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functionally distinct regions that compose cortico-striato-
thalamo-cortical circuits. One study computed the cross-
correlations of brain activity in the primary motor cortex 
with activity in the somatosensory and supplementary 
motor cortices and subcortical nuclei and then compared 
those correlations between Tourette’s syndrome patients 
during tic behaviors and healthy subjects simulating tic 
behaviors (11). Group differences were detected only in the 
supplementary motor area. This limited finding might be 
attributed to the inherent constraints of region-of-interest 
analyses, which use a predetermined set of regions rather 
than those in which activations are found empirically (12).

We therefore acquired functional magnetic resonance 
imaging (fMRI) data from 13 Tourette’s syndrome patients 
while they alternately either allowed their tics to occur 
spontaneously (spontaneous tics) or voluntarily produced 
a single tic-like behavior at a time of their own choos-
ing (voluntary tics). We also acquired fMRI data from 21 
healthy comparison subjects who alternately either pro-
duced a practiced tic-like behavior at a time of their own 
choosing (self-paced mimicked tics) or an identical be-
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O b je c t iv e :  The purpose of this study was 
to exam ine neural activity and connectiv-
ity w ithin cortico-striato-thalamo-cortical 
circuits and to reveal circuit-based neural 
mechanism s that govern tic generation in 
Tourette ’s syndrome.

M e tho d :  Functional magnetic resonance 
imaging data were acquired from  13 in-
dividuals w ith Tourette ’s syndrome and 
21 healthy comparison subjects during 
spontaneous or simulated tics. Indepen-
dent component analysis w ith hierarchi-
cal partner matching was used to isolate 
neural activity w ithin functionally distinct 
regions of cortico-striato-thalamo-cortical 
circuits. Granger causality was used to in-
vestigate causal interactions among these 
regions.

R e su lts :  The Tourette ’s syndrome group 
exhibited stronger neural activity and in-
terregional causality than healthy com -
parison subjects throughout all portions 
of the motor pathway, including the sen-
sorimotor cortex, putamen, pallidum , 
and substantia nigra. Activity in these ar-
eas correlated positively with the sever-

ity of tic symptoms. Activity w ithin the 
Tourette ’s syndrome group was stron-
ger during spontaneous tics than during 
voluntary tics in the somatosensory and 
posterior parietal cortices, putamen, and 
amygdala/hippocampus complex, sug-
gesting that activity in these regions may 
represent features of the premonitory 
urges that generate spontaneous tic be-
haviors. In contrast, activity was weaker in 
the Tourette ’s syndrome group than in the 
healthy comparison group within portions 
of cortico-striato-thalamo-cortical circuits 
that exert top-down control over motor 
pathways (the caudate and anterior cingu-
late cortex), and progressively less activity 
in these regions accompanied more se-
vere tic symptoms, suggesting that faulty 
activity in these circuits may result in their 
failure to control tic behaviors or the pre-
monitory urges that generate them .

Co n c lu s io n s :  Our findings, taken to-
gether, suggest that tics are caused by the 
combined effects of excessive activity in 
motor pathways and reduced activation 
in control portions of cortico-striato-thal-
amo-cortical circuits.

Tourette’s syndrome is a neuropsychiatric disorder that 
preferentially affects the face, neck, shoulders, and vocal 
apparatus to produce involuntary motor and vocal tic be-
haviors. Anatomical, functional, and lesion studies suggest 
that Tourette’s syndrome is caused by a failure of cortico-
striato-thalamo-cortical circuits to inhibit the somatosen-
sory urges and associated motor enactments that consti-
tute tic behaviors (1–8). However, this hypothesis has yet 
to be verified by studies of isolated neural activity of the 
functionally distinct regions that compose cortico-striato-
thalamo-cortical circuits, in tics that occur spontaneously 
in Tourette’s syndrome patients compared with healthy in-
dividuals performing similar behaviors voluntarily.

Prior functional imaging studies of Tourette’s syndrome 
have attempted to correlate regional brain activity with 
the temporal occurrence of tics (9, 10), but they have not 
compared activity during spontaneous tics in Tourette’s 
syndrome patients with activity during similar voluntary 
behaviors in healthy subjects. They also have not assessed 
causality among brain regions during tics because they 
could not detect isolated neural activity from each of the 
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analysis is thought to identify regions in which neural ac-
tivity is coherent (i.e., where BOLD signals are mutually 
phase-coupled) and that therefore constitute either a neu-
ral circuit or a portion of one circuit (14, 16, 17). We applied 
independent component analysis, together with a hierar-
chical extension of our partner matching algorithm (17), 
to identify independent components that were reproduc-
ible across individuals and across each fMRI run type dur-
ing the production of tics or tic-like behaviors. To clarify 
how circuits that generate tics interact with those that con-
trol them, we also calculated the Granger causality index 
(19, 20) as a measure of causal interactions among compo-
nents of cortico-striato-thalamo-cortical circuits that are 
known to generate or control motor behaviors (5, 21–24).

M ethod

Pa rtic ipan ts

Thirteen participants with Tourette’s syndrome and 21 age-
matched healthy comparison subjects were scanned (Table 1 
[also see the data supplement accompanying the online edition 
of this article]). Comparison subjects were not included if they 
had a prior diagnosis of psychiatric illness. Tourette’s syndrome 
patients were excluded if they had a lifetime illness other than 
obsessive-compulsive disorder (OCD) or attention deficit hyper-
activity disorder (ADHD). Tourette’s syndrome patients were re-
quired to have a right-sided facial tic to ensure a location of neu-
ral generator comparable to at least one tic across participants 
and to ensure comparability of behavior during spontaneous and 
mimicked tics. Patients who had large-amplitude excursion tics 
were excluded from analyses to minimize motion artifact. All Tou-
rette’s syndrome patients reported premonitory urges. The fol-
lowing assessment measures were used to evaluate tic disorders, 
OCD, and ADHD: the Schedule for Tourette and Other Behavioral 
Syndromes (25), the Yale Global Tic Severity Scale (26), the Yale-
Brown Obsessive Compulsive Scale (27), and the ADHD Rating 

havior at a time of the experimenter’s choosing, as cued 
by a simple auditory tone (cue-paced mimicked tics). 
This combination of two diagnostic groups performing 
two tasks each produced four run types of fMRI data. We 
hypothesized that we would detect greater neural activity 
within sensorimotor portions of cortico-striato-thalamo-
cortical circuits in the Tourette’s syndrome group during 
spontaneous tics than in the healthy comparison group 
during self-paced mimicked tics in direct proportion to 
the severity of tic symptoms. We also hypothesized that re-
duced activity would be detected in brain regions thought 
to exert control over these motor pathways (13).

Despite these strong a priori hypotheses, sensorimotor 
and control portions of cortico-striato-thalamo-cortical 
circuits involve multiple brain regions, and the precise lo-
cation of the regions that generate, control, or modulate 
tic behaviors and premonitory urges in persons with To-
urette’s syndrome remains uncertain. We therefore used a 
data-driven approach—independent component analy-
sis—to detect coherent, spatially localized, and task-relat-
ed blood-oxygen-level-dependent (BOLD) activity in each 
run type of fMRI data. Independent component analysis is 
a multivariate method for analysis of fMRI data sets that al-
lows for the separation of noise from physiological signals 
without knowledge a priori of the defining characteristics 
of the noise and signal or how they are intermixed (14, 
15). Independent component analysis maximizes mutual 
information within a component while minimizing it be-
tween components to identify BOLD activity within brain 
regions that are functionally distinct and spatially isolated 
from one another (14, 16, 17). Because BOLD activity is 
an index of task-related neural activity (18), the regional 
isolation of BOLD activity using independent component 
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Characteristic Tourette’s Syndrome Group (N=13) Healthy Comparison Group (N=21)

Mean SD Mean SD
Age (years) 33.5 13.3 32.5 11.1
Yale Global Tic Severity Scale scoreb

 Motor plus phonic tics, currentc 24.1 10.1b

 Motor plus phonic tics, worst everd 33.1 6.8c

N % N %
Comorbidity
 Obsessive-compulsive disorder (OCD) 6 46.1
 Attention deficit hyperactivity disorder (ADHD) 2 15.4
 OCD and ADHD 1 7.7
 None 6 46.1
Medication
 Selective serotonin reuptake inhibitors 4 30.8
 a-adrenergic agonists 1 7.7
 Benzodiazepines 1 7.7
 Medication free 7 53.9 21 100
a The male/female breakdown was 8 and 5, respectively, in the Tourette’s syndrome group and 12 and 9 in the healthy comparison group. 

One-sample t tests were conducted for each of 15 clusters, covarying for age and sex, to generate 15 random-effect independent component 
maps; test statistics for age and sex, respectively, were t=0.41, df=32, p=0.68 and c2=0.06, p=0.80.

b Data were available for only 12 of the 13 Tourette’s syndrome patients.
c The score range was 11–39.
d The score range was 26–44.
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tA ble  2 . lo ca tion  and  be tw een -Run -type  Com parison s o f  the  1 5  Independen t Com ponen t M ap s

Comparison Between Run Typesa

Independent 
Component

Talairach  
Coordinates (x, y, z) T Score

Talairach  
Coordinates (x, y, z) T Score Functional Anatomy

Tourette’s Syndrome 
Spontaneous Tics vs. 
Healthy Comparison 

Self-Paced  
Mimicked Tics

Tourette’s Syndrome 
Voluntary Tics vs. 

Healthy Comparison 
Cue-Paced  

Mimicked Tics

Tourette’s Syndrome 
Spontaneous  vs. 

Voluntary Tics

Healthy Comparison 
Self- vs. Cue-Paced 

Mimicked Tics

Correlation With Tic Severity  
(Tourette’s Syndrome Only)a

Spontaneous  
Tics

Voluntary  
Tics

1 –45, –19, 47 14.02 42, –16, 44 6.73 Primary motor cortex (Brodmann’s area 4) Increased Increased r=0.82, p<0.001 r=0.81, p<0.01
2 –48, –19, 38 11.11 57, –13, 41 11.40 Primary somatosensory cortex (Brodmann’s area 3b) Increased Increased Increased
3 –36, –61, 47 10.90 35, –58, 56 5.59 Posterior parietal cortex Increased Increased Increased r=0.81, p<0.001 r=0.96, p<0.001
4 0, 2, 50 9.17 0, –25, 56 7.11 Supplementary motor cortex (Brodmann’s area 6) Increased Increased r=0.74, p<0.01 r=0.65, p<0.05
5 –51, –1, 44 8.77 48, –4, 44 5.30 Premotor area (Brodmann’s area 6) Increased Increased
6 –60, –16, 23 9.74 63, –13, 17 13.24 Parietal operculum (Brodmann’s area 40) Decreased r=–0.80, p<0.01 r=–0.65, p<0.05
7 –30, 47, 5 21.37 Left prefrontal cortex (Brodmann’s area 45) Increased Increased r=0.75, p<0.01 r=0.68, p<0.01
8 –6, 11, 8 24.69 6, 8, 5 24.24 Left and right caudate nuclei Decreased Decreased r=–0.90, p<0.001
9 –15, –7, 5 9.84 18, –4, 11 7.24 Left and right pallidum Increased Increased r=0.71, p<0.01 r=0.65, p<0.05
10 –27, –4, 2 8.32 24, 2, 2 8.33 Left and right putamen Increased Increased Increased
11 –3, –19, 14 13.21 9, –25, 14 14.63 Left and right thalamus Increased Increased r=0.72, p<0.01 r=0.77, p<0.01
12 –9, –16, –8 8.45 8, –18, –9 6.42 Substantia nigra Increased Increased r=0.74, p<0.01 r=0.73, p<0.01
13 –21, –16, –7 11.16 27, –10, –10 7.31 Amygdala/hippocampal complex Increased Increased Increased
14 0, 35, 23 25.22 Anterior cingulate cortex (Brodmann’s area 24) Decreased Decreased r=–0.87, p<0.001 r=–0.64, p<0.05
15 –6, –52, –7 9.12 9, 46, –10 7.13 Cerebellar lobules IV–V Increased Increased r=0.86, p<0.01 r=0.87, p<0.01
a Data are shown for significant findings only.

the preprocessed run types, using information criteria to deter-
mine the number of sets of independent components to generate. 
Hierarchical partner matching, an extension of our previously 
validated partner matching algorithm (17), was used to identify 
task-related independent components that were reproducible 
across participants and run types. Briefly, partner matching in-
volves a measure of spatial similarity (Tanimoto distance) to 
locate independent components that “match” across all partici-
pants and run types (17). This procedure allows for identification 
of corresponding components across participants, given that 
components never perfectly align across participants. Our hier-
archical extension of partner matching automatically determines 
the optimal number of components to generate for each partici-
pant and each run type. First, information criteria are used to es-
timate the lower and upper bounds of the numbers of indepen-
dent components to generate. Then, from this space of possible 
components (from the lower to the upper bound, in increments 
of 10), sampling determines the optimal number of components 
to generate for each participant and each run type. Finally, the 
matched components are combined, and partner matching is 
used to identify those independent components that are most 
reproducible across participants, diagnostic groups, and run type 
(i.e., task), independent of the choice of the number of indepen-
dent components that are generated. We used Granger causality 
to analyze causal influences across the regions identified by these 
components (see the online data supplement).

Re su lts

Rep roduc ib le  Independen t Com ponen ts

Twelve different sets of independent components for 
each run type within each participant were generated by 
independent component analysis. Fifteen clusters of in-
dependent components that were significantly reproduc-
ible in their spatial patterns across participants, diagnostic 
groups, and run types were identified by hierarchical part-
ner matching applied to the 12 sets of components. We 

Scale (28). All participants provided written informed consent, 
and the study was approved by the institutional review boards of 
Columbia University and New York State Psychiatric Institute.

Expe rim en ta l D e sign

Each diagnostic group underwent two types of fMRI scan runs 
that were unique to each group and that were event-related in de-
sign. In the Tourette’s syndrome group, one run type, spontane-
ous tics, permitted all tics to occur spontaneously and naturally, 
without forcing or inhibiting them. The other run type for this 
group, voluntary tics, involved a voluntary movement that emu-
lated a right-sided facial tic at a rate that eliminated the premoni-
tory urge normally preceding that tic, thereby eliminating the 
participant’s need to perform the spontaneous tic. For the healthy 
comparison group, both run types consisted of voluntary move-
ments emulating a single right-sided facial tic. In one run type, 
self-paced mimicked tics, these movements were self-paced, 
and in the other run type, cue-paced mimicked tics, they were 
prompted by an auditory cue at the same rate as the self-paced 
mimicked tics. Pacing with a sensory cue was included for com-
parison subjects because tics are usually performed in response 
to an internal cue (the premonitory urge); the auditory cue was 
included to control, in part, for this cue-driven feature of tics. For 
further details about the study design and rationale, see the on-
line data supplement.

Im age  A cqu isitio n

Imaging was performed on a General Electric 1.5-T Signa scan-
ner (Milwaukee). Functional images consisted of 10 axial slices 
acquired using a gradient-recalled single-shot echo planar pulse 
sequence (repetition time=1,200 msec, echo time=60 msec, flip 
angle=60°, matrix=128×64, field of view=40 cm×20 cm, providing 
an in-plane resolution of 3.125 mm×3.125 mm), with 102 images 
acquired per run type. We acquired four run types of fMRI data 
corresponding to the two conditions for both groups.

Im age  A na ly sis

We used three standard fMRI data preprocessing procedures: 
slice timing and motion correction, spatial normalization, and 
smoothing. Independent component analysis was conducted for 

Region

Left Hemisphere Right Hemisphere
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tA ble  2 . lo ca tion  and  be tw een -Run -type  Com parison s o f  the  1 5  Independen t Com ponen t M ap s

Comparison Between Run Typesa

Independent 
Component

Talairach  
Coordinates (x, y, z) T Score

Talairach  
Coordinates (x, y, z) T Score Functional Anatomy

Tourette’s Syndrome 
Spontaneous Tics vs. 
Healthy Comparison 

Self-Paced  
Mimicked Tics

Tourette’s Syndrome 
Voluntary Tics vs. 

Healthy Comparison 
Cue-Paced  

Mimicked Tics

Tourette’s Syndrome 
Spontaneous  vs. 

Voluntary Tics

Healthy Comparison 
Self- vs. Cue-Paced 

Mimicked Tics

Correlation With Tic Severity  
(Tourette’s Syndrome Only)a

Spontaneous  
Tics

Voluntary  
Tics

1 –45, –19, 47 14.02 42, –16, 44 6.73 Primary motor cortex (Brodmann’s area 4) Increased Increased r=0.82, p<0.001 r=0.81, p<0.01
2 –48, –19, 38 11.11 57, –13, 41 11.40 Primary somatosensory cortex (Brodmann’s area 3b) Increased Increased Increased
3 –36, –61, 47 10.90 35, –58, 56 5.59 Posterior parietal cortex Increased Increased Increased r=0.81, p<0.001 r=0.96, p<0.001
4 0, 2, 50 9.17 0, –25, 56 7.11 Supplementary motor cortex (Brodmann’s area 6) Increased Increased r=0.74, p<0.01 r=0.65, p<0.05
5 –51, –1, 44 8.77 48, –4, 44 5.30 Premotor area (Brodmann’s area 6) Increased Increased
6 –60, –16, 23 9.74 63, –13, 17 13.24 Parietal operculum (Brodmann’s area 40) Decreased r=–0.80, p<0.01 r=–0.65, p<0.05
7 –30, 47, 5 21.37 Left prefrontal cortex (Brodmann’s area 45) Increased Increased r=0.75, p<0.01 r=0.68, p<0.01
8 –6, 11, 8 24.69 6, 8, 5 24.24 Left and right caudate nuclei Decreased Decreased r=–0.90, p<0.001
9 –15, –7, 5 9.84 18, –4, 11 7.24 Left and right pallidum Increased Increased r=0.71, p<0.01 r=0.65, p<0.05
10 –27, –4, 2 8.32 24, 2, 2 8.33 Left and right putamen Increased Increased Increased
11 –3, –19, 14 13.21 9, –25, 14 14.63 Left and right thalamus Increased Increased r=0.72, p<0.01 r=0.77, p<0.01
12 –9, –16, –8 8.45 8, –18, –9 6.42 Substantia nigra Increased Increased r=0.74, p<0.01 r=0.73, p<0.01
13 –21, –16, –7 11.16 27, –10, –10 7.31 Amygdala/hippocampal complex Increased Increased Increased
14 0, 35, 23 25.22 Anterior cingulate cortex (Brodmann’s area 24) Decreased Decreased r=–0.87, p<0.001 r=–0.64, p<0.05
15 –6, –52, –7 9.12 9, 46, –10 7.13 Cerebellar lobules IV–V Increased Increased r=0.86, p<0.01 r=0.87, p<0.01
a Data are shown for significant findings only.

mimicked tics, except the groups did not differ with re-
gard to activity in the parietal operculum and activity in 
the caudate did not correlate significantly with tic sever-
ity (Table 2). All these group differences were unchanged 
when covarying for medication treatment, OCD, and 
ADHD among Tourette’s syndrome patients.

Com paring  A c tiv ity  A c ro ss  Ta sks W ith in  Ea ch  
D iagno stic  G roup

We performed a paired t test assessing within-subject 
differences in each of the 15 clusters across the two tasks 
within each group. This comparison in healthy subjects 
during self- versus cue-paced mimicked tics assessed 
whether pacing with a cue generated significant differ-
ences in component activity relative to a self-generated 
behavior. We detected no significant differences in com-
ponent activity in healthy subjects across the two tasks. 
We also compared activity in Tourette’s syndrome patients 
during spontaneous tics to activity during voluntary tics 
(Figure 3) to identify activity uniquely associated with 
the generation of spontaneous tics. Significantly stronger 
activity was detected during spontaneous tics within the 
primary somatosensory and posterior parietal cortices, 
the putamen, and the amygdala/hippocampus complex 
compared with activity during voluntary tics.

G range r Causa lity  In te ra c tio n s

Granger causality indices (GCIs) were used to assess 
the causal interactions between the time courses of the 
independent components involved in motor generation 
or control, which are the primary motor and somatosen-
sory cortices, supplementary motor and premotor areas, 
putamen, caudate, pallidum, thalamus, substantia nigra, 

used the general linear model in SPM to perform a one-
sample t test on each of the 15 clusters, covarying for age 
and sex, to generate 15 random-effect independent com-
ponent maps (Table 2, Figure 1). Each of the 15 maps rep-
resented neural activity in regions that should be function-
ally interconnected to perform similar functions (16, 17).

Com paring  A c tiv ity  A c ro ss  D iagno stic  G roup s

Activity between the Tourette’s syndrome and compari-
son groups was compared using general linear modeling, 
while covarying for age and sex in each of the 15 clusters of 
independent components. Generally, neural activity was 
significantly stronger in the Tourette’s syndrome group 
during spontaneous tics than in the comparison group 
during production of self-paced mimicked tics in the 12 
regions (Figure 1, Table 2), and activity in most of these 
regions in the Tourette’s syndrome group correlated posi-
tively with tic severity (Figure 2). The regions with signifi-
cant correlations with current tic severity were as follows: 
primary motor cortex (r=0.82, p<0.001); posterior pari-
etal cortex (r=0.81, p<0.01); supplementary motor area 
(r=0.74, p<0.01); left prefrontal cortex (r=0.75, p<0.01); left 
and right pallidum (r=0.71, p<0.01); each hemi-thalamus 
(r=0.72, p<0.01); substantia nigra (r=0.74, p<0.01); and cer-
ebellar lobules IV–V (r=0.86, p<0.01). In a small number 
of regions, activity was weaker in the Tourette’s syndrome 
group and correlated inversely with tic severity (Figure 
2). These regions included the anterior cingulate cortex 
(r=–0.87, p<0.001), both caudate nuclei (r=–0.90, p<0.001), 
and the parietal operculum (r=–0.80, p<0.01). We detected 
nearly identical group differences when comparing neural 
activity in Tourette’s syndrome patients during voluntary 
tics with activity in healthy subjects during cue-paced 
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in the comparison group during self-paced mimicked tics 
in the connections from the premotor to supplementary 
motor area (0.031 [0.024–0.088] versus 0.008 [0.004–0.034], 
respectively; p<0.01) and vice versa (0.023 [0.009–0.067] 
versus 0.011 [0.004–0.018]; p<0.05); from the primary so-
matosensory cortex to the primary motor cortex (0.071 
[0.021–0.146] versus 0.012 [0.004–0.067]; p<0.05); from 
the substantia nigra to the caudate (0.069 [0.041–0.112] 
versus 0.015 [0.006–0.043]; p<0.01) and to the putamen 
(0.028 [0.020–0.056] versus 0.011 [0.005–0.023]; p<0.05); 
and from the pallidum to the supplementary motor area 
via the thalamus (0.066 [0.034–0.100] versus 0.022 [0.014–
0.045]; p<0.05).

and prefrontal cortex (Figure 4) (21, 22, 24). This analysis 
produced two types of causality indices for each run type: 
1) GCIAÒB (influence of region A on B) and 2) GCIAÒB|C 
(influence of region A on B through region C), where C 
indicated activity in the thalamus when assessing causal 
influences from the basal ganglia to the cortices. The Wil-
coxon rank test was used to compare GCIAÒB and GCIAÒB|C 
for all connections defined by the motor circuit (Figure 4), 
comparing each connection within and across diagnostic 
groups for the four run types (see the online data supple-
ment). The data were represented by the median and the 
interquartile range. Causal influences were stronger in the 
Tou rette’s syndrome group during spontaneous tics than 

FIGURe  1 . Com parison s o f  neu ra l A c tiv ity  be tw een  tou re tte ’s  Synd rom e  Pa tien ts  and  H ea lthy  Com parison  Sub je c tsa
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a The images show the activity in each of the 15 clusters of independent components: panel A, components 1–5; panel B, components 6–10; 
and panel C, components 11–15. The first set of three columns displays the random-effect group activity maps detected from 21 healthy 
comparison subjects (HC) who generated self-paced mimicked tics. The first column is an axial view, the second is a coronal view, and the 
third is a parasagittal view. The second set of three columns displays the corresponding group activity maps detected from the 13 partici-
pants with Tourette’s syndrome (TS) who generated spontaneous tics. The third set of three columns displays t contrast maps comparing the 
group activity maps from the healthy comparison and Tourette’s syndrome groups shown in the first and second set of columns. Each row 
in the first and second set of columns displays one group activity map that was generated by applying a one-sample t test to one of the 15 
clusters of independent components. Each number at the left side of each row indicates that the group activity map on that row corresponds 
to a numbered cluster of independent components listed in Table 2. Any two group activity maps within the same row across the first and 
second columns are significantly similar to one another in their spatial configurations. The images show that relative to healthy comparison 
subjects, Tourette’s syndrome patients had stronger activity (as evidenced by the color red in the TS versus HC columns) in the primary motor 
cortex (M1), primary somatosensory cortex (S1), posterior parietal cortex (PPC), supplementary motor area (SMA), premotor area (PMA), left 
prefrontal cortex (PFC), pallidum, putamen, thalamus, substantia nigra (SN), amygdala/hippocampal complex (Amyg/Hippo), and cerebellar 
lobules IV–V. Relative to healthy comparison subjects, Tourette’s syndrome patients had weaker activity (as evidenced by the color blue in 
the TS versus HC columns) in the parietal operculum (PO), caudate, and anterior cingulate cortex (ACC).
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FIGURe 1 . Com parisons o f neural A ctiv ity  betw een tourette ’s Syndrom e Patients and  Healthy  Com parison  Sub jectsa (continued )
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0.073] versus 0.016 [0.005–0.026]; p<0.01). We compared 
the causal influences between run types within each of the 
groups but did not detect significant differences.

We also calculated the Spearman’s rank correlation be-
tween causality indices and symptom severity in the Tou-
rette’s syndrome group. During spontaneous tics, a positive 
correlation was detected in the connections between the 
primary motor cortex and putamen (rs=0.60, p<0.05). Dur-
ing voluntary tics, positive correlations were detected in the 
connections from the premotor cortex to the primary mo-
tor cortex (rs=0.69, p<0.05), from the primary somatosen-
sory cortex to the primary motor cortex (rs=0.61, p<0.05), 
from the pallidum to the supplementary motor area via the 
thalamus (rs=0.66, p<0.05), and from the pallidum to the 
primary motor cortex via the thalamus (rs=0.80, p<0.01).

Causal influences were stronger in the Tourette’s syn-
drome group during voluntary tics than in the comparison 
group during cue-paced mimicked tics in the connections 
from the prefrontal to premotor cortices (0.028 [0.015–
0.054] versus 0.008 [0.002–0.023], respectively; p<0.05) and 
to the supplementary motor cortex (0.037 [0.019–0.072] 
versus 0.012 [0.004–0.019]; p<0.01); from the premotor 
to supplementary motor area (0.046 [0.024–0.162] versus 
0.006 [0.002–0.036]; p<0.05); from the premotor cortex to 
the primary motor cortex (0.069 [0.041–0.176] versus 0.024 
[0.002–0.043]; p<0.01); from the primary somatosensory 
cortex to the putamen (0.065 [0.015–0.152] versus 0.015 
[0.007–0.042]; p<0.05); from the pallidum to the thalamus 
(0.049 [0.016–0.070] versus 0.019 [0.010–0.042]; p<0.05); 
and from the substantia nigra to the caudate (0.064 [0.025–

FIGURe  2 . Co rre la tion s o f  b lood -O xygen -le ve l-d ependen t A c tiv ity  W ith  t ic  Se ve rity  in  tou re tte ’s  Synd rom e  Pa tien tsa
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a Each panel (A and B) is labeled by the name of the location of significant activity identified in the specific group activity map. The upper por-
tion of each panel displays the correlation map produced by calculating, at every voxel across the 12 Tourette’s syndrome patients for whom 
tic severity scores were available, the correlation coefficient between tic severity and the z score for each of the 15 clusters of independent 
components when generating spontaneous tics. Fifteen component maps were obtained, but four had no voxels containing significant cor-
relations with tic severity, and thus only the remaining 11 maps that did contain significant correlations are shown. Each set of images is ac-
companied by the corresponding scatterplot for the correlation of tic severity with the z scores of that activity map averaged across voxels in 
the identified cluster. Neural activity correlated significantly with severity scores in the primary motor cortex (M1) (r=0.82, p<0.001), posterior 
parietal cortex (PPC) (r=0.81, p<0.01), supplementary motor area (SMA) (r=0.74, p<0.01), parietal operculum (PO) (r=–0.80, p<0.01 [inversely 
correlated]), left prefrontal cortex (PFC) (r=0.75, p<0.01), caudate (r=–0.90, p<0.001 [inversely correlated]), pallidum (r=0.71, p<0.01), thala-
mus (r=0.72, p<0.01), substantia nigra (SN) (r=0.74, p<0.01), anterior cingulate cortex (ACC) (r=–0.87, p<0.001 [inversely correlated]), and 
cerebellar lobules IV–V (r=0.86, p<0.01).
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iors in healthy individuals. More severe tic symptoms sim-
ply produce more activity in these motor circuits.

Analyses of Granger causality demonstrated that the 
activity within sensorimotor pathways in the Tourette’s 
syndrome group during the spontaneous generation of 
tics follows a chain of causal influences within the path-
ways that have long been postulated in the generation of 
movement: from the premotor to supplementary motor 
area, from the primary somatosensory cortex to the pri-
mary motor cortex, from the pallidum via the thalamus to 
the supplementary motor area, and from the substantia 
nigra to the striatum. These measures of causal influence 
were stronger in the Tourette’s syndrome group than in the 
comparison group, suggesting an enhanced functional 
coupling of activity between successive nodes in this cir-
cuit in Tourette’s syndrome. Furthermore, the top-down 
causal influence from the primary motor cortex to the pu-
tamen during spontaneous tics, and the bottom-up influ-
ence from the pallidum to the primary motor cortex via 
the thalamus during voluntary tics, correlated positively 
with tic severity, confirming that a stronger generation of 
tics may be caused by a greater interaction between the 
motor cortices and striatum.

d iscu ssion

We isolated neural activity within independent compo-
nents representing portions of cortico-striato-thalamo-
cortical circuits that are involved in planning, controlling, 
and executing motor behaviors, including the primary 
motor, supplementary motor, premotor, somatosensory, 
and prefrontal cortices and the putamen, caudate, palli-
dum, thalamus, and substantia nigra (21, 24, 29). We de-
tected these components during the expression of spon-
taneous tics in the Tourette’s syndrome group and during 
the voluntary imitation of a facial tic in both the Tourette’s 
syndrome and healthy comparison groups. Activity in the 
Tourette’s syndrome group was greater during spontane-
ous tics than in the comparison group during self-paced 
mimicked tics in most sensorimotor portions of cortico-
striato-thalamo-cortical loops. Moreover, activity within 
these regions correlated positively with the severity of tics 
in the Tourette’s syndrome group, indicating that increas-
ing activity within sensorimotor portions of these loops 
accompanied more severe tic behaviors. These findings 
demonstrate that tics engage the same neural circuits that 
support the expression of normal voluntary motor behav-

FIGURe 2 . Co rre lations o f b lood-O xygen-leve l-dependent A ctiv ity  W ith  t ic Severity  in  tourette ’s Syndrom e Patientsa (continued )
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tor urges that produce them. These findings remained 
significant when comparing activity during spontaneous 
tics in the Tourette’s syndrome group with activity dur-
ing cue-paced mimicked tics in the comparison group, 
demonstrating that group differences were not simply 
the consequence of spontaneous tics being generated by 
cues (the premonitory urge). Thus, our findings suggest 
that tics are caused by the combined effects of excessive 
activity in motor pathways and reduced activity in control 
portions of cortico-striato-thalamo-cortical circuits, con-
sistent with evidence of abnormal development of control 
regions in Tourette’s syndrome patients (34).

The Tourette’s syndrome group exhibited greater activity 
in the putamen, somatosensory cortices (including the pri-
mary somatosensory cortex and parietal operculum), and 
amygdala/hippocampus complex during the spontaneous 
generation of tics than during the voluntary imitation of 
tics, a contrast designed to help identify regions that con-

In contrast, activity in the anterior cingulate, parietal 
operculum, and caudate was significantly less in the Tou-
rette’s syndrome group during spontaneous tics than in 
the comparison group during voluntary mimicking tics, 
with less activity in each of these regions in the Tourette’s 
syndrome group accompanying more severe symptoms. 
The anterior cingulate and caudate represent cognitive 
control portions of cortico-striato-thalamo-cortical loops 
(23, 30) that can modulate activity in sensorimotor por-
tions of the striatum via striato-nigro-striatal (31) and stri-
ato-thalamo-striatal circuits (32). Activity in the anterior 
cingulate and caudate are known to increase during the 
successful and willful suppression of tic behaviors (33), 
with greater caudate activation accompanying fewer tic 
symptoms. Thus, reduced activity in the anterior cingulate 
and caudate during spontaneous tics in the Tourette’s syn-
drome group likely represented deficient engagement of 
circuits that inhibit either tic behaviors or the sensorimo-

FIGURe  3 . Com parison  o f  b lood -O xygen -le ve l-d ependen t A c tiv ity  fo r Spon taneous and  Vo lun ta ry  t ic s  in  tou re tte ’s  Syn -
d rom e  Pa tien tsa
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a The first set of 3 columns displays the random-effect group activity maps detected from the 13 Tourette’s syndrome patients as they gener-
ated spontaneous tics. The second set of three columns displays the random-effect group activity maps detected in the same 13 patients 
when generating voluntary tics. The third set of three columns displays the t-contrast maps that compare activity when generating voluntary 
tics with activity when generating spontaneous tics. Regions containing significant (p<0.05) differences were the left primary somatosensory 
cortex (S1), posterior parietal cortex (PPC), putamen, and amygdala. In each instance, activity during spontaneous tics was greater than dur-
ing voluntary tics.
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syndrome patients than in the healthy subjects, presum-
ably within the projection from the sensory cortex to the 
putamen that is known to be glutamatergic and excitatory. 
These findings further suggest that increased activity in 
the putamen in the Tourette’s syndrome group exerts an 
increased causal influence on the pallidum, a projection 
that is inhibitory (g-aminobutyric acid-ergic). The palli-
dum sends an inhibitory projection to the thalamus, and 

tribute to the generation of spontaneous tics. Conceptual-
ly, spontaneous tics should differ from voluntary tics in the 
presence of 1) a “tic generator” during spontaneous tics, 2) 
premonitory urges associated with spontaneous tics (with 
the urges themselves possibly being the tic generators), or 
3) volitional control during voluntary tics. Differences in 
neural activity between spontaneous and voluntary tics 
could derive from any of these three sources. However, giv-
en the intense sensory and emotional salience of the pre-
monitory urge in the subjective experience of Tourette’s 
syndrome patients (35, 36), the differences in activity that 
we detected in primarily sensory and emotional pathways 
seem most likely to derive from intense sensory and emo-
tional experiences associated with premonitory urges in 
the Tourette’s syndrome group. Therefore, we suspect that 
greater activity in somatosensory cortices likely represent-
ed the sensory features of those urges, whereas greater ac-
tivity in the amygdala/hippocampus complex likely rep-
resented either the emotional discomfort associated with 
the urges before the tic or the relief experienced following 
the tic. The stronger Granger causality index from the pri-
mary somatosensory cortex to the primary motor cortex 
during spontaneous tics in the Tourette’s syndrome group 
than during self-paced mimicked tics in the comparison 
group further suggests that activity in sensory cortices 
from these premonitory urges causally influenced activity 
in motor pathways.

Greater activity found in the amygdala in the Tourette’s 
syndrome group can have alternative explanations. The 
emotional experiences signaled by the amygdala can in-
fluence motor pathways via projections to the ventral 
striatum, which in turn influences motor areas in the dor-
sal striatum (31). These pathways are similar to those im-
plicated in addictive behaviors (37), which, like the tics in 
Tourette’s syndrome, have compulsory qualities.

The Tourette’s syndrome group had greater neural activ-
ity than the comparison group within the substantia nigra 
during the performance of spontaneous and voluntary 
tics. Causal influences of the substantia nigra on the cau-
date were also stronger in the Tourette’s syndrome group 
during spontaneous tics than in the comparison group 
during the performance of both self-paced and cue-paced 
mimicked tics. The pars compacta of the substantia nigra 
contains dopaminergic neurons that project to the stria-
tum, and excessive striatal dopaminergic activity has long 
been suspected to play a role in Tourette’s syndrome (38). 
Our findings may therefore reflect overactive nigrostriatal 
dopaminergic activity in the disorder.

Our findings permit a detailed understanding of the 
circuit-based disturbances that together generate tics. 
They suggest that increased activity in the primary so-
matosensory cortex, putamen, and amygdala/hippocam-
pus may represent activity associated with the premoni-
tory urge and act as a trigger for tic behaviors. They also 
indicate that the primary sensory cortex exerts a causal 
influence on the putamen that is greater in the Tourette’s 

FIGURe  4 . M o to r C ircu its  H ypo the sized  to  G ene ra te  o r Con -
tro l t ic s  in  tou re tte ’s  Synd rom ea
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a The image shows volume renderings (generated using in-house 
Java three dimensional-based volume rendering software) of the 
maps of independent components representing activity in motor 
pathways, including the premotor area (PMA), supplementary mo-
tor area (SMA), primary motor cortex (M1), primary sensory cortex 
(S1), caudate, putamen, pallidum, substantia nigra (SN), thalamus, 
and prefrontal cortex (PFC), overlayed on a high-resolution ana-
tomical template. Structures are color-coded (and some are rep-
resented in the two hemispheres). The connections indicate the 
hypothesized directions of effective connectivity between regions 
based on previously published preclinical studies (21, 22, 24).
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the thalamus in turn sends an excitatory projection to the 
motor cortex, a pathway that our data indicate overall had 
a stronger causal influence in the Tourette’s syndrome 
group than in the comparison group. The stronger in-
hibitory influence of the putamen on the pallidum would 
therefore ultimately disinhibit thalamic excitation of the 
cortex, which should increase the production of tics, con-
sistent with dysfunction in the direct pathway of cortico-
striato-thalamo-cortical circuits in Tourette’s syndrome 
(5). Finally, our findings indicate that the putative trigger 
from the premonitory sensory urge and the excess activ-
ity in motor portions of cortico-striato-thalamo-cortical 
circuits combines with reduced activity in the anterior 
cingulate and caudate—the putative control portions of 
these circuits—to yield disinhibited and poorly regulated 
motor activity in proportion to tic severity.

This study has several limitations, including a small 
sample size, inclusion of medicated patients and patients 
with comorbid illnesses, and absence of adults with re-
mitted symptoms. A follow-up study with a larger sample 
would help to assess more rigorously any possible effects 
of medications and comorbid illnesses. Our study, simi-
lar to prior studies, was unable to control stringently for 
the strength, duration, or pacing of tics across conditions 
or groups (although visually the tic behaviors were indis-
tinguishable across conditions and groups). Finally, our 
partner matching technique detects independent compo-
nents that are reproducible and can be compared across 
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This is the first time, to our knowledge, that neural ac-
tivity in all major components of a cortico-striato-thala-
mo-cortical circuit has been detected using an analysis of 
BOLD signals. Comparing activity in this circuit during a 
pathological involuntary behavior (spontaneous tics) with 
activity during a similar normal voluntary behavior (vol-
untary or mimicked tics) across patient and healthy com-
parison groups allowed us to demonstrate that tics engage 
the same motor circuit as normal voluntary behaviors. 
This comparison also permitted us to identify the somato-
sensory cortices, putamen, and amygdala/hippocampal 
complex as regions that likely subserve the experience 
of premonitory sensory urges and their associated emo-
tional content. Finally, the comparison also allowed us to 
show that tics likely arise as a combined consequence of 
this sensory trigger, its contributions to the excessive ac-
tivity in motor pathways, and faulty regulation from the 
anterior cingulate cortex and caudate nucleus.
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