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Chronic tic disorders, including Tourette syndrome, are typically thought to have deficits in cognitive inhibition and top down

cognitive control due to the frequent and repetitive occurrence of tics, yet studies reporting task performance results have been

equivocal. Despite similar behavioural performance, individuals with chronic tic disorder have exhibited aberrant patterns of neural

activation in multiple frontal and parietal regions relative to healthy controls during inhibitory control paradigms. In addition to

these top down attentional control regions, widespread alterations in brain activity across multiple neural networks have been

reported. There is a dearth, however, of studies examining event-related connectivity during cognitive inhibitory paradigms among

affected individuals. The goal of this study was to characterize neural oscillatory activity and effective connectivity, using a case–

control design, among children with and without chronic tic disorder during performance of a cognitive inhibition task.

Electroencephalogram data were recorded in a cohort of children aged 8–12 years old (60 with chronic tic disorder, 35 typically

developing controls) while they performed a flanker task. While task accuracy did not differ by diagnosis, children with chronic tic

disorder displayed significant cortical source-level, event-related spectral power differences during incongruent flanker trials, which

required inhibitory control. Specifically, attenuated broad band oscillatory power modulation within the anterior cingulate cortex

was observed relative to controls. Whole brain effective connectivity analyses indicated that children with chronic tic disorder ex-

hibit greater information flow between the anterior cingulate and other fronto-parietal network hubs (midcingulate cortex and pre-

cuneus) relative to controls, who instead showed stronger connectivity between central and posterior nodes. Spectral power within

the anterior cingulate was not significantly correlated with any connectivity edges, suggesting lower power and higher connectivity

are independent (versus resultant) neural mechanisms. Significant correlations between clinical features, task performance and an-

terior cingulate spectral power and connectivity suggest this region is associated with tic impairment (r ¼ �0.31, P¼ 0.03) and

flanker task incongruent trial accuracy (r’s ¼ �0.27 to �0.42, P’s¼ 0.0008–0.04). Attenuated activation of the anterior cingulate

along with dysregulated information flow between and among nodes within the fronto-parietal attention network may be neural

adaptations that result from frequent engagement of neural pathways needed for inhibitory control in chronic tic disorder.
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Abbreviations: ACC ¼ anterior cingulate cortex; ADHD ¼ attention deficit/hyperactivity disorder; CTD ¼ chronic tic disorder;

ERSP ¼ event-related spectral perturbation; HC ¼ healthy controls; OCD ¼ obsessive compulsive disorder; rPDC ¼ renormalized

partial directed coherence; YGTSS ¼ Yale Global Tic Severity Scale

Introduction
Chronic tic disorders (CTDs), including Tourette syn-

drome, are characterized by sudden, involuntary, and re-

current movements or vocalizations, referred to as tics.

Given the frequent and repetitive occurrence of tics, it

has been hypothesized that this atypical behaviour is due,

at least in large part, to deficits in motor inhibition and

top down cognitive control, as these processes are

thought to mediate the selection of appropriate actions

and behaviours. Numerous tasks have been used to

evaluate the presence of inhibitory control deficits in

CTD, however, results have been equivocal. For example,

previous studies using different cognitive control para-

digms have reported no differences in task performance

between individuals with CTD and healthy controls.1,2 In

contrast, others have observed worse performance3,4 as

well as better performance in CTD when compared to

controls,5,6 leading to uncertainty as to the scope of po-

tential deficits in cognitive control. A recent meta-analysis

found a moderate effect (Cohen’s d¼ 0.33) of general in-

hibitory deficits in CTD relative to typically developing

controls, however, the effect size varied by task with

commonly used inhibitory paradigms (Stop Signal,

Flanker, and Go/No-go tasks) being not significantly dif-

ferent between diagnostic groups.7 Findings of similar or

better performance in individuals with CTD have been

attributed to compensatory mechanisms developed from

repeated voluntary tic suppression.5,6

The Eriksen flanker task is a common cognitive para-

digm for measuring inhibitory control where the subject

must quickly indicate the direction of a central arrow

flanked by arrows pointing in a congruent or conflicting

direction.8 Among healthy adults, activation of the anter-

ior cingulate cortex (ACC) occurs during incongruent

flanker trials,9 which is thought to play an important

role in monitoring and/or resolving such conflict. The an-

terior insular cortex, precentral gyrus, intraparietal sulcus

and bilateral occipital cortices have also been reported to

be involved in inhibitory control.10,11 In contrast,
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typically developing children demonstrate developmental

differences during inhibitory processing with activation of

more central and posterior regions (premotor cortex, su-

perior temporal gyrus, bilateral parietal and occipital cor-

tices) relative to inferior and medial frontal gyri and

ACC, potentially suggesting the inhibitory network is

slower to develop in frontal areas.12,13

Despite similar inhibitory control task performance,

individuals with CTD have exhibited aberrant patterns of

neural activation in the supplemental motor area, anterior

cingulate, sensorimotor, inferior frontal and inferior par-

ietal cortices relative to healthy controls.14–17 Several of

these same brain areas have been implicated in other ex-

perimental conditions such as resting state, voluntary

movement, and voluntary tic suppression.18–23 While re-

gional activation analyses are valuable for pathophysio-

logical hypothesis testing, whole brain analysis using

effective connectivity may be particularly useful yet

underexplored in CTD. Prior studies and meta-analyses

have suggested that alterations in brain activity are pre-

sent across multiple neural systems24–26 and thus identifi-

cation of mechanistic pathways of dysfunction may reveal

greater insights than higher or lower neural activation.

Several studies examining resting state connectivity

within CTDs have reported widespread atypical network

connectivity that vary according to development. For

example, paediatric studies have reported a trend of

hypo- and immature connectivity among circuitry includ-

ing fronto-parietal, posterior, and default-mode net-

works.27–29 In contrast, adult studies suggest increased

structural30,31 and functional connectivity with decreased

functional hub count32 within cortico-basal ganglia

circuitry and urge-tic networks, which are positive corre-

lated with tic severity.31–33 Such differences may be due

to the heterogenous and developmental nature of child-

hood CTD compared to the more stable state of adult

CTD, as well as compensatory mechanisms that develop

over time through learned self-regulation.6 Consistent

with this are recent findings that functional connections

that best discriminate individuals with CTD from controls

are age-specific, with default mode and fronto-parietal

connections providing the best discrimination among

children and salience, somatomotor, and default mode

features best discriminating adults with CTD.34

Collectively, both biregional and whole-brain connectivity

patterns among individuals with CTD are aberrant with

the nature of deficit being across development.

Resting state paradigms, however, do not clarify the

effect of differential neural connectivity on cognitive

processes, nor whether particular connectivity patterns

are adaptive or disruptive features of the disorder, an

important factor for evaluating developmental trajectories.

Across brain imaging modalities, aberrant connectivity

during self-paced finger movements,35 waiting motor im-

pulsivity36 and face perception paradigms37 have been

noted among individuals with CTD. There is a notable

dearth, however, of studies examining event-related

connectivity during inhibitory control paradigms among

individuals with CTD, particularly those using electroen-

cephalography (EEG), which can reveal network activities

with millisecond time resolution. There are two EEG-

based studies that reported higher frontomesial and

fronto-motor functional connectivity during voluntary tic

suppression38,39 as well as during a Go/No-Go task

(compared to controls).38 However, both studies were

small (N¼ 9–10 children with CTD, 10 controls) and uti-

lized a low number (10–19) of EEG channels. In add-

ition, the studies examined scalp-level connectivity, where

there is often concern of spurious connectivity measure-

ments due to volume conduction between nearby scalp

electrodes.40 We have recently developed an algorithm

for estimating cortical-source level, effective connectivity

based on high density EEG20,41 and will apply that ap-

proach here to gain insight into putative atypical connect-

ivity patterns within a sample of children with CTD

while performing an inhibitory task. We hypothesized

that children with CTD would not differ from typically

developing controls in flanker task accuracy based on

prior meta-analytic findings.7 We did, however, hypothe-

size that the diagnostic groups would diverge in terms of

activation and connectivity patterns of top down atten-

tional control and inhibitory networks within frontal and

parietal cortices.

Materials and methods

Sample

The case–control study sample consisted of 95 children

[60 with chronic tic disorder (CTD), 35 healthy controls

(HC)], aged 8–12 years old. Participants were recruited

through community advertisements, internet postings, and

from an academic medical center anxiety and tic disorder

clinic between 2013 and 2019. Verbal and written

explanations of study criteria were provided to partici-

pants and their parents, and written parent permission/as-

sent were obtained prior to study participation. All study

procedures and consents were approved by the local

Institutional Review Board.

Procedure

All participants participated in a single experimental session

that lasted approximately 2–3 h, during which time diagnos-

tic interviews, cognitive testing, and EEG recording were

administered. Psychiatric diagnoses were determined using a

semi-structured diagnostic interview, the Anxiety Disorder

Interview Schedule, Child Version (ADIS)42 modified to as-

sess chronic tic disorders. Diagnostic interviews were admin-

istered either by supervised graduate level psychologists or

directly administered by a licensed psychologist, who con-

firmed the presence of DSM-5 psychiatric diagnoses. The

ADIS was supplemented by the clinician-administered
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Yale Global Tic Severity Scale (YGTSS),43 Child Yale-

Brown Obsessive-Compulsive Scale (CYBOCS),44 and

Strengths and Weaknesses of ADHD symptoms and

Normal behaviour (SWAN) scale.45 Estimated intelligence

(IQ) was assessed using the Wechsler Abbreviated Scale

of Intelligence (WASI).46

Participants were included in the study if they met the

following criteria: (i) male or female aged 8–12 years; (ii)

resided with their primary caretaker for at least 6 months

prior to consent; (iii) both participant and guardian(s)

were able to complete all study measures in English; and

(iv) capable of completing all required study procedures

(as determined by psychologist). Individuals with CTD

were required to have a primary DSM-5 diagnosis of

Persistent Motor Tic Disorder, Persistent Vocal Tic

Disorder, or Tourette Disorder as diagnosed by ADIS

and confirmed by diagnostic interview, as well as YGTSS

� 15 at baseline. Individuals with CTD were excluded

from participation if they had a history of any of the fol-

lowing: (i) head injury resulting in concussion; (ii) diag-

noses of autism, major depression, bipolar disorder, panic

disorder, or psychosis; (iii) estimated Full Scale IQ < 80;

or (iv) YGTSS < 15 (CTD only). Individuals taking

stimulant medication for comorbid ADHD discontinued

use for 24 h prior to their visit. Other psychotropic medi-

cations were included as covariates of no interest in anal-

yses. Healthy controls were excluded if they had any

major Axis I diagnosis or were on a psychoactive

medication.

Experimental task

Participants performed a modified Eriksen flanker task8

while EEG was recorded (Fig. 1). Each trial consisted of

five white arrows appearing horizontally across a black

screen either above or below a centralized, static white

fixation cross. Each arrow spanned 1.2� � 1.2� visual

angle with 0.6� spacing between arrows. The arrows

remained on the screen for 250 ms before disappearing.

Following subject response or trial expiration due to lack

of response after 1300 ms from stimulus onset, a jittered

700–1200 ms intertrial interval succeeded the trial until

the next set of arrows appeared. The arrows could ap-

pear in congruent orientation, where all arrows pointed

in the same direction, or incongruent orientation, where

the central arrow pointed in the opposite direction of the

side flanking arrows. The subject used a computer mouse

with their right hand to press the left or right mouse but-

ton to select the respective direction of the central arrow.

The task consisted of a high number of incongruent trials

(n¼ 144) versus congruent trials (n¼ 72) to increase the

inhibitory control required, which was a primary focus of

the study. Trials were presented in random order and the

task lasted approximately 7 min; dependent variables

were percent accuracy, reaction time (on correct trials

only) and reaction time variability.

EEG recording and processing

EEG was recorded using a 128 Hydrocel electrode net in

an extended international 10–10 configuration (Electrical

Geodesics Incorporated). Electrode scalp coordinates were

transcribed through Polhemus, Inc. digitizer software,

using the nasion and preauricular notches as anatomical

reference points. Data were sampled at 1000 Hz, refer-

enced to Cz, and electrode impedances were lower than

50 kX (per manufacturer recommendation). Task event

markers from E-Prime software were merged with raw

Figure 1 Modified Eriksen flanker task. The figure illustrates an incongruent flanker trial (in which the middle arrow points in a different

direction than the flanking arrows) followed by a congruent flanker trial (in which all arrows point in the same direction).
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EEG signals using Lab Streaming Layer (LSL, https://

github.com/sccn/labstreaminglayer).

Data cleaning and processing was performed using

EEGLAB.47 Spectral power analyses utilized data

that were down sampled to 250 Hz and filtered using a

0.5–55 Hz bandpass filter. To remove channel artefacts,

Artefact Subspace Reconstruction (ASR)48–51 was

employed via EEGLAB plug-in clean_rawdata(), which

removed channels with over 5 s of flat signal as well as

those poorly correlated (r< 0.85) with adjacent channels.

ASR additionally helped to remove and interpolate non-

stationary high amplitude bursts. Scalp signals were then

decomposed into independent source level activations,

also known as independent components (ICs), using

adaptive mixture independent component analysis

(AMICA).52–54 This was performed within EEGLAB on

the full EEG dataset, using approximately 525,000 data

points (35 min of data sampled at 250 Hz) for 128-chan-

nel decomposition. IC rejection was performed using the

EEGLAB plug-in ICLabel,55 an algorithm trained to de-

tect neural versus non-neural IC activations. ICs were

rejected if the brain was not the highest probability

source. Dipole locations of source activations were subse-

quently estimated using Fieldtrip.56 For the effective con-

nectivity analysis, EEG data were down sampled to

100 Hz to reduce model complexity and the potential in-

fluence of line noise. Each subject was also restricted to

their top 10 ICs based on variance accounted for. This

facilitated proper fitting of a multivariate autoregressive

(MVAR) model using a sufficient data point ratio as pro-

posed in Korzeniewska et al.57 based on the equality:

K2 pþ 1ð Þ
NsNt

� 0:1

where K denotes the number of ICs, p is the model

order, Ns is the number of samples in the sliding

window, and Nt is the number of trials. This equation

was modified slightly (using K2 instead of K) based on

recommendations from the Source Information Flow

Toolbox (SIFT).58

To perform event-related analyses, the preprocessed

source-level data were epoched (from �2000 ms to

2000 ms around stimulus) into three trial types: congruent

trials with correct responses, incongruent trials with cor-

rect responses and incongruent trials with incorrect

responses. Congruent trials with incorrect responses were

excluded due to sparsity.

Event-related spectral power

Event-related spectral perturbation (ERSP) is a time-fre-

quency analysis method that measures event-related

changes, relative to baseline, in spectral power evoked by

a stimulus (see Fig. 2). To calculate ERSP, a sliding win-

dow of 1-second in length was applied across each epoch

in 25 ms steps from which the average amplitude spectra

of each frequency interval was calculated for each

window using a Morlet kernel and the EEGLAB function

newtimef(). These values were first averaged across trials,

then baseline normalized using average power between

�550 and �50 ms prior to stimulus, and converted into

decibel (dB) values using 10*log10(X), producing time-fre-

quency plots of log-scale spectral power. This time selec-

tion for baseline ensured that prior trial response

phenomena were not included. Average ERSP values in

frequency bands (Theta [4–7 Hz], Alpha [8–12 Hz], Low

Beta [13–20 Hz], High Beta [20–30 Hz]) and time ranges

related to stimulus presentation (0–200 ms) and conflict

resolution/response preparation (250–600 ms) were

extracted.

Dipoles were spatially grouped at the study level using

k-means clustering weighted by dipole location (dimen-

sion, 3; weight, 10), event-related potential (dimension, 4;

weight, 1), ERSP (dimension, 4; weight, 1) and scalp

map (dimension, 6; weight, 1) to create a 12-cluster solu-

tion. Clusters that contained at least 70% of unique sub-

jects were included in the spectral power analysis.

Connectivity analysis

To examine network information flow, source-level effect-

ive connectivity was measured in the form of renormal-

ized partial directed coherence (rPDC), a frequency-

domain measurement of causal (directed) information

flow between multivariate time series (see Fig. 2).59 This

was done using the EEGLAB plugin groupSIFT,20 which

utilizes the EEGLAB-compatible SIFT plug-in to calculate

subject-level multivariate effective connectivity and per-

form group-level analyses. For each subject, rPDC was

calculated between ICs using a MVAR model fitted from

the Vieira-Morf algorithm. A 1-second sliding window

was applied to the epoched data in 20 ms steps, along

with 30 log-scaled frequencies from 2 to 49 Hz. This

resulted in a 150 timepoint � 30 frequency matrix of

rPDC values for each connection.

A challenge of source-space analyses is the variability

in the locations of estimated dipole locations for each

subject, which makes group-level comparisons of connect-

ivity between regions difficult. To resolve this issue,

groupSIFT utilizes a 3-D Gaussian kernel to ‘smooth’

dipoles from single points into probabilistic dipole den-

sities. The full width at half maximum was set to 20 mm

and the Gaussian was truncated to 3r, resulting in a

density radius of 25.5 mm. The automated anatomical

labelling (AAL) atlas,60 customized to integrate non-cor-

tical regions into upper and lower basal regions to avoid

misleading use of subcortical regions as EEG sources,

was then referenced to segment a brain model into 76

regions of interest (ROI). From this, each subject main-

tained a four-dimensional matrix of size 76 (region, lead-

ers) � 76 (region, followers) � 30 (frequency) � 150

(time). Distributed dipole density for all subjects were

placed in this voxelized brain model, and ROIs which
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contained overlapping smoothed dipoles for at least 70%

of unique subjects were included in the analysis.

Correction for multiple
comparisons

For each connection in the whole-brain connectivity

analysis, pairwise t-tests between diagnostic groups were

performed on each rPDC time-frequency plot at the pixel

level and masked at P< 0.01 significance. Groups of

neighbouring pixels with surviving t-statistics were

combined and summed to ‘t-statistic cluster masses’,

representing time-frequency ranges of significant group

differences. To correct for multiple comparisons, cluster-

level correction61,62 was implemented for control of

familywise error rate (FWER) using a non-parametric

permutation test (N¼ 10,000) by shuffling diagnostic

group labels of rPDC matrices. For each iteration,

pairwise t-tests, significance thresholding and t-statistic

cluster generation were repeated using the prior method.

Observing across all graph edges, the second largest nega-

tive and postive t-statistic cluster masses were stored to

form a surrogate null distribution. True-data cluster

masses were then compared to the surrogate null distribu-

tion using a one-tail P< 0.05 significance threshold to

obtain across-edge corrected results. This implementation

of cluster-level correction ensured that the number of

false discoveries did not exceed a chosen value of u¼ 1,

with at least 95% confidence.61

In order to examine potential relationships between con-

nectivity and spectral power findings, separate ROI analy-

ses were run on regions with significant spectral power

findings. This ROI analysis was achieved using a similar

statistical procedure as the whole-brain analysis, except

that the surrogate distribution was instead created from the

largest cluster mass from each permutation/iteration of the

single graph edge of interest (rather than across all edges).

This resulted in within-edge control of FWER.

Figure 2 Summary of EEG analysis methods for spectral power and effective connectivity. ANOVA, analysis of variance; IC,

independent component; MANOVA, multivariate analysis of variance; ROI, region of interest.
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Statistical analysis

All analyses were run in the R programming environment63

using customized scripts. In summary, we used the follow-

ing analysis path for obtaining and interpreting results.

First, spectral power calculations were performed on k-

means clustered sources to examine localized group differ-

ences in spectral power in pre-selected time and frequency

ranges. To aide in functional interpretation, Pearson partial

correlations (controlling for age) were then run between

significant spectral power findings and clinical metrics

(YGTSS scores) along with task performance. Next, whole-

brain effective connectivity was examined along with sup-

plemental ROI connectivity analyses on any regions with

significant spectral power findings. Pearson partial correla-

tions were run between significant connectivity findings

and task performance, and with any corresponding spectral

power differences to investigate potential compensatory

relationships between local power and regional connectiv-

ity. Previous EEG analyses among children with and with-

out CTD indicated large effect sizes in brain measurements

during voluntary movement.20 Although the tasks differ

across studies, our current sample size (N¼ 95) had suffi-

cient power (>80%) to detect an alpha of 0.05 with a me-

dium effect size (f¼ 0.20).64

Flanker task behavioural data were tested for diagnostic

group differences using analysis of variance (ANOVA) for

the dependent variables (accuracy, reaction time, reaction

time variability) from congruent and incongruent trials sep-

arately. Effects of covariates (gender, age and ADHD/OCD

comorbidity) on significant group differences were tested

by re-running ANCOVAs with each covariate. To reduce

dimensionality and type 1 error rate within the EEG spec-

tral power analyses, multivariate analysis of variance

(MANOVA) tests were used to examine significant group

differences in spectral power. MANOVAs were run for

each trial type, source cluster, and time period, with theta,

alpha, low beta, and high beta band spectral power as de-

pendent variables. MANOVAs with significant diagnostic

group differences (P< 0.05) were followed by univariate

ANOVAs to test the effect of diagnostic group on the spec-

tral power of each frequency band. Effects of covariates

(gender, age and ADHD/OCD comorbidity) on significant

group differences were tested by re-running ANCOVAs

with each covariate. Statistical procedures to control type 1

error for the connectivity analysis were performed in the

groupSIFT toolbox described prior.

Data availability

Anonymized data that support the findings of this study

are available upon request.

Results
Participants in the HC (N¼ 35) and CTD (N¼ 60)

groups were well matched in age (HC¼ 9.6 6 1.4,

CTD¼ 10.0 6 1.4, t ¼ �1.2, P¼ 0.25). Estimated intelli-

gence (IQ) was above the average range in both groups

but modestly lower in the CTD group (HC¼ 115 6 15,

CTD¼ 110 6 13, t¼ 2.1, P¼ 0.04), which has been

reported for other clinical samples.65 Gender ratio dif-

fered, as the HC group was 46% male and the CTD

group was 80% male (v2 ¼ 10.3, P¼ 0.001). To account

for this imbalance, significant spectral power results were

re-run using gender and IQ as covariates. The CTD

group had an average YGTSS Total score of 27 6 8.6,

suggesting moderate clinical impairment. Within the CTD

group, 10 had comorbid OCD, 15 had comorbid ADHD,

and nine had both OCD and ADHD comorbidities,

which is similar to rates of comorbidity for ADHD and/

or OCD in other samples.66 A total of 10 participants

were on non-stimulant psychotropic medication and one

patient with CTD was taking a stimulant, which was dis-

continued for 24 h prior to their visit.

Flanker performance

Significant diagnostic group differences on behavioural

performance measures in reaction time for congruent and

incongruent trials emerged, reflecting faster reaction times

in the CTD group relative to controls (see Table 1).

Accuracy and reaction time variability for both trial types

were not significantly different across groups. When con-

trolling for covariates, the congruent trial reaction time

differences remained significant, while the incongruent

trial reaction time differences continued to be significant

when controlling for age and IQ, but not gender, OCD

or ADHD symptoms.

Oscillatory dynamics—clustering
solution

From the 12-cluster solution, three clusters (left temporal,

right temporal and inferior occipital) were excluded after

using 70% unique subject criteria. The resulting nine

clusters and their corresponding scalp topographies are

described in Fig. 3. Montreal Neurological Institute

(MNI) coordinates of cluster centroids were used to

estimate Brodmann areas for each cluster via the Yale

BioImage Suite.67

Spectral power during inhibitory
control

Oscillatory power during flanker performance was exam-

ined in the nine clusters selected for analysis for three

conditions: congruent trials with correct responses, incon-

gruent trials with correct responses, and incongruent tri-

als with incorrect responses. MANOVA results were

significant only for correct incongruent flanker trials, sug-

gesting that task difficulty and successful management of

conflict were important factors for evoking neural activa-

tion patterns unique to affected individuals. These group
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differences were present specifically in the ACC cluster

during both the 0–200 ms [Wilk’s K¼ 0.86, F(4,69) ¼
2.8, P¼ 0.03] and 250–600 ms [Wilk’s K¼ 0.85, F(4,69)

¼ 3.0, P¼ 0.03] time periods (Table 1; Fig. 4).

Univariate ANOVAs revealed that directly after incongru-

ent flanker presentation (0–200 ms), individuals with

CTD exhibited attenuated theta [F(1,72)¼4.2, P¼ 0.04]

and alpha [F(1,72) ¼ 10.1, P¼ 0.002] band power in the

ACC relative to controls. In the subsequent 250–600 ms

period, the HC group exhibited greater ACC spectral

power compared to the CTD group in theta [F(1,72) ¼
5.2, P¼ 0.03], alpha [F(1,72) ¼ 6.5, P¼ 0.01], low beta

[F(1,72) ¼ 8.1, P¼ 0.006], and high beta [F(1,72) ¼ 4.9,

P¼ 0.03]. Group differences remained significant after

controlling for gender, age, and IQ, with the exception of

ACC theta power during the 0–200 ms period, which

was reduced to a trend level finding.

Controlling for age, partial correlations among spectral

power, task performance and clinical measures indicated

significant negative association between early (0–200 ms)

alpha power with YGTSS Impairment (r ¼ �0.31,

P¼ 0.03) and later (250–600 ms) high beta power with

incongruent trial accuracy (r ¼ �0.25, P¼ 0.04). These

results indicate that higher tic-related impairment and

lower incongruent flanker accuracy were associated with

EEG power modulations seen in CTD.

Table 1 Flanker task performance and EEG spectral power differences between tic disorder group and controls

Performance HC (M, SD) CTD (M, SD) F(1, 93) With covariates

FGender FAge FIQ FCYBOCS FSWAN

Performance F(1,93)

Congruent trials

Accuracy (%) 78 (18) 75 (16) 0.76

Reaction time (ms) 564 (91) 507 (78) 10.70** 6.75* 9.11** 9.54** 6.37* 6.34*

Reaction time SD (ms) 141 (42) 129 (36) 2.00

Incongruent trials

Accuracy (%) 65 (19) 59 (16) 2.79

Reaction time (ms) 606 (135) 541 (112) 6.35* 3.00 5.46* 4.42* 3.24 1.81

Reaction time SD (ms) 117 (15) 110 (13) 0.00

Spectral power (in dB) F(1,72)

Anterior cingulate, 0–200 ms

Theta (4–7 Hz) 0.00 (1.06) �0.42 (0.71) 4.21* 2.76 5.04* 5.09* 4.13* 3.79

Alpha (8–12 Hz) 0.30 (0.82) �0.26 (0.67) 10.11** 7.65** 9.52** 8.21** 4.52* 4.68*

Low beta (13–20 Hz) 0.05 (0.47) �0.11 (0.53) 1.64

High beta (21–30 Hz) 0.13 (0.35) 0.14 (0.54) 0.01

Anterior cingulate, 250–600 ms

Theta 0.48 (0.80) 0.03 (0.83) 5.19* 5.01* 5.87* 4.62* 3.35 5.53*

Alpha 0.36 (0.76) �0.11 (0.76) 6.45* 5.42* 6.40* 6.76* 2.68 7.42**

Low beta 0.06 (0.67) �0.34 (0.52) 8.15** 7.41** 5.95* 9.23** 5.42* 9.18**

High beta 0.12 (0.80) �0.23 (0.55) 4.93* 5.24* 6.10* 5.63* 3.93* 5.14*

Note. *P< 0.05, **P< 0.01.

CTD, chronic tic disorder; CYBOCS, Child Yale-Brown Obsessive-Compulsive Scale; dB, decibels; HC, healthy control; Hz, hertz; IQ, intelligence estimate; M, mean; SD, standard

deviation; SWAN, Strengths and Weaknesses in ADHD Symptoms and Normal Behavior Scale.

Figure 3 Source-level independent component cluster topographies. Scalp map views of propagated activity from the nine

underlying source-level clusters included in the spectral power analysis. Number of subjects and independent components (ICs) within each

cluster are listed for healthy control (HC) and chronic tic disorder (CTD) groups, as well as corresponding Brodmann Area (BA).

Coordinates reflect cluster centroid with standard deviation of locations for all ICs in that cluster. ACC, anterior cingulate cortex; DLPFC,

dorsolateral prefrontal cortex; L, left; MPFC, medial prefrontal cortex; PMC, premotor cortex; R, right; SD, standard deviation; SMA,

supplementary motor area.
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Connectivity dynamics

Following findings of diagnostic group differences in spec-

tral power exclusively on correct incongruent trials, effect-

ive connectivity was examined solely in this condition. In

addition to whole-brain connectivity, we examined connect-

ivity edges involving the ACC due to significant group dif-

ferences in spectral power. Together, these two analyses

revealed 10 connections (seven from the whole-brain ana-

lysis and three from the ACC analysis) with significant

group differences in information flow. Each connection

involved a minimum of 66 subjects using the 70% unique

subject thresholding criteria. Notably, all connections were

associated with bilateral precuneus or midcingulate cortex

nodes, regions within the fronto-parietal network that have

been shown to be highly involved in processes of cognitive

control, integration of information, and mental im-

agery.68,69 These hubs showed differences in both informa-

tion inflow and outflow with eight other anatomical

regions located in mid-frontal, left motor, left temporal and

bilateral occipital cortices.

Topographically, controls exhibited greater information

flow within the central and posterior brain regions through

integration of the precuneus with left precentral, left mid-

temporal, and right occipital cortical sources (Fig. 5A). In

contrast, individuals with CTD exhibited stronger effective

connectivity along the midline and with anterior frontal

areas, including the ACC and superior medial frontal cor-

tex. Examination of the time dynamics of group differences

revealed that differences in information flow occurred

throughout the period from stimulus presentation until sub-

ject response (Fig. 5B). The HC group, however, displayed

a notable period of relatively stronger information flow dir-

ectly after stimulus presentation.

Controls exhibited greater information flow from the

left precentral gyrus to right precuneus from 200 to 400

ms, revealing the first appearance of motor cortex differ-

ences in the study and suggesting atypical motor signal-

ling from this area in individuals with CTD (Fig. 6).

While controls displayed greater early left precuneus to

right occipital communication, the CTD group showed

stronger early connectivity from the right precuneus to

ACC (Fig. 7), possibly representing different stimulus ap-

praisal strategies. Recruitment of additional frontal

regions for task processing in CTD was further indicated

by greater information flow from the superior medial

frontal cortex to midcingulate (Fig. 6), as well as greater

bidirectional connectivity between the ACC and left mid-

cingulate (Fig. 7). Given their timing (200–500 ms), these

connections suggest atypically greater signalling of frontal

conflict processing/response preparation mechanisms in

individuals with CTD.

Partial correlations (controlling for age) between rPDC

information flow and incongruent trial performance met-

rics indicated significant associations with several connec-

tions (P< 0.05). Accuracy was negatively correlated with

left precentral to right precuneus (r ¼ �0.27, P¼ 0.03)

connectivity (which was stronger in controls) as well as

with frontal connections (all of which were stronger in

CTD) between the left superior medial frontal and mid-

cingulate (r ¼ �0.25, P¼ 0.04), ACC to midcingulate (r

¼ �0.35, P¼ 0.003), midcingulate to ACC (r ¼ �0.42,

P¼ 0.0004), and right precuneus to ACC (r ¼ �0.42,

P¼ 0.0008). Midcingulate to ACC connectivity was also

negatively correlated with incongruent trial reaction time

(r ¼ �0.31, P¼ 0.009). Correlations between ACC con-

nectivity and spectral power were not significant (all P’s

> 0.05), suggesting: (i) these are separate neural mecha-

nisms that are not resultant from one another, and (ii)

higher connectivity between frontal and midcingulate

regions was an alternative neural pathway utilized by

Figure 4 Attenuated ACC power in chronic tic disorder. During incongruent trials, subjects with chronic tic disorder (CTD) showed

broadband attenuation in spectral power in the anterior cingulate cortex. Time-frequency ranges of significant between-group differences are

marked by boxes for theta (h, 4–7 Hz), alpha (a, 8–12 Hz), and low (13–20 Hz) and high beta (b, 20–30 Hz) frequency bands.
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individuals with CTD that resulted in faster response

times but similar accuracy.

Discussion
The present study provides the first report of cortical

source-resolved, event-related brain oscillatory dynamics

and effective connectivity during inhibitory processing in

CTD. Overall, children with CTD exhibited lower spec-

tral power in the ACC but higher causal information

flow between the ACC and other midline central and

posterior regions, despite similar levels of task accuracy,

relative to typically developing controls. In addition,

whole-brain connectivity analyses indicated that the mid-

cingulate and precuneus serve as fronto-parietal network

hubs whose connections with several motor and sensory

areas such as left precentral, left temporal, and bilateral

occipital nodes were atypical in CTD. Finally, attenuated

ACC activation and higher information flow between and

among nodes within the fronto-parietal attention network

were significantly associated with tic impairment, faster

reaction time, and worse inhibitory performance, suggest-

ing these alternate cortical patterns may be a putative

neural adaptation among individuals with CTD.

Significant differences in neural dynamics were

observed between controls and individuals with CTD des-

pite equivocal differences in inhibitory task performance,

a finding that is consistent with other event-related poten-

tial and functional MRI cognitive control studies.14,15,70

Interestingly, these differences in dynamics were observed

solely in incongruent trials despite the group differences

present in congruent trial reaction time. A potential ex-

planation for this may be found from the correlation

analyses, which revealed significant EEG correlations pri-

marily with incongruent trial accuracy. This could be due

to a greater sensitivity of the EEG measurements used to

neural mechanisms associated with accuracy rather than

network activity related to reaction time, which may be

widely distributed.

Within the current study, the ACC showed between-

group differences in both activation and connectivity pat-

terns, suggesting it plays a key role in the cognitive inhib-

ition process. The involvement of this region is well

supported, as the ACC has repeatedly been shown to be

engaged during monitoring of conflict.71–73 In CTD, stud-

ies have reported structural and neurochemical ACC defi-

cits among affected individuals, including lower grey

matter in adults74 and lower c-aminobutyric acid (GABA)

levels in youth.75 Aberrant ACC activity has also been

observed in paediatric and adult samples during inhibi-

tory control tasks15,76 as well as prior to tic occurrence,77

suggesting the ACC subserves multiple roles common to

both tic occurrence and inhibitory control in CTD. This

hypothesis is further supported by negative correlations

observed here between alpha band power in the ACC

and higher YGTSS Impairment scores, indicating greater

tic impairment was associated with attenuated ACC activ-

ity during inhibitory processing.

Several additional brain regions exhibited aberrant ef-

fective connectivity, suggesting widespread atypical net-

work communication in individuals with CTD during

inhibitory control. The precuneus and midcingulate were

involved with nearly all significant connections. Both

regions are known to be associated with the integration

Figure 5 Network view of effective connectivity during

inhibitory control. (A) The chronic tic disorder (CTD) group

exhibited greater information flow along the midline and with

frontal regions (blue), while greater causal flow among central and

posterior regions was observed in the healthy control (HC) group

(red). The arrows represent the direction of information flow for a

given connection, and node sizes represent dipole density for a

given node. The brain model was visualized using BrainNet Viewer

software.88 (B) Time series representation of outflow for

significant between-group connections from (A). Information flow

which is stronger in the HC group is represented by positive values

while stronger in the CTD group is represented by negative values.

Stimulus onset was at t¼ 0; mean response time was �600 ms,

averaged across both groups. Ant, anterior; L, left; Med, medial, R,

right; Sup, superior.
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of various processing areas and cortical functions, includ-

ing cognitive control,69,72,78 and have been implicated in

CTD during an adaptive control paradigm.79 The

precuneus communicates with peripheral visual, frontal

and motor regions,68 and the presence of altered hub

connectivity in CTD may indicate difficulties with the

Figure 6 Diagnostic group differences in causal information flow. Time-frequency plots of effective connectivity patterns

(represented as t-statistics) for healthy controls (HC, left), individuals with chronic tic disorder (CTD, middle), and the between-group

differences (right). The precuneus in the HC group displayed greater connectivity with the right occipital and left precentral gyrus (red in

difference plots), while the CTD group showed greater information flow with frontal and left occipital cortices (blue in difference plots). The

dashed line represents stimulus presentation at t¼ 0. L, left; Med, medial; MCC, midcingulate cortex; R, right; Sup, superior.

Figure 7 Significant causal interactions involving the anterior cingulate. Time-frequency plots of effective connectivity patterns

(represented as t-statistics) for healthy controls (HC, left), individuals with chronic tic disorder (CTD, middle), and the between-group

differences (right). Individuals with CTD exhibited greater effective connectivity (blue in difference plots) from the right precuneus to anterior

cingulate cortex (ACC), as well as bidirectionally between the ACC and midcingulate cortex (MCC). The dashed line represents stimulus

presentation at t¼ 0. L, left; R, right.
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integration of multimodal information that is required

when performing sensory-driven movements. The precu-

neus is also associated with internally guided attention78

as well as with attention shifting between object fea-

tures.80 Given that the paradigm was designed for assess-

ing features of attentional control,81 altered connectivity

patterns between the precuneus and visual cortex could

suggest mechanistic and/or procedural differences in at-

tention shifting between important stimulus features (e.g.

arrow directionality) in CTD, as reflected by contrasting

directions of information flow between the precuneus and

bilateral occipital cortices by diagnostic group. Together

these would suggest individuals with CTD utilize atypical

communication patterns between attention, visual and

sensorimotor networks.

While the involvement of the MCC in cognitive control

and response selection is well established, greater engage-

ment of the midcingulate with other frontal areas could

provide support for an urge-based motoric role that has

been previously hypothesized.82 In particular, this hypoth-

esis proposes a separation between a ‘urge-driven action’

network involving the insula and MCC and a ‘willed, in-

tentional action’ network primarily involving the pre-

motor and parietal cortices. The present findings fit well

with this anatomical separation, as while a premotor and

parietal-based connectivity pattern was observed in con-

trols, an additional MCC-based network was present in

the CTD group. This idea is also supported by the fact

that negative, rather than positive, correlations were

observed between MCC connectivity and accuracy as

well as reaction time, indicating that the influence of the

MCC did not necessarily help participants perform better

on the task. Additionally, the involvement of the MCC in

goal-directed (including impulsive and body-directed)

actions83 could signify greater impulsive signalling within

these motor pathways in CTD and help explain the

EEG–behaviour relationships.

Whole brain effective connectivity analyses revealed

greater information flow among the central and posterior

network hubs in the HC group, while the CTD group

exhibited greater connectivity along the midline fronto-

parietal axis during inhibitory processing. Greater fronto-

parietal connectivity is typically considered to be a devel-

opmentally mature neural pattern,29 which may arise

among children with CTD as a result of frequent inhib-

ition of tics and the need to control tic expression.19,34

On the other hand, integration of the ACC into the

fronto-parietal network as opposed to the cingulo-opercu-

lar control network is an immature developmental pattern

observed in youth with CTD that is most commonly seen

among typically developing children but not adolescents

or adults.29 Thus, these results suggest altered network

connectivity patterns that cannot be characterized as uni-

directional along the developmental spectrum.

While qualitatively different developmental trajectories

of neural connectivity have been reported previously,34

we note that another reason these results don’t map

directly onto previous findings may be the lack of com-

parable studies given the dearth of task dependent, event-

related connectivity studies in CTD. Many MRI-based

studies reporting functional or structural connectivity

have been performed on resting state, which may differ

significantly from task dependent effective connectivity

due to increased top down control of cortico-striatal-thal-

amic activity under task conditions.84 While several stud-

ies have examined connectivity dynamics during tic

suppression and other inhibitory control paradigms,85 of

the two EEG-based studies examining scalp-based con-

nectivity, children with CTD exhibited higher coherence

values relative to controls in fronto-central connections

during tic suppression39 and motor inhibition.38 Our

results are thus consistent with these previous studies and

extend the findings with a higher density electrode mon-

tage and cortical-source level effective connectivity, allow-

ing identification of directional information flow to

specific nodes along the fronto-parietal network with pre-

cise timing. In light of these associations, altered task-de-

pendent network connectivity patterns within CTD

appear to have greater involvement of frontal regions

than is generally reported for typically developing chil-

dren. We hypothesize that greater frontal connectivity is

likely a neural adaptation to coping with the illness, but

one that does not necessarily result in better behavioural

performance.

A strength of this study is the large sample size of chil-

dren with and without CTDs (N¼ 95) who are within a

relatively tight age range of 8–12 years. In addition, state

of the art EEG recording and processing techniques

allowed for sub-second quantification of oscillatory activ-

ity and effective connectivity with greater spatial reso-

lution of cortical-source resolved generators. One

limitation is that paediatric populations are developmen-

tally heterogenous and at the early stages of diagnosis,

which may make it difficult to generalize findings to-

wards older individuals with tic disorder. Nevertheless,

evaluations of early diagnostic stages are prudent for

examining disorder progression and optimizing early

intervention techniques. A second limitation is that EEG

is blind to activity from deeper subcortical sources within

the cortico-striato-thalamo-cortical network, which are

thought to play a key role in tic generation within

CTDs.86,87 Key distinctions have been made, however,

between the neural mechanisms that generate tics versus

those that play a role in suppression of involuntary and

voluntary movements, as well as inhibition of internally

driven versus externally triggered events.19 Recent studies

and a meta-analysis of task-based neuroimaging studies

did not find significant diagnostic group differences in ac-

tivation and network disruptions involving basal ganglia

or thalamic regions,24,26,27 suggesting there are clear cor-

tical dysfunctions that contribute meaningfully to CTD

phenomenology that can be assessed with EEG.

Furthermore, the atypical cortical activity reported here

may provide potential non-invasive neuromodulation
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targets for future treatment of CTD. A final consideration

is that the CTD sample contained more boys and some

subjects with comorbid OCD and ADHD. The occur-

rence of comorbid disorders in patients with CTD is typ-

ical but creates potential issues when attempting to

interpret results and their association with CTD.

However, most group differences remained significant

after controlling for sex as well as ADHD and OCD

symptoms, suggesting that the group differences observed

are not systematically associated with gender or diagnos-

tic comorbidity. In summary, we have provided evidence

of aberrant activation and communication patterns within

the fronto-parietal network, specifically in the anterior

cingulate cortex, which had attenuated spectral power

but greater causal information flow with several fronto-

parietal hub regions, particularly the midcingulate and

precuneus, in CTD. Further research into these temporal-

ly resolved mechanisms will better elucidate neural mech-

anisms and potential patterns of atypical network

communication that lead to tic expression and suppres-

sion in CTD.
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