHAM condition was found in VOI 
analysis only in the occipital cortex (BA17). Using SPM, we 
detected higher perfusion in the right SMA, temporal (superior, 
middle gyrus), and left occipital cortex.

cerebral Perfusion – gPi stimulation vs. 
preOP and shaM, respectively
During GPi stimulation, compared with preOP condition, blood 
flow was reduced according to VOI analysis in the thalamus, 
putamen, pallidum, and cerebellum (Table  3). SPM analysis 
largely confirmed lower perfusion in thalamus, basal ganglia, 
and cerebellum (right thalamus, caudate, putamen, insula, frontal 
inferior gyrus, left pallidum, putamen, cerebellum bilaterally) 
(Table  3). Moreover, perfusion was decreased in the temporal 
cortex (right middle gyrus, hippocampus, left middle gyrus). 
Figure 4 shows areas of reduced perfusion. No increases of perfu-
sion were found.

When comparing GPi stimulation to SHAM condition, again 
flow reductions in the basal ganglia, thalamus, and cerebellum 
were observed (VOI analysis: putamen, SPM analysis: right puta-
men, caudate, thalamus, cerebellum, left putamen, frontal supra 
orbital gyrus, insula, and cerebellum). Furthermore, perfusion 
was decreased in the temporal lobe (left inferior, superior, fusi-
form gyrus, right pole, inferior gyrus) and left cuneus (Table 3). 
Blood flow increases were seen in the right frontal cortex (supe-
rior, middle gyrus), bilateral precuneus, and bilateral middle and 
right anterior cingulum.
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FigUre 2 | comparison of cerebral perfusion between patients and 
controls. Statistical parametric map (extent threshold k = 124 voxel) 
projected onto surface display of MRT in MNI stereotactic space. Decreased 
blood flow (blue) in patients was evident in frontal, central, and parietal 
cortex, while increased flow (red) was present in the cerebellum.

TaBle 2 | significant differences in blood flow between patients during 
shaM condition vs. preoperatively.

Direction 
of flow 
change

VOi analysis sPM analysis

region p region Mni  
(x y z)

Voxel Z  
value

Decrease Thalamus 0.0143 Left caudate, 
left putamen, 
right thalamus, 
left anterior 
cingulate

−6 0 16 420 4.78
Putamen 0.0247
Pallidum 0.0308

BA 29 0.0383 Left middle 
cingulate

−2 12 38 66 4.28
BA 33 0.0382

Decrease BA 44 0.0190 Left inferior 
frontal cortex

−58 22 4 55 4.20
BA 45 0.0349

Decrease Middle and 
superior  
frontal cortex

34 66 0 13 3.66

Increase BA 17 0.0372 Calcarine, 
cuneus

−4 −76 20 25 3.72

Increase Right SMA, 
middle  
cingulate

14 −8 50 29 4.30

Superior,  
middle  
temporal  
cortex

74 −30 0 42 4.06

FigUre 3 | reduction of cerebral perfusion after DBs electrode 
placement during shaM condition compared with preOP. An extended 
flow reduction was observed encompassing multiple areas within basal 
ganglia and thalamus (extent threshold k = 23 voxel).
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cerebral Perfusion – cM/Voi stimulation 
vs. preOP and shaM, respectively
Comparing CM/Voi stimulation to preOP condition, SPM analy-
sis showed reduced blood flow in the right caudate, left inferior 
frontal cortex, and right middle and superior temporal gyrus. 
Flow was increased in the left paracentral lobe, right pre-, post-, 
and supramarginal gyrus, and middle frontal gyrus (Table  4). 
Comparison of CM/Voi to SHAM stimulation showed flow 
decreases bilaterally in the cerebellum, left middle occipital gyrus, 
right middle and superior temporal gyrus, and right fusiform 
gyrus. Increased flow was detected in the left frontal superior 
gyrus, SMA and frontal middle gyrus, left pre- and postcentral 
gyrus, and the left inferior parietal and postcentral gyrus. Figure 5 
shows blood flow changes during CM/Voi compared with SHAM 
stimulation detected with SPM. VOI analysis confirmed reduced 
flow in the cerebellum and occipital cortex (BA19), as well as 
increased flow in the frontal cortex (BA10) (Table 4).

DiscUssiOn

We investigated regional cerebral perfusion patterns in patients 
with TS not only compared with neuropsychiatrically healthy 

control subjects but also during different conditions of DBS. To 
the best of our knowledge, this is the first neuroimaging study 
investigating TS patients suffering from extreme tics  –  those 
patients who are usually excluded from imaging studies due 
to unavoidable motion artifacts. Since image acquisition had 
been carried out during anesthesia, movement artifacts could 

291

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


FigUre 4 | reduction of cerebral perfusion after DBs electrode 
placement during gPi stimulation compared with preOP. Additionally to 
flow reductions in the basal ganglia and thalamus as detected during SHAM 
condition (see Figure 3) GPi stimulation resulted into reduced flow within the 
cerebellum (extent threshold k = 13).

TaBle 3 | significant differences in blood flow between patients during gPi condition vs. preoperatively and shaM condition.

comparison Direction of  
flow change

VOi analysis sPM analysis

region p region Min (x y z) Voxel Z value

GPi vs. preOP Decrease Thalamus 0.0365 Right thalamus 2 −12 18 147 4.12
Decrease Putamen 0.0187 Right caudate, putamen, insula, inferior frontal cortex 30 22 6 100 5.27
Decrease Pallidum 0.0167 Left pallidum, putamen −16 2 0 126 3.90
Decrease Cerebellum 0.0418 Right cerebellum 56 46 −32 47 3.96

Left cerebellum −24 −58 −20 39 4.10
Decrease Right middle temporal cortex 66 −42 2 40 4.08

Right hippocampus 18 −34 −6 27 4.04
Left middle temporal cortex −56 −52 −4 29 4.16

GPi vs. SHAM Decrease Putamen 0.0384 Right putamen 30 20 −2 46 3.82
Left putamen, supra orbital frontal cortex, insula −26 8 −10 40 3.30

Decrease Right caudate 10 10 −6 29 3.76
Right thalamus 6 −14 8 20 3.64

Decrease Right cerebellum 48 −68 −24 48 3.86
Left cerebellum −24 −86 −32 24 3.93

Decrease Left inferior and middle temporal cortex −46 −22 −38 75 4.79
Left fusiform gyrus −34 −60 −2 51 4.72
Right temporal pole and inferior cortex 42 6 −36 31 3.65
Left cuneus −6 −82 18 32 3.93

Increase Superior and middle frontal cortex 28 42 44 39 3.65
Precuneus bilateral 4 −52 44 20 4.17
Bilateral middle and right anterior cingulate 0 −4 32 33 4.47
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be completely excluded. Anesthesia, however, did also not influ-
ence our image data, since tracer injection was done in awake 
condition. Finally, also influences by age and gender could be 
excluded, confirming that changes in cerebral perfusion patterns 
were due to the pathophysiology of patients with severe TS and 
not related to demographic characteristics.

Before implantation of the electrodes, patients with TS showed 
hypoperfusion in central regions, including the primary motor 
cortex and the postcentral gyrus, regions of the frontal cortex, 
including the superior and medial frontal gyrus, and the sup-
plementary motor area, as well as parts of the parietal lobe when 
compared with control subjects. These findings are in line with 
previous reports of less affected patients demonstrating hypop-
erfusion in regions of the frontal cortex and the primary motor 
cortex using 99mTc-ECD SPECT and 15O-H2O PET, respectively 
(10, 26). Using anatomical MRI, reduced cortical thickness of 
sensorimotor cortices as well as gray matter volume reduction 
of frontal regions could be demonstrated, pointing to a possible 
involvement of the frontal cortex in the pathology of TS (11, 27). 
In TS, it is assumed that especially regions of the frontal lobe and 
the central cortex are predominantly affected, which are involved 
in planning, controlling, and regulating the movements. Thus, 
from available data, it is suggested that, in TS, inhibitory mecha-
nisms necessary for motor control are insufficient.

We also found an increased perfusion in the cerebellum 
in patients with TS compared with control subjects. This 
finding is in line with recent studies using 15O-H2O PET, 
18F-fluorodeoxyglucose-PET, and event-related functional (f)
MRI reporting about an involvement of the cerebellum in TS 
pathology (28–30). Since the CSTC network is supposed to 
play a major role in the pathophysiology of TS, the cerebellum 
has been suggested being a “second-in-line” structure affected 
by disturbed connections of the network (28). It has been 
hypothesized that the cerebellum is involved not only in motor 
execution and initiation of tics but also in the sensation of pre-
monitory urges before the tics (28). Since the cerebellum has 
multiple connections to the basal ganglia and the thalamus, it 
has also been suggested that an overactivity of the cerebellum 
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TaBle 4 | significant differences in blood flow between patients during cM/Voi condition vs. preoperatively and shaM condition.

comparison Direction of  
flow change

VOi analysis sPM analysis

region p region Min (x y z) Voxel Z value

CM/Voi vs.  
preOP

Decrease Right caudate 16 4 26 71 3.32
Left inferior frontal cortex −54 18 4 37 4.21
Right middle and superior temporal cortex 50 −16 −14 24 3.94

Increase Left paracentral lobe −10 −22 86 148 4.59
Right pre-, post-, and supramarginal gyrus 46 −30 40 98 4.43
Middle frontal cortex −52 12 46 37 4.25

CM/Voi vs.  
SHAM

Decrease Cerebellum 0.0055 Left cerebellum −4 −68 −28 170 4.67
Right cerebellum 46 −60 −20 23 3.70

Decrease BA 19 0.0486 Left middle occipital cortex −28 −96 14 27 3.87
Decrease Right middle and superior temporal cortex 52 −16 −18 123 4.85

Right fusiform gyrus 24 −62 −14 20 3.63
Increase BA 10 0.0012 Left superior frontal cortex −18 0 78 45 4.05

Left SMA and middle frontal cortex −22 14 50 29 3.67
Increase Left pre- and postcentral cortex −48 −6 56 82 4.29

Left inferior parietal and postcentral cortex −30 −44 38 26 4.26
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contributes not only to the origin of tics but also to common 
psychiatric comorbidities, such as ADHD and OCD (28). This 
hypothesis is supported by data obtained from patients suffering 
from pure OCD, which demonstrated increased gray matter 

volumes bilaterally in the anterior cerebellum (31). Furthermore, 
data from patients with pure ADHD showed reduced cerebellar 
activity using fMRI (32). Our findings of an increased cerebellar 
perfusion in TS preOP compared with control subjects, as well 
as a significant decrease of the cerebellar perfusion during both 
GPi and CM/Voi stimulation compared with SHAM condition 
further corroborate the hypothesis that the cerebellum is patho-
physiologically involved in the primary cause of TS. Accordingly, 
the cerebellum has been suggested as a vitally important target 
for therapeutic interventions in TS (33).

To investigate the influence of the implantation of the elec-
trodes per  se on cerebral perfusion, we compared the SHAM 
condition with the preOP status. As expected, the main finding 
was a decrease of the cerebral blood flow in the target regions 
(GPi and CM/Voi). These findings are most likely correlates of a 
“microlesional effect.” Our results correspond to those reported 
by Hilker et al. (34) in patients with Parkinson’s disease, which 
demonstrated hypometabolism in the subthalamic nucleus dur-
ing the “off condition” 6 months after implantation of electrodes 
in this target area (34). However, during SHAM condition, we 
also observed a unilateral increase of cerebral perfusion in the 
SMA (a brain area known to be relevant for motor control) 
suggesting that even the mere implantation of DBS electrodes 
(without stimulation) might influence TS pathophysiology. 
One can speculate that clinical improvement during SHAM 
stimulation – as detected in this study – might be related to such 
changes. Remarkably, tic severity was reduced both during the 
SHAM condition and during GPi and CM/Voi stimulation. We 
believe that it would be premature to draw any conclusions from 
these preliminary findings, which might be related to various 
issues, such as the low number of patients included, a placebo 
effect, the spontaneous fluctuations in tic severity, and the 
implications of subjectivity on tic assessments. We are confident 
to clarify this issue upon conclusion of the clinical study after 
inclusion of a larger sample size and assessing all available clini-
cal evaluations, including video protocols and other measures.

During both GPi and CM/Voi stimulation, a more extended 
increase of cerebral perfusion (compared with SHAM condition) 
was found in different regions of the frontal cortex: in the right 

FigUre 5 | comparison of cerebral perfusion with cM/Voi 
stimulation vs. shaM. Effective stimulation resulted in flow reductions in 
the cerebellum and increases in the central and frontal cortex, specifically 
encompassing the SMA.
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superior and middle frontal area, during GPi stimulation, and 
in the left superior as well as middle frontal gyrus and supple-
mentary motor area, during CM/Voi stimulation. This finding 
could be interpreted as a step toward “normalization” of abnor-
mal perfusion in the frontal cortex in TS, since cerebral blood 
flow was decreased in this region in TS preOP compared with 
control subjects. It can be speculated that the increase in cerebral 
perfusion in frontal regions reflects an improved motor control 
resulting in a clinical improvement, specifically a tic reduction. 
Interestingly, this finding is in accordance with a study reporting 
on an increased perfusion of orbital and anterior medial regions 
of the frontal lobe bilaterally during successful neuroleptic treat-
ment of tics in young patients with TS (35).

In addition, we found significant decreases of cerebral perfu-
sion during GPi and CM/Voi stimulation compared with SHAM 
condition in the cerebellum and basal ganglia. As discussed 
earlier, abnormalities in the cerebellum have even been proposed 
as being the primary cause of TS (28). It can be hypothesized 
that both CM/Voi and GPi DBS have an impact on the possibly 
detrimental excitatory signaling between the cerebellum and the 
striatum and, therefore, result in clinical improvement.

In contrast to studies investigating less severely affected 
Tourette patients, we did not observe significant hypoperfu-
sion in the basal ganglia (26, 36, 37). One possible explanation, 
which has not been investigated thus far, would be a difference 
in perfusion during the presence of tics vs. that in patients trying 
to suppress tic activity. Moreover, effects of medication, namely 
antipsychotic treatment, performed in all but one patient, cannot 
be ruled out. However, at least in patients with schizophrenia, 
conflicting results of either decreased or increased brain perfu-
sion in the frontal cortex due to treatment with antipsychotics 
have been reported (38, 39).

Although our study provides objective data on the impact of 
DBS electrode implantation and chronic subthreshold stimula-
tion, several limitations have to be addressed. The sample size 
was rather small. The patient group was heterogeneous with 
respect to comorbidities, which might hamper the validity of 
the comparison with the control group. DBS did not result in a 
statistically significant tic improvement compared with SHAM 
stimulation. Furthermore, from our data, no conclusion can be 

drawn whether certain patterns or changes in cerebral perfusion 
in specific brain areas can be used to predict individual treatment 
responses to DBS.

cOnclUsiOn

Pathologically reduced frontal cortex perfusion in patients with 
severe TS can be reversed by GPi and CM/Voi DBS. In addition, 
both types of DBS reduce abnormally increased cerebellar perfu-
sion. Our data, therefore, provide substantial evidence that, in TS, 
both GPi and CM/Voi DBS not only result in similar alterations of 
cerebral blood flow but also cause changes toward normalization.
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Staphylococcus aureus Colonization 
Modulates tic expression and the 
Host Immune Response in a Girl with 
tourette syndrome
Costantino Eftimiadi1,2* , Gemma Eftimiadi2 and Piergiuseppe Vinai2

1 Medicina Generale Convenzionata – ASL CN1, Carrù, Italy, 2 GNOSIS Research Group NPO, Magliano Alpi, Italy

A 9-year-old girl with Tourette syndrome (TS) and increased antibody levels against 
Streptococcus pyogenes was monitored longitudinally for the presence of nasopharyn-
geal bacteria, specific antibody titers, and autoimmunity directed against brain antigens. 
Microbiological monitoring indicated that the child was an intermittent Staphylococcus 
aureus nasopharyngeal carrier. Clinical improvements in motor tic frequency and severity 
were observed during the S. aureus colonization phase and were temporally correlated 
with the downregulation of anti-streptococcal and anti-D1/D2 dopamine receptor anti-
body production. After decolonization, clinical conditions reverted to the poor scores 
previously observed, suggesting a possible role of the immune response in bacterial 
clearance as a trigger of symptom recrudescence. These findings imply that a cause–
effect relationship exists between S. aureus colonization and tic improvement, as well 
as between bacterial decolonization and tic exacerbation. Understanding the impact of 
S. aureus on the host adaptive immune response and the function of autoantibodies in 
the pathogenesis of TS may alter approaches for managing autoimmune neuropsychi-
atric and tic disorders.

Keywords: Staphylococcus aureus, Streptococcus pyogenes, tourette syndrome, dopamine receptor 
autoantibodies, aso, paNDas, nasal carriage

INtRoDUCtIoN

Children with Tourette syndrome (TS) might be more prone to group A streptococcal (GAS) infec-
tions and could develop higher antibody titers against the pathogen than healthy controls (1). This 
signifies the existence of an underlying immunological disorder (2, 3). However, GAS infections are 
unlikely to exert a major effect on the severity of neuropsychiatric symptoms years after symptom 
onset (1). Nevertheless, other studies support a role of GAS infections and basal ganglia autoim-
munity in a subgroup of patients with TS and suggest a similarity between patients with Sydenham’s 
chorea and some patients with either TS (4) or chronic recurrent episodic acute exacerbations of 

Abbreviations: ASO, anti-streptolysin O; ASTA, anti-staphylolysin antibody; BBB, blood–brain barrier; CaM kinase II, calcium/
calmodulin-dependent protein kinase type II; DNase B, deoxyribonuclease B; ELISA, enzyme-linked immunosorbent assay; 
ESR, erythrocyte sedimentation rate; GAS, group A streptococcal; MS, multiple sclerosis; PANDAS, pediatric autoimmune 
neuropsychiatric disorders associated with streptococcal infection; PANS, pediatric acute-onset neuropsychiatric syndromes; 
OCD, obsessive–compulsive disorder; Th17 cell, T helper 17 cell; WBC, white blood cell; YGTSS, Yale global tic severity scale.
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tic and obsessive–compulsive indications (5), according to the 
pathogenesis of pediatric autoimmune neuropsychiatric disor-
ders associated with streptococcal infection (PANDAS) described 
by Swedo (6). Sydenham’s chorea was the first neuropsychiatric 
condition in which antibodies produced in response to GAS 
infections were found to cross-react with extracellular and intra-
cellular targets in the basal ganglia, resulting in a disease state 
(7–9). Despite this finding, no conclusive data are available (10, 
11), and the hypothesis that PANDAS and TS could be secondary 
to pathogenic autoantibodies is controversial (12, 13). Moreover, 
a consensus regarding the possible contribution of GAS infec-
tions to the etiology of tic disorders, especially TS, does not exist. 
Additionally, other pathogens can also induce postinfectious 
Tourette-like syndromes, including Mycoplasma pneumonia (14), 
Borrelia burgdorferi (15), and assorted viruses (16–18).

Case DesCRIptIoN

This study longitudinally investigated the possible associations 
between bacterial pathogens in nasopharyngeal and tonsil swabs, 
serological immune responses, and tic severity in an adolescent 
girl with TS, who first came to our attention in June 2012, when 
she was 9 years old. The patient exhibited a strong recrudescence 
of motor tics in the presence of high titers of anti-streptolysin O 
(ASO) antibodies (472 IU/mL; positive = >200 IU/mL).

A historical record released by the children’s neuropsychiatric 
public department of Azienda Sanitaria Locale Cuneo 1 (ASL 
CN1) indicated that the tic disorders began when the patient was 
7 years old. Learning disabilities at school, borderline intellectual 
functioning, and phobic anxiety disorder were also present at that 
time. Routine laboratory analyses were normal, and there was no 
record of any previous GAS infection.

Informed parental consent was obtained to enroll the child 
in a clinical and laboratory survey, according to the principles 
outlined in the Declaration of Helsinki (1964). The aims of this 
study, negligible risks associated with the investigation, and 
the prospective benefits to the community for better scientific 
knowledge of the pathogenesis of TS and other tic disorders 
were discussed in detail. The protocol included physical 
examinations, interviews, completion of questionnaires, and 
periodic drawings of small amounts of blood to measure ASO, 
anti-streptococcal deoxyribonuclease B (DNase B), and anti-
staphylolysin antibody (ASTA) titers, as well as white blood cell 
(WBC) counts and the erythrocyte sedimentation rate (ESR). 
Duplicate throat and nasal swabs were obtained for the micro-
biological assays and were analyzed on the same day by two 
different laboratories: the Centro Diagnostico Cernaia (Cuneo, 
Italy) and the Microbiology Department of ASL CN1 (Mondovì, 
Cuneo, Italy). An analysis for autoimmunity against brain 
antigens was conducted three times during the final 18 months 
of the study by the Wieslab AB Medical Laboratory (Malmo, 
Sweden), utilizing a test panel (Cunningham Panel) originally 
developed by Moleculera Labs (Oklahoma City, OK, USA). 
The assay comprised measurements of antibody titers against 
dopamine D1 and D2 receptors, lysoganglioside-GM1, and 
beta-tubulin, in addition to antibodies that induce the activation 
of calcium/calmodulin-dependent protein kinase type II (CaM 

kinase II) by binding to receptors on neural cell lines (7–9). Tic 
severity was monitored according to the Yale global tic severity 
scale (YGTSS; subscale 0–50).

During her first visit in June 2012, the patient’s tic sever-
ity score was 25, essentially indicating the presence of motor 
tics alone, and her ASO titer was elevated (472  IU/mL; posi-
tive = >200 IU/mL). Her ASO titers remained high (between 
350 and 400  IU/mL) for almost 3  years. Additionally, her 
anti-DNase B titers were always in the upper range (between 
360 and 340  IU/mL; positive  =  >200  IU/mL). The results of 
enzyme-linked immunosorbent assay (ELISA) analyses for 
ongoing autoimmunity against brain antigens are shown in 
Table 1. Four autoimmunity tests out of a panel of five were sig-
nificantly positive based on the reference values of the test panel 
manufacturer (Moleculera Labs) (Table 1, observation period 
A: before Staphylococcus aureus colonization). Meanwhile, 
ELISA tests for antinuclear antibodies were negative throughout 
the study (data not shown).

Combined pharmacological treatment with pimozide (4 mg/
day) and sertraline, a selective serotonin reuptake inhibitor (50 mg/
day), effectively controlled eye, head and shoulder movements, 
and comorbidities, both in frequency and severity. However, the 
complete elimination of trunk and abdominal movements, with 
tensing of the abdomen and urinary incontinence, was only slowly 
achieved. The patient’s clinical situation remained stable over the 
following 2  years, permitting a reduction in the daily doses of 
pimozide and sertraline to 1 and 25 mg/day, respectively. In late 
2014, an unusual improvement in motor tics was initially recorded 
by the family. Subsequent laboratory tests showed a significant 
decrease in the ASO titer to normal levels, along with a decrease in 
the anti-DNase B titer to reference values (i.e., below 200 IU/mL) 
(Figure 1). Moreover, antibody titers against dopamine D1 and 
D2 receptors yielded negative values (Table 1, observation period 
B: after S. aureus colonization) in the absence of any antibiotic 
treatment. Microbiological analyses of nasal and throat swabs 
revealed, for the first time since beginning the survey, the pres-
ence of S. aureus. Antibiotic susceptibility testing indicated that 
this bacterial strain was sensitive to 11 antibiotics out of a panel of 
12, with the only resistance being to benzylpenicillin. The patient’s 
YGTSS score dropped to seven, the lowest value recorded. Starting 
in November 2014, a clinical and laboratory survey was scheduled 
every 3 months, as well as once-monthly microbiological assays for 
the patient’s S. aureus carrier state.

A few months later, the scenario was completely reversed 
(Figure 1). S. aureus was no longer detected, and tic frequency 
and intensity rapidly returned to their previous poor scores with 
a combined symptomatology of motor and vocal tics. Parallel 
blood tests indicated a slight increase in WBC count (Table 1, 
observation period B), an ASO titer that increased from 47 to 
264 IU/mL (Figure 1), an increase in the ESR (Figure 1), and a 
significantly positive ASTA antibody titer (Table 1, observation 
period B). These data indicate a shift from an anti-inflammatory 
state (colonization) to a pro-inflammatory condition, coincident 
with staphylococcal clearance by the host. The staphylococcal 
colonization was indeed temporary, or rather recurrent, a situ-
ation historically occurring in ~30% of the normal population 
(19). Four months later, a S. aureus strain with the same pattern of 
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antibiotic susceptibility as that described above (and possibly the 
same strain) was again recovered from nostril and tonsil swabs; 
a significant clinical improvement was also observed (Figure 1). 
The clinical improvement was in fact so impressive that all 
pharmacological treatments were suspended. Autoantibodies 
against dopamine receptors were negative (Table 1, observation 
period C: during S. aureus colonization), as noted after the first 
colonization phase (Table  1, observation period B). However, 
anti-streptococcal antibody titers failed to decrease as rapidly as 
during the first colonization phase. Two months later, close to 
the end of the second colonization phase, vocal tic frequency and 
severity (grunts) increased to values never recorded before, with 
only a slight increase in motor tics (Figure 1). Microbiological 
analysis for the presence of GAS infections in pharyngo–tonsillar 
and nasal swabs was always negative.

BaCKGRoUND

To our knowledge, this is the first investigation of the role of 
S. aureus nasal carriage in a patient with a tic disorder. S. aureus 
is a bacterial pathogen equipped with a tremendous variety 
of virulence factors (20), and its phagocytosis by neutrophils 
requires a much higher expenditure of energy than that required 
for saprophytic strains (21). S. aureus is permanently present in 
about 20% of the general population, while ~30% transiently carry 
the pathogen and ~50% are not carriers (19). Nevertheless, host 
immunological response patterns indicate only two categories: 
carriers and non-carriers (19).

The nostril affords the main ecological niche where S. aureus 
resides in human beings, but the determinants of carrier state are 
not fully understood. Different hosts (22) and bacterial virulence 
factors (23–27) contribute to staphylococcal colonization and 

FIGURe 1 | Clinical and laboratory records. Arrows indicate the times of 
blood sampling for autoimmunity testing. ASO, anti-streptolysin O antibody 
(filled circles); anti-DNase B, anti-deoxyribonuclease B antibody (open 
circles); ESR, erythrocyte sedimentation rate (filled triangles); YGTSS motor, 
Yale global tic severity score motor subscale (filled squares); YGTSS vocal, 
Yale global tic severity score vocal subscale (open squares).
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could potentially influence the immunological response and the 
carrier status. Competition for the same biological niche and/or 
direct antagonistic effects by different bacterial species might in 
principle interfere with S. aureus colonization, as experiments 
with Staphylococcus epidermidis have demonstrated (28, 29). 
Existing models suggest that S. aureus colonization modulates 
host immune responses, inducing tolerance and suppression of 
pro-inflammatory reactions (22). Increased production of inter-
leukin (IL)-10 by monocyte-derived macrophages of the nasal 
submucosa (30), as well as bacterial superantigen induction of 
regulatory T cells (Tregs), is reportedly involved in these anti-
inflammatory and immune-modulatory strategies (31). Tregs, 
characterized by the expression of the forkhead transcription 
factor, FOXP3, and the IL-2 receptor α-chain, CD25, are essential 
for the prevention of both autoimmunity and excessive inflam-
matory responses to infection and might also facilitate bacterial 
colonization processes.

The immunological mechanisms involved in bacterial 
decolonization are better defined, at least in animal models. 
Current data indicate that a T helper 17 (Th17) cell-mediated 
inflammatory response is the key factor responsible for clearing 
of S. aureus from the nostrils (32). Ultimately, the colonization 
phase appears to trigger an anti-inflammatory response, whereas 
the decolonization phase triggers a pro-inflammatory response.

DIsCUssIoN

The temporal correlation observed herein between bacterial colo-
nization/tic improvement and decolonization/exacerbation was 
indeed surprising. These findings open interesting new questions 
regarding the possible biological mechanism(s), and particularly 
the immunological events, behind both phenomena. During the 
colonization phase first reported in 2014, anti-streptococcal anti-
body titers as well as autoantibodies against dopamine receptors 
D1 and D2 were downregulated and dropped to normal values; 
the concomitant clinical improvement in motor tic frequency 
and severity was impressive. During the second colonization 
phase in 2015, motor tic clinical improvement was also sig-
nificant and was accompanied by negative autoantibody titers 
against dopamine receptors and a decrease in anti-streptococcal 
antibody levels, albeit to a lower extent and with slower kinetics 
than in the first colonization phase. However, vocal tics were 
not controlled, because the worst YGTSS score was recorded 
while S. aureus was still present (Figure 1). The reason for the 
discrepancies is unclear, but we hypothesize that different brain 
targets with different pathogenetic mechanisms might have 
accounted for the two tic categories. Moreover, we do not have 
evidence of any relevant change in the patient lifestyle or of any 
environmental factor other than infections that could account 
for the tic severity fluctuations observed.

Whatever the mechanism, the clinical improvement in motor 
tic severity was temporally correlated with the staphylococcal 
colonization phases, and possibly also with the decreased anti-
dopamine receptor autoantibody levels. These findings are simi-
lar to those reported in post-streptococcal Sydenham’s chorea 
patients, where dopamine D1 and D2 receptor autoantibody lev-
els correlated with symptom severity (33). Our data also support 

an etiological role for GAS infections in the onset of tics, at least 
in a subgroup of patients with TS. Our observations, likewise, 
support the involvement of autoantibodies against dopamine 
receptors in the pathogenesis of some movement disorders.

This case could not be included in the group of PANDAS 
because there was neither an evidence for abrupt disease onset, 
which is required by the inclusion criteria (6), nor a symptom 
association with GAS isolation (6). In fact, the serological indica-
tion of a possible GAS infection could not be confirmed in the 
current investigation by streptococcal isolation, and the results 
of microbiological tests for Streptococcus pyogenes presence in 
nasal, throat, and tonsils swabs were always negative. Analyses 
performed on the parents of the patient revealed a similar intrigu-
ing response in the mother: above-normal ASO titers during the 
18 months of the 2014–2015 survey, ranging from 222 to 286 IU/
mL, with negative swab tests for GAS infection. This reinforces 
the hypothesis of an underlying genetic immunological imbal-
ance in the daughter (2, 3).

However, Swidsinski and colleagues reported that “various 
environmental conditions can shield bacteria, rendering them 
inaccessible for microbial diagnosis through a swab test” (34). 
We cannot, therefore, exclude in principle a hidden, subclinical, 
and localized GAS infection that was responsible for maintaining 
increased anti-streptococcal antibody production.

The lack of an abrupt, dramatic onset of an obsessive– 
compulsive disorder (OCD), or of a severely restricted food 
intake, exclude likewise the inclusion of this case in the “broader” 
category of the pediatric acute-onset neuropsychiatric syndromes 
(PANS), which include different infectious and non-infectious 
triggers (35). The case reported herein can be classified in our 
opinion as a subgroup of TS patients (rare?), where infectious 
agents could modulate the course of the illness. TS is on the 
contrary not uncommon (36), being a disorder occurring in up 
to 1% of children (37–39).

A discrepancy was observed between the decrease of antibody 
titers against dopamine D1 and D2 receptors and ASO occurring 
in the colonization phase and the increase of the inflammatory 
markers during bacterial clearance. The notion presented is 
that S. aureus colonization could trigger an anti-inflammatory 
modulatory response, whereas the decolonization process may 
trigger the opposite. An inflammatory rebound response was in 
fact fairly evident after bacterial clearance (Table 1, period B), 
given that the ESR, ASTA titer, and WBC counts were all above 
normal levels during this period compared to the levels occur-
ring before (Table  1, period A) and during the colonization 
phase (Table 1, period C). Furthermore, CaM kinase II values 
remained high throughout the entire observation period, sug-
gesting that the “main switch” of the illness was continuously 
“on,” even during the quiescent state when autoantibodies 
against dopamine receptors fell to negative values. The rapid 
reversal of clinical parameters following the clearance of S. 
aureus by the host supports a direct relationship between the 
decolonization process, the inflammatory response, and tic 
exacerbation. Transient microinvasions by S. aureus could be 
responsible for the immunological host response, according to 
the existing models of S. aureus nasal carriage (22) and to the 
increased ASTA titers observed.
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Moreover, the shift from an anti-inflammatory modulatory 
response to a pro-inflammatory state during the clearing process 
is consistent with the data from animal models showing that a 
pro-inflammatory, Th17 cell-associated immune response is 
required for S. aureus nasal decolonization, where the S. aureus 
nasal carriage clearance is T cell-dependent and mediated by 
IL-17A expression and neutrophil influx (32).

Interestingly, human Th17 lymphocytes promote blood–brain 
barrier (BBB) disruption and central nervous system inflam-
mation during the pathogenesis of multiple sclerosis (MS) (40), 
another neurological disease in which autoimmunity plays a 
central role. BBB leakage might be an important step to investi-
gate the pathogenesis of any autoimmune neurological disorder. 
Also in MS, S. aureus is considered a possible risk factor for the 
clinical exacerbation (41). Future studies on infection-driven 
immune-inflammatory mechanisms, potentially involved in the 
pathogenesis of tic disorders, should focus on bacterial virulence 
factors and immunological host responses that could locally 
affect BBB permeability allowing autoantibodies to reach their 
potential brain targets.

CoNCLUDING ReMaRKs

This case is the first demonstration of the modulation of tic 
manifestation in a S. aureus intermittent carrier with TS, during 
periodically occurring colonization and decolonization phases. 
A shift occurred from an anti-inflammatory modulatory response 
during the colonization phase to a pro-inflammatory state dur-
ing the clearing process. Thus, S. aureus nasal carriage possibly 
provides a new human model for the in vivo study of the interplay 
between infections, immunity, autoimmunity, and tic disorders.

aUtHoR CoNtRIBUtIoNs

EC was responsible for study design and research proposal and 
contributed to laboratory data interpretation. EG performed data 
analysis and managed the literature searches. VP performed the 
neuropsychiatric monitoring and contributed to methodology. 
All authors contributed to writing the manuscript. All authors 
read and corrected the manuscript. All authors contributed to 
and have approved to the final manuscript.

ReFeReNCes

1. Martino D, Chiarotti F, Buttiglione M, Cardona F, Creti R, Nardocci N, et al. 
The relationship between group A streptococcal infections and Tourette 
syndrome: a study on a large service-based cohort. Dev Med Child Neurol 
(2011) 53:951–7. doi:10.1111/j.1469-8749.2011.04018.x 

2. Martino D, Dale RC, Gilbert DL, Giovannoni G, Leckman JF. 
Immunopathogenic mechanisms in tourette syndrome: a critical review. Mov 
Disord (2009) 24:1267–79. doi:10.1002/mds.22504 

3. Elamin I, Edwards MJ, Martino D. Immune dysfunction in Tourette syndrome. 
Behav Neurol (2013) 27:23–32. doi:10.3233/BEN-120295 

4. Church AJ, Dale RC, Lees AJ, Giovannoni G, Robertson MM. Tourette’s syn-
drome: a cross sectional study to examine the PANDAS hypothesis. J Neurol 
Neurosurg Psychiatry (2003) 74:602–7. doi:10.1136/jnnp.74.5.602 

5. Singer HS, Mascaro-Blanco A, Alvarez K, Morris-Berry C, Kawikova I, Ben-
Pazi H, et al. Neuronal antibody biomarkers for Sydenham’s chorea identify a 
new group of children with chronic recurrent episodic acute exacerbations of 
tic and obsessive compulsive symptoms following a streptococcal infection. 
PLoS One (2015) 10:e0120499. doi:10.1371/journal.pone.0120499 

6. Swedo SE, Leonard HL, Garvey M, Mittleman B, Allen AJ, Perlmutter S, et al. 
Pediatric autoimmune neuropsychiatric disorders associated with streptococ-
cal infections: clinical description of the first 50 cases. Am J Psychiatry (1998) 
155:264–71. 

7. Kirvan CA, Cox CJ, Swedo SE, Cunningham MW. Tubulin is a neuronal target 
of autoantibodies in Sydenham’s chorea. J Immunol (2007) 178:7412–21. 
doi:10.4049/jimmunol.178.11.7412 

8. Kirvan CA, Swedo SE, Snider LA, Cunningham MW. Antibody-mediated 
neuronal cell signaling in behavior and movement disorders. J Neuroimmunol 
(2006) 179:173–9. doi:10.1016/j.jneuroim.2006.06.017 

9. Kirvan CA, Swedo SE, Heuser JS, Cunningham MW. Mimicry and autoanti-
body-mediated neuronal cell signaling in Sydenham chorea. Nat Med (2003) 
9:914–20. doi:10.1038/nm892 

10. Macerollo A, Martino D. Pediatric autoimmune neuropsychiatric dis-
orders associated with streptococcal infections (PANDAS): an evolving 
concept. Tremor Other Hyperkinet Mov (N Y) (2013) 3:167. doi:10.7916/
D8ZC81M1

11. Hoekstra PJ, Kallenberg CGM, Korf J, Minderaa RB. Is Tourette’s syndrome 
an autoimmune disease? Mol Psychiatry (2002) 7:437–45. doi:10.1038/
sj.mp.4000972 

12. Brilot F, Merheb V, Ding A, Murphy T, Dale RC. Antibody binding to neuronal 
surface in Sydenham chorea, but not in PANDAS or Tourette syndrome. 
Neurology (2011) 76:1508–13. doi:10.1212/WNL.0b013e3182181090 

13. Singer HS, Hong JJ, Yoon DY, Williams PN. Serum autoantibodies do not 
differentiate PANDAS and Tourette syndrome from controls. Neurology 
(2005) 65:1701–7. doi:10.1212/01.wnl.0000183223.69946.f1 

14. Müller N, Riedel M, Blendinger C, Oberle K, Jacobs E, Abele-Horn M. 
Mycoplasma pneumoniae infection and Tourette’s syndrome. Psychiatry Res 
(2004) 129:119–25. doi:10.1016/j.psychres.2004.04.009 

15. Riedel M, Straube A, Schwarz MJ, Wilske B, Müller N. Lyme disease 
presenting as Tourette’s syndrome. Lancet (1998) 351:418–9. doi:10.1016/
S0140-6736(05)78357-4 

16. Dale RC, Church AJ, Heyman I. Striatal encephalitis after varicella zoster 
infection complicated by Tourettism. Mov Disord (2003) 18:1554–6. 
doi:10.1002/mds.10610 

17. Hoekstra PJ, Manson WL, Steenhuis M-P, Kallenberg CGM, Minderaa RB. 
Association of common cold with exacerbations in pediatric but not adult 
patients with tic disorder: a prospective longitudinal study. J Child Adolesc 
Psychopharmacol (2005) 15:285–92. doi:10.1089/cap.2005.15.285 

18. Antonelli F, Borghi V, Galassi G, Nichelli P, Valzania F. Can HIV infection 
cause a worsening of tics in Tourette patients? Neurol Sci (2011) 32:191–2. 
doi:10.1007/s10072-010-0410-6 

19. Van Belkum A, Verkaik NJ, de Vogel CP, Boelens HA, Verveer J, Nouwen JL, 
et al. Reclassification of Staphylococcus aureus nasal carriage types. J Infect Dis 
(2009) 199:1820–6. doi:10.1086/599119 

20. Plata K, Rosato AE, Wegrzyn G. Staphylococcus aureus as an infectious agent: 
overview of biochemistry and molecular genetics of its pathogenicity. Acta 
Biochim Pol (2009) 56:597–612. 

21. Eftimiadi C, Rialdi G. Increased energy expenditure by granulocytes during 
phagocytosis of Staphylococcus aureus compared to other Staphylococci. 
J Infect Dis (1984) 150:366–71. doi:10.1093/infdis/150.3.366 

22. Brown AF, Leech JM, Rogers TR, McLoughlin RM. Staphylococcus aureus 
colonization: modulation of host immune response and impact on human 
vaccine design. Front Immunol (2014) 4:507. doi:10.3389/fimmu.2013.00507 

23. Wertheim HFL, Walsh E, Choudhurry R, Melles DC, Boelens HAM, Miajlovic 
H, et al. Key role for clumping factor B in Staphylococcus aureus nasal coloni-
zation of humans. PLoS Med (2008) 5:e17. doi:10.1371/journal.pmed.0050017 

24. Weidenmaier C, Kokai-Kun JF, Kristian SA, Chanturiya T, Kalbacher H, Gross 
M, et al. Role of teichoic acids in Staphylococcus aureus nasal colonization, 
a major risk factor in nosocomial infections. Nat Med (2004) 10:243–5. 
doi:10.1038/nm991 

25. Roche FM, Meehan M, Foster TJ. The Staphylococcus aureus surface protein 
SasG and its homologues promote bacterial adherence to human desqua-
mated nasal epithelial cells. Microbiology (2003) 149:2759–67. doi:10.1099/
mic.0.26412-0 

http://www.frontiersin.org/Psychiatry/archive
http://www.frontiersin.org/Psychiatry/
http://www.frontiersin.org
http://dx.doi.org/10.1111/j.1469-8749.2011.04018.x
http://dx.doi.org/10.1002/mds.22504
http://dx.doi.org/10.3233/BEN-120295
http://dx.doi.org/10.1136/jnnp.74.5.602
http://dx.doi.org/10.1371/journal.pone.0120499
http://dx.doi.org/10.4049/jimmunol.178.11.7412
http://dx.doi.org/10.1016/j.jneuroim.2006.06.017
http://dx.doi.org/10.1038/nm892
http://dx.doi.org/10.7916/D8ZC81M1
http://dx.doi.org/10.7916/D8ZC81M1
http://dx.doi.org/10.1038/sj.mp.4000972
http://dx.doi.org/10.1038/sj.mp.4000972
http://dx.doi.org/10.1212/WNL.0b013e3182181090
http://dx.doi.org/10.1212/01.wnl.0000183223.69946.f1
http://dx.doi.org/10.1016/j.psychres.2004.04.009
http://dx.doi.org/10.1016/S0140-6736(05)78357-4
http://dx.doi.org/10.1016/S0140-6736(05)78357-4
http://dx.doi.org/10.1002/mds.10610
http://dx.doi.org/10.1089/cap.2005.15.285
http://dx.doi.org/10.1007/s10072-010-0410-6
http://dx.doi.org/10.1086/599119
http://dx.doi.org/10.1093/infdis/150.3.366
http://dx.doi.org/10.3389/fimmu.2013.00507
http://dx.doi.org/10.1371/journal.pmed.0050017
http://dx.doi.org/10.1038/nm991
http://dx.doi.org/10.1099/mic.0.26412-0
http://dx.doi.org/10.1099/mic.0.26412-0


March 2016 | Volume 7 | Article 31301

Eftimiadi et al. Staphylococcus aureus and Tourette Syndrome

Frontiers in Psychiatry | www.frontiersin.org

26. Clarke SR, Andre G, Walsh EJ, Dufrêne YF, Foster TJ, Foster SJ. Iron-regulated 
surface determinant protein A mediates adhesion of Staphylococcus aureus 
to human corneocyte envelope proteins. Infect Immun (2009) 77:2408–16. 
doi:10.1128/IAI.01304-08 

27. Xu SX, Kasper KJ, Zeppa JJ, McCormick JK. Superantigens modulate bacterial 
density during Staphylococcus aureus nasal colonization. Toxins (Basel) (2015) 
7:1821–36. doi:10.3390/toxins7051821 

28. Iwase T, Uehara Y, Shinji H, Tajima A, Seo H, Takada K, et al. Staphylococcus 
epidermidis Esp inhibits Staphylococcus aureus biofilm formation and nasal 
colonization. Nature (2010) 465:346–9. doi:10.1038/nature09074 

29. Park B, Iwase T, Liu GY. Intranasal application of S. epidermidis prevents 
colonization by methicillin-resistant Staphylococcus aureus in mice. PLoS One 
(2011) 6:e25880. doi:10.1371/journal.pone.0025880 

30. Frodermann V, Chau TA, Sayedyahossein S, Toth JM, Heinrichs DE, Madrenas 
J. A modulatory interleukin-10 response to staphylococcal peptidoglycan 
prevents Th1/Th17 adaptive immunity to Staphylococcus aureus. J Infect Dis 
(2011) 204:253–62. doi:10.1093/infdis/jir276 

31. Taylor AL, Llewelyn MJ. Superantigen-induced proliferation of human 
CD4+CD25− T cells is followed by a switch to a functional regulatory pheno-
type. J Immunol (2010) 185:6591–8. doi:10.4049/jimmunol.1002416 

32. Archer NK, Harro JM, Shirtliff ME. Clearance of Staphylococcus aureus nasal 
carriage is T cell dependent and mediated through interleukin-17A expres-
sion and neutrophil influx. Infect Immun (2013) 81:2070–5. doi:10.1128/
IAI.00084-13 

33. Ben-Pazi H, Stoner JA, Cunningham MW. Dopamine receptor autoantibodies 
correlate with symptoms in Sydenham’s chorea. PLoS One (2013) 8:e73516. 
doi:10.1371/journal.pone.0073516 

34. Swidsinski A, Göktas O, Bessler C, Loening-Baucke V, Hale LP, 
Andree H, et al. Spatial organisation of microbiota in quiescent ade-
noiditis and tonsillitis. J Clin Pathol (2007) 60:253–60. doi:10.1136/
jcp.2006.037309 

35. Swedo SE, Leckman JF, Rose NR. From research subgroup to clinical 
syndrome: modifying the PANDAS criteria to describe PANS (pediatric 

acute-onset neuropsychiatric syndrome). Pediatr Ther (2012) 2:113. 
doi:10.4172/2161-0665.1000113 

36. Jankovic J. Tourette’s syndrome. N Engl J Med (2001) 345:1184–92. 
doi:10.1056/NEJMra010032 

37. Kadesjo B, Gillberg C. Tourette’s disorder: epidemiology and comorbidity 
in primary school children. J Am Acad Child Adolesc Psychiatry (2000) 
39:548–55. doi:10.1097/00004583-200005000-00007 

38. Hornsey H, Banerjee S, Zeitlin H, Robertson M. The prevalence of Tourette 
syndrome in 13–14 year-olds in mainstream schools. J Child Psychol Psychiatry 
(2001) 42:1035–9. doi:10.1111/1469-7610.00802 

39. Kurlan R, McDermott MP, Deeley C, Como PG, Browner C, Eapen S, 
et  al. Prevalence of tics in schoolchildren and association with place-
ment in special education. Neurology (2001) 57:1383–8. doi:10.1212/
WNL.57.8.1383 

40. Kebir H, Kreymborg K, Ifergan I, Dodelet-Devillers A, Cayrol R, Bernard 
M, et al. Human TH17 lymphocytes promote blood-brain barrier disruption 
and central nervous system inflammation. Nat Med (2007) 13:1173–5. 
doi:10.1038/nm1651 

41. Mulvey MR, Doupe M, Prout M, Leong C, Hizon R, Grossberndt A, 
et  al. Staphylococcus aureus harbouring enterotoxin A as a possible risk 
factor for multiple sclerosis exacerbations. Mult Scler (2011) 17:397–403. 
doi:10.1177/1352458510391343 

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

Copyright © 2016 Eftimiadi, Eftimiadi and Vinai. 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.

http://www.frontiersin.org/Psychiatry/archive
http://www.frontiersin.org/Psychiatry/
http://www.frontiersin.org
http://dx.doi.org/10.1128/IAI.01304-08
http://dx.doi.org/10.3390/toxins7051821
http://dx.doi.org/10.1038/nature09074
http://dx.doi.org/10.1371/journal.pone.0025880
http://dx.doi.org/10.1093/infdis/jir276
http://dx.doi.org/10.4049/jimmunol.1002416
http://dx.doi.org/10.1128/IAI.00084-13
http://dx.doi.org/10.1128/IAI.00084-13
http://dx.doi.org/10.1371/journal.pone.0073516
http://dx.doi.org/10.1136/jcp.2006.037309
http://dx.doi.org/10.1136/jcp.2006.037309
http://dx.doi.org/10.4172/2161-0665.1000113
http://dx.doi.org/10.1056/NEJMra010032
http://dx.doi.org/10.1097/00004583-200005000-00007
http://dx.doi.org/10.1111/1469-7610.00802
http://dx.doi.org/10.1212/WNL.57.8.1383
http://dx.doi.org/10.1212/WNL.57.8.1383
http://dx.doi.org/10.1038/nm1651
http://dx.doi.org/10.1177/1352458510391343
http://creativecommons.org/licenses/by/4.0/


May 2016 | Volume 4 | Article 46302

Case RepoRt
published: 11 May 2016

doi: 10.3389/fped.2016.00046

Frontiers in Pediatrics | www.frontiersin.org

Edited by: 
Kirsten R. Müller-Vahl,  

Hannover Medical School,  
Germany

Reviewed by: 
Renata Rizzo,  

Catania University, Italy  
Astrid Morer,  

Hospital Clinic of Barcelona, Spain

*Correspondence:
Sally Robinson  

sally.robinson@gstt.nhs.uk;  
Tammy Hedderly  

tammy.hedderly@gstt.nhs.uk

Specialty section: 
This article was submitted to 

Child and Adolescent Psychiatry,  
a section of the journal  
Frontiers in Pediatrics

Received: 08 January 2016
Accepted: 26 April 2016
Published: 11 May 2016

Citation: 
Robinson S and Hedderly T (2016) 

Novel Psychological Formulation and 
Treatment of “Tic Attacks” in 

Tourette Syndrome.  
Front. Pediatr. 4:46.  

doi: 10.3389/fped.2016.00046

Novel psychological Formulation 
and treatment of “tic attacks” in 
tourette syndrome
Sally Robinson* and Tammy Hedderly*

Tic and Neurodevelopmental Movements Service (TANDeM), Children’s Neurosciences Centre, Evelina London Children’s 
Hospital, Guys and St Thomas’ NHS Foundation Trust, London, UK

One important, but underreported, phenomenon in Tourette syndrome (TS) is the occur-
rence of “tic attacks.” These episodes have been described at conferences as sudden 
bouts of tics and/or functional tic-like movements, lasting from 15 min to several hours. 
They have also been described by patients in online TS communities. To date, there are 
no reports of tic attacks in the literature. The aim of this article is to stimulate discussion 
and inform clinical practices by describing the clinical presentation of 12 children (mean 
age 11  years and 3  months; SD  =  2  years and 4  months) with TS and tic attacks, 
with a detailed case report for one case (13-year-old male). These children commonly 
present acutely to casualty departments and undergo unnecessary medical investiga-
tions. Interestingly, all children reported comorbid anxiety, with worries about the tics 
themselves and an increased internal focus of attention on tics once the attacks had 
started. In keeping with other children, the index case reported a strong internal focus of 
attention, with a relationship between physiological sensations/tic urges, worries about 
having tic attacks, and behavioral responses (e.g., body scanning, situational avoidance, 
and other responses). In our experience, the attacks reduce with psychological therapy, 
for example, the index case attended 13 sessions of therapy that included metacognitive 
and attention training techniques, as well as cognitive–behavioral strategies. Following 
treatment, an improvement was seen across a range of measures assessing tics, mood, 
anxiety, and quality of life. Thus, psychological techniques used to treat anxiety disorders 
are effective at supporting a reduction in tic attacks through modifying attention, worry 
processes, and negative beliefs. It is hypothesized that an attentional style of threat 
monitoring, difficulties tolerating internal sensory urges, cognitive misattributions, and 
maladaptive coping strategies contribute to the onset and maintenance of tic attacks. 
These cases provide support for the view that tic attacks are triggered and maintained 
by psychological factors, thereby challenging the view that tic attacks merely reflect 
extended bouts of tics. As such, we propose that the movements seen in tic attacks may 
resemble a combination of tics and functional neurological movements, with tic attacks 
reflecting episodes of panic and anxiety for individuals with TS.

Keywords: tic disorders, ticcing fits, functional neurological symptoms, psychogenic seizures, non-epileptic 
seizures
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INtRoDUCtIoN

Tourette syndrome (TS) is a neuropsychiatric movement dis-
order, characterized by sudden, rapid, recurrent, non-rhythmic 
motor movements, and vocalizations (1). Typical age of tic onset 
is 5  years, with an increase in tic severity during puberty, fol-
lowed a reduction during later adolescence into adulthood (2). 
The majority of individuals report experiencing uncomfortable 
sensory phenomena prior to the tic, known as a premonitory 
urge, which is accompanied by a sense of unease or anxiety that 
is relieved by volitional movement, i.e., performing the tic. Tic 
expression may also be influenced by contextual factors, such 
as environmental reinforcers (e.g., others responses, different 
settings, or different activities) and emotional reactions (e.g., 
responses to life events). Psychiatric diagnoses (especially anxi-
ety disorders) are commonly reported, with lifetime prevalence 
rates of around 85% and risk of onset greatest in childhood (3, 4). 
Despite this, very little is known about the cognitive mechanisms 
that may contribute to interactions between tic expression and 
anxiety during development.

One interesting, but underreported, phenomenon in TS is 
the co-occurrence of functional neurological tic-related move-
ments. We have presented videos and platforms at conferences of 
children with sudden bursts of functional “tic-like” movements 
that last minutes to hours. Parents and children reported being 
distressed by the movements, which were associated with impair-
ments in daily functioning and comorbid anxiety disorders (5–8). 
Similarly, in a conference abstract, Collicott et al. (9) reviewed 369 
patient records with 36 patients (8%) experiencing “distinct bouts 
of severe, continuous, non-suppressible, and disabling tics lasting 
from 15 min to several hours,” which they termed “tic attacks.” 
These episodes were said to occur more commonly in children 
than adults (mean age 14 years) and to have the potential to be 
mistaken for epileptic seizures.

To the best of our knowledge, there are no reports of tic attacks 
(a term we will adopt) in the literature. However, they have 
been described in online patient communities. For example, the 
 blogger Tourette’s Hero refers to daily “extreme explosive, ticking 
episodes … [with my] body completely taken over by continuous 
motor tics … [that] started out of the blue” (10). There are also vid-
eos on the popular internet site “You Tube” of such attacks, some 
requiring sedation in hospital to manage the episodes. Similarly, 
in our experience, the children frequently attend casualty depart-
ments and often undergo invasive, expensive, and unnecessary 
investigation. The children often present with whole body writh-
ing that is inconsistent with diagnostic classification of tics (i.e., 
not rapid motor movements), with families commonly informed 
that the attacks are not epilepsy but not what they do represent.

“Tic attacks” are a feature of TS that are distressing to individu-
als and their families, which have received very little attention from 
the scientific community. The purpose of this article is to stimulate 
discussion and inform clinical practices by reporting on children 
with tic attacks who have attended our acute neurological services, 
casualty, and specialist movement disorders clinic, with detailed 
information regarding the clinical formulation and management 
of one of the cases. In contrast to current views, we propose that 
the movements seen in tic attacks reflect a combination of tics 

with additional functional neurological movements. Tic attacks 
can, therefore, be best conceptualized and managed as episodes 
of panic and anxiety for the affected individuals.

MetHoD

participants
Children were referred to the Tic and NeuroDevelopmental 
Movements (TANDeM) service at Evelina London Children’s 
Hospital, UK, between January 2014 and December 2015. Most 
referrals had been received from pediatricians, general practition-
ers, and acute neurology practitioners. All children were seen by 
a multidisciplinary team, which included a pediatric neurologist, 
pediatric clinical neuropsychologist, consultant child and adoles-
cent psychiatrist, and clinical nurse specialist.

A total of 12 children with TS (aged between 7  years and 
11 months and 15 years) were identified as presenting with tic 
attacks. Diagnosis was made in accordance with the Diagnostic 
and Statistical Manual of Mental Disorders, fifth Edition (11). Tic 
attacks were diagnosed if the children were reported to experi-
ence distinct bouts of severe, continuous, non-suppressible, and 
disabling tics lasting from 15 min to several hours [in accordance 
with the description provided by Collicott et al. (9)]. Videos of 
tic attacks were provided by most families, with some tic attacks 
being observed in clinic.

Associated disorders and behaviors were determined by a 
review of the child’s developmental history during the clinical 
assessment (e.g., diagnosis made on the basis of DSM-V criteria 
or by other professionals). Thoughts that were associated with the 
tic attacks were reported by children after clinical questioning.

analyses
Summary statistics were generated for categorical variables, 
which included age of presentation to the clinic with tic attacks, 
comorbid diagnosis, frequency of tic attacks, locations where 
the tic attacks occurred, previous management strategies, and 
thoughts associated with the tic attacks.

ResULts

Table 1 provides an overview of participant characteristics and 
features of tic attacks.

participant Characteristics
Twelve children with TS experienced tic attacks, with a mean age 
of 11 years and 3 months (SD = 2 years and 4 months). There was 
a male to female ratio of 3:1 (nine males, three females). All chil-
dren were reported to present with anxiety, with six children with 
social anxiety disorder, four with obsessive compulsive disorder 
(OCD), one with specific phobias (agoraphobia, dark rooms, 
and heights), and one with pica. Two children were reported to 
experience frequent headaches. Two children were diagnosed 
with depression and one with low mood. One child had autism 
spectrum disorder (ASD) and one child had stereotypies.

tic attacks
The frequency with which tic attacks occurred varied between 
children, with half the children reporting tic attacks occurring 
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taBLe 1 | patient characteristics and features of tic attacks.

pt no. sex age at onset 
(years;months)

Developmental 
comorbidities

Frequency of 
tic attacks

Location of tic attacks previous management thoughts associated 
with tic attacks

1 M 9;07 Worrier Occasionally At home after school A&E admissions, epilepsy 
investigations

Worries about performing 
in the school play

2 M 13;04 Depression, social 
anxiety, headaches

Weekly At school A&E admissions, school avoidance Worries about school 
work and peers

3 M 13;00 Social anxiety, low 
mood

Occasionally At school A&E admissions, neurological, and 
epilepsy investigations, school 
avoidance

Worries about people 
noticing tics

4 F 15;00 OCD, social anxiety Weekly At home in the evening Parental chaperone, school 
avoidance

Worries about the tics 
and friendships

5 M 14;02 Depression, OCD, 
social anxiety, pica

Daily At home and school School avoidance Worries about being 
bullied for tics and tics 
getting in way of school 
work/exams

6 F 9;01 Headaches, worrier Daily In bed before going to 
sleep

A&E attendance, school avoidance, 
parents went to California for 
cannaboids treatment

Worries about the tics 
getting in the way of 
sleep

7 M 11;00 OCD, specific 
phobias

Occasionally At home Parental reassurance Worries about school 
and tics

8 F 7;11 Worrier Weekly At home and in school Mother attending school lessons 
and school avoidance

Worries about the tics 
not stopping

9 M 10;04 ASD, social anxiety Occasionally On public transport Parental reassurance Worries about people 
noticing the tics

10 M 10;08 OCD, stereotypies Occasionally At home Parental reassurance Worries about school

11 M 8;03 Social anxiety Multiple times 
a day

In bed before going to 
sleep and in the morning 
getting ready for school

A&E admissions, epilepsy 
investigations, school avoidance

Worries about the tics 
not stopping and people 
noticing tics at school

12 M 13;05 OCD, worrier Occasionally At home Acute presentation to clinic, 
parental reassurance

Worries about the tics

OCD, obsessive compulsive disorder; A&E, accident and emergency.
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occasionally (i.e., less than once a month), three children reporting 
weekly tic attacks, and three children reporting daily tic attacks, 
with one child experiencing multiple tic attacks on the same day. 
The majority of children (N = 9) experienced tic attacks at home, 
with two children reporting tic attacks at night when trying to fall 
asleep. Four children reported tic attacks at school and one child 
experienced tic attacks when traveling on public transport.

Tic attacks were typically managed by attendance at accident 
and emergency departments (N = 5), school avoidance (N = 7), 
and/or parental reassurance/support (N = 6). All children were 
able to identify worries prior to and during the tic attacks, which 
included concerns about the tics (N  =  9), friendships/peers 
(N = 6), and school (N = 5). All the children described being con-
cerned about the tic attacks once the episodes had started, with 
increased focus on the tics in attempts to control the movements.

CLINICaL Case RepoRt: pt No. 3

symptoms at presentation
History
The patient was born at full term by spontaneous vaginal delivery 
weighing 8 lb. There were no concerns regarding the pregnancy, 
birth, or early development. He lived with his mother and younger 

sister (12 years), for whom there were no concerns. His parents 
separated when he was aged 10 years.

Movements
The patient presented with a constant leg tremor. He reported a 
sudden onset of difficulties aged 13 years, where he experienced 
the intrusive thought of “feeling compelled to strangle the person 
sitting in front of him in the school assembly,” with him noticing 
a “swollen/itchy” feeling at the base of his spine and between his 
shoulder blades that was followed by him “losing control of his 
limbs.” He remained conscious, awake, and alert throughout. He 
was taken to the accident and emergency department via ambu-
lance and treated with a sedative medication. A CT scan brain, 
MRI head, EEG, and serological investigations were normal. He 
reported 14 further episodes, each occurring at school and typi-
cally lasting 1–2 h. All episodes were managed by attendance at 
hospital via ambulance. These patterns were shared by many of 
the cases.

Following each episode the patient reported experiencing 
brief movements of his limbs that he could not suppress, with 
relief of an “urge” following the movements. He remained 
at home (and absent from school) for a couple of days. He 
described a daily urge to “twitch/move” his limbs and make 
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vocalizations that he suppressed due to worries about other 
people’s perceptions.

Videos of the movement episodes were reviewed. They dem-
onstrated the presentation of brief rapid movements (consistent 
with a diagnosis of tics), in the context of continuous writhing, 
extended, and extreme bodily movements (inconsistent with tics). 
The movements did not resemble those seen in the current group 
of identified genetic paroxysmal kinesigenic or non-kinesigenic 
paroxysmal dyskinesias. There were no startle phenomena or falls 
in association. The movements were in keeping with functional 
neurological movements.

Mood
The patient reported social anxieties around leaving the house 
alone and avoidance of talking to people he did not know. He 
experienced distressing thoughts on a daily basis and reported 
previous suicidal ideation. There was no hallucinatory component 
to the thoughts, with no compulsions or neutralizing behavior 
following the thoughts. There was no history of non-prescription 
drug use, and he was not on regular medication.

Education
The patient was attending a mainstream secondary school, in year 
10. He was an “A” grade student, with him undertaking 12 GCSEs. 
There were concerns regarding the potential impact of the move-
ment episodes on his future academic success in examinations.

Social Functioning
The patient was said to have a number of friends at school, with a 
group of 10 boys that he spent time with socially. He described his 
friends as all sharing an interest in science and to enjoy “gaming” 
together. Computer games were said to be appropriate for his age. 
He was not a member of social media sites.

Diagnosis
The patient was diagnosed with TS with tic attacks and social 
anxiety disorder.

Formulation
In anxiety provoking situations, the patient reported experienc-
ing thoughts about whether he would experience a “tic attack” 
and the potentially negative outcome associated with this (e.g., 
bullying, images of people laughing at him, people noticing and 
judging him). To manage these thoughts and determine whether 
he was about to experience a tic attack, he would repeatedly “scan” 
his body for tic attack symptoms, while developing a “plan of 
action” should a tic attack occur (e.g., working out the quickest 
way to student support without other people seeing him). During 
this phase, he described a strong internal focus of attention (80%), 
with increased awareness of premonitory tic urges (e.g., spine 
feeling swollen and itchy) and physiological sensations of anxiety 
(e.g., elevated heart rate, sweating, need to go to the toilet).

The patient interpreted the physiological sensations of anxiety 
as an indication that a tic attack was about to occur, following 
which he would engage in his planned response and other safety 
behaviors (e.g., holding onto walls to ensure he did not fall over). 
He reported “controlling” the tic attack urges until he perceived 

himself to be in a “safe place” (i.e., away from peers). He would 
then close his eyes, focus on internal body sensations, and just 
“give in” to the urges, with the tic attack persisting until he was 
taken out of school. He reported typically needing to be “left 
alone” for the attack to stop. Thus, the tic attacks were maintained 
by the patient’s attentional focus on himself and by the attentional 
focus of others on him. The clinical formulation is presented in 
Figure 1.

treatment
The patient attended 13 sessions of individual psychological 
therapy, over a 9-month period, delivered by a pediatric clinical 
neuropsychologist (Sally Robinson). The clinical nurse specialist 
conducted school visits and delivered three psychoeducation 
and supportive parenting sessions to his mother, with ongoing 
telephone liaison.

Psychological therapy was guided by the clinical formulation 
and included metacognitive and attention training techniques, 
as well as standard cognitive–behavioral strategies. The treat-
ment protocol included (1) psychoeducation about tics and 
anxiety, (2) managing environmental reinforcers and ensuring 
appropriate academic support, (3) metacognitive attention 
training techniques to support changes in attentional focus and 
reduce internal body scanning, (4) behavioral experiments to 
demonstrate attentional focus and manipulate safety behaviors, 
(6) metacognitive and cognitive strategies to challenge negative 
beliefs, (7) image rescripting to alter intrusive social images, and 
(8) relapse prevention.

treatment outcome
Standard questionnaires were completed at the first and last 
treatment sessions to assess tics [Yale Global Tic Severity Scale 
(YGTSS), Leckman et  al. (12); Motor tic, Obsessions, and 
Compulsions Scale (MOVES), Gaffney et  al. (13)], anxiety 
[Generalized Anxiety Disorder-7 (GAD-7), Spitzer et  al. (14)], 
depression [Patient Health Questionnaire-9 (PHQ-9), Kroenke 
et al. (15)], quality of life [Gilles de la Tourette syndrome quality 
of life (GTS-QoL), Cavanna et al. (16)], and global impairment 
[Children’s Global Assessment Scale (CGAS), Shaffer et al. (17)].

On clinician-rated measures, clinically meaningful change 
was reported for the YGTSS total tic severity score (pretreat-
ment = 38; posttreatment = 19), YGTSS total impairment score 
[pretreatment  =  40 (marked), posttreatment  =  10 (minimal)], 
and CGAS score [pretreatment  =  43 (obvious problems), 
posttreatment =  72 (doing alright)]. Likewise, the patient self-
reported an improvement in tics (MOVES: pretreatment = 22, 
posttreatment = 12), anxiety [GAD-7 (clinical cut-off = 10): pre-
treatment = 15, posttreatment = 8], depression [PHQ-9 (clinical 
cut-off = 10): pretreatment = 9, posttreatment = 4], and quality 
of life (GTS-QoL: pretreatment = 43, posttreatment = 9).

In terms of qualitative improvements, the patient reported 
experiencing two tic attacks during treatment (and two more 
at 1-year follow-up). These were described as “out of the blue,” 
but associated with increased attention to tics, intrusive images 
of being filmed by peers, and negative thoughts about tics being 
“uncontrollable.” The patient’s head of year described the move-
ments in these attacks as “less severe,” lasting a shorter duration 
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(20 min) and with him remaining more externally engaged (e.g., 
eyes open, talking, and walking unaided).

The patient completed his GCSE examinations and achieved 
A and B grades, going on to study his chosen subjects at college. 
He joined Cadets and participated in various activities and events.

DIsCUssIoN

The article provides an overview of the clinical characteristics of 
children with tic attacks in TS, as well as the first detailed account 
of the assessment, formulation, and management of tic attacks in 
the literature. The children seen in our clinic provide evidence to 
support the view that tic attacks occur in the context of anxiety, 
with negative cognitions about the tics, and increased attentional 
focus to physiological sensations contributing to the onset and 
maintenance of tic attacks. The clinical case highlights how the 
movements seen in tic attacks are suggestible and influenced by 
both internal and external contextual factors, with the move-
ments only partially consistent with a diagnosis of tics. As such, 
we propose that tic attacks are best characterized as reflecting 
extended bouts of tics and comorbid functional neurological 
movements that occur in the context of an acute anxiety attack.

The case study is representative of the children seen in our 
clinic and demonstrates how excessive attention toward internal 
sensory phenomena (e.g., premonitory tic urges, anxiety-related 
physiological sensations), metacognitive factors (e.g., thoughts 
about having tic attacks), and general anxiety-related beliefs 

(e.g.,  worry about self/others/world) create a “vicious cycle” 
that contribute to an increase in tic frequency and symptoms of 
anxiety that underpin tic attacks. From working therapeutically 
with these children, it has become apparent that tic attacks are 
triggered by the misinterpretation of typical anxiety-related bod-
ily sensations as being “premonitory tic urges” that occur when 
a tic attack is imminent. Attempts to control these symptoms 
and ensuing tic attacks through engagement with internal and 
external coping behaviors (e.g., focusing on the sensations/move-
ments, trips to hospital, intense medical investigations) serve to 
maintain and exacerbate this cycle as they increase self-focused 
attention and fail to modify negative beliefs.

From a treatment perspective, we believe that current man-
agement in casualty and acute settings may be contributing to 
and sometimes “driving” anxiety. It is important to consider how 
metacognitive schemas may drive worry about tic attacks and self-
focused attention, when formulating symptoms and developing a 
treatment plan (e.g., “thinking about tic attacks and monitoring 
for ‘tic attack’ signals will help keep me safe”). Metacognitive and 
cognitive–behavioral techniques used to treat anxiety disorders 
can then be used to help manage tic attacks by modifying atten-
tion, worry processes, and negative beliefs. Thus, tic attacks may 
be best conceptualized using a similar psychological framework 
to that of panic disorder and social anxiety disorder (18, 19). In 
relation to current tic treatments, this approach is most consist-
ent with cognitive psychophysiological interventions, where 
the focus is on factors contributing to the tics (20), and is an 
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important distinction from behavioral treatments, such as habit 
reversal therapy or exposure and response prevention, where the 
focus is on the tics themselves (21, 22).

In support of the proposed theoretical model of tic attacks, 
there is an emerging experimental literature highlighting the role 
of attentional focus and metacognitive processes in tic disorders. 
Of particular relevance, increased tic frequency has been found to 
be related to an increase in attentional focus to tics (23, 24), level 
of interoceptive awareness, and strengths of premonitory urges 
(25). A relationship has also been reported between tic onset and 
thinking about tics, with cognitions around tic interference and 
anticipation most commonly endorsed as triggers for tics (26). 
As such, it appears likely that individuals with TS most at risk of 
tic attacks may be those who exhibit a high degree of interocep-
tion have difficulty tolerating internal sensory phenomena and 
engage in ruminative metacognitive processes. These factors 
can be assessed and may be beneficial to help inform treatment 
responses.

CoNCLUDING ReMaRKs

The findings from children seen in our specialist clinic challenge 
the view that tic attacks merely reflect extended bouts of tics in 
patients with TS, with evidence that metacognitive and cognitive 
factors play a crucial role in symptom onset and maintenance. 
As such, we propose that tic attacks include a combination of 
both tics and functional neurological movements and are best 
conceptualized as reflecting episodes of panic and anxiety for 
individuals with TS. In our opinion, it is crucial that clinicians 
in casualties and acute settings recognize this phenomenon and 
have a diagnostic formulation and framework that leads to active 

management, with tic attacks conceptualized as reflecting an acute 
anxiety response in TS, rather than tics per  se or non-epileptic 
seizures. We hope this article stimulates discussion and interest in 
the phenomena of tic attacks, with our formulation offering both 
therapeutic and economic advantages to improve patient care and 
reduce unnecessary burden on health-care services.

etHICs stateMeNt

This article reports patient data that has been collected as part 
of routine clinical practice, with parental consent obtained 
for the presentation and publication of the clinical cases and 
case report.
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Handwriting tics in tourette’s 
syndrome: a single Center study
Carlotta Zanaboni Dina1* , Alberto R. Bona2 , Edvin Zekaj2 , Domenico Servello2 and  
Mauro Porta1

1 Tourette’s Syndrome and Movement Disorders Center, Galeazzi Hospital, Milan, Italy, 2 Functional Neurosurgery Unit, 
Galeazzi Hospital, Milan, Italy

Tourette’s syndrome (TS) is a neurodevelopmental disorder typically defined by multi-
ple motor tics and at least one sound tic, beginning in childhood or in adolescence. 
Handwriting is one of the most impaired school activities for TS patients because of the 
presence of tics that hamper learning processes.  In this paper, we present a case of 
handwriting tics in a TS patient highlighting the main features.

Keywords: handwriting, tourette, tics, obsessions, compulsions

toURette’s sYNDRoMe

Tourette’s syndrome (TS) is a neurodevelopmental disorder typically defined by multiple motor tics 
and at least one sound tic (1), beginning in childhood or in adolescence.

More recently, TS has been acknowledged as a broad spectrum syndrome (2), including different 
comorbidities and coexisting symptoms. When beginning in early childhood TS mainly presents 
with attention deficit and hyperactivity disorder (ADHD) and tics, when beginning in adolescence 
instead tics and obsessive–compulsive behavior or disorder (OCB/OCD) are predominant. OCB/
OCD trait is present in 60–80% of patients (3), and they are considered as thought tics (4). In many 
cases, motor and sound tics resolve spontaneously in adulthood, though OCB/OCD generally 
remains.

Tics often interfere with subject’s daily activities (5) affecting Quality of Life and causing Social 
Impairment, particularly in schooling and working. Handwriting is one of the most impaired school 
activities for TS patients because of the tics presence that hamper learning processes.

In our clinical experience, handwriting tics (HT) could severely affect and condition TS subjects, 
but they are not often pointed out in the Literature. For this reason, there are not precise data regard-
ing the incidence of HT neither in TS patients nor in healthy population.

HaNDWRItING tIC pHeNoMeNoLoGY aND DIFFeReNtIaL 
DIaGNoses

Patients suffering from TS may have different types of HT: (a) paligraphia, i.e., writing again and 
again the same letter, or word, or sentence (for instance the subject could write “today today today is 
a sunny day d d d d”), (b) outlining each letter multiple times (6–8), (c) pulling the pen back while 
writing (9, 10).

Abbreviations: HT, handwriting tics; HRT, habit reversal training.
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In some cases, HT can be considered simultaneously motor 
and obsessional because the subject complies with obsessions 
through tics, e.g., some patients have a lucky number and feel the 
urge to write the same sentence the lucky number of times.

From the differential diagnoses standpoint, HT have to be 
differentiated from other Written Expression Learning Disorders 
(1), such as dysgraphia, because of three different reasons. First, 
HT have a typical waxing and waning trend (bouts of tics) (9) 
whereas Written Expression Learning Disorders are constantly 
present. Second, unlike Written Expression Learning Disorders, 
HT respond to the same medications commonly used for tic 
management. Moreover, HT typically resolve after youth as 
many motor tics while Written Expression Learning Disorders 
may remain.

oUR CeNteR eXpeRIeNCe oN 
HaNDWRItING tICs

Given this rationale, we are conducting a study in our center to 
verify if patients with TS suffer from HT more than controls.

Handwriting tics study started out in Spring 2014. To date, 
the study has been conducted on 80 patients affected by TS, 58 
males and 22 females. Patients’ age varies between 10 and 40 years 
(mean = 15 years old), and all patients have been followed by our 
multidisciplinary team of experts for at least 1 year. The age gap 
was chosen to include young people because of the higher preva-
lence of tics in youth. Patients have been identified by a single TS 
expert and by a single experienced neuropsychologist, who ruled 
out any Written Expression Learning Disorder case. Then authors 
have enrolled 35 non-patient primary Italian speaker controls liv-
ing in Milan for comparison, 25 males and 10 females. Their age 
is 10–40 years, and the mean age is 16.

After being diagnosed, all patients have been treated with 
specific medications and/or habit reversal training (HRT) as 
cognitive-behavioral psychotherapy (11); medication intake and 
HRT response have been monitored during the entire study dura-
tion. We expected a 20% HT rate in TS subjects.

MateRIaLs aND MetHoDs

This study has been carried out in accordance with the recom-
mendations of “European Tourette Syndrome Guidelines,” (11) 
“Galeazzi Research and Clinical Hospital Committee” with writ-
ten informed consent from all subjects. All subjects gave written 
informed consent in accordance with the Declaration of Helsinki.

At the time of first clinical assessment, patients have been 
evaluated in an off-medication state. An experienced neuropsy-
chologist administered several tests that are: “Handwriting 
Assessment Test,” DCI (12), YGTSS (10), and YBOCS (13).

“Handwriting Assessment Test” was created “ad  hoc” based 
on the clinical Italian experience, it consists of (a) a spontaneous 
writing subtest of 10 lines to be completed by the patient, and (b) 
a time-lapse subtest to analyze handwriting (graphics signs, pen 
handhold, page setting, and timing). Through this test, the clini-
cian (the neuropsychologist) evaluates the presence/absence of 
HT and any improvement in writing in comparison with previous 
assessments.

DCI (12) measures TS percentage of diagnosis. We included 
patients with a minimum of 60% as score.

YGTSS (10) – tic severity and Social Impairment subscales – is 
the most common TS scale including the evaluation of HT. We 
include patients with a minimum of 30/50 as score of tic severity 
subscale and a minimum of 20/50 as score of Social Impairment 
subscale.

YBOCS (13) is the most worldwide used obsessive– 
compulsive disorder scale, including the assessment of compul-
sions such as repetitions of written letters, words, and sentences. 
We include all patients regardless the YBOCS score because HT 
is not always OCB/OCD related.

Clinical history interview has been collected as well, and 
the habit reversal training has been proposed in some patients. 
Ultimately, a single experienced neurologist decided for the entire 
medication plan.

Habit reversal training is an evidence-based (14) cognitive 
behavioral treatment that leads patient to be aware of the TS 
disease and it works on acceptance and self management of 
tics. The goal is to ameliorate Quality of Life. In the study, HRT 
consisted in 10 weekly sessions of 1 h with the patient and the 
caregiver; at the end of every session, homework was assigned 
to the patient in order to quicken the psychotherapy. Medication 
treatment followed Jankovich’ and Kurlan’s medication paradigm 
(15) and the European Guidelines (11), including symptomatic 
treatment such as alpha adrenergic agonists, antidopaminergic 
drugs, topiramate, and botulinum toxin.

After being enrolled in the study, each patient has been exam-
ined every 3 months by the neurologist and by the neuropsycholo-
gist for medication intake check-up and for the psychological 
assessment. During each visit, the aforementioned tests have 
been repeated. In the study, we have followed each patient for at 
least 12 months. Patients’ results have been compared with the 35 
primary Italian speaker controls.

ResULts

To date, we completed data collection on 66 enrolled patients, 
whereas the remaining 14 patients are still under investigation.

In these 66 TS patients (mean DCI score: 75%), we observed a 
40% HT rate (32 subjects), 24 are males and 8 are females. In the 
control group, we have not found out any subject suffering from 
HT instead.

After 1-year treatment and follow-up, among those 32 affected 
patients, 18 patients (56%) resolved their HT, with a normaliza-
tion (clinical judgment) at the “Handwriting Assessment Test.” As 
consequence, their YGTSS Social Impairment subscale improved 
on the average of 20 points out of 50 (from 30 to 10 points after 
the study). Furthermore, their YBOCS improved on the average 
of 7 out of 40 points (from 18 to 11 points after the study).

Remaining 14 patients (44%) ameliorate the intensity of their 
HT, with a “Handwriting assessment scale” improvement of 23% 
on the average (clinical judgment: from 83 to 60% after the study). 
In this subgroup, as consequence, YGTSS Social Impairment 
subtest improved on the average of 10 points out of 50 (from 40 
to 30 points after the study). Moreover, YBOCS improved on the 
average of 4 out of 40 points (from 24 to 20 points after the study).
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FIGURe 2 | a picture of handwriting tics of a tourette’s syndrome 
subject (Marco) during treatments.

FIGURe 1 | a picture of handwriting tics of a tourette’s syndrome 
subject (Marco) before treatments.
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DCI test has not been repeated after the study because it is 
principally used as baseline diagnostic instrument.

CoNCLUsIoN

The goal of this study is to verify the presence of handwriting tics 
in patients suffering from TS and to assess the efficacy of medica-
tions and other aids (i.e., habit reversal training) in those treated. 
Milan Tourette’s Syndrome Center is still following all patients 
and collecting data.

As we mentioned, we expected a 20% HT rate in TS school-age 
subjects, but so far we found out a 40% HT rate instead. Given 
the absence of HT rate in controls, we observed a 40:0 HT ratio 
between patients and controls. HT have been predominant in 
males than in females.

Add-on treatments (medications and/or habit reversal train-
ing) have been helpful in 56% of patients suffering with HT; for 
this reason, we considered both clinical interventions effective in 
treating handwriting tics.

In our control group, we have not found out any subject suf-
fering from HT, probably because of the very small number of 
subjects.

More studies are needed worldwide about handwriting tics 
and other specific tics.

a CLINICaL Case

In the following lines, we describe a TS clinical case of a child 
suffering from severely debilitating handwriting tics (Figure 1). 
Marco is an 11-year-old boy, attending the first year of a middle 
school in Milan. He was evaluated by our neurologist, who is 
an experienced TS specialist. At the first visit, he came to Milan 
Tourette’s Syndrome Center with neither medication nor psycho-
logical support. He was diagnosed of TS, and both medication 
intake (psychopharmacological treatment) and habit reversal 
training were implemented. HRT was implemented targeting the 

handwriting tic, and lasted 10 sessions, it was conducted between 
the therapist, the patient and Marco’s parents.

During the neuropsychological assessment, he displayed a 
severe handwriting tic pattern (to pull the pen back and to outline 
letters multiple times).

Marco’s Quality of Life was impaired, especially at school and 
with schoolmates. During lessons, Marco had to use a scholastic 
voice-software instead of writing.

After 2 months of treatments, Marco definitely improved his 
handwriting as reported in Figure 2.

After 3 months of treatments, Marco could finally come back 
to write correctly. Even socially, Marco benefits from the treat-
ments because he suddenly felt “I am as my schoolmates.” Now 
Marco is well accepted in the class group and he recommends 
other TS subjects to be treated for their socially impairing tics.

aUtHoR CoNtRIBUtIoNs

CD visited patients as Tourette Syndrome expert neuropsy-
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the onlinE-tiCS Study Protocol: 
a randomized observer-Blind 
Clinical trial to demonstrate the 
Efficacy and Safety of internet-
delivered Behavioral treatment for
adults with Chronic tic disorders

 

Ewgeni Jakubovski1†, Cornelia Reichert1†, Annika Karch2, Nadine Buddensiek1, 
Daniel Breuer3 and Kirsten Müller-Vahl1*

1 Department of Psychiatry, Socialpsychiatry and Psychotherapy, Hannover Medical School, Hannover, Germany, 2 Institute 
for Biostatistics, Hannover Medical School, Hannover, Germany, 3 Clinical Trial Center, Hannover Medical School, Hannover, 
Germany

Background: In recent years, behavioral therapy with comprehensive behavioral inter-
vention for tics (CBIT) has been recognized as an effective and safe treatment in patients 
with Gilles de la Tourette syndrome. In Germany, however, dissemination of CBIT is 
restricted due to a considerable lack of well-trained therapists. The aim of this study 
is to overcome this deficiency by creating a new and sophisticated Internet-delivered 
CBIT (iCBIT) program. With this study, we want to demonstrate that iCBIT is superior to 
Internet-delivered psychoeducation and comparable to face-to-face CBIT.

Method and analysis: This is a multicenter, prospective, randomized, controlled, 
observer-blind clinical trial, which will be conducted at five sites in Germany (ONLINE-
TICS). Over the course of 2  years, 160 adult patients with chronic tic disorders will 
be assigned to one of three treatment arms: iCBIT (n = 72), online psychoeducation 
(n  =  72), or face-to-face CBIT (n  =  16). All treatments will consist of eighty therapy 
sessions over a period of 10 weeks and will follow the well-established CBIT manual by 
Woods and colleagues. The primary outcome measure will be the change in Yale Global 
Tic Severity Scale (YGTSS) at 1-week posttreatment. Secondary outcome measures 
include YGTSS change at 3 and 6 months, video- and self-ratings of tics as well as 
scales for psychiatric comorbidities assessed at each visit. The primary analysis will 
compare iCBIT to online psychoeducation using a mixed linear model with the YGTSS 
change as dependent variable. Secondary analyses will look at the comparison between 
iCBIT and face-to-face CBIT in a non-inferiority analysis.

discussion: If iCBIT proves to be effective, it would be a considerable contribution 
to close the wide gap in treatment providers for tic disorders not only in Germany but 
also in several other countries, since this Internet-delivered therapy does not require 
the supervision of a therapist. In addition, iCBIT would be a cost-effective and readily 
available treatment alternative that guarantees high quality standard of CBIT.
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introduCtion

Gilles de la Tourette syndrome (TS) is a chronic neuropsychiatric 
disorder of childhood onset characterized by multiple motor and 
vocal tics. While tics are described and diagnosed phenotypi-
cally, there is pathophysiological evidence for an involvement of 
cortico-striato-thalamo-cortical circuits. Tic disorders are com-
mon with a prevalence of 0.4–3.8% (1). The majority of patients 
additionally suffers from comorbidities such as attention deficit 
hyperactivity disorder (ADHD), obsessive-compulsive disorder 
(OCD), depression, anxiety, and self-injurious behavior (2). 
Quality of life is significantly impaired in a substantial number of 
patients not only due to tics and comorbidities but also because 
of ignorance and a lack of information, leading to bullying and 
stigmatization. Even today, it takes on average more than 5 years 
to make the correct diagnosis (3). According to a recent German 
study, TS is a cost-intensive disease that causes high direct and 
in particular high indirect costs (average total annual disease 
specific costs in Germany = €3404) including indirect medical 
costs for productivity loss of €2511 ± 3810 and for absenteeism of 
€260 ± 1184 (4). Thus, TS poses a considerable burden not only 
to patients but also to health-care providers.

For many years, dopamine receptor antagonists have been rec-
ommended as first choice treatment for tics, although these drugs 
are often associated with significant adverse effects. In Germany 
and several other countries, however, only haloperidol is officially 
licensed for the treatment of TS (5). Therefore, a large number of 
other substances (including clonidine, tetrabenazine, dopamine 
agonists, botulinum toxin, and cannabinoids) has been suggested 
for the treatment of tics. However, for most of these medications 
evidence is limited.

Data of two large recently conducted and well-powered rand-
omized controlled trials (RCT) – including more than 100 patients 
each  –  confirmed preliminary results and demonstrated that 
behavioral therapy with Comprehensive Behavioral Intervention 
for Tics (CBIT) is an effective and safe treatment for managing 
the tics of children and adults with TS (6, 7). On average, CBIT 
treatment results in a tic improvement of about 30% [for review, 
see Dutta and Cavanna (8) and Verdellen et al. (9)]. CBIT is a 
short-term behavioral therapy consisting of only eight sessions 
over 10 weeks that includes psychoeducation, habit reversal train-
ing (HRT) with competing-response training (CRT), functional 
analysis, and relaxation training (progressive muscle relaxation). 
The treatment benefit of CBIT was even shown to persist over 
a period of 3 and 6 months (6, 7). Its effectiveness in conjunc-
tion with the lack of side effects are clear benefits of CBIT, and 
are advantages over currently used medications, offering thus a 

competitive alternative for treating tic disorders. Accordingly, in 
the latest guidelines – including those of the European Society for 
the Study of Tourette Syndrome (ESSTS) (5) – behavioral therapy 
with either CBIT or Exposure and Response Prevention Training 
(ERP) (9) is now recommended as the first-line treatment for tic 
disorders (10).

However in Germany and most other European countries, 
this recommendation cannot be implemented, since there is a 
considerable lack of psychotherapists trained in CBIT. Motivated 
by these significant barriers to dissemination, a recent study 
compared the effect of face-to-face to video-delivered CBIT dem-
onstrating comparable efficacy and acceptability (11). However, 
while video-delivered CBIT – compared to face-to-face CBIT – is 
independent of the location, it is still dependent on the avail-
ability of well-trained therapists conducting the video sessions. 
Unfortunately, this is not the case in many European countries, 
including Germany, where therapists trained and experienced in 
CBIT are lacking on a national scale. As of today, there is even no 
therapy manual or patient workbook available for the treatment 
of adult patients with TS in German language.

In other psychiatric conditions such as depression (12, 13) 
and anxiety disorders (14), Internet-delivered self-guided psy-
chotherapy (using cognitive behavioral therapy, interpersonal 
psychotherapy and psychodynamic treatment) has been shown 
to be superior to a control condition and comparably effective 
as face-to-face psychotherapy (15). Due to the simple nature of 
the exercises involved in CBIT, we have reason to assume that 
CBIT is particularly well suited to be delivered via Internet com-
pared to those more complex psychotherapeutic interventions. 
Accordingly, in a recently published meta-analysis on behavior 
therapy for TS, the authors stated that “a major barrier to wider 
implementation of CBIT and HRT is that few therapists are 
trained in their use” and concluded that “broader distribution 
of behavior therapy through increased training or tele-health 
methods is encouraged” (16).

Therefore, the aim of this study will be to develop and test 
a fully self-sufficient Internet-delivered CBIT (iCBIT) for 
adult patients with TS, with no therapist involved in any way 
(ONLINE-TICS). Although interventions via video, Skype, or 
smartphone have been suggested (11, 17, 18) and, in addition, an 
RCT started only recently testing the efficacy of a computerized, 
self-administered version of CBIT (called http://TicHelper.com) 
in 64 children and adolescents with tics (age 8–18 years) (http://
ClinicalTrials.gov Identifier: NCT02413216), to the best of our 
knowledge, so far, there is no iCBIT program available in any lan-
guage for the treatment of tics in adult patients with TS and other 
chronic tic disorders. Since in TS – due to the natural waxing and 

Ethics and dissemination: All institutional review boards approve the protocol. All 
participants will provide informed consent. There are no conflicts of interest. After study 
completion, the results will be published.

Study registration: ClinicalTrials.gov Identifier: NCT02413216.

Keywords: tourette syndrome, tics, comprehensive behavioral intervention for tics, internet-delivered 
comprehensive behavioral intervention for tics, habit reversal training, tele-health program
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taBlE 1 | numbers of patients approximately recruited per center.

Center Principal 
investigator

Expected n of 
patients recruited 
for the complete trial

1 Hannover Medical School Müller-Vahl 62
2 Ludwig-Maximilians-

University Munich
Müller 28

3 University of Lübeck Münchau 24
4 University Hospital Aachen Neuner 26
5 University of Dresden Roessner 20

Total 160

n, number.

Jakubovski et al. ONLINE-TICS

Frontiers in Psychiatry | www.frontiersin.org June 2016 | Volume 7 | Article 119

waning course of tics – it is difficult to demonstrate efficacy of a 
treatment, only a well-designed and sufficiently powered study 
is suitable to demonstrate efficacy. Therefore, our study will be a 
multicenter, prospective, controlled, randomized, observer-blind 
clinical trial that aims to include 160 patients. ONLINE-TICS will 
be funded by the Federal Ministry of Education and Research 
(BMBF) in Germany (BMBF: 01KG1421). It is designed to 
examine the efficacy of an iCBIT intervention as compared to (1) 
a placebo platform consisting of psychoeducation only – which 
is our primary analysis  –  and (2) a conventional face-to-face 
CBIT intervention  –  which is our secondary analysis. We 
hypothesize that iCBIT (1) is superior to the placebo platform 
and (2) has a comparable effect size to the face-to-face treatment 
arm. Planned participating sites are Hannover Medical School 
(MHH), University of Munich, University of Aachen, University 
of Lübeck, and University of Dresden.

MEtHodS and analySiS

Study Sample
Over the course of 2 years, 160 patients will be enrolled in this 
study. The recruitment will run primarily through the study 
centers’ outpatient clinics. Moreover, further advertisement 
will be carried out by German self-help and advocacy groups, 
newsletters, and annual meetings. Patients who are interested in 
participation will be referred to the study centers, where they will 
be informed about the details of the study and an appointment 
for a screening visit will be made.

During screening, patients will be informed (orally and in 
writing) about clinical assessments and randomized allocation. 
Those patients who will not be randomized to iCBIT during the 
RCT, will have the opportunity of receiving iCBIT after study 
completion (i.e., after their follow-up assessments). There will be 
no financial compensation for the study participation. However, 
travel costs will be reimbursed. Before being enrolled, patients 
will have to provide written consent. We expect a screening rate 
of 280 patients in 2 years, out of which about 240 patients are 
expected to meet the inclusion criteria for this study, out of which 
160 should be willing to participate and will be included. Planned 
recruitment by study site is displayed on Table 1.

Study design
This is a multicenter, prospective, randomized, controlled, 
observer-blind clinical trial on the efficacy of iCBIT in the 

treatment of tics in adult patients with TS or other chronic tic 
disorders. For four of the five planned study sites (except for 
Hanover), a two-armed study design will be used – consisting 
of a placebo-treatment arm (Internet-based psychoeducation) 
and an iCBIT-treatment arm. Only in Hannover (MHH), an 
additional face-to-face CBIT treatment arm will be added. 
Hannover is the only center offering the face-to-face treatment 
due to the lack of well-trained therapists in Germany even in 
centers specializing in TS.

The time from first patient in to last patient out is expected to 
be 33 months consisting of the recruitment phase (24 months) 
plus the treatment phase (10 weeks) plus a follow-up (6 months). 
The drop-out rate is expected to be less than 10%.

This study is registered on ClinicalTrials.gov Identifier: 
NCT02605902.

Eligibility Criteria
The following inclusion criteria were defined:

 – chronic tic disorder or TS according to DSM-5
 – age ≥18 years
 – total tic score of the Yale Global Tic Severity Scale (YGTSS–

TTS) >14 (for patients with TS and YGTSS–TTS >10 for 
patients with other chronic tic disorders)

 – CGI-S >4 at baseline
 – If patients receive additional medical or surgical treatment for 

tics and psychiatric comorbidities, they must be on a stable 
dose for at least 6 weeks before entering the study

 – fluency in German language
 – written informed consent.

Exclusion criteria for this study are:

 – history of schizophrenia or pervasive developmental disorders
 – current diagnosis of substance abuse or dependence
 – primary comorbidities such as OCD, ADHD, depression, 

anxiety disorder, in need of therapy
 – history of behavioral treatment for tics (CBIT, HRT, ERP)
 – secondary tic disorders and other significant neurological and 

psychiatric diseases (such as schizophrenia, thought disorder)
 – no access to Internet or inability to operate a computer
 – participation in any interventional clinical study investigating 

drugs/medical devices 6 weeks prior to study enrollment.

These broad inclusion and exclusion criteria were based on the 
study by Wilhelm et al. (7), and guarantee that a representative 
group of TS treatment-seeking patients will be included, in par-
ticular, patients (1) with moderate or severe tics, (2) with simple 
or complex tics, (3) with or without comorbidities, (4) with or 
without additional drug treatment, (5) with short or long disease 
duration, and (6) of different age groups.

randomization
Potential bias will be minimized by randomized treatment alloca-
tion. The randomization list will be based on permuted blocks 
and is stratified by study site and pre-existing medication for 
the treatment of tics (yes/no). There will be a 1:1 randomization 
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in four/five centers (for reasons explained above), and only in 
Hannover patients will be randomized 1:1:1 until 16 patients 
are randomized to face-to-face CBIT and 1:1 afterward. The 
randomization will be conducted centrally via web randomiza-
tion. Patients will be given a sealed envelope by the investigator 
containing the access code for the therapy platform (or – only at 
the MHH center – information for face-to-face CBIT).

Blinding
The study is observer blind. Although the patients will receive no 
information as to which treatment arm they are assigned to, it can 
be assumed that patients will find out. This will definitely be the 
case in the face-to-face CBIT treatment arm, but will most likely 
happen in the iCBIT – and placebo treatment arms as well, since 
all patients will be informed about the study objectives and the 
contents of the possible treatment arms. Thus, a genuine blinding 
of patients will not be possible. This represents a fundamental 
problem in all studies with psychotherapeutic interventions. 
However, much effort is being put into avoiding the unblinding 
of study physicians:

•	 The examiners involved in the study will only carry out 
assessments. Apart from this, they will not be responsible for 
the treatment of patients during the study period and will not 
answer questions related to the therapy.

•	 Patients will be instructed in writing, neither to talk nor to 
ask questions about the contents of the therapy during the 
study visits. In addition, patients will be explicitly asked by 
the examiner at the beginning of each visit (telephone and 
personal study visits), not to talk about the contents of their 
therapy. Technical as well as content-related assistance related 
to the online platforms will be provided via a central hotline 
located in Hanover through a study staff member who will not 
be involved in assessments.

•	 Despite these precautions, a blinding of the evaluating study 
physicians cannot be guaranteed to 100%. If an investigator 
will be unblinded by a patient, this will be documented directly 
at the respective visit. Whenever possible, the patient will be 
reassessed by an alternative unblinded investigator at this visit 
(if unblinding happened before the completion of this study 
visit) and at all following visits.

•	 The therapist, who will treat patients with face-to-face CBIT 
within this study will not be involved in clinical assessments.

•	 The recording and scoring of videos for tic assessment will not 
take place in the same center (videos will be analyzed centrally 
at the MHH) and only after termination of the study, thus 
blinding of the evaluating physician is guaranteed.

Compliance
In order to ensure that the patients will take active part in the 
Internet-based intervention, several automated checkups are 
integrated into the online platform for two purposes: first, it 
allows to organize and motivate the patients with regard to 
their sessions (missed sessions, time in session, active reminder, 
and more). Second, a direct quantification of the compliance is 
possible after study completion and compliance can be analyzed 
statistically.

To all patients randomized to the placebo platform, an (open, 
uncontrolled) participation in the iCBIT therapy will be offered 
after study completion. However, this will only be possible for 
those patients in the face-to-face CBIT and the placebo treat-
ment arms, who have been compliant before and completed the 
randomized treatment.

internet-delivered CBit
Comprehensive Behavioral Intervention for Tics can be regarded 
as an “extension” of HRT developed for the treatment of patients 
with tics including psychoeducation, tic-awareness training 
(including the awareness of premonitory urges preceding the 
occurrence of the tics), CRT, relaxation training, and functional 
analysis to identify events and situations that influence tic severity 
in order to develop coping strategies to manage these situations. 
HRT, the primary component of CBIT, is based on the premise 
that tics are maintained by response chaining, lack of awareness 
of their occurrence, excessive practice, social reinforcement, 
and tolerance of the tics (19). The core element of HRT, in turn, 
is CRT that aims to introduce a voluntarily performed non-tic 
movement that is physically incompatible with the performance 
of the tic. Thus, the competing response encourages the subject to 
respond to the urge by performing a movement competing with 
the tic. Over time, performance of the competing response breaks 
the cycle between the premonitory urge and the relief following 
the tic.

The iCBIT online platform is being created by the authors 
(Kirsten Müller-Vahl, Nadine Buddensiek, Ewgeni Jakubovski, 
and Cornelia Reichert) and in particular by Kirsten Müller-
Vahl, who is well experienced in all aspects of TS, and Nadine 
Buddensiek, who is an experienced and well-trained psycho-
therapist for CBIT in adults. It is following the manual for face-
to-face CBIT by Woods (20) with respect to both, number and 
content of treatment sessions, distribution of CBIT elements to 
particular treatment sessions, and duration of treatment. Thus, 
the only difference between this conventional and well estab-
lished form of CBIT and iCBIT will be the route of delivery, on 
the one hand via face-to-face and on the other hand via Internet. 
Only very few adaptations have been inevitable due to Internet-
delivery such as more extensive psychoeducation, description of 
CBIT at great length and inclusion of additional contents. For 
example, for better illustration, videos will be included where 
patients as well as an expert clinician (KMV) talk about their 
own experience with both CBIT and TS as well as general aspects 
of TS and contents of CBIT. Additional content will be offered 
in form of a FAQ section, which is meant to provide answers to 
most frequent questions that might arise over the course of the 
program. Comparable to the Woods’ manual for face-to-face 
CBIT, other resources are provided including information about 
the TS, working materials such as “Personal Tic Sheet,” “The Tic 
Symptom Hierarchy Tracker,” “Functional Assessment Form” (to 
help patients identify situations that deteriorate their tics in order 
to develop specific function-based interventions), “Tic Hassle 
Form,” a list of possible competing responses for different tics, 
and a reward program. Working sheets can either be used online 
or can be printed out for use in paper form. A part of the working 
materials can alternatively be used via smartphone app.

316

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


Jakubovski et al. ONLINE-TICS

Frontiers in Psychiatry | www.frontiersin.org June 2016 | Volume 7 | Article 119

In line with the CBIT manual provided by Woods (20), iCBIT 
will consist of eight sessions of which the first two session will 
take 90 min, while the other six sessions will take 60 min. The 
first six sessions will be weekly and the last two sessions will be 
biweekly, totaling to an overall treatment duration of 10 weeks. 
However, iCBIT will allow patients more time flexibility than 
conventional face-to-face CBIT.

Placebo: online Psychoeducation
The control group will consist of psychoeducation only. It will 
match the iCBIT group in terms of the number and duration 
of sessions (eight Internet-delivered sessions over a period of 
10 weeks). Patients in the control group will receive no elements of 
CBIT. Psychoeducation will include additional disorder-specific 
information. A comparable design has been chosen in available 
large RCTs using face-to-face CBIT (6, 7). Due to the well-known 
disadvantages of waiting list designs, we decided against using it 
in our study (21).

Face-to-Face CBit
This additional treatment arm will only be offered in Hanover. 
The face-to-face CBIT therapy will follow the CBIT manual by 
Woods et al. (22). In addition, each face-to-face session will cor-
respond exactly to the iCBIT sessions: treatment will thus consist 
of eight sessions of which the first two sessions will last 90 min 
and the remaining six sessions 60 min (total of 10 weeks).

Booster Sessions
In the period of time from the end of active treatment until the 
last follow-up visit (see below), patients in all treatment arms will 
get the option of receiving booster sessions to refresh the therapy. 
There will be no limitation in terms of number, scope, and dura-
tion of these additional sessions in the Internet-based treatment 
arms. In these sessions, patients will have access to information 
earlier provided in the eight sessions of their treatment module. 
However, no new information or contents will be offered. In 
the face-to-face CBIT group, up to two booster sessions will be 
possible in terms of face-to-face CBIT sessions with the therapist 
[comparable to the CBIT manual by Woods et al. (22) and recent 
studies (7)]. The duration of these sessions will be 60 min each.

online Platform: Minddistrict
The technical implementation of the Internet-based treatment is 
being set in place in cooperation with the Minddistrict company. 
All treatment-related contents for the online modules are being 
developed by the research team at the MHH. In the final stage of 
development, the platform will be reviewed by the authors of the 
original CBIT manual Douglas Woods and Sabine Wilhelm (who 
is a German native speaker). Prior to study begin, the platform 
will be additionally pilot tested by a small group of patients with 
tic disorders to verify its practicability and usability. Feedback 
will be used for further optimization of the platform before study 
launch.

outcome Measures
The primary outcome measure will be the YGTSS–TTS (23) 
1 week after end of treatment. This has also been used in studies 

demonstrating efficacy of face-to-face CBIT (6, 7). Tic severity 
will further be assessed via several secondary outcome measure-
ments using (i) the YGTSS–TTS 3 and 6  months after end of 
treatment, (ii) the Modified Rush Video-Based Tic Rating Scale 
(MRVS) (24), and (iii) the Adult Tic Questionnaire (ATQ), a tic 
self-rating scale, which is parallel in format and content to the 
Parent Tic Questionnaire (25).

The following further secondary outcome measures will be 
included: the Premonitory Urge of Tics Scale (PUTS) (26), Beck 
Depression Inventory (BDI-II) (27), Conners’ Adult ADHD 
Rating Scale (CAARS) (28), Yale-Brown Obsessive-Compulsive 
Scale (Y-BOCS) (29, 30), Beck Anxiety Inventory (BAI) (31), 
Gilles de la Tourette Syndrome-Quality of Life Scale (GTS-QoL) 
(32). In addition, the Clinical Global Impression – Severity Score 
(CGI-S) and the Clinical Global Impression – Improvement Score 
(CGI-I) will be used to measure overall severity of disease and 
improvement at follow-up. An adopted version of the Working 
Alliance Inventory-Short Revised (WAI-SR) will be applied to 
assess the therapeutic alliance (33).

Schedule of assessments
All clinical assessments will be performed at screening, baseline, 
week 5 (during treatment), week 11 (1 week after end of treat-
ment), and 3 and 6  months after end of treatment. Follow-up 
assessments at 3 and 6  months after the end of treatment will 
provide estimates of the durability of treatment effect. Thus, time 
points of assessment in this study are comparable to those in the 
study by Wilhelm et  al. (7), which recently demonstrated that 
face-to-face CBIT is an effective and safe intervention in adults 
with TS. Randomization will be performed at the baseline visit. 
Screening and baseline visits should not be more than 4 weeks 
apart, otherwise the patient will have to be rescreened. A detailed 
assessment schedule is provided on Table  2. At week 17 and 
29 (1.5 and 4.5  months after the end of treatment), telephone 
visits will take place. These additional visits serve the purpose of 
improving compliance in order to keep the drop-out rate as low 
as possible. During these telephone visits there will be no further 
testing.

Sample Size Calculation
The sample size calculation is based on two studies in which the 
efficacy of face-to-face CBIT was compared with face-to-face psy-
choeducation in adult and pediatric patients with TS and chronic 
tic disorders (6, 7). The average YGTSS–TTS improvement across 
both studies was 3.5 (±5.5 SD), when comparing face-to-face 
CBIT to psychoeducation. The basic assumption of our study 
is that iCBIT is as effective as face-to-face CBIT. However, we 
expect a mean difference of 3.0 instead of 3.5 for the sample size 
estimation since only adult patients will be enrolled in this study, 
and a difference of three points is considered relevant enough to 
be detectable.

Under these conditions and with a one-sided type I error of 
2.5%, n = 72 patients per treatment arm are required to reach a 
power of 90%. Therefore, a total of 144 patients will be included 
in the Internet-based treatment arms iCBIT and placebo. 
The expected drop-out rate is considered very low (<10%) 
based on previous studies in our centers and the studies by 
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taBlE 2 | assessment schedule.

Study period Screening Baseline treatment: (a) iCBit, (b) placebo,  
(c) Face-to-face CBit

Follow-up visits/booster-treatmenta

Visit 1 1 2 3 4 5
Week −4 −0 0 1 2 3 4 5 6 8 10 11 17 23 29 35
treatment-session 1 2 3 4 5 6 7 8 Frequency individual, for face-to-face  

CBIT: max = 2

General procedures
Written informed consent X
Inclusion/exclusion criteria X
Demographics X
Medical and medication 
history

X

intervention
Randomization X
Complianceb

– Asking for compliance X X X X X X X X X X X X X
– Phone visits X X
– Online check-ups X X X X X X X X

Psychometric assessment
Tics: 

– YGTSS X X X X X X
– ATQ X X X X X
– MRVS X X X X X

Severity of disease: CGI-S X X X X X X
Improvement of disease: CGI-I X X X X
Premonitory urges: PUTS X X X X X
Quality of life: GTS-QoL X X X X X
Mood: BDI-II X X X X X
Anxiety: BAI X X X X X
ADHD: 

– DSM-IV symptom list X
– CAARS X X X X X

OCD: Y-BOCS X X X X X

adverse events
Open question X X X X

therapeutic alliance
WAI-SR X X X X

YGTSS, Yale Global Tic Severity Scale; MRVS, Modified Rush Video-Based Tic Rating Scale; ATQ, Adult Tic Questionnaire; CGI-S, Clinical Global Impression–Severity Score; CGI-I, 
Clinical Global Impression-Improvement Score; PUTS, Premonitory Urge of Tics Scale; GTS-QoL, Gilles de la Tourette Syndrome-Quality of Life Scale; BDI-II, Beck Depression 
Inventory; ADHD, Attention Deficit Hyperactivity Disorder; CAARS, Conner’s Adult ADHD Rating Scale; OCD, Obsessive-Compulsive Disorder; Y-BOCS, Yale-Brown Obsessive-
Compulsive Scale; BAI, Beck Anxiety Inventory, WAI-SR, Working Alliance Inventory-Short Revised.
aBooster-sessions: booster-session are optional. Frequency, scope, and number will vary individually in the iCBIT and placebo groups, in the face-to -face CBIT group up to two 
booster sessions a 60-min between week 11 and 35 are possible.
bCompliance: the compliance of patients in all treatment arms will be assessed during the telephone and in person visits. In the face-to-face CBIT treatment, arm compliance will 
also be determined via regular and full participation in the therapy sessions. In the iCBIT and placebo groups, the participation in the therapy session will be determined automatically 
by the online platform by collecting information on when, how long and where the patients were logged in.
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Wilhelm et al. (7) and Piacentini et al. (6). But even with as low 
as 60–65 patients per treatment arm a power of 84–86% can be 
achieved.

Sample size for the face-to-face CBIT arm in Hannover is fea-
sibility driven. Sixteen patients will be randomized to face-to-face 
CBIT. The study is not powered for this secondary non-inferiority 
analysis.

data analysis
The primary outcome measure (YGTSS–TTS) will be used as a 
continuous variable in the primary statistical analysis. In sec-
ondary analyses, YGTSS–TTS and CGI-I will be used as binary 
covariates for responder analysis: response is defined by a 30% 

decrease (YGTSS–TTS) and an improvement of 1–2 = much or 
very much improved (CGI-I), respectively.

Primary Analysis
The primary analysis will be performed in the intention-to-treat 
population. A mixed linear model will be used with change in 
YGTSS–TTS score (follow-up minus baseline) as the outcome 
variable. Therapy (iCBIT versus placebo), study site, concomitant 
tics medications (yes versus no), YGTSS–TTS baseline score, and 
YGTSS-TTS assessment time point (baseline, week 5, and 1 week 
after end of treatment) as well as an interaction of therapy and time 
point will be included as fixed effects in the model. The patient 
variable will be considered a random effect. The mixed model 
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will be analyzed via PROC MIXED procedure in SAS statistical 
software. The therapeutic effect (iCBIT minus placebo) at week 1 
after the end of treatment and the associated two-sided 95% con-
fidence interval will be obtained from this analysis. Superiority of 
iCBIT will be shown if the upper limit of this confidence interval 
is less than 0.

Various sensitivity analyses are planned (e.g., in a per-protocol 
population, using analysis of covariance and more). In the 
unlikely event that the mixed model will not converge in the 
primary analysis, an analysis of covariance with last observation 
carried forward will be carried out instead.

Secondary Analyses
The key secondary analysis is the comparison of iCBIT to face-to-
face CBIT in terms of YGTSS–TTS change 1-week posttreatment. 
If the primary objective of superiority of iCBIT over Placebo can 
be shown, this key secondary non-inferiority hypothesis can be 
tested in a confirmatory analysis with a one-sided significance 
level of 2.5%. The non-inferiority margin for the mean difference 
(iCBIT versus face-to-face CBIT) will be set to 3. The statistical 
analysis model is in line with the primary analysis described 
above (mixed model).

In further secondary analyses, the mean change from baseline 
to each time point will be tested in MRVS, ATQ, PUTS, GTS-
QoL, WAI-SR, and the psychiatric comorbidity scores by means 
of an analysis of covariance between the treatment groups. The 
analyses will be adjusted for study site and concomitant tic medi-
cations as well as the baseline score of the respective outcome 
variable. Several subgroup analyses are planned as a function 
of pre-stratification-variables: comorbidities, age, gender, and 
duration of disorder. Further analyses investigating interactions 
terms will be conducted in order to assess the robustness of the 
treatment effect across the strata. Proportion of responders will 
be analyzed with logistic regression stratified in line with the 
primary analysis. All secondary endpoints will be analyzed in an 
intention-to-treat population.

Quality assurance and Monitoring
To assure data quality and patients’ safety, regular monitoring 
visits will be carried out. An on-site initiation visit has to be 
performed, before a site is allowed to start recruitment. Periodic 
monitoring visits and source data verification will be done 
according to a risk-adapted approach (34). Close out visits will be 
done at the end of the trial and in case a site will be closed. Project 
managers and monitors will stay in close and regular contact with 
all trial sites.

Quality assurance will be realized by in-house monitoring 
via electronic data capture. On site source data verification will 
be done 100% for the first patient at each center and 20–50% 
reduced risk adapted monitoring afterward. In total, 16 periodic 
monitoring visits are planned (on average, two to three visits/
site). If applicable, monitoring visits will be adapted according 
to recruitment.

Safety
For this study, no safety issues have been identified. Adverse 
events and incidents will be documented via open questions and 

will be analyzed descriptively. Patients can contact the recruiting 
center at any time. If required, however, unblinding will be pos-
sible at any time.

diSCuSSion

Clinical implications
This is the first study examining the efficacy and safety of a 
fully self-sufficient Internet-delivered behavioral therapy using 
CBIT for adult patients with chronic tic disorders that does not 
require the supervision of a therapist (ONLINE-TICS). We will 
carry out a large multicenter, RCT in five different German TS 
centers to compare the efficacy of iCBIT [an online therapy, 
which follows closely the CBIT manual by Woods (20)] to (1) 
an online placebo – containing only psychoeducation – and to (2) 
a conventional and well-established face-to-face CBIT treatment. 
The inclusion of both an online-delivered placebo intervention 
and face-to-face CBIT gives us the unique possibility to investi-
gate not only the superiority of iCBIT over placebo but also the 
non-inferiority compared to face-to-face CBIT.

We expect iCBIT to outperform the psychoeducation online 
platform (placebo) and to show a treatment effect comparable 
to face-to-face therapy. If shown to be effective, iCBIT will have 
several major advantages compared to face-to-face CBIT: (i) 
iCBIT can be delivered to any patient (the only requirement is 
a computer with Internet access), (ii) treatment of patients with 
TS according to latest guidelines will no longer be hampered by 
the lack of therapists trained in CBIT, (iii) iCBIT will shorten 
waiting time, (iv) iCBIT may be a treatment option even for those 
patients who refuse face-to-face psychotherapy due to reasons 
such as effort, costs, difficulties in reaching the therapist’s office 
(for example because of significant tics or a comorbid anxiety 
disorder), and personal career (since for example in Germany 
an appointment as a tenured German civil servant is no longer 
possible after a person has submitted an application for psycho-
therapy to his statutory health insurance), (v) costs for iCBIT 
will be much lower compared to costs for face-to-face CBIT, 
(vi) iCBIT guarantees highest quality standards, and (vii) there 
is evidence that Internet-delivered therapy in general reaches 
other groups of patients (e.g., homemakers, higher-educated 
people, employees, elderly people) as compared to regular face-
to-face therapy (35). Therefore, we can assume that iCBIT will 
be an effective, safe, and cost-effective treatment for a substantial 
number of patients with TS. Thus, if effective, iCBIT will bridge 
a worldwide healthcare gap. In addition, one could think about 
combining elements of both types of treatment, face-to-face 
CBIT and iCBIT in order to improve efficacy (by giving the 
patient the possibility for timely flexible repetitions and the use 
of additional content such as videos, FAQ, and detailed psych-
oeducation) and flexibility (by using alternatively two different 
routes of delivery for CBIT) and as an aid for therapists in their 
work routine.

limitations
All of the treatment arms in our study compare behavioral inter-
ventions, but there is no comparison to medical treatment. Due 
to several reasons, we decided not to use a pharmacotherapy 
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as an active comparator: (i) in Germany, only haloperidol is 
licensed for the treatment of tics, but it is no longer recom-
mended due to significant adverse effects (5), (ii) due to lack 
of controlled clinical trials, the efficacy of those drugs most 
often used at least in Germany (tiapride, risperidone, and 
aripiprazole) is unknown (5) and, therefore, these drugs cannot 
be used as active comparators, (iii) until today there is no trial 
available comparing directly the efficacy of behavioral therapy 
versus pharmacotherapy, and (iv) using one of those drugs 
most often used for the treatment of tics would limit patient 
population, since a substantial number of patients would refuse 
participation.

Our study cannot be considered double-blind, since it will be 
very easy for patients to figure out if they are receiving iCBIT 
or not. This is a common problem that most studies examining 
psychotherapeutic interventions face. Nevertheless, our study 
has a high external validity. Treatment will not take place in 
a clinical setting, but in the homes of the participants. All 
treatment-related exercises will take place in patients’ everyday 
lives. There will be no issue with dissemination, since once 
shown to be effective, iCBIT can be made accessible to anybody 
seeking treatment for tics and will be delivered in the very same 
way, which was shown to be effective. We decided not to use a 
waiting list control designs, since it is well known that these 
trials may overestimate treatment effects. In order to make 
the control group more attractive, patients randomized to the 
control group will receive interesting and helpful information 
about their disorder in an entertaining presentation and, in 
addition, will have the possibility to receive iCBIT after study 
completion.

Our study examines an online treatment that works com-
pletely without the involvement of a therapist. Does that make 
therapists obsolete? Our answer is: definitely not. In our opinion, 
iCBIT offers a solution to overcome the lack of well-trained 
therapists. However, we do not intend to propose a program to 
replace consultation with a qualified medical doctor. An online 
treatment like ours cannot diagnose tics or test the indication 
for treatment; this always has to be done by a mental health 
specialist. Oftentimes, a patient might have several indications 
for treatment of which treatment for tics might be a minor one. 
This diagnostic work always has to be done by an expert. That 
being said, our platform will be a very useful tool to supplement 
therapeutic work in the private practice. The platform could 
assist the patient with regular homework and exercises, while 
a therapist could focus on helping the patient troubleshoot as 
well as work on other issues that the patient might have. This 
would be a timesaving combination for both the patient and the 
therapist.

Conclusion
Our study ONLINE-TICS will test the efficacy of iCBIT  –  an 
online version of the highly effective face-to-face CBIT, which 
is the current first-line treatment for tic disorder. If shown to be 
effective, it will have the potential to bridge a large gap in the 
current health-care system in the treatment of tic disorders in 
Germany.

EtHiCS and diSSEMination

informed Consent and institutional review 
Boards
The study is based on the principles of Good Clinical Practice 
(GCP), according to the Declaration of Helsinki. Patients will 
be given oral and written explanation of the study including its 
potential risks, their right to withdraw consent at any time and the 
details of data protection and confidentiality and sufficient time to 
ask questions. A signed consent form will be obtained. The patient 
information and a copy of the signed consent form will be handed 
to the patient. The data will be monitored by HCTC. All docu-
ments and information will be treated with strict confidentiality.

Each study site will only be able to start data collection once 
the local Institutional Review Boards (IRB) approval is obtained. 
In the case of protocol changes an amendment will be submitted 
to the concerning IRB.

Confidentiality
The information collected in the study, especially the informa-
tion related to the identity of the patient, will be confidential 
and protected by law. The data collected at each study site will be 
stored and analyzed in de-identified form and kept for a period 
of 10 years in a lockable cabinet or password protected computer.

The collected data will be only accessible to the principal 
investigator and study staff of the respective study site as well as 
the monitors.

The Minddistrict company will not have access to any per-
sonal data of the study participants. The necessary login data 
will be provided and managed by the MHH research personal. 
Additionally, the Minddistrict portal will be SSL-encrypted.

Video recordings from all participating study sites will be saved 
on an encrypted cloud offered by the University of Goettingen.

dissemination
After study completion, the results of the primary and second-
ary analyses will be published in international peer-reviewed 
journals.

If shown to be effective the therapy platform will be made 
available to the general public in Germany in an appropriate 
manner. For this purpose, all necessary contractual arrangements 
between the MHH and the company Minddistrict will be clarified 
and defined before the beginning of the study. Currently, all rights 
to the Internet platform iCBIT belong to the MHH represented 
by KMV.
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