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INTRODUCTION

Introduction: Tourette syndrome (TS) is a neuropsychiatric disorder with the core
phenomenon of tics, whose origin and temporal pattern are unclear. We investigated
the When and Where of tic generation and resting state networks (RSNs) via functional
magnetic resonance imaging (fMRI).

Methods: Tic-related activity and the underlying RSNs in adult TS were studied within one
fMRI session. Participants were instructed to lie in the scanner and to let tics occur freely.
Tic onset times, as determined by video-observance were used as regressors and added
to preceding time-bins of 1s duration each to detect prior activation. RSN were identified
by independent component analysis (ICA) and correlated to disease severity by the means
of dual regression.

Results: Two seconds before a tic, the supplementary motor area (SMA), ventral primary
motor cortex, primary sensorimotor cortex and parietal operculum exhibited activation;
1s before a tic, the anterior cingulate, putamen, insula, amygdala, cerebellum and
the extrastriatal-visual cortex exhibited activation; with tic-onset, the thalamus, central
operculum, primary motor and somatosensory cortices exhibited activation. Analysis
of resting state data resulted in 21 components including the so-called default-mode
network. Network strength in those regions in SMA of two premotor ICA maps that were
also active prior to tic occurrence, correlated significantly with disease severity according
to the Yale Global Tic Severity Scale (YGTTS) scores.

Discussion: WWe demonstrate that the temporal pattern of tic generation follows the
cortico-striato-thalamo-cortical circuit, and that cortical structures precede subcortical
activation. The analysis of spontaneous fluctuations highlights the role of cortical premotor
structures. Our study corroborates the notion of TS as a network disorder in which
abnormal RSN activity might contribute to the generation of tics in SMA.
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etal., 2012; Robertson, 2012), and in adult cases resistant to phar-

Tourette syndrome (TS) is a neuropsychiatric disorder charac-
terized by multiple motor and one or more vocal/phonic tics
(Singer, 2005; Neuner and Ludolph, 2011; Robertson, 2012).
Tic onset occurs during childhood, typically between the ages
of 4-6 years. In up to 60-70% of the patients the tics subside
in adulthood, leaving only a small percentage of cases devel-
oping chronic adult TS. The severity of tics waxes and wanes
over time. Patients often report that stress and teasing by others
worsen tics, whereas focused activities such as reading or phys-
ical exercise reduce their occurrence. TS is often accompanied
by comorbidities such as obsessive-compulsive disorder (OCD),
depression and attention-deficit-hyperactivity disorder (ADHD)
(Khalifa and von Knorring, 2003; Robertson, 2012). However,
tics respond well to treatment with typical and atypical neu-
roleptics (Kawohl et al., 2009a,b; Roessner et al., 2011; Neuner

macotherapy, deep brain stimulation shows promising results
(Vandewalle et al., 1999; Neuner et al., 2009; Ackermans et al.,
2011; Miiller-Vahl et al., 2011; Cannon et al., 2012; Ackermans
etal., 2013a,b).

In the pathophysiology of TS, the cortico-striato-thalamo-
cortical circuit plays an important role (Leckman, 2002; Singer,
2005; Cavanna and Termine, 2012). The neuroanatomy of tics
in TS has received particular attention in imaging studies, high-
lighting a network of frontal areas, basal ganglia, insula and
cerebellum. Such findings are compatible with the notion that
TS is the result of a failure in network maturation, particularly
of the fronto-striatal-thalamic-cortical loop. In TS, structure and
function seem to be tightly related: on the structural level, a rela-
tive gray matter reduction in orbitofrontal, anterior cingulate and
ventrolateral pre-frontal cortices bilaterally in adult TS patients
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FIGURE 4 | Independent component maps with a clear neuroanatomical pattern.

is also mutually involved in sensory-motor integration and has
denser connections with frontal motor and premotor cortices (Qi
et al., 2002; Eickhoff et al., 2010); especially the latter function
could be crucial for tic generation in TS.

Imaging pattern 1 s prior to tic onset—potential modification of tic
outcome?

One second before the onset of tics, the anterior cingulate,
the putamen, the insula, the amygdala, the cerebellum and the
extrastriatal-visual cortex exhibited activation. For this 1-s time
frame, there is no direct comparison in the literature available.
The structures identified in this study that are active with tic onset
were also reported in others, although with a lower time resolu-
tion or the use of different analysis approaches (Stern et al., 2000;
Bohlhalter et al., 2006; Lerner et al., 2007). However, the activa-
tion patterns derived from this study correlate well with clinical
reports of patients and observations made by family members and
physicians of TS patients. In a single-case fMRI study, the ACC
was activated during tic suppression (Kawohl et al., 2009a), sim-
ilarly to a prior group fMRI study by Peterson and co-workers
(Peterson et al., 1998).

Patients often report that they are in part able to suppress
tics—for how long and to what degree is highly variable from
individual to individual. Thus, the ACC activation in the tic cas-
cade may indicate a failure of inhibitory tonus, and consequently,
1 s later tics occur as the video depicts. The ACC is known to play
a pivotal role in motor functions as well as in emotion (Devinsky
et al., 1995b). Electrophysiological studies have proven that the
ACC regulates movement and is engaged in premotor functions
(Luppino et al., 1991; Devinsky et al., 1995b). Furthermore, it
is an essential structure for the transition from early premo-
tor to behavioral states (for review please see Devinsky et al.,
1995a). In addition to motor output regulation, it acts as “both
an amplifier and filter, interconnecting the emotional and cogni-
tive components of the mind” (Devinsky et al., 1995b). Having in
mind the clinical characteristics of tic suppression and influence
of affective and cognitive states on tic frequency the activa-
tion of the ACC 1s prior to a tic fits well into the proposed
underlying neuronal circuit. This is in line with results from
Church et al. (2009) who describe the two different control

systems that exist in TS and healthy volunteers: the frontopari-
etal and the cingulo-opercular. Both networks are compromised
in TS, the frontoparietal to a larger degree than the cingulo-
opercular. The dorsal ACC is one part of the cingulo-opercular
system that shows disconnectivity in TS patients (Church et al.,
2009).

The putamen is the first part of the basal ganglia involved in
tic generation. Although structural alterations in different parts of
the basal ganglia have been well replicated (Peterson et al., 2003;
Plessen et al., 2009), in our imaging data, the basal ganglia do not
seem to be involved in the early phases of tic generation. Given
the positive outcome in a small case series of deep brain stimu-
lation in treatment resistant cases, the implantation of electrodes
seems to work within the cortico-striato-thalamo-cortical circuit
(Neuner et al., 2009; Ackermans et al., 2011). Current research
results suggest that it does not necessarily require intervention at
the origin of tics.

In our data, the insula was also identified as a structure
exhibiting activation 1s prior to tic onset. The insula could,
together with the SMA, be the neuronal substrate of pre-
monitory urges. The phenomenon of premonitory urges has
been compared in the literature to the phenomenon of itch-
ing (Bohlhalter et al.,, 2006) and neuroimaging studies iden-
tified a network comprised of the ACC, parietal operculum,
thalamus and the insula as the origin of unpleasant sensa-
tions associated with itching and the urge to scratch, or pain
(Hsieh et al., 1994; Kwan et al., 2000; Derbyshire et al., 2004;
Bohlhalter et al., 2006). The insula is thought to be function-
ally responsible for “behaviors which require an integration
between extrapersonal stimuli and internal milieu” (Mesulam
and Mufson, 1982a; Lerner et al., 2007). This hypothesis was
confirmed in clinical settings where tight interaction between
tics’ frequency and severity, emotional state of the patient and
actual situation (sitting in a lecture hall, driving a car) can
be observed. The insula is part of widespread networks and
is tightly connected with cortical and subcortical areas. It has
also reciprocal connections with primary, association, premotor
and paralimbic cortices, and has multiple connections with sub-
cortical structures including amygdala, claustrum, and thalamic
nuclei (Mesulam and Mufson, 1982a,b; Mufson and Mesulam,
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