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Abstract

Tic disorders (TD) are characterized by the presence of motor and/or vocal tics. Common neurophysiolog-
ical frameworks suggest dysregulations of the cortico-striatal-thalamo-cortical (CSTC) brain circuit that
controls movement execution. Besides common tics, there are other “non-tic” symptoms that are primarily
related to sensory perception, sensorimotor integration, attention, and social cognition. The existence of
these symptoms, the sensory tic triggers, and the modifying effect of attention and cognitive control mech-
anisms on tics may indicate the salience network’s (SN) involvement in the neurophysiology of TD.
Resting-state functional MRI measurements were performed in 26 participants with TD and 25 healthy
controls (HC). The group differences in resting-state functional connectivity patterns were measured based
on seed-to-voxel connectivity analyses. Compared to HC, patients with TD exhibited altered connectivity
between the core regions of the SN (insula, anterior cingulate cortex, and temporoparietal junction) and
sensory, associative, and motor-related cortices. Furthermore, connectivity changes were observed in
relation to the severity of tics in the TD group. The SN, particularly the insula, is likely to be an important
site of dysregulation in TD. Our results provide evidence for large-scale neural deviations in TD beyond the
CSTC pathologies. These findings may be relevant for developing treatment targets.

Key words: functional connectivity; insula; non-tic symptoms; resting-state fMRI; salience network;
tic disorder

Significance Statement

Tic disorders (TD) are associated with a variety of symptoms beyond typical motor and vocal tics that
affect sensory perception, attention, and social cognition. The presence of such non-tic symptoms sug-
gests the potential involvement of the salience network (SN) in the pathophysiology of TD. While pre-
vious studies have predominantly focused on the cortico-striatal-thalamo-cortical circuitry, which is
known to underlie tic generation and expression, we conducted resting-state functional magnetic res-
onance imaging to investigate the functional connectivity of the SN in TD. Notably, we observed
impaired connectivity of the SN with relations to the tic symptom severity. Our research provided impor-
tant evidence that the pathophysiology of TD involves the SN, which is highly relevant for developing
treatment strategies.

Introduction
Tic disorders (TD) are childhood-onset neurodevelopmental disorders characterized by
a wide range of motor and/or vocal tics with various manifestations and severities
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(Hartmann and Worbe, 2018; Deeb et al., 2019; Pringsheim et al., 2019). Tics, defined as involuntary, repetitive movements
and vocalizations (Leckman, 2003), can be quite debilitating, affecting various areas of a person’s life (Muller-Vahl et al.,
2010; Atkinson-Clement et al., 2022). In many cases, tics resolve on their own. In case they continue, a diagnosis of per-
sistent motor or vocal TD or Tourette’s syndrome may be applicable (DSM-5, American Psychiatric Association, 2013). TD
are often associated with other psychiatric conditions such as obsessive—compulsive disorder (OCD), attention deficit
hyperactivity disorder (ADHD), conduct disorder, and mood disorder (Conelea et al., 2011; Hirschtritt et al., 2015;
Serajee and Mahbubul Hug, 2015). These comorbidities are an additional source of psychosocial distress and impairment
in patients’ quality of life (Conelea et al., 2011; Smith et al., 2015; Evans et al., 2016).

Notably, there are also “non-tic” symptoms that cause debilities in TD. One of the important components of tics, the
“premonitory urge”, often manifests as a non-motor, localized, or diffuse unpleasant sensation, such as the perception
of pressure, hot or cold temperature, or tickling (Kwak et al., 2003; Reese et al., 2014). The correlation between tics
and neuropsychological deficits is also notable in pediatric autoimmune neuropsychiatric disorders associated with group
A beta-hemolytic streptococcus (PANDAS). These disorders manifest with the sudden onset of obsessive—compulsive
symptoms, tics, or a combination of both, and their symptoms are heightened during group A streptococcal infections
(Younger, 2023). Neuropsychological observations support a notion of TD that goes beyond a disorder of motor control
and involves complex patterns of cognitive, emotional, and behavioral processes (Ruhrman et al., 2017), likely affecting
the domains of sensory perception (Belluscio et al., 2011), sensory—motor integration (Friedrich et al., 2021), attention
(Misirlisoy et al., 2015), and social cognition (Channon et al., 2004, 2012; Eddy and Cavanna, 2013a, 2015).
Remarkably, these neuropsychological functions are closely related to salience-based information processing in the brain
(Seeley, 2019; Lugrin et al., 2023). Dysfunctional alterations in the salience network (SN) have been observed in various
psychiatric disorders, including ADHD, OCD, post-traumatic stress disorder, and schizophrenia (Berg et al., 2021;
Huang et al., 2022; Jakobi et al., 2022; Tomiyama et al., 2022). In TD, the non-tic symptoms may rely on abnormalities
of the cortical hubs within the SN, such as the anterior cingulate cortex (ACC), the ventral anterior insular cortex, and
the temporoparietal junction (TPJ; Kucyi et al., 2012; Seeley, 2019; Uddin et al., 2019).

The SN acts as a neural hub that is primarily associated with detecting and prioritizing salient or relevant information in
the environment and plays a vital role in determining the significance of sensory input (internally or externally) and guiding
subsequent cognitive and motor responses (Schimmelpfennig et al., 2023). With these functions, it plays a critical role in
orchestrating attention, guiding behavior, and regulating emotional responses (Menon and Uddin, 2010). The SN may be
closely linked to the pathophysiology of TD. Individuals with TD often experience heightened sensory sensitivities and an
inability to filter out irrelevant stimuli, leading to increased perceptions of tics and other sensory experiences. This height-
ened salience detection and atypical response within the network could contribute to the manifestation and exacerbation
of tics and associated behavioral symptoms. The SN connectivity changes in TD have yet to be investigated. Currently,
there is a lack of sufficient treatment strategies with respect to this disorder (Pringsheim et al., 2019; Chou et al., 2023;
Johnson et al., 2023), indicating an urgent need for pathophysiological knowledge that can bridge the gap between beha-
vior, the brain, and TD treatment.

Previous neuroimaging studies have focused mainly on dysregulations of the cortico-striatal-thalamo-cortical (CSTC)
circuit as the core pathology in tic generation and execution (Albin and Mink, 2006; Ganos et al., 2013; Hartmann and
Worbe, 2018). This circuit, comprising motor, affective, and limbic subsystems, plays a significant role in cognitive, emo-
tional, and motor control (Bonelli et al., 2007; Orth et al, 2022). Changes within the CSTC circuits and
cerebello-thalamo-cortical networks were also observed at the metabolic level in ['®Ffluorodeoxyglucose (FDG) positron
emission tomography (PET) imaging data. Studies using the ['®F]FDG PET have shown that TD extends beyond the
boundaries of basal ganglia circuits. This is evident in studies showing metabolic changes in regions outside the basal
gangliain TD (Pourfar et al., 2011; Buse et al., 2013). In particular, TD is characterized by significantly increased metabolic
rates in the sensorimotor cortices, as demonstrated in several studies (Eidelberg et al., 1997; Stern et al., 2000; Lerner et
al., 2007; Pourfar et al., 2011). To develop effective treatment strategies for TD, it is crucial to understand the widespread
neurophysiological changes associated with the disorder beyond “tics”. Functional magnetic resonance imaging (fMRI)
and resting-state fMRI, which detect temporally correlated large-scale networks in the brain such as the SN
(Damoiseaux et al., 2006; Uddin et al., 2019; Huang et al., 2022), are the most effective methods for investigating these
changes. Resting-state fMRI has the potential to improve clinical observation, diagnosis, and circuit-based interventions
(Yang et al., 2020) and offers the advantage of providing a functional brain scan that is independent of the patient’s cog-
nitive ability, cooperation, or motivation.

Given the potential of the resting-state fMRI, we applied resting-state fMRI measures to examine if the connectivity of
the cortical hubs of the SN showed abnormalities in TD and if these abnormalities might be associated with symptom
severity. To that end, we conducted resting-state fMRI measurements in a group of TD patients and in a group of healthy
controls (HC) and calculated the connectivity measures of the SN core regions. Using the Yale Global Tic Severity Scale
(YGTSS), we investigated the relationships between brain and tic severity by correlating YGTSS scores with the connec-
tivity measures of the SN regions. In addition, we examined the relationship between brain connectivity and the urge
severity as measured by the Premonitory Urges for Tics Scale (PUTS). Based on the clinical evidence regarding the exis-
tence of non-tic presentations in TD, we hypothesized that patients with TD might show an abnormal connectivity between
the SN core regions and the sensory and associative cortical areas.
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Materials and Methods
Participants

Twenty-six adult patients [mean age: 33.0 years + 10.6 (range, 19-58), seven females], who met the diagnostic criteria
for a TD according to the ICD-10 (World Health Organization, 2010) and 25 matched HC [mean age: 32.3 years +11.8
(range, 18-59), six females] participated in the present study. Patients were recruited from the inpatient and outpatient
psychiatric units at the University Hospital RWTH Aachen, Germany. Healthy volunteers were recruited through public
advertisements and matched with respect to age and gender. We applied an independent sample t test and a x*-test
to examine the age and gender differences between the TD and HC groups. The analysis was performed using SPSS
(IBM SPSS Statistics for Windows, Version 28.0 Armonk, NY: IBM). None of the HC participants met the criteria for a cur-
rent or past psychiatric or neurological disease. For all participants, the exclusion criteria included current pregnancy, MRI
contraindications, acute psychotic symptoms, severe head trauma, current substance use disorder, or a history of alcohol
and substance abuse within the past 6 weeks. All participants were native German speakers and right-handed according
to the Edinburgh Handedness Questionnaire. Of the 26 TD patients, 12 presented with a comorbid psychiatric diagnosis.
This information was based on their medical records and confirmed by patients. Eleven patients received psychopharma-
cological treatment (for detailed diagnosis and medication list, see Table 1). The study was conducted at the University
Hospital RWTH Aachen, Germany. The research protocol was approved by the local ethics committee (The
Independent Ethics Committee, medical faculty, RWTH Aachen University, EK103-18). Human research in this study
was conducted according to the principles expressed in the Declaration of Helsinki. All participants gave written informed
consent to participate in the study and received financial compensation.

Clinical assessments
One day prior to the MRI measurement, the following assessments were conducted in the patient group:

1. YGTSS (Leckman et al., 1989; German version by H.-C. Steinhausen). A clinician-rated scale, YGTSS is considered
the gold standard for evaluating tics in patients with Tourette’s syndrome and other TD. This instrument allows
assessment of the quantity, frequency, intensity, complexity, and interference of motor and vocal tics in the
past week. Each domain is rated on a 6-point Likert scale (0, not at all; 5, very much), with a separate rating for
“overall impairment” related to the patient’s daily life and activities. The total motor tic score, the total vocal tic
score, the total tic score, and the global tic severity score constitute the four summary scores.

2. PUTS (Woods et al., 2005), German version. PUTS is a self-rated scale for assessing urge severity in patients with
tics.

3. Gilles de la Tourette Syndrome-Quiality of Life Scale (GTS-QOL; Cavanna et al., 2008), German version . This
self-rated scale measures the psychological, physical, obsessive-compulsive, and cognitive impact of Tourette’s
syndrome and other TD.

4. Beck Depression Inventory-Il (BDI-II; Beck et al., 1996), German version (Kihner et al., 2007). BDI-Il is a question-
naire that measures the severity of depressive symptoms.

5. Yale-Brown Obsessive—-Compulsive Scale (Y-BOCS; Goodman et al., 1989), German version (Hand and Buttner-
Westphal, 1991). This clinician-rated scale facilitates evaluations of OCD-related symptoms.

Table 1. Psychotropic medications and comorbidities in the TD group

3
B

Psychotropic medication
No medication 1
Antipsychotics + SSRI
Antipsychotics + methylphenidate/atomoxetine
Antipsychotics
Antipsychotics + SSRI+ THC
Tiapride
SSRI
SSRI + tiapride + methylphenidate/atomoxetine
THC
Methylphenidate/atomoxetine
Methylphenidate/atomoxetine + THC
Psychiatric comorbidities
ADHD
OoCD
ADHD + depression
OCD +ADHD
OCD + addiction (cannabis)
OCD + depression
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MR imaging protocol

Imaging data were obtained from a 3.0 T Siemens Prisma fit MRI scanner (Magnetom, Siemens Medical Systems) with a
32-channel head coil. A resting-state fMRI measurement was conducted for all participants. Participants were instructed
to lie still with their eyes open, not fall asleep and let their thoughts run free during the resting-state measurement. All par-
ticipants confirmed that they had followed these directions. The whole-brain fMRI measurement was performed with an
echo planar imaging sequence [repetition time (TR)=2,000 ms; echo time (TE) =28 ms; flip angle =77°; voxel size =3 x
3 mm; matrix size = 64 x 64 x 64; 34 transverse slices (interleaved acquisition); and 210 images]. Structural images were
acquired using a T1-weighted magnetization prepared rapid acquisition with gradient echo sequence (TR=2,000 ms;
TE =30.3 ms; inversion time = 900 ms; flip angle = 9°; voxel size =1 x 1 mm; 176 sagittal slices; 1 mm slice thickness; field
of view =256 x 256 mm?; GRAPPA factor 2).

MRI data analysis

Preprocessing. Both the anatomical and functional image analyses were conducted using the MATLAB-based CONN
toolbox (version 22.a; Whitfield-Gabrieli and Nieto-Castafién, 2012; Nieto-Castanon and Whitfield-Gabrieli, 2022) imple-
mented in SPM12 (Penny et al., 2011). To avoid T1 saturation effects, the first five images were excluded from the analysis.

Functional and anatomical data were preprocessed using a flexible preprocessing pipeline (Nieto-Castanon, 2020)
including realignment with correction of susceptibility distortion interactions, slice-timing correction (STC), outlier detec-
tion, direct segmentation and MNI space normalization, and smoothing. Functional data were realigned using SPM realign
and unwarp procedure (Andersson et al., 2001), where all scans were coregistered to a reference image (first scan of the
first session) using a least squares approach and a six-parameter (rigid body) transformation (Friston et al., 1995) and
resampled using b-spline interpolation to correct for motion and magnetic susceptibility interactions. Temporal misalign-
ment between different slices of the functional data (acquired in interleaved Siemens order) was corrected following SPM
STC procedure (Henson et al., 1999; Sladky et al., 2011), using sinc temporal interpolation to resample each slice BOLD
time series to a common midacquisition time. Potential outlier scans were identified using artifact detection tools
(Whitfield-Gabirieli et al., 2011) as acquisitions with framewise displacement above 0.9 mm or global BOLD signal changes
above five standard deviations (Nieto-Castanon, n.d.; Power et al., 2014), and a reference BOLD image was computed for
each subject by averaging all scans excluding outliers. Functional and anatomical data were normalized into the standard
MNI space; segmented into gray matter, white matter, and CSF tissue classes; and resampled to 2 mm isotropic voxels
following a direct normalization procedure (Nieto-Castanon, n.d.; Calhoun et al., 2017) using the SPM unified segmenta-
tion and normalization algorithm (Ashburner and Friston, 2005; Ashburner, 2007) with the default IXI-549 tissue probability
map template. Last, functional data were smoothed using spatial convolution with a Gaussian kernel of 8 mm full-width at
half-maximum.

In addition, functional data were denoised using a standard denoising pipeline (Nieto-Castanon, 2020) including the
regression of potential confounding effects characterized by white matter time series [five component-based noise cor-
rection method (CompCor) noise components], CSF time series (five CompCor noise components), motion parameters
and their first-order derivatives (12 factors; Friston et al., 1996), outlier scans (below 82 factors), session effects and their
first-order derivatives (two factors), and linear trends (two factors) within each functional run, followed by bandpass fre-
quency filtering of the BOLD time series (Hallquist et al., 2013) between 0.008 and 0.09 Hz. CompCor (Behzadi et al.,
2007; Chai et al., 2012) noise components within the white matter and CSF were estimated by computing the average
BOLD signal as well as the largest principal components orthogonal to the BOLD average, motion parameters, and outlier
scans within each subject’s eroded segmentation masks. From the number of noise terms included in this denoising strat-
egy, the effective degrees of freedom of the BOLD signal after denoising were estimated to range from 43.3 to 70.2 (aver-
age 67.9) across all subjects (Nieto-Castanon, n.d.).

First- and second-level analyses. Seed-based connectivity (SBC) maps were estimated characterizing the patterns of
functional connectivity with high-performance computing-independent component analysis (ICA) networks (Nieto-
Castanon and Whitfield-Gabrieli, 2022). The functional connectivity strength was represented by Fisher-transformed
bivariate correlation coefficients from a weighted general linear model (GLM; Nieto-Castanon, 2020), defined separately
for each pair of seed and target areas, modeling the association between their BOLD signal time series. In order to com-
pensate for possible transient magnetization effects at the beginning of each run, individual scans were weighted by a step
function convolved with an SPM canonical hemodynamic response function and rectified.

Group-level analyses were performed using a GLM (Nieto-Castanon, 2020). For each individual voxel, a separate GLM
was estimated, with first-level connectivity measures at this voxel as dependent variables (one independent sample per
subject and one measurement for the rest condition) and groups as independent variables. Voxel-level hypotheses were
evaluated using multivariate parametric statistics with random effects across subjects and sample covariance estimation
across multiple measurements. Inferences were performed at the level of individual clusters (groups of contiguous voxels).
Cluster-level inferences were based on parametric statistics from the Gaussian random field theory (Worsley et al., 1996;
Nieto-Castanon, 2020). Results were thresholded using a combination of a cluster-forming p < 0.001 voxel-level threshold
and a false discovery rate (FDR)-corrected pgpr < 0.05 cluster-size threshold (Chumbley et al., 2010). Additionally, linear
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regressions were performed between the YGTSS score (tic severity) and brain connectivity of the seed regions as well as
the PUTS score (urge severity) and brain connectivity. The correction of these analyses had the same threshold (cluster-
level pepr < 0.05, voxel level p <0.001, uncorrected).

Quality assurance. All structural and functional MRI scans were visually inspected to ensure that participants had no
significant brain atrophy. After preprocessing, the quality of the preprocessed data was inspected using the quality assur-
ance (QA) plots available in the CONN toolbox (QA normalization, registration, and motion). Due to excessive motion (con-
tinuous head movements, not specific to tics), one patient was removed from further analysis resulting in n =25 patients
and n =25 HC. For this patient, >50% of the scans were detected as outlier scans.

Results

Sample characteristics

Patient and HC groups did not differ in age [t =—0.09; p =0.928] or gender (x> =0; p=1.0). The patients had a mean
YGTSS total tic score of 22.9 +8.2 (range, 10-42) and a GTS-QOL score of 28.1 + 18.5 (range, 1-69). The average PUTS
score was 24.9 +5.7 (range, 10-33) with 11 patients having a medium intensity (range, 12.5-24.5), eight patients a high
intensity (range, 25-30.5), and five patients an extremely high intensity (<31) of premonitory urges for tics. The average
BDI-Il score was 12.0+11.0 (range, 0-43) with five patients reporting moderate to severe depressive symptoms (range,
20-63) and the remaining minimal to mild depressive symptoms (<19). Out of 25 patients, 11 described obsessive-com-
pulsive symptoms resulting in an average Y-BOCS score of 6.7 +10.2 (range, 0-37), with four patients having moderate
symptoms (range, 16-23) and one patient having extreme symptoms (range, 32—40), while the rest reported subclinical to
mild symptoms (<15; Table 2).

Resting-state fMRI: SBC

The differences in functional connectivity between the patient and control groups, and the correlation of connectivity
measures with tic symptom severity measured by YGTSS and PUTS in the patient group, were examined by means of
SBC analyses. For the between-group connectivity analysis, the major nodes of the SN were chosen as the seed regions.
Compared to their HC counterparts, patients with TD showed significantly different connectivity in the right and left insula,
the TPJ, and the ACC (Fig. 1).

The right insula showed significantly higher functional connectivity to the right precentral gyrus, the right central oper-
culum, and the right inferior frontal gyrus (IFG) as well as lower connectivity to the right thalamus. The left insula showed
significantly higher connectivity to the central operculum and the right insula.

As a seed region, the TJP revealed higher connectivity to clusters including the right frontal pole, the right middle frontal
gyrus (MFG), and the IFG as well as the right angular gyrus and the right supramarginal gyrus in the patient group com-
pared with the HC group.

The ACC seed showed significantly higher connectivity to the bilateral superior frontal gyrus (SFG), the bilateral supple-
mentary motor area (SMA), the left paracingulate gyrus, the left precentral gyrus, the right IFG, and the right MFG as well as
the left middle temporal gyrus and the left inferior temporal gyrus.

To investigate the correlation between patients’ clinical scores and their connectivity, we conducted an additional anal-
ysis, which revealed a negative correlation between the connectivity of the left insula and the right SFG and the tic severity
as measured by the YGTSS (Fig. 2). We additionally revealed a negative correlation between the connectivity of the right
insula and clusters including the bilateral SFG, the bilateral SMA, and the bilateral precentral gyrus and the tic severity as
measured by the YGTSS. The other regions of the SN did not reveal significant correlations between the patients’ clinical
scores and their connectivity. No significant correlation was found between the PUTS score and brain connectivity of any
SN region.

Discussion
The existence of “non-tic” symptoms in TD and the prevalence of other psychiatric comorbidities suggest that TD is not
simply a movement disorder, but a complex disorder involving wide-ranging brain pathologies that may occur beyond the

Table 2. Clinical scores of TD patients (n =25)

Mean SD Min Max
YGTSS 229 8.2 10 42
GTS-QOL 28.1 18.5 1 69
PUTS 24.9 5.7 10 33
BDI-II 12.0 11.0 0 43
Y-BOCS 6.7 10.2 0 37

BDI-Il, Beck Depression Inventory-Il; GTS-QOL, Gilles de la Tourette Syndrome-Quiality of Life Scale; PUTS, Premonitory Urges for Tics Scale; Y-BOCS, Yale-Brown
Obsessive-Compulsive Scale; YGTSS, Yale Global Tic Severity Scale.
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Seed Connectivity Cluster Regions MNI coordinates (x, y, 2)
[Patient > Control]
Insular higher Precent. g. r, cent. operculumr, IFG r 44,02,12
lower Thalamus r 18, -32,08
Insula | higher Cent. operculumr, insula r 42,02,12
TPJ higher Angular g.r, SMG r 42, -48, 36
9 Front. poler, MFGr, IFG r 42, 32,18
ACC SFG |, precent. g. I, SMA |, SFG r, paracing. g. |, SMAr -06, 12, 54
higher MTG |, inf. temp. g. | -68, -54, -04
IFGr, MFG r 40, 30, 16

Figure 1. SBC results for the seeds’ right insula (higher connectivity), bilateral TPJ, and the ACC and the contrast (patient > control). The red-yellow-white
color indicates increased connectivity. The table lists the individual clusters of each seed region in detail with the corresponding MNI coordinates. ACC,
anterior cingulate cortex; TPJ, temporoparietal junction; angular g., angular gyrus; cent. operculum, central operculum; front. pole, frontal pole; IFG, inferior
frontal gyrus; inf. temp. g., inferior temporal gyrus; MFG, middle frontal gyrus; MTG, middle temporal gyrus; paracing. g., paracingulate gyrus; precent. g.,
precentral gyrus; SMA, supplementary motor area; SMG, supramarginal gyrus.

motor-related brain areas. The present study provides evidence that SN connectivity is altered in patients with TD. While
most previous studies investigating altered connectivity in TD had focused on the neural networks underlying tic gener-
ation and expression, and indicated the pathological deviations within the CSTC circuit, we used resting-state brain scans
to explore the functional connectivity of the SN in this disorder. The seed-to-voxel functional connectivity analyses of the
SN cortical nodes (insula, ACC, and TPJ) revealed increased connectivity to the sensory, associative, and motor-related
cortices. The insula was found to play a salient role in a disturbed connectivity to the frontal lobe in correlation with the tic
severity. By exploring the altered SN connectivity, which may have implications in non-tic symptoms, our study adds to
the understanding of large-scale brain network involvement in TD. Resting-state fMRI may be an appropriate brain map-
ping method to evaluate regional interactions, which occur within the large-scale brain networks beyond the motor-related
areas and are not limited to temporary tics. Previous resting-state studies have already revealed an involvement of the
default mode network (DMN) and the frontoparietal network in the TD pathophysiology (Fan et al., 2018; Ramkiran et
al., 2019; Zito et al., 2021). ICAs have shown a significant increase in the coupling between and within the amygdalae
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Seed Connectivity Cluster Regions MNI coordinates (x, y, 2)
[Effect of YGTSS]
Insula r — SMA |, SFG |, precent. g. |, SMA r -04, -02, 68

’ SFGr, SMA, precent. g. r 18, -04, 66
Insula | lower SFGr 18, -04, 66

Figure 2. SBC results for the right insula seed in correlation to the YGTSS score. The blue-white coloring indicates decreased connectivity. The table indi-
cates the cluster of the right and left insula seed with the corresponding MNI coordinates. Precent. g., precentral gyrus; SFG, superior frontal gyrus; SMA,
supplementary motor area.

and increased integration of the dorsomedial prefrontal cortex (PFC) in the DMN connectivity and decreased integration of
the inferior parietal cortex in the frontoparietal network connectivity (Werner et al., 2010; Fan et al., 2018). Studies using
graph theoretical measures have found increased basal ganglia—cortical and thalamo-cortical connectivity, reduced cor-
tico-cerebellar connectivity, and increased connectivity of the dorsal insula with frontostriatal nodes in patients with TD
compared with controls (Worbe et al., 2012; Tinaz et al., 2015; Ramkiran et al., 2019). SBC analyses in TD have revealed
greater connectivity between the temporal gyri, the insula, and the putamen and between the orbitofrontal cortex and the
ACC as well as between the sensory motor cortex and the insula (Tinaz et al., 2014; Bhikram et al., 2020). Another study
has identified TD through multivariate analyses based on a support vector machine using resting-state data from a net-
work including the striatum, the frontoparietal cortical areas, and the cerebellum (Zito et al., 2021). Our observations add to
previous findings pertaining to altered functional connectivity in TD.

Generally, it seems that the notion of non-tic symptoms has not been sufficiently addressed in the common neurophys-
iological models of TD, which have focused mainly on CSTC pathologies (Szejko, 2022). However, sensorimotor integra-
tion, a process through which the central nervous system integrates sensory information to plan motor responses, may be
crucial for the performance of efficient movements (Nijs et al., 2012; Seki and Fetz, 2012). Evidence suggests that the basal
ganglia are involved in the inhibition of certain sensory inputs, which, in combination with faulty sensorimotor cortex pro-
jections, can lead to disturbances in movement control. Individuals with TD may have impairments in these functions
(Abbruzzese and Berardelli, 2003), likely affecting sensorimotor integration and, consequently, motor control (Patel et
al., 2014). The increased binding of stimulus- and response-related cues in visual processes and the altered sensorimotor
integration processes in TD suggest an increased perceptual and action binding in the somatosensory area (Nowak et al.,
2005; Friedrich et al., 2021). In this context, the integration of perceptions into processes pertaining to planning, execution,
and adaptation of complex movements has been shown to be impaired in TD (Kim et al., 2019). The ability to at least par-
tially control tics suggests a link to motor learning with tighter stimulus-response binding (Ganos et al., 2014; Brandt et al.,
2016a). Remarkably, TD is associated with other non-tic symptoms with higher social relevance, including altered social
cognition, social disinhibition, and a phenomenon called non-obscene socially inappropriate symptoms (NOSIS), which is
described as an urge to perform behaviors that are socially disruptive or offensive to others (Kurlan et al., 1996; Eddy and
Cavanna, 2013b). While no explanatory framework is available regarding NOSIS, the combination of excessive delibera-
tion about other people’s mental states and an inability to inhibit impulses may explain why some people with TD expe-
rience NOSIS (Eddy and Cavanna, 2013a,b). According to Gilles de la Tourette, tics may be triggered by mirroring the
movements or vocalizations of others, known as echopraxia or echolalia (Ganos et al., 2012; Brandt et al., 2016b).
Also, some of the complex tics, such as coprolalia, swearing tics, and the urge to imitate other people’s speech and beha-
vior, are tightly bound to social interactions (Kurlan et al., 1996; Eddy and Cavanna, 2013b; Ganos et al., 2016). Increased
salience in TD may augment an heightened awareness of external stimuli, which, along with impulse dysregulations, may
contribute to these special tics (Eddy and Cavanna, 2015). Our observation of SN involvement is in line with the salience
processing that pertains to the socially inappropriate drives, echophenomena, and NOSIS.

The SN performs a pivotal role in detecting salient stimuli from a continuous flow of sensory information acting on the
senses. According to Menon and Uddin (2010), the SN is responsible for initiating control signals to regulate behavior and
the homeostatic state. The SN, which serves as a switch between the central executive network and the DMN, may be
impaired in TD, leading to insufficient salience detection and filtering information. Consequently, individuals with TD
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may often experience hypersensitivity to external stimuli, as well as a tendency to overthink and hypermentalize (Belluscio
et al., 2011; Isaacs and Riordan, 2020).

The insula is a major node of the SN, and its role in TD has already been pointed out in numerous studies, particularly in
association with the generation of premonitory sensations or “urges” that commonly precede tics (Tinaz et al., 2015;
Draper et al., 2016; Conceicéo et al., 2017; Jackson et al., 2020). In fact, electrical stimulation of the insular cortex and
the parietal operculum elicits unpleasant somatosensory or visceral sensations (Leckman and Riddle, 2000). The presence
of these premonitory urges has been shown to be associated with tic severity in TD (Kyriazi et al., 2019). The premonitory
sensations are usually attenuated or canceled by the execution of the tics (Leckman, 2002; Brandt et al., 2016a). Thus,
there may be a strong interaction between perceptual and movement processes, which is underscored by our findings
of increased connectivity between the insula and the motor areas. Previous findings have indicated an increased connec-
tivity between the anterior insula and the frontostriatal areas in TD patients compared with controls (Tinaz et al., 2015). The
functional connectivity between the right dorsal anterior insula and the left dorsomedial PFC has been found to correlate
positively with the urge severity, indicating that sensory cortices as well as the limbic and paralimbic areas, such as the
ACC, the insula, and the amygdala, may be involved in the generation of premonitory urges (Tinaz et al., 2015). We
also observed an increased connectivity between the right insula and the central operculum involved in sensory and cog-
nitive processing (Maliia et al., 2018) as well as the precentral gyrus, involved in sensorimotor integration (Cooke and
Graziano, 2004). The involvement of sensory processing has already been highlighted in TD, reflecting a hypersensitivity
to the external stimuli (Cohen and Leckman, 1992; Belluscio et al., 2011; Buse et al., 2015). In fact, tics have been reported
to be exacerbated in response to various visual, auditory, and tactile stimuli (Commander et al., 1991; Eapen et al., 1994;
Janik et al., 2018; Isaacs and Riordan, 2020). Our results are consistent with the findings by Bhikram et al. (2020), who have
reported an increased connectivity between the insula and the temporal gyri, which may reflect the insula’s role in increas-
ing the salience of premonitory urges. Data from ['®F]FDG PET imaging studies similarly reported increased brain activity in
the insula and the superior temporal gyrus (Stern et al., 2000).

An increased connectivity between the TPJ and the associative areas in the parietal and frontal lobe, and areas involved
in visuospatial perception, i.e., the angular gyrus, has been revealed in our data. The TPJ as part of the SN is involved in a
variety of processes, including sensorimotor integration (Blanke and Mohr, 2005), imitation processes (Spengler et al.,
2010), social cognition, and stimulus-driven attentional functions (Corbetta et al., 2008). In line with our observations,
TD has been found to be associated with increased activation of the TPJ using fMRI and ['®F]FDG PET, with alterations
of the TPJ activity having been correlated with coprolalia, echophenomena, and NOSIS (Stern et al., 2000; Eddy et al.,
2016).

In the current study, the evaluation of the connectivity patterns of the ACC as part of the SN revealed an increased con-
nectivity between the SN and motor areas, i.e., the SMA and the SFG, and areas involved in visuospatial perception, i.e.,
the temporal pole and the middle temporal gyrus. The ACC also showed a higher connectivity to the PFC, which is involved
in attention control. Pathologies of attention rely on the SN (Menon and Uddin, 2010) and may interact with the tics
(Misirlisoy et al., 2015). Previous findings suggest that individuals with TD are more likely to experience attention deficits
compared with individuals without TD, particularly in tasks involving cognitive flexibility, divided attention, and response
inhibition (Johannes et al., 2001; Kurvits et al., 2020). Additionally, males with TD have shown altered reactions toward
predictable versus unpredictable stimuli in the brain regions that play a significant role in attention control, likely indicating
an altered allocation of attention toward those stimuli (Buse et al., 2017). Generally, attention seems to have modulating
effects on tics: while focusing attention on the tics intensifies them significantly (Misirlisoy et al., 2015; Herrmann et al.,
2019), the frequency of tics decreases when individuals focus on visual stimuli (Brandt et al., 2015) or direct their attention
to a motor task (Misirlisoy et al., 2015; Stiede and Woods, 2020). ACC dysfunction has been linked to mild cognitive def-
icits in attention and inhibition in TD (O’Neill et al., 2019), which may be reflected by the increased connectivity between the
ACC and the frontal regions. The results can additionally be strengthened by available ['®F]FDG PET studies that revealed
significant increases in the metabolic activity of the ACC and frontal cortices associated with attentional and visuospatial
dysfunction as well as coprolalia and echophenomena (Braun et al., 1995; Jeffries et al., 2002).

We explored the connectivity of the insula in greater depth through the correlations of tic severity as measured by
YGTSS. Tic severity has already been shown to be correlated with the engagement of the SMA, the precentral gyrus,
and the MFG across different tasks (Polyanska et al., 2017) and with increased connectivity between the putamen and
the sensorimotor cortex (Bhikram et al., 2020). In the current analysis, we observed the changes that occurred in the insular
functional connectivity in correlation with tic severity. A lower functional connectivity between the insula and the areas
within the SFG was observed in patients with higher tic severity. The SFG is involved in self-awareness and impulse control
and modulates inhibitory control and motor urgency (Hu et al., 2016). The reduced functional connectivity between the
insula and the SFG at higher tic severity may explain the lower inhibitory control in severely affected patients, likely estab-
lishing a link between the altered processing of salient information and decreased inhibitory control in TD.

It is generally acknowledged that, in addition to the typical motor-related tics, patients with TD have a wide range of
symptoms that primarily affect social cognition, attention, and sensory perception. The SN, and particularly the insula,
is critical for the detection of internal and external stimuli and for the coordination of the brain’s neural resources in
response to those stimuli. The altered connectivity between the SN and the motor, sensory, and attentional regions sug-
gests that SN pathologies likely trigger the mechanisms that underlie the tic and non-tic symptoms in TD.
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While this study aimed to shed light on the deviations of the SN connectivities in TD, it is essential to acknowledge sev-
eral limitations that should be considered when interpreting the results. One of the primary limitations of this investigation
is the limited sample size of the study, which has implications for the robustness and applicability of the results to the
broader TD population. Furthermore, the small sample size may have challenged detecting subtle but potentially important
differences in the SN between TD patients and HC. As a result, the statistical power of the study may be compromised,
increasing the risk of both Type | and Type Il errors. Generally, the limited sample size makes it difficult to explore potential
moderating factors or sources of heterogeneity within the TD group, such as age of onset, tic severity, comorbid condi-
tions, and medication status. These factors could significantly influence the functional connectivity patterns in the SN and
contribute to the variability within the TD population. The possibility of psychiatric medications having their effects through
network reorganization in the brain cannot be ruled out (Schulz and Steimer, 2000). Many patients with TD may show addi-
tional conditions of Axis | disorders (Hirschtritt et al., 2015), as was the case with our sample. The presence of various
comorbid disorders increased the heterogeneity of our sample, thus limiting the specificity of our results.

Furthermore, a threshold of 0.5 mm for frame displacement in fMRI motion scrubbing was applied in preprocessing of
the data in the current study to strike a balance between mitigating motion artifacts and minimizing the risk of substantial
data loss. While this threshold is commonly used in fMRI studies, the choice of optimal threshold should depend on spe-
cific factors such as the characteristics of the study population. Motion is a significant concern in TD; therefore, studies of
this population might opt for more stringent thresholds to minimize any potential influence of motion. We suggest contem-
plating the use of conservative fMRI motion correction strategies in large sample studies of TD.

Conclusion

The above limitations notwithstanding, the results of our study add to the current understanding of the widespread dys-
function of large-scale brain networks in TD. Most specifically, we have successfully demonstrated an imbalanced con-
nectivity between the main hubs of the SN and the associative and sensory processing areas in TD. The reduced
connectivity of the insula and the SFG has been found to correlate with the TD symptom severity, highlighting a link
between salience processing and inhibitory control. These findings may afford clinically relevant insights into the neuro-
physiology of TD beyond the CTSC circuits, providing a framework for understanding the underlying neurophysiology of
the sensory tic triggers and the non-tic symptoms. This knowledge can potentially lead to the identification of new ther-

apeutic modalities in future research pertaining to the sensory triggers of tics.

References

Abbruzzese G, Berardelli A (2003) Sensorimotor integration in move-
ment disorders. Mov Disord 18:231-240.

Albin RL, Mink JW (2006) Recent advances in Tourette syndrome
research. Trends Neurosci 29:175-182.

American Psychiatric Association (2013) Diagnostic and Statistical
Manual of Mental Disorders (DSM-5®). American Psychiatric
Publishing, Inc.

Andersson JLR, Hutton C, Ashburner J, Turner R, Friston K (2001)
Modeling geometric deformations in EPI time series. Neuroimage
13:903-919.

Ashburner J (2007) A fast diffeomorphic image registration algorithm.
Neuroimage 38:95-113.

Ashburner J, Friston KJ (2005) Unified segmentation. Neuroimage
26:839-851.

Atkinson-Clement C, et al. (2022) How does Tourette syndrome
impact adolescents’ daily living? A text mining study. Eur Child
Adolesc Psychiatry 32:2623-2635.

Beck AT, Steer RA, Brown GK (1996) Beck Depression Inventory, Ed. 3.
San Antonio, TX: The Psychological Corporation.

Behzadi Y, Restom K, Liau J, Liu TT (2007) A component based noise
correction method (CompCor) for BOLD and perfusion based fMRI.
Neuroimage 37:90-101.

Belluscio BA, Jin L, Watters V, Lee TH, Hallett M (2011) Sensory sen-
sitivity to external stimuli in Tourette syndrome patients. Mov
Disord 26:2538.

Berg H, Ma Y, Rueter A, Kaczkurkin A, Burton PC, Deyoung CG,
Macdonald AW, Sponheim SR, Lissek SM (2021) Salience and cen-
tral executive networks track overgeneralization of conditioned-fear
in post-traumatic stress disorder. Psychol Med 51:2610-2619.

Bhikram T, Arnold P, Crawley A, Abi-Jaoude E, Sandor P (2020) The
functional connectivity profile of tics and obsessive—-compulsive
symptoms in Tourette syndrome. J Psychiatr Res 123:128-135.

Blanke O, Mohr C (2005) Out-of-body experience, heautoscopy, and
autoscopic hallucination of neurological origin: implications for
neurocognitive mechanisms of corporeal awareness and self-
consciousness. Brain Res Rev 50:184-199.

Bonelli RM, Cummings JL, Bonelli M, Cummings JL, Bonelli RM,
Cummings JL (2007) Frontal-subcortical circuitry and behavior.
Dialogues Clin Neurosci 9:141-151.

Brandt VC, Lynn MT, Obst M, Brass M, Miinchau A (2015) Visual feed-
back of own tics increases tic frequency in patients with Tourette’s
syndrome. Cogn Neurosci 6:1-7.

Brandt VC, Beck C, Sajin V, Baaske MK, Baumer T, Beste C, Anders
S, Minchau A (2016a) Temporal relationship between premoni-
tory urges and tics in Gilles de la Tourette syndrome. Cortex
77:24-37.

Brandt VC, Patalay P, Baumer T, Brass M, Mlinchau A (2016b) Tics as
a model of over-learned behavior-imitation and inhibition of facial
tics. Mov Disord 31:1155-1162.

Braun AR, Randolph C, Stoetter B, Mohr E, Cox C, Vladar K, Sexton R,
Carson RE, Herscovitch P, Chase TN (1995) The functional neuro-
anatomy of Tourette’s syndrome: an FDG-PET Study. II:
Relationships between regional cerebral metabolism and associ-

ated behavioral and cognitive features of the illness.
Neuropsychopharmacology 13:151-168.
Buse J, Schoenefeld K, Minchau A, Roessner V (2013)

Neuromodulation in Tourette syndrome: dopamine and beyond.
Neurosci Biobehav Rev 37:1069-1084.

Buse J, Beste C, Herrmann E, Roessner V (2015) Neural correlates of
altered sensorimotor gating in boys with Tourette syndrome: a
combined EMG/fMRI study. World J Biol Psychiatry 17:187-197.

Buse J, Beste C, Roessner V (2017) Neural correlates of prediction vio-
lations in boys with Tourette syndrome: evidence from harmonic
expectancy. World J Biol Psychiatry 19:130-141.

June 2024, 11(6). DOI: https://doi.org/10.1523/ENEURO.0223-23.2024. 9 of 12


https://doi.org/10.1523/ENEURO.0223-23.2024

Meuro

Calhoun VD, Wager TD, Krishnan A, Rosch KS, Seymour KE, Nebel
MB, Mostofsky SH, Nyalakanai P, Kiehl K (2017) The impact of
T1 versus EPI spatial normalization templates for fMRI data analy-
ses. Hum Brain Mapp 38:5331-5342.

Cavanna AE, Schrag A, Morley D, Orth M, Robertson MM, Joyce E,
Critchley HD, Selai C (2008) The Gilles de la Tourette
Syndrome-Quality of Life Scale (GTS-QOL). Neurology 71:1410-
1416.

Chai XJ, Castafién AN, Ongiir D, Whitfield-Gabrieli S (2012)
Anticorrelations in resting state networks without global signal
regression. Neuroimage 59:1420-1428.

Channon S, Sinclair E, Waller D, Healey L, Robertson MM (2004)
Social cognition in Tourette’s syndrome: intact theory of mind
and impaired inhibitory functioning. J Autism Dev Disord
34:669-677.

Channon S, Drury H, Gafson L, Stern J, Robertson MM (2012)
Judgements of social inappropriateness in adults with Tourette’s
syndrome. Cogn Neuropsychiatry 17:246-261.

Chou C-Y, Agin-Liebes J, Kuo S-H (2023) Emerging therapies and
recent advances for Tourette syndrome. Heliyon 9:e12874.

Chumbley J, Worsley K, Flandin G, Friston K (2010) Topological FDR
for neuroimaging. Neuroimage 49:3057-3064.

Cohen AJ, Leckman JF (1992) Sensory phenomena associated with
Gilles de la Tourette’s syndrome. J Clin Psychiatry 53:319-323.
Commander M, Corbett J, Prendergast M, Ridley C (1991) Reflex tics
in two patients with Gilles de la Tourette syndrome. Br J Psychiatry

159:877-879.

Conceicdo VA, Dias A, Farinha AC, Maia TV (2017) Premonitory urges
and tics in Tourette syndrome: computational mechanisms and
neural correlates. Curr Opin Neurobiol 46:187-199.

Conelea CA, Woods DW, Zinner SH, Budman C, Murphy T, Scahill LD,
Compton SN, Walkup J (2011) Exploring the impact of chronic tic
disorders on youth: results from the Tourette syndrome impact sur-
vey. Child Psychiatry Hum Dev 42:219-242.

Cooke DF, Graziano MSA (2004) Sensorimotor integration in the pre-
central gyrus: polysensory neurons and defensive movements.
J Neurophysiol 91:1648-1660.

Corbetta M, Patel G, Shulman GL (2008) The reorienting system of the
human brain: from environment to theory of mind. Neuron 58:306—
324.

Damoiseaux JS, Rombouts SARB, Barkhof F, Scheltens P, Stam CJ,
Smith SM, Beckmann CF (2006) Consistent resting-state networks
across healthy subjects. Proc Natl Acad Sci U S A 103:13848-
13853.

Deeb W, Malaty IA, Mathews CA (2019) Tourette disorder and other tic
disorders. Handb Clin Neurol 165:123-153.

Draper A, Jackson GM, Morgan PS, Jackson SR (2016) Premonitory
urges are associated with decreased grey matter thickness within
the insula and sensorimotor cortex in young people with Tourette
syndrome. J Neuropsychol 10:143-153.

Eapen V, Moriarty J, Robertson MM (1994) Stimulus induced behav-
iours in Tourette’s syndrome. J Neurol Neurosurg Psychiatry
57:853-855.

Eddy CM, Cavanna AE (2013a) Altered social cognition in Tourette
syndrome: nature and implications. Behav Neurol 27:15-22.

Eddy CM, Cavanna AE (2013b) On being your own worst enemy: an
investigation of socially inappropriate symptoms in Tourette syn-
drome. J Psychiatr Res 47:1259-1263.

Eddy CM, Cavanna AE (2015) Triangles, tricks and tics: hyper-
mentalizing in response to animated shapes in Tourette syndrome.
Cortex 71:68-75.

Eddy CM, Cavanna AE, Rickards HE, Hansen PC (2016)
Temporo-parietal dysfunction in Tourette syndrome: insights
from an fMRI study of theory of mind. J Psychiatr Res 81:102-111.

Eidelberg D, Moeller JR, Antonini A, Kazumata K, Dhawan V, Budman
C, Feigin A (1997) The metabolic anatomy of Tourette’s syndrome.
Neurology 48:927-934.

Evans J, Seri S, Cavanna AE (2016) The effects of Gilles de la Tourette
syndrome and other chronic tic disorders on quality of life across

Research Article: New Research 100of 12

the lifespan: a systematic review. Eur Child Adolesc Psychiatry
25:939-948.

Fan S, van den Heuvel OA, Cath DC, de Wit SJ, Vriend C, Veltman DJ,
van der Werf YD (2018) Altered functional connectivity in resting
state networks in Tourette’s disorder. Front Hum Neurosci 12:363.

Friedrich J, Spaleck H, Schappert R, Kleimaker M, Verrel J, Baumer T,
Beste C, Miinchau A (2021) Somatosensory perception-action
binding in Tourette syndrome. Sci Rep 11:13388.

Friston KJ, Ashburner J, Frith CD, Poline J-B, Heather JD, Frackowiak
RSJ (1995) Spatial registration and normalization of images. Hum
Brain Mapp 3:165-189.

Friston KJ, Williams S, Howard R, Frackowiak RSJ, Turner R (1996)
Movement-related effects in fMRI time-series. Magn Reson Med
35:346-355.

Ganos C, Ogrzal T, Schnitzler A, Minchau A (2012) The pathophysiol-
ogy of echopraxia/echolalia: relevance to Gilles de la Tourette syn-
drome. Mov Disord 27:1222-1229.

Ganos C, Roessner V, Miinchau A (2013) The functional anatomy of
Gilles de la Tourette syndrome. Neurosci Biobehav Rev 37:1050-
1062.

Ganos C, Kahl U, Brandt VC, Schunke O, Baumer T, Thomalla G,
Roessner V, Haggard P, Miinchau A, Kiihn S (2014) The neural cor-
relates of tic inhibition in Gilles de la Tourette syndrome.
Neuropsychologia 65:297-301.

Ganos C, Edwards MJ, Miiller-Vahl K (2016) “l swear it is Tourette’s!”:
on functional coprolalia and other tic-like vocalizations. Psychiatry
Res 246:821-826.

Goodman WK, Price LH, Rasmussen SA, Mazure C, Fleischmann RL,
Hill CL, Heninger GR, Charney DS (1989) The Yale-Brown
Obsessive-Compulsive Scale: |. Development, use, and reliability.
Arch Gen Psychiatry 46:1006-1011.

Hallquist MN, Hwang K, Luna B (2013) The nuisance of nuisance
regression: spectral misspecification in a common approach to
resting-state fMRI preprocessing reintroduces noise and obscures
functional connectivity. Neuroimage 82:208-225.

Hand |, Bittner-Westphal H (1991) Die Yale-Brown Obsessive—
Compulsive Scale (Y-BOCS): Ein halbstrukturiertes Interview
zur Beurteilung des Schweregrades von Denk- und
Handlungszwéngen. Verhaltenstherapie 1:223-225.

Hartmann A, Worbe Y (2018) Tourette syndrome: clinical spectrum,
mechanisms and personalized treatments. Curr Opin Neurol
31:504-509.

Henson R, Buichel C, Josephs O, Fristen K (1999) The slice-timing
problem in event-related fMRI. Neuroimage 9:125.

Herrmann K, Sprenger A, Baumung L, Alvarez-Fischer D, Miinchau A,
Brandt VC (2019) Help or hurt? How attention modulates tics under
different conditions. Cortex 120:471-482.

Hirschtritt ME, et al. (2015) Lifetime prevalence, age of risk, and genetic
relationships of comorbid psychiatric disorders in Tourette syn-
drome. JAMA Psychiatry 72:325-333.

Hu S, Ide JS, Zhang S, Li CSR (2016) The right superior frontal gyrus
and individual variation in proactive control of impulsive response.
J Neurosci 36:12688-12696.

Huang H, Chen C, Rong B, Wan Q, Chen J, Liu Z, Zhou Y, Wang G,
Wang H (2022) Resting-state functional connectivity of salience
network in schizophrenia and depression. Sci Rep 12:11204.

Isaacs D, Riordan H (2020) Sensory hypersensitivity in Tourette syn-
drome: a review. Brain Dev 42:627-638.

Jackson SR, Loayza J, Crighton M, Sigurdsson HP, Dyke K, Jackson
GM (2020) The role of the insula in the generation of motor tics and
the experience of the premonitory urge-to-tic in Tourette syn-
drome. Cortex 126:119-133.

Jakobi B, Arias-Vasquez A, Hermans E, Vlaming P, Buitelaar J, Franke
B, Hoogman M, van Rooij D (2022) Neural correlates of reactive
aggression in adult attention-deficit/hyperactivity disorder. Front
Psychiatry 13:840095.

Janik P, Milanowski L, Szejko N (2018) Phenomenology and clinical
correlates of stimulus-bound tics in Gilles de la Tourette syndrome.
Front Psychiatry 9:477.

June 2024, 11(6). DOI: https://doi.org/10.1523/ENEURO.0223-23.2024. 10 of 12


https://doi.org/10.1523/ENEURO.0223-23.2024

Meuro

Jeffries KJ, Schooler C, Schoenbach C, Herscovitch P, Chase TN,
Braun AR (2002) The functional neuroanatomy of Tourette’s syn-
drome: an FDG PET study llI: functional coupling of regional cere-
bral metabolic rates. Neuropsychopharmacology 27:92-104.

Johannes S, Wieringa BM, Nager W, Muller-Vahl KR, Dengler R, Miinte
TF (2001) Electrophysiological measures and dual-task perfor-
mance in Tourette syndrome indicate deficient divided attention
mechanisms. Eur J Neurol 8:253-260.

Johnson KA, Worbe Y, Foote KD, Butson CR, Gunduz A, Okun MS
(2023) Tourette syndrome: clinical features, pathophysiology, and
treatment. Lancet Neurol 22:147-158.

Kim S, Jackson GM, Dyke K, Jackson SR (2019) Impaired forward
model updating in young adults with Tourette syndrome. Brain
142:209-219.

Kucyi A, Hodaie M, Davis KD (2012) Lateralization in intrinsic functional
connectivity of the temporoparietal junction with salience- and
attention-related brain networks. J Neurophysiol 108:3382-3392.

Kuhner C, Birger C, Keller F, Hautzinger M (2007) Reliability and valid-
ity of the revised beck depression inventory (BDI-Il) results from
German samples. Der Nervenarzt 78:651-656.

Kurlan R, Daragjati C, Como PG, McDermott MP, Trinidad KS, Roddy
S, Brower CA, Robertson MM (1996) Non-obscene complex
socially inappropriate behavior in Tourette’s syndrome.
J Neuropsychiatry Clin Neurosci 8:311-317.

Kurvits L, Martino D, Ganos C (2020) Clinical features that evoke the
concept of disinhibition in Tourette syndrome. Front Psychiatry
11:21.

Kwak C, Dat Vuong K, Jankovic J (2003) Premonitory sensory phe-
nomenon in Tourette’s syndrome. Mov Disord 18:1530-1533.
Kyriazi M, Kalyva E, Vargiami E, Krikonis K, Zafeiriou D (2019)
Premonitory urges and their link with tic severity in children and

adolescents with tic disorders. Front Psychiatry 10:569.

Leckman JF (2002) Tourette’s syndrome. Lancet 360:1577-1586.

Leckman JF (2003) Phenomenology of tics and natural history of tic
disorders. Brain Dev Suppl 1:524-8.

Leckman JF, Riddle MA (2000) Tourette’s syndrome: when habit-
forming systems form habits of their own? Neuron 28:349-354.
Leckman JF, Riddle MA, Hardin MT, Ort SI, Swartz KL, Stevenson J,
Cohen DJ (1989) The Yale Global Tic Severity Scale: initial testing
of a clinician-rated scale of tic severity. J Am Acad Child Adolesc

Psychiatry 28:566-573.

Lerner A, et al. (2007) Neuroimaging of neuronal circuits involved in tic
generation in patients with Tourette syndrome. Neurology
68:1979-1987.

Lugrin C, Konovalov A, Ruff CC (2023). Salience-based information
integration: an overarching function of the “social brain” BioRxiv,
2023.01.30.525877.

Maliia MD, Donos C, Barborica A, Popall, Ciurea J, Cinatti S, Mindruta |
(2018) Functional mapping and effective connectivity of the human
operculum. Cortex 109:303-321.

Menon V, Uddin LQ (2010) Saliency, switching, attention and control: a
network model of insula function. Brain Struct Funct 214:655-667.

Misirlisoy E, Brandt VC, Ganos C, Tibing J, Miinchau A, Haggard P
(2015) The relation between attention and tic generation in
Tourette syndrome. Neuropsychology 29:658-665.

Mduller-Vahl K, Dodel |, Miller N, Minchau A, Reese JP,
Balzer-Geldsetzer M, Dodel R, Oertel WH (2010) Health-related
quality of life in patients with Gilles de la Tourette’s syndrome.
Mov Disord 25:309-314.

Nieto-Castanon A (2020) Handbook of functional connectivity mag-
netic resonance imaging methods in CONN. Hilbert Press.

Nieto-Castanon A (n.d.) Preparing fMRI data for statistical analysis. In:
fMRI techniques and protocols (Filippi M, ed). Springer.

Nieto-Castanon A, Whitfield-Gabrieli S (2022) CONN functional con-
nectivity toolbox: RRID SCR_009550, release 22. Hilbert Press.

Nijs J, Daenen L, Cras P, Struyf F, Roussel N, Oostendorp RAB (2012)
Nociception affects motor output: a review on sensory—-motor
interaction with focus on clinical implications. Clin J Pain
28:175-181.

Research Article: New Research 11 0of 12

Nowak DA, Rothwell J, Topka H, Robertson MM, Orth M (2005) Grip
force behavior in Gilles de la Tourette syndrome. Mov Disord
20:217-223.

O’Neill J, Piacentini JC, Peterson BS (2019) Cingulate role in Tourette
syndrome. Handb Clin Neurol 166:165-221.

Orth L, Meeh J, Gur RC, Neuner |, Sarkheil P (2022) Frontostriatal cir-
cuitry as a target for fMRI-based neurofeedback interventions: a
systematic review. Front Hum Neurosci 16:933718.

Patel N, Jankovic J, Hallett M (2014) Sensory aspects of movement
disorders. Lancet Neurol 13:100-112.

Penny WD, Friston KJ, Ashburner JT, Kiebel SJ, Nichols TE (2011)
Statistical parametric mapping: the analysis of functional brain
images. Elsevier.

Polyanska L, Critchley HD, Rae CL (2017) Centrality of prefrontal and
motor preparation cortices to Tourette Syndrome revealed by
meta-analysis of task-based neuroimaging studies. Neuroimage
Clin 16:257-267.

Pourfar M, Feigin A, Tang CC, Carbon-Correll M, Bussa M, Budman C,
Dhawan V, Eidelberg D (2011) Abnormal metabolic brain networks
in Tourette syndrome. Neurology 76:944-952.

Power JD, Mitra A, Laumann TO, Snyder AZ, Schlaggar BL, Petersen
SE (2014) Methods to detect, characterize, and remove motion arti-
fact in resting state fMRI. Neuroimage 84:320-341.

Pringsheim T, et al. (2019) Comprehensive systematic review sum-
mary: treatment of tics in people with Tourette syndrome and
chronic tic disorders. Neurology 92:907-915.

Ramkiran S, Heidemeyer L, Gaebler A, Shah NJ, Neuner | (2019)
Alterations in basal ganglia-cerebello-thalamo-cortical connectiv-
ity and whole brain functional network topology in Tourette’s syn-
drome. Neuroimage Clin 24:101998.

Reese HE, Scahill L, Peterson AL, Crowe K, Woods DW, Piacentini J,
Walkup JT, Wilhelm S (2014) The premonitory urge to tic: measure-
ment, characteristics, and correlates in older adolescents and
adults. Behav Ther 45:177-186.

Ruhrman D, Gev E, Benaroya-Milshtein N, Fennig S, Krispin O, Apter
A, Steinberg T (2017) Non-motor aspects of tic disorders—new
developments. Front Psychiatry 7:213.

Schimmelpfennig J, Topczewski J, Zajkowski W, Jankowiak-Siuda K
(2023) The role of the salience network in cognitive and affective
deficits. Front Hum Neurosci 17:1133367.

Schulz P, Steimer T (2000) Psychotropic medication, psychiatric disor-
ders, and higher brain functions. Dialogues Clin Neurosci 2:177.

Seeley WW (2019) The salience network: a neural system for perceiv-
ing and responding to homeostatic demands. J Neurosci 39:9878-
9882.

Seki K, Fetz EE (2012) Gating of sensory input at spinal and cortical
levels during preparation and execution of voluntary movement.
J Neurosci 32:890-902.

Serajee FJ, Mahbubul Hug AHM (2015) Advances in Tourette syn-
drome: diagnoses and treatment. Pediatr Clin North Am 62:687-
701.

Sladky R, Friston KJ, Tréstl J, Cunnington R, Moser E, Windischberger
C (2011) Slice-timing effects and their correction in functional MRI.
Neuroimage 58:588-594.

Smith H, Fox JRE, Trayner P (2015) The lived experiences of individu-
als with Tourette syndrome or tic disorders: a meta-synthesis of
qualitative studies. Br J Psychol 106:609-634.

Spengler S, von Cramon DY, Brass M (2010) Resisting motor mimicry:
control of imitation involves processes central to social cognition in
patients with frontal and temporo-parietal lesions. Soc Neurosci
5:401-416.

Stern E, Silbersweig DA, Chee KY, Holmes A, Robertson MM, Trimble
M, Frith CD, Frackowiak RSJ, Dolan RJ (2000) A functional neuro-
anatomy of tics in Tourette syndrome. Arch Gen Psychiatry
57:741-748.

Stiede JT, Woods DW (2020) Pediatric prevention: tic disorders.
Pediatr Clin North Am 67:547-557.

Szejko N (2022) Update and recent progress in the neurobiology of
Tourette syndrome. Int Rev Mov Disord 3:131-158.

June 2024, 11(6). DOI: https://doi.org/10.1523/ENEURO.0223-23.2024. 11 of 12


https://doi.org/10.1523/ENEURO.0223-23.2024

Meuro

Tinaz S, Belluscio BA, Malone P, van der Veen JW, Hallett M, Horovitz
SG (2014) Role of the sensorimotor cortex in Tourette syndrome
using multimodal imaging. Hum Brain Mapp 35:5834-5846.

Tinaz S, Malone P, Hallett M, Horovitz SG (2015) Role of the right dor-
sal anterior insula in the urge to tic in Tourette syndrome. Mov
Disord 30:1190-1197.

Tomiyama H, et al. (2022) Alterations of default mode and
cingulo-opercular salience network and frontostriatal circuit: a can-
didate endophenotype of obsessive-compulsive disorder. Prog
Neuropsychopharmacol Biol Psychiatry 116:110516.

Uddin LQ, Yeo BTT, Spreng RN (2019) Towards a universal taxonomy
of macro-scale functional human brain networks. Brain Topogr
32:926-942.

Werner CJ, Stocker T, Kellermann T, Wegener HP, Schneider F, Shah
NJ, Neuner | (2010) Altered amygdala functional connectivity in
adult Tourette’s syndrome. Eur Arch Psychiatry Clin Neurosci
260:95-99.

Whitfield-Gabrieli S, Nieto-Castanon A, Ghosh S (2011) Artifact detec-
tion tools (ART). Cambridge, MA. Release Version, 7(19), 11.

Whitfield-Gabrieli S, Nieto-Castarién A (2012) Conn : a functional con-
nectivity toolbox for correlated and anticorrelated brain networks.
Brain Connect 2:125-141.

Research Article: New Research 12 of 12

Woods DW, Piacentini J, Himle MB, Chang S (2005) Premonitory urge
for tics scale (PUTS). J Dev Behav Pediatr 26:397-403.

Worbe Y, Malherbe C, Hartmann A, Pélégrini-lssac M, Messé A,
Vidailhet M, Lehéricy S, Benali H (2012) Functional immaturity of
cortico-basal ganglia networks in Gilles de la Tourette syndrome.
Brain 135:1937-1946.

World Health Organization (2010) International statistical classification
of diseases and related health problems. International Statistical
Classification of Diseases and Related Health Problems.
Available at: https:/icd.who.int/browse10/2016/en

Worsley KJ, Marrett S, Neelin P, Vandal AC, Friston KJ, Evans AC
(1996) A unified statistical approach for determining significant sig-
nals in images of cerebral activation. Hum Brain Mapp 4:58-73.

Yang J, Gohel S, Vachha B (2020) Current methods and new directions
in resting state fMRI. Clin Imaging 65:47-53.

Younger DS (2023) Chapter 18: Pediatric neuropsychiatric disorders
with motor and nonmotor phenomena. In: Motor system disorders,
part Il: spinal cord, neurodegenerative, and cerebral disorders and
treatment (Younger CN, ed), pp 367-387. Elsevier.

Zito GA, Hartmann A, Béranger B, Weber S, Aybek S, Faouzi J, Roze E,
Vidailhet M, Worbe Y (2021) Multivariate classification provides a
neural signature of Tourette disorder. Psychol Med 53:2361-2369.

June 2024, 11(6). DOI: https://doi.org/10.1523/ENEURO.0223-23.2024. 12 of 12


https://icd.who.int/browse10/2016/en
https://icd.who.int/browse10/2016/en
https://doi.org/10.1523/ENEURO.0223-23.2024

