
Increased alpha-band connectivity during tic suppression in 
children with Tourette syndrome revealed by source EEG 
analyses

Simon Morand-Beaulieu1, Jia Wu1, Linda C. Mayes1, Heidi Grantz1, James F. Leckman1, 
Michael J. Crowley1, Denis G. Sukhodolsky1

1Child Study Center, Yale University School of Medicine

Abstract

Background: Tourette syndrome (TS) is a neurodevelopmental disorder involving chronic motor 

and phonic tics. Most individuals with Tourette syndrome can suppress their tics for at least a short 

period of time. Yet, the brain correlates of tic suppression are still poorly understood.

Methods: In the current study, high-density electroencephalography (EEG) was recorded during 

a resting-state and a tic suppression session in 72 children with TS. Functional connectivity 

between cortical regions was assessed in the alpha band (8-13 Hz) using an EEG source 

connectivity method. Graph theory and network-based statistics were used to assess the global 

network topology and to identify brain regions showing increased connectivity during tic 

suppression.

Results: Graph theoretical analyses revealed distinctive global network topology during tic 

suppression, relative to rest. Using network-based statistics, we found a subnetwork of increased 

connectivity during tic suppression (p < .001). That subnetwork encompassed many cortical areas, 

including the right superior frontal gyrus and the left precuneus, which are involved in the default 

mode network. We also found a condition by age interaction, suggesting age-mediated increases in 

connectivity during tic suppression.

Conclusions: These results suggest that children with TS suppress their tics through a brain 

circuit involving distributed cortical regions, many of which are part of the default mode network. 
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Brain connectivity during tic suppression also increases as youths with TS mature. These results 

highlight a mechanism by which children with TS may control their tics, which could be relevant 

for future treatment studies.

Introduction

Tourette syndrome (TS) is a neurodevelopmental disorder characterized by chronic motor 

and phonic tics (1). While tics are presumed to be automatic, they can be suppressed for 

short periods, even in children (2–4). Tics follow a somatotopic organization: body parts 

with large representations in sensorimotor areas, such as the face or the hands, are more 

affected by tics (5). Voluntary tic suppression follows an inverse pattern: tics are more easily 

suppressed in body parts that are less affected by tics, suggesting that tic suppression has 

no direct impact on a global tic generation mechanism, but attenuates the output of this 

mechanism by suppressing tics in less affected body areas (5).

Functional magnetic resonance imaging (fMRI) studies reported several regions within the 

cortico-striato-thalamo-cortical circuitry that were preferentially activated or deactivated 

during tic suppression. The first fMRI study of tic suppression found decreased activations 

in the thalamus, putamen, and globus pallidus, and increased activation in the temporal 

gyrus, right anterior cingulate cortex (ACC) and right frontal cortex (6). Following studies 

reported tic suppression-related activation increases in the left inferior frontal gyrus (IFG; 

7), as well as in the bilateral middle and right lateral temporal cortices, right anterior and 

dorsolateral prefrontal (dlPFC) cortices, bilateral superior frontal gyrus (SFG)/dorsomedial 

PFC (dmPFC), right inferior occipital gyrus and right inferior parietal cortex (IPC; 8). 

Additionally, compared to healthy controls suppressing eyeblinks, the right anterior PFC, 

right dlPFC, right ACC, and left superior frontal and premotor cortices were more activated 

in adults with TS during tic suppression (8). However, these studies had small samples, only 

included adults, and have not assessed brain connectivity during tic suppression.

Regarding presumed brain mechanisms of tic suppression, parallels have been drawn 

between tic suppression and response inhibition (9), implicating a response inhibition 

network consisting of the right IFG, pre-supplementary motor area, and subthalamic nucleus 

(10). These regions partly overlap with some regions identified by tic suppression studies, 

particularly in the prefrontal cortex. Other brain regions activated during tic suppression, 

such as the dmPFC and IPC, are also part of the default mode network (DMN; 11, 12). This 

network is usually activated while individuals are at rest or performing an internally focused 

task, and deactivated when focusing on the external world (13–15). Tic suppression could 

constitute a good example of an internally focused task. Along these lines, involvement of 

the DMN in tic suppression has been suggested previously (16) but remains to be formally 

investigated.

In this study, we use electroencephalography (EEG), which can provide valuable 

information regarding brain processes involved in movement control and inhibition. Thus, 

in healthy children, eyeblink inhibition has been found to be associated with increased 

activity in the left dlPFC (17). Furthermore, an EEG study of cued eyeblinks in children 

with TS reported increased connectivity from occipital to frontal and motor areas (18). 
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The first study of the connectivity dynamics of tic suppression reported increased alpha 

coherence between prefrontal and sensorimotor areas in 9 adults with TS (9). Another 

tic suppression study conducted in 9 children with TS reported increased EEG coherence 

from frontal electrodes to electrodes spanning the contralateral motor areas (19). These two 

studies suggest increased cortical connectivity during tic suppression but are limited by 

small samples and poor spatial resolution due to small number of electrodes (10 & 18). 

Sensor-level EEG analyses also limit the interpretation of the brain regions involved (20, 

21), a shortcoming that can be overcome by dense-array EEG data collection and source 

connectivity analysis (22).

Regarding data-analytic tools, connectivity studies may benefit from graph theory, allowing 

for characterization of a network’s global topology (i.e. network organization) and local 

connectivity patterns (23). Graph theory conceptualizes brain networks as multiple nodes 

(i.e. brain regions) connected together by one or multiple edges (24) and allows for 

assessment of the segregation and integration properties of a network. Segregation, within a 

network, refers to the ability of brain regions to form densely connected clusters, whereas 

integration refers to the ability of brain regions to easily communicate with one another 

(23, 25). To date, only two studies applied graph theory in children with TS. In one study, 

compared to controls, children with TS were found to have decreased connectivity degree, 

local and global efficiency, and clustering coefficient, as well as increased characteristic 

path length (26). Similarly, in a second study, decreased local efficiency and clustering 

coefficients were reported for the DMN, and were negatively associated with tic severity 

(27).

The current study aimed at understanding the brain circuits involved in tic suppression, 

using EEG source connectivity. Following Serrien et al. (9) and given that alpha oscillations 

show high coherence over large distances (28), analyses were focused on the alpha band. 

First, we aimed to investigate the global topology of whole brain connectivity during tic 

suppression using graph theory analyses. Since tic severity was shown to be negatively 

associated with local efficiency and clustering coefficient (27), we hypothesized that tic 

suppression would lead to altered topological network organization in comparison to rest, 

reflecting increased integration and segregation. Second, we aimed to use network-based 

statistics to identify a subnetwork of brain regions showing increased connectivity during 

tic suppression. According to prior EEG studies of tic suppression, we hypothesized that 

tic suppression would lead to increased connectivity. If tic suppression recruits the response 

inhibition network, we could expect the right IFG and motor areas to be part of that 

subnetwork. If, however, tic suppression recruits the DMN, we could expect increased 

connectivity between the precuneus, the dmPFC, the posterior cingulate cortex (PCC), and 

parietal areas. Third, we aimed to assess whether tic severity impacted brain connectivity 

during tic suppression. Since tic frequency is positively associated with tic suppressibility 

(4), we hypothesized that children with more severe tics would show increased connectivity 

during tic suppression. Given the detrimental impact of ADHD on inhibitory functions in 

TS (29), we also investigated the association between ADHD symptomatology and brain 

circuits during tic suppression.
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Methods and Materials

Participants

Seventy-seven children with TS aged 8–16 years old participated in this study. Participants 

were recruited through the Yale TS/OCD specialty clinic and the Tourette Association 

of America’s Connecticut chapter. Criteria for inclusion/exclusion are presented in the 

Supplement. Since five children had less than 20 non-artifacted EEG epochs in either the tic 

suppression or the rest condition (see Supplement), the final sample comprised 72 children. 

Demographic and clinical characteristics are reported in Table 1.

This study was approved by the local institutional review board and conducted in accordance 

with the Declaration of Helsinki. Informed consent and assent were respectively obtained 

from parents and children.

Procedures

Clinical assessment—An expert clinician conducted a semi-structured interview (K-

SADS; 30) to assess psychiatric diagnoses. Tic severity, ADHD symptoms, anxiety, and 

disruptive behaviors were respectively assessed with the Yale Global Tic Severity Scale 

(YGTSS; 31), the Swanson, Nolan and Pelham Questionnaire (SNAP-IV; 32), the Screen 

for Child Anxiety Related Disorders (SCARED; 33), and the Disruptive Behavior Rating 

Scale (DBRS; 34). Best estimate DSM-IV-TR diagnoses of TS and concomitant disorders 

were assigned using structured interviews and clinical ratings (35). See the Supplement for 

complete details.

Tic suppression and rest sessions—Following the earlier EEG study of tic 

suppression (9), EEG was recorded during three 2-minute tic suppression sessions during 

which children were asked to suppress all tics. These sessions were contrasted with a 

7-minute resting-state session during which children were asked not to try to suppress their 

tics. In each session, they were asked to keep their eyes open while looking at the computer 

screen. Further details are provided in the Supplement.

EEG recordings and signal processing

EEG recordings—EEG was continuously recorded during both conditions with a 128-

channel HydroCel Geodesic Sensor Net, a Net Amps 200 amplifier, and Net Station 

Acquisition software version 4.2.1 (EGI, Inc.). The net was soaked in a potassium chloride 

solution and electrode impedance was assessed at or under 40 kΩ prior to data collection. 

Data were online filtered with a 0.01 Hz high-pass filter and a 100 Hz low-pass filter at 250 

Hz sampling rate. EEG signal was referenced to the vertex electrode (Cz) during recordings 

(36, 37).

EEG pre-processing—The Maryland Analysis of Developmental EEG pipeline (38), 

running on Matlab R2020a, was used for preprocessing. This pipeline uses EEGLAB’s 

(39) functions and data structure and was designed specifically to preprocess EEG signals 

in youth. Preprocessing steps involved filtering, artifact removal through independent 

component analysis (ICA) and threshold-based rejection, removal and interpolation of 
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bad channels, segmentation of continuous EEG in 2-second epochs, and re-referencing. 

Complete details are provided in the Supplement.

Source-based connectivity pipeline—Sources were reconstructed in Brainstorm (40) 

using weighted minimum norm imaging (wMNE) and were projected onto the Desikan-

Killiany atlas, consisting of 34 regions of interests (ROI) per hemisphere (41). The 

phase-locking value (PLV) was used as a measure of connectivity and was computed in 

Brainstorm. PLV values range from 0 to 1 and reflect the instantaneous phase difference 

of two signals (42). Larger PLV values indicate stronger coupling between the phases of 

two signals (43). The combination of wMNE and PLV was shown to outperform other 

methods for EEG source-reconstructed connectivity (22, 44). The PLV was extracted using 

a Hilbert transform in the alpha band (8–13 Hz). Supplementary analyses were performed in 

neighboring frequency bands (theta (4–8 Hz) and beta (13–30 Hz)). The PLV was computed 

for each epoch and averaged by condition, yielding two 68X68 connectivity matrices per 

individual. Each row/column of these matrices is considered as a node, and the association 

between two nodes is designed as an edge. Further details are provided in the supplement.

Graph theoretical analyses—Graph theory analyses were performed in two steps, using 

the Brain Connectivity Toolbox (23). In a first step, eight metrics related to global network 

topology were computed from thresholded weighted matrices, over 41 sparsity thresholds 

(45, 46). These metrics were network strength, clustering coefficient, characteristic path 

length, global efficiency, local efficiency, normalized clustering coefficient, normalized 

characteristic path length, and small-worldness. Following previous work (47), we also 

computed the following graph theory metrics pertaining to individual nodes: node strength, 

nodal clustering coefficient, and nodal efficiency. Resulting graph theory metrics can be 

plotted as a function of graph density (see Figure 1). We computed the area under the 

curve for each metric, yielding a single measure per condition/child for global network 

analyses, and one measure per node/condition/child for nodal analyses. In a second step, 

graph theory analyses were repeated on the NBS subnetwork. Further details are provided in 

the Supplement.

Data analyses

Network topology—To assess differences between rest and tic suppression, we conducted 

paired t-tests on the area under the curve of the graph theory metrics pertaining to global 

network topology. A Bonferroni-corrected threshold of α = .05 / 8 = .00625 was used. Effect 

sizes were assessed with Cohen’s d.

Nodal properties—Paired t-tests comparing both conditions were also conducted on the 

area under the curve of the graph theory metrics indexing nodal properties. Here, our 

significance threshold was adjusted for the number of nodes (α = .05 / 68 = .0007).

Network-based statistics—The NBS toolbox (48) was used to identify a subnetwork 

involved in tic suppression. A detailed description of NBS is provided in the Supplement. 

Network visualization was performed with BrainNet Viewer (49), Cytoscape (50), and 

aMatReader (51). To ascertain our findings, analyses were also performed in adjacent theta 
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and beta bands (see Supplementary results). Connectivity degree (number of connections per 

node) was assessed to find hubs in subnetworks identified with NBS. Hubs are nodes that 

show high connectivity with multiple nodes and play a central role in a network (52). Nodes 

were considered as hubs if their degree z-score was > 1 (53).

Association with demographic and clinical measures—We performed several 

exploratory analyses in NBS to test whether continuous variables (age, ADHD symptoms 

(SNAP-IV total score), tic severity (YGTSS total tic score, motor and phonic subscales)) or 

categorical variables (ADHD (yes/no), OCD (yes/no), tic severity (high/low median split) 

and medication (yes/no)) interacted with the condition factor (tic suppression/rest). For these 

analyses, we used a more liberal threshold (t = 3.21, (corresponding to α = .001)). Given the 

possible mediation of response to Comprehensive Behavioral Intervention for Tics (CBIT) 

relative to Psychoeducation and Supportive Therapy (54), we additionally tested whether 

alpha-agonists interacted with the condition factor.

Results

Global network topology

Graph theory analyses conducted on thresholded connectivity matrices revealed smaller 

characteristic path length [t(71) = 3.82, p = .0003, d = .20] and larger global efficiency [t(71) 

= −3.00, p = .004, d = .14] during tic suppression, relative to rest. The condition difference 

for global network strength [t(71) = −2.69, p = .009, d = .13] and local efficiency [t(71) = 

−2.16, p = .034, d = .12] did not reach the Bonferroni-corrected threshold. No significant 

condition effect was found for clustering coefficient, normalized clustering coefficient, 

normalized characteristic path length, and small-worldness [all t-values < |1.3|, all p-values > 

.21] (see Figure 1).

Nodal properties

Analyses of nodal properties did not reveal condition effects reaching the Bonferroni-

corrected threshold of .0007 [all t-values < |3.3|, all p-values > .001].

Network-based statistics

NBS revealed a subnetwork of increased connectivity in the alpha frequency band during 

tic suppression relative to rest [p < .001, FWER-corrected], which included 28 nodes 

and 29 edges (see Table S1 for list of edges). Of note, the right SFG (10 connections, 

degree z-score: 4.2), the left precuneus (5 connections, degree z-score: 1.5), and the left 

banks of superior temporal sulcus (4 connections, degree z-score: 1.01) were considered as 

hubs in that network (see Figure 2). Another smaller subnetwork involving 4 nodes and 3 

edges also reached the significance threshold [p = .037, FWER-corrected] (see Figure S1). 

Subnetworks showing increased connectivity during tic suppression were also found in theta 

(Figure S2) and beta (Figure S3) bands.

Topology of the NBS subnetwork

Graph theory analyses were also performed on the NBS subnetwork. Since triplets 

of nodes were not found within this subnetwork, the clustering coefficient, local 
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efficiency, normalized clustering coefficient, and small-worldness could not be assessed. 

The subnetwork showed increased strength [t(71) = −.8.02, p < .001, d = .44], smaller 

characteristic path length [t(71) = 7.26, p < .001, d = .47], and larger global efficiency [t(71) 

= −7.39, p < .001, d = .45] during tic suppression. There was however no condition effect 

regarding the normalized characteristic path length (Figure 3).

Nodal properties of the NBS subnetwork

Graph theoretical analyses of nodal properties were also conducted in the subnetwork 

identified by NBS. As mentioned above, it was only possible to conduct these analyses 

on node strength. Since 25 nodes were identified in the NBS subnetwork, we used a 

Bonferroni-corrected threshold of α = .05 / 25 = .002. In that subnetwork, all nodes showed 

larger strength during tic suppression compared to rest [all t-values > 3.4, all p-values < 

.001] (Figure S4).

Association with demographic and clinical measures

Exploratory analyses revealed a significant condition by age interaction (p = .040, FWER-

corrected), suggesting that connectivity within a specific subnetwork increased more with 

age during tic suppression than rest (Figure 4). There was no significant interaction between 

condition and medication status, ADHD or OCD comorbidity, or severity of ADHD and tic 

symptoms (all p-values > .09). Scatterplots of mean connectivity in the alpha subnetwork 

and YGTSS (Figure S5) and SNAP-IV (Figure S6) scores are presented in the Supplement.

Discussion

Our study focused on identifying brain circuits involved in tic suppression. Graph theoretical 

analyses revealed statistically significant yet subtle differences in global network topology 

during tic suppression, such as more direct and efficient brain-wide communication. 

Modulation of brain connectivity was however more focused within a specific subnetwork, 

as revealed with NBS. That subnetwork encompassed many cortical areas, including the 

right SFG and the left precuneus, which are involved in the DMN. Increased connectivity 

during tic suppression was confirmed by NBS analyses on neighboring frequency bands and 

by graph theoretical analyses performed on the alpha-band subnetwork. Partly consistent 

with prior findings (9, 19), our analyses allowed for a refined identification of involved brain 

regions.

Two hubs identified in the alpha-subnetwork of the present study – the SFG and the 

precuneus – are frontal and parietal midline structures. Recently, Uddin et al. (55) proposed 

an anatomical taxonomy of large-scale brain networks, where the DMN is called the medial 

frontoparietal network, since its main nodes are frontal and parietal midline brain regions. 

Thus, these two hubs map well onto this medial frontoparietal network. In adults with 

TS, increased resting-state connectivity between the left dmPFC and other DMN regions 

has been reported (16). Since participants were instructed to lie still during the scan, the 

authors argued that increased DMN connectivity could reflect an effect of tic suppression. 

Importantly, the dmPFC cluster showing increased connectivity in that latter study is 

encompassed in the SFG region used in our study (41).
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The precuneus – a hub in the alpha-band subnetwork – is one of the most connected 

structures in the brain (24, 56, 57) and a key node in the DMN (58). It is involved in 

self-awareness (57) – an important process in tic suppression (59). For instance, greater 

awareness of premonitory urges is linked to better self-rated tic suppression capacity (60). 

The precuneus also plays a role in agency (i.e. the sensation of being in control of our 

actions) (61), which could be impaired in TS (62, 63). Here, it seems likely that the sense 

of agency increased while children with TS were concentrating on tic suppression. Along 

these lines, an earlier awareness of one’s own intention, suggesting a better sense of agency, 

has been associated with increased observer-rated tic suppression capacity (64). Decreased 

amplitude of low-frequency fluctuation (ALFF) and fractional ALFF in the PCC/precuneus 

during resting-state fMRI has been reported in children with TS (65). This reduced activity 

suggests a functional disturbance in TS, thus leading to impaired tic regulation. Therefore, 

it is plausible that the active regulation of tics would lead to an increase in precuneus 

connectivity. Likewise, recent graph theoretical investigations of the DMN in children with 

TS found decreased connectivity relative to healthy controls (26, 27). Yet, another study 

reported paradoxically increased DMN connectivity in children with TS, TS+OCD, and 

OCD, compared to healthy controls (66). Similar to TS, decreased DMN connectivity has 

been reported in children and adolescents with ADHD (67, 68).

Increased DMN connectivity during tic suppression runs counter to the hypothesis that tic 

suppression relies on a response inhibition network. However, a recent fMRI study reported 

that tic suppression recruits different brain regions than eyeblink inhibition (8). In healthy 

controls, eyeblink inhibition recruited brain regions such as the right ventrolateral PFC, 

the core hub of the classical “stop” network (69). In individuals with TS, tic suppression 

recruited mostly the medial PFC, the anterior hub of the medial frontoparietal network 

or DMN (55). These findings suggest that brain mechanisms of tic suppression differ 

from those of eyeblink inhibition and are not analogous to classical response inhibition 

mechanisms. Furthermore, performance on an attention-demanding task usually decreases 

during tic suppression (70).

Given the anti-correlation between the DMN and the lateral frontoparietal network (71, 72), 

such diminished behavioral performance during tic suppression is expected.

An additional explanation for the involvement of the DMN in tic suppression comes from 

its interaction with the sensorimotor network (SMN). The DMN stands in a reciprocal 

relationship with the SMN, and balance or imbalance of these networks can lead to wide 

range of psychomotor symptoms (73). In TS, enhanced activity within the SMN has been 

associated with tic expression (74, 75). The SMN also has important connections with 

subcortical structures. For instance, enhanced structural connectivity in tracts connecting the 

SMN to thalamus was found in TS and correlated positively with tic severity (76). Thus, 

increased DMN connectivity during tic suppression could allow balancing enhanced SMN 

activity associated with tic expression.

We also found that connectivity in a specific subnetwork, in which the right SFG was a 

hub, followed a developmental trajectory: connectivity during tic suppression, but not rest, 

increased with age. Likewise, an fMRI study of eyeblink inhibition in children and adults 
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with TS reported that brain activation in the right dlPFC, right inferolateral PFC, caudate, 

and ACC increased with age in individuals with TS, while remaining stable or declining 

in healthy controls (77). A recent investigation of resting-state connectivity reported 

differences in brain networks among children with TS which effectively distinguished them 

from control children (78). These alterations could reflect the development of compensatory 

tic suppression mechanisms. The DMN also follows a developmental trajectory (79–81). 

Disruptions in DMN functional connectivity that were found among children with TS (26, 

27) could reflect abnormal or delayed development of that network. Normal or increased 

DMN connectivity has been reported in adults with TS (16, 75, 82), potentially reflecting a 

distinct developmental trajectory of the DMN in TS. Tics generally follow a developmental 

curve characterized by a peak severity around 10 years of age and a gradual waning 

thereafter (83). Accordingly, tic suppression capacities typically increase with age (4). As 

shown in Figure 4, connectivity differences between tic suppression and rest began to 

diverge around the age of 10. At this age, most children are becoming aware of premonitory 

urges (84, 85). It is thus possible that developmental connectivity patterns presented here 

represent increasing awareness of urges that in turn facilitates tic suppression (60).

Connectivity between DMN hubs and basal ganglia has been associated with self-referential 

processing, notably in relation to premonitory urges (82). During voluntary tic suppression, 

such attention to tics and premonitory urges is probably increased. Awareness training, 

one of the components of CBIT, could involve such self-referential thinking by promoting 

self-monitoring of tics and internal triggers like premonitory urges (86). Mindfulness-based 

interventions also aim to increase awareness of tic-related processes and have been shown 

as promising treatment options for TS (87, 88). Thus, future clinical trials should test 

whether DMN connectivity and other carefully selected biomarkers (89) can be considered 

as mechanisms of behavioral therapies and mindfulness-based interventions.

It would also be important to investigate how the SFG and the precuneus communicate 

during tic suppression. Prior work on the DMN suggest that the PCC/precuneus directs 

attention towards external and internal information and relays it to anterior structures 

involved in continuous monitoring of internal states (11, 90). However, this remains 

speculative at the current stage and requires further investigation.

Our results must be interpreted in the light of some limitations. Our sample was skewed 

toward boys, thus limiting the generalizability of our findings. Additionally, most children 

were non-Hispanic and white. Members of these majority ethnic and racial groups are more 

likely to be diagnosed with TS than Hispanic white and non-Hispanic Black individuals 

(91), a difference that likely reflects inequalities in access to healthcare. More effort should 

be made to include girls and non-white and Hispanic individuals in TS research. While the 

use of EEG over fMRI may have some advantages such as better temporal resolution, direct 

measurement of neural oscillations, and increased feasibility in youth with TS, a well-known 

limitation of EEG is its reduced spatial precision and its inability to measure subcortical 

sources. Also, some children had comorbid conditions and/or were taking psychotropic 

medication. However, our results were not moderated by comorbidity or medication status. 

Finally, while the instructions for the tic suppression and rest conditions only differed 

in regard to suppressing tics vs. ticcing freely, we cannot exclude the possibility that 
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other cognitive processes were involved during the rest or the tic suppression conditions. 

Using a third condition where children would perform a cognitively demanding task while 

suppressing their tics, such as in previous behavioral studies (70), could increase our 

understanding of networks involved in tic suppression.

Despite these limitations, our study has many strengths, such as the largest sample 

of individuals with TS among all studies of tic suppression, the consideration of age 

maturation effects and comorbidity, and the assessment of connectivity at the source level. 

Importantly, our findings open interesting avenues for future research, especially regarding 

the involvement of this subnetwork in symptom improvement following behavioral therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Global network topology.
Each graph theory metrics was computed over a range of graph density (between 10% and 

50%, in increments of 1%). For our analyses, we computed the area under the curve of the 

tic suppression and rest condition. We then used the area under the curve to compare both 

conditions. Significant differences between conditions were found for characteristic path 

length (p = .0003) and global efficiency (p = .004).
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Figure 2: Subnetwork of functional connectivity in the alpha band during tic suppression.
Nodes depicted in this figure showed increased connectivity during tic suppression in 

comparison to rest. Node size corresponds to connectivity degree (number of connections 

per node). (A) Hubs in this network were the right superior frontal gyrus (10 connections, 

degree z-score: 4.2), the left precuneus (5 connections, degree z-score: 1.5), and the left 

banks of superior temporal sulcus (4 connections, degree z-score: 1.01). (B) Graphical 

representation of the alpha-band subnetwork. Note: “l” & “r” denotes the lateralization of 

the nodes; CauACC: caudal anterior cingulate cortex, CauMFG: caudal middle frontal gyrus, 
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CUN: cuneus, ICC: isthmus of the cingulate cortex, IFGpt: pars triangularis of the inferior 

frontal gyrus, IPC: inferior parietal cortex, ITG: inferior temporal gyrus, LatOC: lateral 

occipital cortex, LING: lingual gyrus, MTG: middle temporal gyrus, PCAL: pericalcarine 

cortex, PCC: posterior cingulate cortex, PCUN: precuneus, PHG: parahippocampal gyrus, 

PoCG: postcentral gyrus, PreCG: precentral gyrus, SFG: superior frontal gyrus, SPC: 

superior parietal cortex, TTC: transverse temporal cortex.
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Figure 3: Topology of the NBS subnetwork.
Graph theory analyses were repeated on the NBS subnetwork. Significant differences 

between conditions were observed for network strength, global efficiency, and characteristic 

path length. The asterisk shows significant differences between conditions. Error bars 

represent the standard error of the mean.
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Figure 4: Condition by age interaction.
(A) Exploratory analyses revealed a condition by age interaction in a subnetwork involving 

6 nodes and 5 edges. The right superior frontal gyrus had a degree z-score of 1.9 and was 

considered as a hub in this subnetwork. (B) Graphical representation of the subnetwork 

interacting with age. (C) Within this subnetwork, connectivity during tic suppression 

increased linearly with age, while it remained stable in the rest condition.
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Table 1.

Demographic and clinical characteristics of study participants

Age in years, mean (SD) 11.3 (1.9)

Sex, number (%)

 Boys 64 (88.9%)

 Girls 8 (11.1%)

Handedness, number (%)

 Right-handed 60 (83.3%)

 Left-handed 9 (12.5%)

 Ambidextrous 3 (4.2%)

Race, number
a
 (%)

 White 62 (87.3%)

 Black 5 (7.0%)

 Asian 4 (5.6%)

Ethnicity, number
b
 (%)

 Hispanic 3 (4.3%)

 Non-Hispanic 67 (95.7%)

Full Scale IQ, mean (SD) 112.9 (15.5)

Clinical scores, mean (SD)

 YGTSS total tic score 24.0 (7.8)

  Motor tic subscale 14.2 (3.4)

  Phonic tic subscale 9.8 (5.9)

 SNAP-IV 15.2 (11.2)

 DBRS 6.0 (5.1)

 SCARED 12.6 (11.3)

 CBCL Anxious/Depressed scale T-score 56.8 (7.5)

 CBCL Withdrawn/Depressed scale T-score 54.9 (7.0)

Comorbid diagnoses, number (%)

 ADHD 26 (36.1%)

 OCD 10 (13.9%)

 ODD 10 (13.9%)

 Anxiety disorder 12 (16.7%)

 Depressive disorder 6 (8.3%)

Psychotherapy/counseling, number
c
 (%)

Concomitant psychotherapy/counseling 11 (15.9%)

Past psychotherapy/counseling 23 (33.3%)

Medication status, number
d
 (%)

 Not taking medication 40 (56.3%)
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 On psychotropic medication 31 (43.7%)

  Stimulants
e

2 (2.9%)

  α-Agonists
f

19 (26.8%)

  Atomoxetine 3 (4.3%)

  Antipsychotics
g

11 (15.9%)

  SSRIs
h

8 (11.6%)

  Other
i

2 (2.9%)

Note: ADHD: attention deficit hyperactivity disorder, CBCL: Child Behavior Checklist, DBRS: Disruptive Behavior Rating Scale, OCD: 
obsessive-compulsive disorder, ODD: oppositional defiant disorder, SCARED: Screen for Child Anxiety Related Disorders, SD: standard deviation, 
SNAP-IV: Swanson, Nolan and Pelham Questionnaire for ADHD, SSRI: selective serotonin reuptake inhibitors, YGTSS: Yale Global Tic Severity 
Scale.

a
One participant with missing data.

b
Two participants with missing data.

c
Three participants with missing data.

d
Three participants with missing data.

e
Stimulant medications included methylphenidate (n = 2).

f
α-Agonists included guanfacine (n = 15) and Clonidine (n = 4)

g
Antipsychotics included risperidone (n = 8), haloperidol (n = 2), aripiprazole (n = 1), and quetiapine (n = 1).

h
SSRIs included Citalopram (n = 2), fluvoxamine (n = 2), sertraline (n = 2), escitalopram (n = 1), and fluoxetine (n = 1).

i
Other medications included benztropine (n = 1) and gabapentin (n = 1).
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