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Tourette syndrome (TS) is a developmental disorder characterized by unwanted, repetitive behaviours that manifest as stereo-

typed movements and vocalizations called ‘tics’. Operating under the hypothesis that the brain’s control systems may be

impaired in TS, we measured resting-state functional connectivity MRI (rs-fcMRI) between 39 previously defined putative

control regions in 33 adolescents with TS. We were particularly interested in the effect of TS on two of the brain’s task control

networks—a fronto-parietal network likely involved in more rapid, adaptive online control, and a cingulo-opercular network

apparently important for set-maintenance. To examine the relative maturity of connections in the Tourette subjects, functional

connections that changed significantly over typical development were examined. Age curves were created for each functional

connection charting correlation coefficients over age for 210 healthy people aged 7–31 years, and the TS group correlation

coefficients were compared to these curves. Many of these connections were significantly less ‘mature’ than expected in the

TS group. This immaturity was true not only for functional connections that grow stronger with age, but also for those

that diminish in strength with age. To explore other differences between Tourette and typically developing subjects further,

we performed a second analysis in which the TS group was directly compared to an age-matched, movement-matched group

of typically developing, unaffected adolescents. A number of functional connections were found to differ between the two

groups. For these identified connections, a large number of connectional differences were found where the TS group value

was out of range compared to typical developmental age curves. These anomalous connections were primarily found in the

fronto-parietal network, thought to be important for online adaptive control. These results suggest that in adolescents with TS,

immature functional connectivity is widespread, with additional, more profound deviation of connectivity in regions related

to adaptive online control.
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Introduction
Humans have proven to be a resourceful and adaptable species

able to respond to changing conditions with novel behaviours utiliz-

ing a wide variety of abilities. The human brain is able to solve new

problems, communicate and perform goal-directed behaviours over

wide-ranging timescales (Posner and Petersen, 1990; Dosenbach

et al., 2008). Critical to the flexible production of behaviour are

the means to choose and maintain the appropriate configuration of

processes related to a specific set of goals. Similarly, it is important to

adapt and adjust behaviours in an ongoing fashion, including the

inhibition of actions and behaviours that are prepotent, unwanted

or at cross-purposes with one’s goals. When any of these processes

go awry, unwanted behaviours may result.

Tourette syndrome (TS) is a developmental disorder character-

ized by unwanted, irresistible stereotyped movements and vocali-

zations called ‘tics’. Symptoms frequently appear around the ages

of 6–7 years, and can increase in severity, often peaking in inten-

sity in early adolescence (Leckman, 2003). The DSM-IV-R criteria

for a diagnosis of Tourette syndrome requires diagnosis prior to

18 years of age, tics not due to substances or other disorders and

the presence of motor tics and vocal tics for 41 year (American

Psychiatric Association, 2000). Attention deficit-hyperactivity disor-

der (ADHD) and obsessive-compulsive disorder (OCD) are strongly

co-morbid with TS [50% with TS also have ADHD, while 20–60%

have OCD (Singer, 2005)].

As with these co-morbid disorders, TS has been hypothesized to

involve the frontal cortex and its connections to subcortical regions

such as the basal ganglia, through frontal cortico-striatal-thalamo-

cortical (CSTC) circuits (Mink, 2001; Singer, 2005; Albin and Mink,

2006). TS has also been hypothesized to be associated with cog-

nitive difficulties involving frontal cortex, including response inhi-

bition and selective attention (Bornstein et al., 1991; Johannes

et al., 2001; Channon et al., 2003). This proposition is controver-

sial, however, because of the potential contribution of co-morbid

ADHD to executive dysfunction in so many patients with TS, and

since the same or similar underlying pathophysiological substrates

are implicated in ADHD as well as in TS (e.g. Ozonoff et al., 1998;

Mahone et al., 2002). Importantly, ‘pure’ TS (i.e. lacking any

co-morbidity) is relatively uncommon, occurring in �10% of TS

patients (Freeman et al., 2000; Khalifa and von Knorring, 2006).

Nonetheless, the inability to resist or inhibit unwanted movements

in TS implies that regions involved in behavioural control may be

affected in the disorder. We hypothesize here that TS is, in part,

a consequence of atypical development of the brain’s attentional

control networks (Posner and Petersen, 1990).

In previous studies, we have explored the brain’s control sys-

tems using resting-state functional connectivity MRI (rs-fcMRI),

which measures correlations in low frequency (�50.1 HZ) sponta-

neous blood-oxygenation-level dependent (BOLD) signals.

rs-fcMRI has previously demonstrated that the BOLD timeseries

of any given region of the brain has different degrees of correla-

tion with other regions of the brain (Biswal et al., 1995; Greicius

et al., 2003; Fox et al., 2005). This method has revealed

the underlying structure of biologically plausible and reproducible

functional networks in several domains (Fransson, 2005; Hampson

et al., 2006; Dosenbach et al., 2007; Fair et al., 2007a, 2008)

(also see Fox and Raichle, 2007, for review). In addition, the

nature of the rs-fcMRI approach unburdens subject compliance

and training demands for between group comparisons (Fair

et al., 2007b). Because of these attributes, rs-fcMRI is increasingly

being used to study systems organization in development (Fair

et al., 2007a, 2008; Fransson et al., 2007) and in disease

(Greicius et al., 2004; Greicius et al., 2007; Just et al., 2007;

Castellanos et al., 2008); hence, rs-fcMRI is well suited to study

the potential disruption of brain systems in patients with TS.

When these methods were applied to the study of brain regions

that carry task control signals (i.e. task initiation signals, feedback

signals and signals sustained across the entire task period) across a

wide range of different tasks (Dosenbach et al., 2006) (Fig. 1A),

these regions were found to separate into eight distinct compo-

nents or networks (Dosenbach et al., 2007, 2008). Two of these

components were particularly interesting because the regions they

encompass have been repeatedly identified as being important for

task control (Luna et al., 2001; Miller and Cohen, 2001; Corbetta and

Shulman, 2002; Braver et al., 2003; Sakai and Passingham, 2003;

Luna and Sweeney, 2004; Rueda et al., 2004; Rushworth et al.,

2004; Bunge et al., 2005; Dosenbach et al., 2006; Seeley et al.,

2007). Based on a functional activation MRI study (Dosenbach

et al., 2006), one component, the ‘cingulo-opercular’ network (see

Table 3 for regions), is hypothesized to maintain task sets across all

the events within a task period. The other component, the ‘fronto-

parietal’ network (see Table 3 for regions), is thought to act on a

shorter timescale and is important for rapidly adaptive online control

(Dosenbach et al., 2008) (Fig. 1B).

Recent work has described the normal developmental profile of

these putative control networks using rs-fcMRI (Fair et al., 2007a).

Overall, the strength of correlation coefficients ‘between’ these

two control networks is greater in children, and declines over

age, while the strength of correlation coefficients linking regions

‘within’ each of the networks increases over age. Direct compar-

isons between children and adults showed that children have

a greater proportion of strongly correlated short-range functional

connections (i.e. connections between regions close in space) that

tend to decrease in strength over age. In contrast, long-range

functional connections (i.e. connections between regions more

distant in space) tend to form and to increase in strength over

age [right panel of Fig. 4C; adapted from (Fair et al., 2007a)].

Three specific observations exemplifying these general observa-

tions were that (i) the dACC/msFC region, a member of the

cingulo-opercular network in adults, was instead part of the

fronto-parietal network in children; (ii) there were fewer connec-

tions between the frontal and parietal regions of the fronto-

parietal network in children compared to adults; and (iii) the

fronto-parietal and cingulo-opercular networks were linked in

children via a connection between the dlPFC and aPFC that was

absent in adults (Fair et al., 2007a) (Fig. 2).

In theory, TS patients could have at least three different types of

task-control deficits related to aberrant functional connectivity

within and between these control networks. First, the connectivity

with and within cingulo-opercular network could be abnormal,

affecting task-maintenance processes and resulting in unwanted

breakthroughs (i.e. tics) of normally suppressed behaviours.
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Second, TS patients could have altered connectivity with and

within the frontoparietal network affecting adaptive online control,

such that processes that normally initiate or adjust changes in task-

control are hyperactive. This impairment would manifest in the

same way as the first possibility (breakthrough of unwanted beha-

viours). Lastly, a more widespread set of differences could affect

both networks and the relations between them, again leading to

unwanted behaviours.

In an attempt to differentiate between these alternatives,

we conducted two types of analysis. First, to assess whether the

task-control related connections were age-appropriate in TS, we

identified connections of interest (COIs) that showed significant

change over typical development, and examined these connec-

tions in a group of adolescents with TS. Second, we directly com-

pared the functional connectivity among all of the 39 putative

control regions in a group of adolescents aged 10–15 years with

TS, and a ‘matched’ comparison group of adolescents without TS.

To preview the results, we found that adolescents with TS

show a widespread pattern of less mature functional connectivity

in connections involving both control networks. Other, more

starkly anomalous connections were much more evident in the

fronto-parietal network than in the cingulo-opercular network.

This constellation of findings suggests that task control is generally

altered in TS, with greatest impairment of more rapid, adaptive

control (fronto-parietal).

Methods

Subjects
TS subjects were recruited through the Washington University School

of Medicine Movement Disorder Center and the local chapter of the

Tourette Syndrome Association (TSA). A total of 45 subjects diagnosed

with TS and 46 unaffected subjects were recruited. The presence

of diagnosed co-morbidities (primarily ADHD and/or OCD) and/or

medications were not considered exclusion criteria in the TS subjects

(Table 2). However, they were considered exclusion criteria for the

unaffected subjects. All subjects underwent a battery of neuropsycho-

logical measures including full-scale estimated IQ (WISC-IV), Trails A

and B, Stroop colour and word test (Golden et al., 2002), Controlled

Oral Word Association (COWA-FAS), Yale Global Tic Severity Scale

(YGTSS) (Leckman et al., 1989), Children’s Yale-Brown Obsessive

Compulsive Scale (CY-BOCS) (Scahill et al., 1997) and DSM-IV

ADHD Symptom Rating Scale.

Because of the potential effects of head movement on rs-fcMRI

data, (Cohen et al., 2006), differences between movement measures

for the adolescents with and without TS were minimized, yielding

usable resting state data from 75 subjects (33 with TS ages 10–15

years; 42 without TS ages 10–15 years; Tables 1 and 2). This

‘matching’ was done by calculating movement for all individuals and

removing individuals with excessive movement. For the final matched

groups, within-run subject motion was 51.75 mm root mean squared

variance (rms-variance) for both groups and not significantly different

(average rms-variance values: adolescents with TS = 0.768 mm, unaf-

fected adolescents = 0.731 mm, P = 0.65).

For each subject at least 320 s (5.33 min) of resting state BOLD data

were collected (TS group range = 320–640 s, median = 640 s; non-TS

group range = 400–640 s, median = 640 s). For each of the 39 task-

control regions of interest (ROIs) (Table 3), a resting state time

series was extracted separately for each individual. For all subjects,

resting periods were extracted from an interleaved experimental

design that also contained task periods. Our method for extracting

resting periods from blocked fMRI designs has been validated (for

details, see Fair et al., 2007b).

Data acquisition and processing
fMRI data were acquired on a Siemens 1.5 Tesla MAGNETOM Vision

system (Erlangen, Germany). Structural images were obtained using

a sagittal magnetization-prepared rapid gradient echo (MP-RAGE)

Fig. 1 Thirty-nine putative control regions and proposed dual-network model of task control (Dosenbach et al., 2006, 2007, 2008).

(A) Thirty-nine putative control regions. The fronto-parietal network is shown in yellow, and the cingulo-opercular network is shown in

black. (B) A model of two parallel control networks affecting moment-to-moment processing. The fronto-parietal network is thought to

be important for adaptive online control over shorter time scales, while the cingulo-opercular network is thought to support stable set

control and to be more resistant to distractions. Part A of figure is from Dosenbach et al., 2007; part B is from Fair et al., 2007a.

Abbreviations are explained in Table 3.
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three-dimensional T1-weighted sequence, TR = 9.7 ms, TE = 4 ms,

flip angle = 10�, voxel size = 1.25 mm�1.0 mm�1.0 mm resolution.

Functional images were obtained using an asymmetric spin echo

echo-planar sequence sensitive to BOLD contrast, TR = 2.5 s, T2�

evolution time = 50 ms, flip angle = 90�, voxel size = 3.75 mm�

3.75 mm in-plane resolution. Whole-brain coverage was obtained

with 16 contiguous interleaved 8 mm axial slices acquired parallel

to the plane transecting the anterior and posterior commissures

(AC–PC plane). Steady state magnetization was assumed after four

frames (�10 s).

Functional images were processed to reduce artifacts (Miezin et al.,

2000). Each run of each individual was then resampled in atlas space

on an isotropic 3 mm grid combining movement correction and atlas

transformation in one interpolation. All subsequent operations were

performed on the atlas-transformed volumetric timeseries.

Functional connectivity pre-processing
Analyses using rs-fcMRI were additionally pre-processed as previously

described (Dosenbach et al., 2007; Fair et al., 2007a, b, 2008;

Fig. 2 The development of functional connections within and between the two control networks appears to be disrupted or delayed

in adolescents with TS. Regions in the fronto-parietal network are shown in yellow, while those in the cingulo-opercular network are

shown in black. Eighteen regions at a correlation threshold of r50.2 for four groups: unaffected adults, unaffected adolescents,

unaffected children and the TS group (see Methods section). The regions in each of the four graphs are arranged pseudoanatomically,

such that frontal regions are near the top, parietal regions are near the bottom and left hemisphere regions are on the left of each

network, while right hemisphere regions are on the right. For these two networks, it has been shown that three principle connectivity

differences exist between childhood and adulthood (Fair et al., 2007a). (i) There are fewer connections between the frontal and parietal

regions of the frontal-parietal (yellow) network in typical children versus typical adults and adolescents (green arrow); (ii) the

dACC/msFC region is integrated into the frontal-parietal network in typical children compared to typical adults and adolescents

(blue arrow); and (iii) the two networks are linked via a connection between the aPFC and dlPFC in typical children versus typical adults

and adolescents (red arrow). The adolescents with TS do not appear to undergo this same developmental transition as typically

developing subjects. The adolescents with TS appear younger (more similar to the child group) than their age-matched peers

(cf. TS group arrows with unaffected child group), suggesting a disruption or delay in the maturation of these networks. Graphs

of typical adults, adolescents, and children are derived with a slightly different statistical threshold than Fair et al. (2007a).
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Fox et al., 2007) to reduce spurious variance unlikely to reflect

neuronal activity (Fox and Raichle, 2007). These steps included:

(i) a temporal band-pass filter (0.009 Hz 5 f50.08 Hz); (ii) spatial

smoothing (6 mm full width at half maximum); and (iii) removal of

unwanted signals by regressing out signal (and its first derivative)

attributable to the six parameters obtained by rigid-body head

motion correction, a whole brain ROI, an overall ventricular ROI

and an overall white matter ROI.

Definition of ROIs for network analysis
Thirty-nine ROIs, originally derived from cross-studies fMRI analyses

(183 subjects; 10 tasks) of task control signals in adults (Dosenbach

et al., 2006) and used in our previous publications (Dosenbach et al.,

2007; Fair et al., 2007a), were applied to adolescents with and

without TS (Table 3). These ROIs have been shown to carry several

task-control-related signals including sustained, start-cue and/or

error-related activity (Dosenbach et al., 2006). Spheres of 12 mm dia-

meter were created around each centre of mass coordinate and BOLD

timecourses were extracted for each sphere from each individual.

These ROIs are shown in the left panel of Fig. 1.

Computation of group mean correlation matrices
for analysis

To explore the network relationships among the 39 regions, the rest-

ing state BOLD time series were correlated region-by-region for

each subject across the full length of the resting time series, creating

a total of 75 39�39 square correlation matrices (n = 33 with TS;

n = 42 without TS). These correlation matrices were then averaged

across individuals within a group [using the Schmidt-Hunter method

for meta-analyses of r-values (Field, 2001; Salvador et al., 2005;

Dosenbach et al., 2007; Fair et al., 2007a, 2008)] to yield a single

mean correlation matrix for TS and unaffected subjects, respectively.

Two main analyses were performed using these matrices.

Examination of developmental COIs
in Tourette syndrome data
In a previous study, a subset (n = 55) of the correlation coefficients

from the 39�39 matrix (741 possible connections) were found to be

significantly different between a group of movement-matched

healthy children aged 7–9 years and adults aged 21–31 years (Fair et al.,

2007a). Data on connection strength versus age for these devel-

oping functional connections were then described with LOWESS curves

[a local regression smoothing procedure (Cleveland, 1981)], using 210

healthy subjects, ages 7–31 years (Fair et al., 2007a). This sort of qualita-

tive approach can be useful for identifying data patterns that may be

overlooked when using curve fitting procedures that assume a shape

(Brown et al., 2005; Fair et al., 2006).

We estimated the ‘maturity’ of each functional connection in the TS

group by comparing the mean TS group correlation coefficient to the

LOWESS curve for that connection. An age estimate was done by

finding the point on each connection’s typical developmental

LOWESS curve that most closely matched the TS group’s mean cor-

relation coefficient and obtaining the ‘age’ for that point. For example,

if the correlation coefficient was ‘normal’ or ‘age-appropriate’, its esti-

mated age from the LOWESS curve should be close to the actual

average age of the TS group (12.7 years). If the correlation coefficient

did not overlap with any value on the LOWESS curve, the functional

connection was classified as anomalous or ‘off-curve’. As the

Table 1 Characteristics of subject groups

Subjects with TS Subjects without TS

N 33 42

Male/Female 25/8 24/18

Average age (range) 12.70 (9.92 to 15.83) 12.69 (10.42 to 15.75)

Average movement mm rms (range) 0.768 (0.19 to 1.56) 0.731 (0.235 to 1.51)

Average IQ (range) 105.4 (80 to 137) 108.5 (86 to 137)

Average COWA-FAS z-score (range) �0.32 (�3.9 to +3.2) �0.02 (�2.7 to +2.3)

Average stroop interference z-score (range) 0.15 (�0.9 to +2.2) 0.26 (�0.9 to +1.8)

Average trails B z-score (range)� 0.26 (�3.5 to +1.6) 0.70 (�0.9 to +2.5)

Average tic severity rating (range)� 16.3 (4 to 28) 0 (0)

Average ADHD rating (range)� 31.8 (4 to 76) 10.1 (0 to 28)

Average OCD rating (range)� 4.6 (0 to 18) 0.1 (0 to 2)

No. on medications 22 0

No. with diagnosed co-morbidities 17 0

Subjects with TS were used in both the COI and the direct comparison analyses, while the unaffected adolescent group was used in the direct comparison analysis (see
text). The average Tic Severity rating was evaluated using only the motor tic and vocal tic sections of the YGTSS (maximum 50 points) and not the global assessment.
Movement refers to in-scanner movement measured in millimeters (mm) of rms-variance. Significant differences (P50.05) by two-tailed t-test between the adolescent
groups are indicated with an asterisk.

Table 2 Profile of medication use for the 22 medicated
TS participants

No. of participants

Centrally acting adrenergic agents 13

Atypical neuroleptics 7

Stimulants 7

SSRI antidepressants 6

Benzodiazepines 2

Antiseizure medications 2

Norepinephrine RI antidepressants 2

b blockers 1

Tetracyclic antidepressants 1

Thirteen TS participants were taking more than one medication.
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correlation coefficients of most of these off-curve connections were

closest to the youngest correlation values for each connection, they

could represent extreme immaturity in the TS group, or they could

represent categorical differences in the TS group that are not well

explained in a developmental context.

Direct comparisons between
adolescents with Tourette syndrome
and unaffected adolescents
As a second assessment of functional connectivity differences in the TS

group, we performed two-sample two-tailed t-tests (assuming unequal

variance; P50.05) on all potential connections represented in the

39�39 correlation matrices (741 possible connections) between

groups of adolescents with and without TS (Table 1). The developmental

COIs examined above were thus a subset of these, but the direct com-

parison between the TS and typical adolescents could produce a new set

of functional connections that showed significant differences between TS

and typical adolescents.

A Fisher’s Z-transformation was applied to the correlation coefficients

to generate a normal distribution for the random effects analysis.

Connections that had an r50.1 in both groups were not analysed.

Pairwise correlations with r50.1, as previously reported by Cohen and

Cohen (1983), even if statistically significant, may be biologically insig-

nificant. To account for multiple comparisons, the Benjamini and

Hochberg False Discovery Rate correction (Benjamini and Hochberg,

1995) was applied.

Table 3 ROIs are sorted into components based on an adult rs-fcMRI analysis (Dosenbach et al., 2007)

ROI X Y Z Component

R dlPFC 43 22 34 1 Fronto-parietal

L dlPFC �43 22 34 1 Fronto-parietal

R frontal cortex 41 3 36 1 Fronto-parietal

L frontal cortex �41 3 36 1 Fronto-parietal

R precuneus 10 �69 39 1 Fronto-parietal

L precuneus �9 �72 37 1 Fronto-parietal

midcingulate 0 �29 30 1 Fronto-parietal

R IPL 51 �47 42 1 Fronto-parietal

L IPL �51 �51 36 1 Fronto-parietal

R IPS 30 �61 39 1 Fronto-parietal

L IPS �31 �59 42 1 Fronto-parietal

R aPFC 27 50 23 2 Cingulo-opercular

L aPFC �28 51 15 2 Cingulo-opercular

dACC/msFC �1 10 46 2 Cingulo-opercular

R aI/fO 36 16 4 2 Cingulo-opercular

L aI/fO �35 14 5 2 Cingulo-opercular

R ant thalamus 10 �15 8 2 Cingulo-opercular

L ant thalamus �12 �15 7 2 Cingulo-opercular

R lat cerebellum 31 �61 �29 3

L lat cerebellum �32 �66 �29 3

R inf cerebellum 18 �80 �33 3

L inf cerebellum �19 �78 �33 3

R TPJ 53 �46 17 4

L TPJ �53 �46 17 4

R mid occipital 27 �89 3 5

L mid occipital �27 �89 3 5

R lingual 8 �82 4 5

L lingual �8 �82 4 5

R fusiform 35 �65 �9 6

L fusiform �34 �62 �15 6

R ant fusiform 25 �44 �12 6

L ant fusiform �25 �44 �12 6

R post temporal 44 �74 26 6

L post temporal �40 �78 24 6

R post cingulate 10 �56 16 6

L post cingulate �11 �57 13 6

R mid temporal 51 �33 �2 7

L mid temporal �53 �31 �5 7

vmPFC 1 31 �2 8

Component 1 comprises the ‘fronto-parietal’ network, while component 2 comprises the ‘cingulo-opercular’ network. The other components are described further
in (Dosenbach et al., 2007). ROIs: dlPFC = dorsolateral prefrontal cortex; IPL = inferior parietal lobule; IPS = inferior parietal sulcus; aPFC = anterior prefrontal cortex;
dACC/msFC = dorsal anterior cingulate/medial superior frontal cortex; aI/fO = anterior insula/frontal operculum; TPJ = temporal-parietal junction; vmPFC = ventro-medial
prefrontal cortex. Other terms: R = right; L = left; ant = anterior; lat = lateral; mid = middle; post = posterior. Coordinates in mm are presented in Talairach space.
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A separate permutation analysis of group membership was also con-

ducted on each functional connection to directly compute the prob-

ability of obtaining a t-statistic as large as that found between

the adolescents with and without TS (Nichols and Holmes, 2002).

Because the initial groups included 33 adolescents with TS and 42

without TS, for this analysis we generated random groups of 33 and

42 individuals 10 000 times, from the entire set of 75 adolescents with

and without TS. A t-test was performed between each pair of random

groups generated by each permutation. The t-statistics resulting from

those 10 000 t-tests formed a distribution of values from which the top

and bottom 250 values represent the two-tailed P50.05 levels of

significance (Nichols and Holmes, 2002). The t-statistic obtained

from performing the t-test between the actual TS and unaffected

groups for each functional connection were compared with the per-

muted P50.05 boundaries, and connections that were significant were

noted. All functional connections that were deemed significantly dif-

ferent on the basis of the permutation test, that were not included in

the COI analysis above, were then further analysed for developmental

‘maturity’ as in the COI analysis above.

As in the developmental COI analyses above, functional connections

in which the TS group’s average correlation coefficient value did not

closely fit any value on the LOWESS curve were classified as off-curve

functional connections. Off-curve functional connections resulting

from the direct comparison were combined with any non-overlapping

off-curve connections from the developmental COI analysis described

above as ‘anomalous’ connections. The locations of all off-curve func-

tional connections were examined for any pattern, as they may

provide clues about the most severe functional connectivity impair-

ments in TS.

Results

Subject characteristics
Behavioural measures are summarized in Table 1, and medication

use in the TS group is summarized in Table 2. Significant group

differences were found for Trails B z-scores (P50.05), and YGTSS

(P50.0001), CY-BOCS (P50.0001) and ADHD measures

(P50.0001), where the unaffected group had better Trails B z-

scores, and lower measures on the YGTSS, CY-BOCS and ADHD

rating scales. No group differences were found for several other

neuropsychological measures (IQ, COWA-FAS or Stroop). The

adolescent groups with and without TS were matched for age,

number of males and movement, and thus showed no significant

differences for those factors. No correlations were found between

the results described below and the measure of tic severity (YGTSS

motor and vocal assessments).

Functional connectivity of control
networks are immature in adolescents
with Tourette syndrome
The functional connections in the adolescent TS group appear less

mature than those in the age-matched comparison group (Fig. 2)

in several ways.

Qualitatively, the functional connections in the TS adolescent

group appear to have a graph pattern more similar to 7- to

9-year-olds than their age matched cohort. For example, in the

TS group, the dACC/msFC is incorporated into the fronto-parietal

network as it is in unaffected 7- to 9-year-old children, and unlike

what is seen in the group of unaffected 10- to 15-year-olds (blue

arrow). In this unaffected adolescent group, the dACC/msFC is in

transition from the child to the adult configuration. It has become

disconnected from the fronto-parietal network, but is not yet

incorporated into the cingulo-opercular network.

Second, there are fewer functional connections between the

frontal and parietal regions of the fronto-parietal network in the

TS group compared to the unaffected control group, which again

is more similar to the child configuration (e.g. green arrow). Third,

in the TS group, the cingulo-opercular network and fronto-parietal

network are linked via a connection between the aPFC and dlPFC,

whereas in their age-matched peers, the link between the two

networks is disconnected (red arrow).

Quantitatively, we assessed this apparent ‘developmental delay’

in functional connectivity in the TS group more directly. For each

COI that showed significant age-related change previously (n = 55)

(Fair et al., 2007a), an estimated LOWESS age was derived for the

TS group based on their mean correlation coefficient for that con-

nection (Fig. 3A). While some connections in the TS group had

age-appropriate correlation strengths, a majority of the develop-

mental COIs had estimated LOWESS ages for the TS group that

were younger than expected (Fig. 3B) [P50.0001 by one sample

t-test, where off-curve functional connections (see Methods sec-

tion) were excluded]. This set of applied connections was also

explored in TS subgroup analyses to examine the potential role

of medications on the LOWESS age estimates (see Supplementary

Material).

In addition, seven functional connections were classified as off-

curve, or anomalous in the TS group, because the TS group’s

average correlation coefficient did not intersect the LOWESS age

curve at any point in our available range. In all cases, the off-curve

connections had correlation values that were closest to the

‘youngest’ end of the LOWESS age curve. Five of these connec-

tions involved regions in the fronto-parietal adaptive control net-

work (Dosenbach et al., 2006, 2007, 2008; Fair et al., 2007a).

None of these off-curve connections in the TS group involved the

cingulo-opercular network.

Direct comparisons between adoles-
cents with and without TS reveal dif-
ferences in the fronto-parietal network
When the groups of adolescents with and without TS were

directly compared using t-tests, 34 functional connections were

significantly different (P50.05) between groups (Fig. 4A). None

of these connections survived the Benjamini and Hochberg False

Discovery Rate correction, and thus no individual functional con-

nection is emphasized. In addition, a permutation test of group

membership identified the same 34 connections as differing

between groups. Seven of these connections overlapped with

the COIs analysed above (Fair et al., 2007a).

To assess the maturity of the 34 functional connections that dif-

fered between the TS group and controls, we again derived esti-

mated LOWESS ages for each connection. For these functional
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Fig. 3 Significant differences between typically developing children and adults (Fair et al., 2007a), used as COIs in this analysis.

(A) Functional connections that are stronger in children than adults are shown on the top transparent brain (red lines); these con-

nections decrease over age. Functional connections stronger in adults are shown on the lower transparent brain (blue lines); these

connections increase over age. LOWESS curves of 210 typically developing people ages 7–31 are shown for 10 connections (figure

modified from Fair et al., 2007a). For each curve, the red line indicates the expected LOWESS correlation coefficient for the TS group,

given their average age (12.7 years), while the green arrow indicates the actual mean correlation coefficient for the connection in the

TS group. The green arrows are often shifted to the left of their expected value, thus representing immaturity in the TS group,

independent of whether the connections are growing in strength or diminishing over typical development. Two example ‘off-curve’

connections are highlighted with a horizontal green arrow pointing to the left in the sample LOWESS curves. (B) A histogram of the

ages estimated for the TS group based on their actual mean correlation coefficients on the LOWESS curves (green arrows) for all 55

COIs that change significantly from childhood to adulthood. The red line indicates their actual group average age (12.7), and the green

bars reveal a significant shift towards ‘younger’ age estimations. For seven connections, TS group average values did not fit the

LOWESS curves at all; they were labelled off-curve (left most green bar of B). As with our qualitative observations in Fig. 2, these

results suggest an overall immature network profile in adolescents with TS compared to a typically developing population. The semi-

transparent brain images were made using Caret and PALS software (Van Essen et al., 2001; Van Essen, 2002, 2005).
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Fig. 4 Connections that are significantly different between the TS group and age-matched adolescents (P50.05 uncorrected).

(A) Connections significantly stronger in the TS group (green) are primarily short distance connections between posterior brain regions.

Connections significantly stronger in the unaffected group (pink) involve regions more distant in space. (B) Histogram of ‘LOWESS age

estimation’ for the connections in A for the TS group. LOWESS curves were extracted for each connection for 210 typically developing

subjects. The red line marks the TS group mean actual age. For the majority of these age curves, the TS mean group correlation

coefficient did not fit the typical developmental curve at any age point (‘off-curve’ bin), and were most often off the curve in the same

direction as the youngest typical subjects. (C) TS adolescents versus unaffected adolescents comparison of Euclidean distances (mm)

between the 34 connections of group difference shown in A. Connections stronger in the unaffected group (pink dots) are significantly

longer (Euclidian distance between the centres of each ROI) than connections stronger in the TS group (green dots) (Left panel). This

finding is similar to a comparison of the typical adults versus children for their developmentally significant COIs, where connections

stronger in adults (blue dots) are between regions significantly more distant in space and connections stronger in children are between

regions close in space (red dots) (Right panel; from Fair et al., 2007a). Black circles display the mean values for each set of connections.
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connections (Fig. 4B), the majority were classified as off-curve,

apparently in the young direction, for the TS group (21 out of 34),

one connection was unclassifiable due to an inverted U-shaped

developmental trajectory (left IPS� right IPS), and the remaining

12 functional connections intersected the LOWESS curves and had

a significantly younger age distribution than would be expected for

the group mean age (by one sample t-test, P50.001).

One of the findings of the Fair et al. (2007a) study was that

local connections were relatively stronger in children, while long-

range connections were stronger in adults. As can be seen from

Fig. 4A, the 34 functional connection differences between TS sub-

jects and typical subjects appear to follow a similar pattern. The

TS group showed weaker correlation coefficients between frontal

and parietal regions, and between cerebellar and frontal regions.

Connections with greater correlation coefficients in the TS group

generally involved more posterior regions, including short-distance

functional connections between parietal regions in the fronto-

parietal network and other neighbouring control regions.

To quantify these observations, the Euclidean distances between

peak coordinates (mm) of functionally connected regions were

calculated. The average distance between regions more strongly

correlated in the TS group is significantly shorter [39 mm� 11 mm,

t-test (P50.00001)] than those more correlated in the unaffected

adolescents (83 mm� 26 mm), (Fig. 4C, left panel). This observa-

tion of short-range functional connections in adolescents with

TS (ages 10–15 years), akin to that seen in typically developing

children (ages 7–9 years), provides further evidence for a devel-

opmental delay and/or disruption of correlated spontaneous

activity within and between control networks in TS. [Fig. 4C,

right panel; (Fair et al., 2007a)].

Of the 25 off-curve functional connections (derived from both

the developmental COIs and COIs from the direct comparison

analyses) for the TS group, (i.e. the most affected connections)

21 included regions of the fronto-parietal network, while only one

involved a region of the cingulo-opercular network (Fig. 5). Off-

curve connections do not intersect the typical development

LOWESS curves at any point. It is important to note that while

Fig. 5 TS functional connections that do not fit the typical developmental LOWESS curves (i.e. are ‘off-curve’) for either applied COIs

derived from (Fair et al., 2007a) or from the direct comparison between adolescents with and without TS. The 39 putative control

regions used in this analysis are coloured by components derived from graph analysis of healthy adult fcMRI data (Dosenbach et al.,

2007) (see Table 3, Fig. 1 left panel for abbreviations and locations). Shown in grey are the ‘off-curve’ functional connections in the TS

group. These off-curve functional connections are so named because they appear to deviate from the derived developmental trajec-

tories such that the patient group does not intersect the unaffected group at any point of the LOWESS curve (see Methods section for

details). Regions in the fronto-parietal, adaptive control network (yellow) are involved in 21 out of the 25 ‘off-curve’ connections. By

contrast, only one of the 25 ‘off-curve’ connections involves the cingulo-opercular, task maintenance network (black), suggesting more

severe impairment of adaptive control in TS. These may be examples of extreme functional immaturity in the TS group (functionally

younger than age 7), or, instead, may be examples of anomalous connectivity in adaptive control in TS (see Discussion section).
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the majority of functional connections in the TS group do intersect

the LOWESS curves, some intersect in an age-appropriate manner,

while others intersect at a younger functional age (‘functionally

immature’). The connections that are functionally immature are

widespread throughout the networks. These results make the pre-

ponderance of off-curve connections involving the fronto-parietal

network particularly interesting, and again suggest more impair-

ment of the fronto-parietal network, thus predictive of impairment

of adaptive control in TS.

Discussion
Using rs-fcMRI, we have shown that early and mid-adolescent

subjects with TS appear to have immature functional connections

compared to an age-matched unaffected group. Additionally,

while functional connections in both the fronto-parietal and cin-

gulo-opercular networks are affected, the largest off-curve differ-

ences are almost exclusively located in the fronto-parietal network,

a network thought to be involved in adaptive control (Dosenbach

et al., 2007, 2008).

Control networks appear functionally
immature in TS
Previous work in typical development has characterized a set of

developmentally dynamic functional connections between control-

related regions from the ages of 7–31 years (Fair et al., 2007a).

When we examined these functional connections in the TS group,

the correlation strengths appeared younger than what we would

expect based on the age of the subjects (10–15 years). For exam-

ple, in a typically developing population, functional connections

between closely adjacent regions are often significantly stronger

in children than adults [Fig. 4B (Fair et al., 2007a)]. Our results

suggest that adolescents with TS may have less effective func-

tional communication between distant areas of cortex, and in con-

trast, ‘over’ communication between regions in close proximity,

similar to younger children. As a case in point, the decreased

long-range functional connectivity between control regions like

the dlPFC and posterior parietal cortex, and the continued com-

munication between short-range connections such as the dlPFC

and aPFC in adolescents with TS, could help explain the inability

to suppress unwanted behaviours in the disorder.

Fronto-parietal control network is
especially affected in TS
Our finding that the majority of the most affected (i.e. ‘off-curve’)

connections in TS adolescents involve regions in the fronto-parietal

network has implications for our understanding of TS. As

described earlier, the fronto-parietal network is thought to support

online task-control that allows rapid adaptation of control settings

from one event to the next (Dosenbach et al., 2006, 2007, 2008).

We have hypothesized that a fronto-parietal network responsible

for adaptive control may be more susceptible to distraction, while

a cingulo-opercular network responsible for set-maintenance may

be more stable and resistant to distraction. The robust

abnormalities in the fronto-parietal network imply that adaptive,

transient control should be more impaired in TS than the stable

task set control of the cingulo-opercular network (Fig. 6).

Perhaps the large differences seen in the set of off-curve con-

nections in the TS group reflect more substantial immaturity

beyond the age range of the normative dataset (younger than

7 years), or an effect more categorically anomalous in TS

unrelated to developmental changes. One way to partially address

this question would be to chart changes over age (e.g. off-curve

connections in a young TS group could become on-curve in older

TS participants) within a larger TS sample in future studies.

The predominance of abnormalities in the frontal-parietal

network (Fig. 5) predicts that adolescents with TS should have

difficulty rapidly adapting task control, as well as initiating task

performance. Impairments in a network involved in adaptive

control, as opposed to set maintenance, could predict real-world

difficulties in TS shifting between tasks, multitasking or inhibiting

inappropriate responses. However, as discussed in the Introduction

section, there is conflicting evidence about impairments specific to

TS in inhibition or impulse regulation, though some studies do

find differences (Bornstein et al., 1991; Johannes et al., 2001;

Channon et al., 2003). Thus, the finding in TS of impaired func-

tional connectivity in a network involved in adaptive control moti-

vates further investigation. We are currently conducting an fMRI

study that examines task control signals in TS.

Adult functional imaging studies on TS subjects that have

addressed tic suppression (Peterson et al., 1998), production

(Gates et al., 2004; Bohlhalter et al., 2006) and volitional move-

ment (Fattapposta et al., 2005), have found changes in activity

in putative control regions. For example, Bohlhalter et al. (2006)

found changes in the dorsal anterior cingulate, bilateral insula/

frontal operculum, and frontal and parietal regions prior to tic

onset, while Peterson et al. (1998) found frontal and parietal

regions become more active when trying to resist tic-related

movements.

Fig. 6 Proposed task control deficit in Tourette syndrome.

While both stable set control and adaptive online control net-

works are compromised in TS, there is more substantial

impairment of the brain’s adaptive online control network, as

indicated by the multiple hash marks.
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Prior fMRI activation studies comparing children with and with-

out TS showed left lateral frontal regions to be activated in the TS

group but not in the unaffected group during a rule-switching task

(Baym et al., 2008) and during a Stroop task (Marsh et al., 2007).

These lateral frontal regions are near the left dlPFC region included

in the present study (Talairach coordinates: –43, 22,34), (Baym

et al.,: –48, 23, 24) (Baym et al., 2008) (Marsh et al.,: –42, 14,

32) (Marsh et al., 2007). The left lateral frontal cortex activations

described in children with TS are consistent with our hypothesis

that the immaturity of the brain’s fronto-parietal control network

may play a role in the pathogenesis of TS.

Previous research using structural MRI in TS does provide some

evidence for frontal and/or parietal anatomical abnormalities (e.g.

Peterson et al., 2001; Fredericksen et al., 2002). Peterson et al.

(2001) found larger dlPFC and parieto-occipital cortical volumes in

TS children (5–18 years) compared to unaffected children. The

regions identified by Peterson et al. (2001) appear to include

many of the fronto-parietal regions highlighted in the present

study. It is unclear whether, or how, larger frontal and parietal

volumes in children with TS affect the abnormal functional con-

nectivity seen here in those regions in adolescents with TS.

Is functional immaturity specific to TS?
Immaturity in functional connectivity measures has previously

been reported in studies of other developmental disorders includ-

ing autism (Courchesne and Pierce, 2005; Turner et al., 2006; Just

et al., 2007) and ADHD (Tian et al., 2006; Kelly et al., 2007;

Shaw et al., 2007; Sonuga-Barke and Castellanos, 2007). At present

it remains unclear whether these immaturities are common across

different developmental disorders and whether or not they involve

the same or similar brain regions. Perhaps functional connectivity

studies are capturing immaturities in different functional networks,

or different parts of the same networks.

As ADHD is commonly co-morbid with TS, it is possible that the

two disorders share a common connectivity deficit that becomes

apparent in both our study, as well as studies on ADHD (Kelly

et al., 2007; Shaw et al., 2007; Sonuga-Barke and Castellanos,

2007). This possibility is intriguing, and deserves further explora-

tion. There are also potential confounds within our group due to

the variety of medications used by the participants. For example,

Honey et al. (2003) have shown increased functional connectivity

with neuroleptic use. We explored the effects of stimulant and

neuroleptic medications in a subgroup analysis, as well as looking

at the set of TS participants who were free of all medications (see

Supplementary Material). While our study is underpowered to do

a full subgroup analysis of the various effects of co-morbidities

and medications, our data strongly suggest that the effects we

observe in the whole TS group are not contingent on specific

medications. Indeed, some connections in the subgroups of

those taking neuroleptics or stimulants appear to be ‘off-curve’

in the older direction of our unaffected sample, suggestive of

possible rescue of some immaturities observed in the whole

group. However, these medication issues, as well as the patho-

physiological overlap between ADHD and TS, will need to be

addressed with a larger group of subjects.

It has been suggested more generally that long-range functional

underconnectivity could be related to deficits in the integration of

information (Luna and Sweeney, 2004; Just et al., 2006; Fair

et al., 2007a, 2008). The decrease in long-range functional con-

nections we observed in TS adolescents relative to their age-

matched peers seems consistent with this idea. In this scenario,

functional underconnectivity could affect the communication and

coordination of activity between the cerebellum, frontal cortex

and parietal cortex. Different patterns of functional underconnec-

tivity might explain distinctive symptoms in different developmen-

tal disorders. But these ideas leave unexplained the functional

‘overconnectivity’ we observed in TS (Fig. 4). It appears as if the

connectional immaturity we observed is not due to general func-

tional underconnectivity, but rather a more specific pattern of

increasing and diminishing functional connections that appear to

mimic the pattern observed in studies of typical development (Fair

et al., 2007a).

Future challenges
It is our strong contention that a firm understanding of typical

development is crucial for studying populations with developmen-

tal disorders (Johnson et al., 2002). Such an understanding

afforded by the developmental context can help one to dissociate

group differences related to a disorder, from differences related to

the age of the subjects. One benefit of applying previously defined

ROIs (Dosenbach et al., 2006) and COIs (Fair et al., 2007a) to a

new data set is that these ROIs and COIS are already functionally

well characterized across typical development (Fair et al., 2007a;

Dosenbach et al., 2008). However, the focus on pre-defined ROIs

and COIs also has the drawback that the region and connection

set is, by definition, limited. For example, much of the extant TS

literature has emphasized the putative role of the striatum in the

motor and cognitive consequences of TS, through its analogy to

other movement disorders. While our set of 39 pre-defined control

regions, and their functional connections, covers diverse parts of

the cerebrum, it does not include regions in the striatum. Future

investigations should include a more comprehensive region set.

Conclusion
TS is a developmental disorder that shows significant functional

connectivity differences in a set of putative task control regions

when adolescents with TS are compared to age-matched, move-

ment-matched controls. These results suggest that differences in

control processing in TS may be due to immaturity, and that

adaptive online control in particular is most affected.

While evidence for functional immaturity in TS and ADHD is

available, the question remains open as to whether effective treat-

ments for TS or ADHD restore age-appropriate connectivity (or

fMRI activity) patterns. Particularly in TS, where symptoms often

ameliorate after puberty (Leckman, 2003), it would be most inter-

esting to see whether individuals experiencing a reduction in

symptoms have control system functional connectivity patterns

that better fit those of typically developed controls. Similarly, our

approach could be utilized to test the efficacy of different TS

treatment approaches.
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For example, increasing maturity of frontal cortex has been

hypothesized to be the source of successful compensatory mechan-

isms for reduction of tic burden in those with TS who improve over

age (e.g. Leckman et al., 2006; Sukhodolsky et al., 2007). Such

frontal maturity may be measurable in the functional correlation

patterns of the frontal regions of the fronto-parietal and cingulo-

opercular networks. But a narrow focus on frontal effects may

be limiting. On the basis of the data presented here, it also may

be advisable to broaden the emphasis on frontal cortex in the TS

literature to include both frontal and parietal regions.

Supplementary material
Supplementary material is available at Brain online.
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