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Abstract: The most recent functional neuroimaging studies on Tourette syndrome (TS) are 

reviewed in this paper. Although it can be difficult to compare functional neuroimaging studies 

due to differences in methods, differences in age of the included subjects, and differences in the 

extent to which the presence of comorbidity, medical treatment, and severity of tics are considered 

in the various studies; most studies show that the cortico-striato-thalamo-cortical circuit seems 

to be involved in the generation of tics. Changes in this circuit seem to be correlated with tic 

severity. Correlations have been found between the presence of tics and hypermetabolism in 

various brain regions. Abnormalities of GABAergic, serotonergic, and dopaminergic neurotrans-

mission in patients with TS have been suggested. During tic suppression, increased activity in 

the inferior frontal gyrus is seen. The premotor cortex might be involved in inhibition of motor 

control in subjects with TS. The right anterior insula is suggested to be a part of the urge–tic 

network. Several studies have shown altered motor network activations and sensorimotor gat-

ing deficits in subjects with TS. In future studies, inclusion of more well-defined subjects and 

further examination of premonitory urge and tic suppression is needed in order to increase the 

knowledge about the pathophysiology and treatment possibilities of TS.
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Introduction
Tourette syndrome (TS) is a hereditary, chronic, neurobiological disease characterized 

by the presence of motor and vocal tics. Tics are sudden, rapid, recurrent, nonrhythmic 

movements (motor tics) or sounds (vocal tics).1 They usually start before the age of 

12 years and wax and wane (ie, increase and decrease in severity over time). Tics are 

suppressible and are usually preceded by premonitory urges, which is an unpleasant 

sensation in the body. Patients often report a sense of relief after tics.2 Premonitory 

urge can be measured by using the Premonitory Urges for Tics Scale (PUTS).3 PUTS 

has been found to have a significant correlation with tic severity and quality of life.4 

Furthermore, premonitory urge plays a role in the more recent behavioral therapies 

used in the treatment of TS.5

TS is often accompanied by other symptoms. The two best-known comorbidities 

are obsessive-compulsive disorder (OCD) and attention deficit hyperactivity disorder 

(ADHD), but other symptoms such as depression, outbursts of rage, and sleeping 

disturbances are often seen.6

Recent reviews2,7,8 have estimated the prevalence of TS to be around 0.8% (range: 

0.3–5.7), with a predominance in boys (4.3:1).9
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The etiology of TS is not yet fully understood, and 

genetic, environmental, and neuroanatomical factors may 

play a role. During recent years, focus on neuroimaging 

studies has increased. The cortico-striato-thalamo-cortical 

pathways seem to be involved in the pathophysiology of TS, 

but the results of many neuroimaging studies are conflicting. 

Among others, differences in methods could be the reason 

for contradictory results.

In functional neuroimaging, imaging technology is used 

in order to increase the understanding of the relationship 

between activity in brain areas and specific functions. The 

interaction between brain regions in neural processing, the 

time-course of neural events, and the location of neural events 

are some of the aspects that can be measured with functional 

neuroimaging. Since several brain regions and pathways 

seem to be involved in the pathophysiology of TS, this is a 

promising method in the field of TS research.

In this paper, we review the functional neuroimaging 

studies on TS from the last 10 years, ie, from 2006 to 2016. 

Since the number of neuroimaging studies has expanded 

during the last years, we decided to only include the studies 

from the last 10 years in order to review the most updated 

knowledge on this topic. We have chosen to include the 

following functional neuroimaging methods:10 functional 

magnetic resonance imaging (fMRI) studies, magnetoen-

cephalography (MEG), functional connectivity (FC), tran-

scranial magnetic stimulation (TMS), magnetic resonance 

spectroscopy (MRS), near-infrared spectroscopy (NIRS), 

positron emission tomography (PET), single-photon emis-

sion computed tomography (SPECT), and electroencepha-

lography (EEG).

We have used PubMed using the search terms “Tourette 

syndrome and functional neuroimaging” and “Tourette 

syndrome and [the specific above mentioned functional 

neuroimaging methods]”, and relevant articles via references 

from the found articles published in the period 2006–2016.

The most important neuroimaging findings are sum-

marized in Table 1 and are described more detailed in the 

sections below. Figure 1 shows a simplified diagram of the 

neurocircuitry involved in the pathophysiology of TS.

Table 1 Summary of the most important findings from functional neuroimaging studies on TS from the last 10 years, ie, from 2006 to 
2016.

Neural events 
and functions

Functional 
neuroimaging 
method

Involved structures in patients with TS

Premonitory urges fMRI 1. Involvement of insula and cingulate cortex15

2. Gray matter thinning within sensory areas of the frontosubcortical circuitry,15 within the left insula and 
right sensorimotor cortex17

PET Prominent activation in cerebellum and insula60 
Tic generation fMRI 1. Two seconds before tic: activation of supplementary motor area, ventral primary motor cortex, primary 

sensorimotor cortex, parietal operculum,12 and anterior cingulate cortex13

2. One second before a tic: activation of anterior cingulate cortex, putamen, insula, amygdala, cerebellum, 
and the extrastriatal visual cortex12

3. During tic onset: activation in the thalamus, central operculum, primary motor and somatosensory 
cortices12, as well as in sensorimotor areas and cerebellum13

4. Involvement of sensorimotor cortex11 
MEG Involvement of sensorimotor cortex11 
EEG Spreading of neural oscillation from the left prefrontal and centroparietal regions to the left frontal regions70 
PET Prominent activation in cerebellum and insula60

Voluntary 
expression of tics

EEG Increased oscillations in the prefrontal region74 

Tic suppression fMRI Increased activity in left inferior frontal gyrus19 
EEG Overactivation of cortical areas71

Inhibitory motor 
control

fMRI 1. Decreased activity in left primary motor cortex and secondary motor areas during go trials22

2. Reduced activation in the dorsal premotor cortex for the StopSuccess21

3. Activation of prefrontal cortex during regulation of motor output24

4. Sensorimotor gating deficits during prepulse inhibition28,29

5. Involvement of frontostriatal circuits in self-regulatory task25,26

6. Increased activation in the direct pathway through the basal ganglia and increased compensatory activation 
in the prefrontal cortex and subthalamic nucleus during the performance of a cognitive control task27

MEG 1. Sensorimotor cortex28 

(Continued)
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Table 1 (Continued)

 Functional 
neuroimaging 
method

Involved structures in patients with TS

Voluntary motor 
execution

fMRI 1. Decreased  regional volumes of cerebellar hemispheres during finger tapping33

2. Altered motor network activations during simple motor performance32

3. Different neurofunctional organization of motor control34

4. No differences in activation patterns during finger tapping task30

MEG 1. Involvement of sensorimotor cortex39

2. Increased interaction between supplementary motor area and primary motor cortex40

3. Altered motor cortical reactivity41 
Perception and 
listening

fMRI 1. Deficient frontal inhibition in the interaction of the cortico-striato-thalamo-cortical network within 
structures of the limbic system36

2. Different callosal functioning during listening37

Resting state fMRI fMRI Abnormal spontaneous neuronal activity and perturbed connectivity of cortico-subcortical networks38 
Functional 
connectivity

1. Abnormal functional connectivity in the bilateral prefronto-striatum-midbrain networks and in the 
bilateral sensorimotor and temporal cortices42

2. Altered functional connectivity of amygdala43

3. Abnormal signaling primarily in the frontoparietal network44

4. Stronger functional integration and a global functional disorganization of corticobasal ganglia networks46 
TMS 1. Abnormal functional interhemispheric connectivity51

2. Increased resting motor threshold52

3. Increased variability of motor evoked potential responses52

MRS 1. Reduced primary sensorimotor cortex GABA concentrations53

2. No differences in GABA values in the right sensorimotor cortex11

3. Increased GABA concentrations within the supplementary motor area55 
NIRS Reduced prefrontal hemodynamic response56 
PET 1. Hypermetabolism in various brain regions57–59

2. Decreased binding of GABA receptors54

3. Abnormal dopaminergic neurotransmission61–64

4. Normal dopamine receptor availability and affinity65,66

5. Abnormal serotonergic neurotransmission64,67–69

SPECT 1. DAT uptake ratios were significantly negatively correlated with disease duration70

2. Functional abnormality of the dopamine system in patients with TS in its early stage71

3. Normal DAT activity71,72

Abbreviations: TS, Tourette syndrome, fMRI, functional magnetic resonance imaging; MEG, magnetoencephalography; MRS, magnetic resonance spectroscopy; NIRS, near 
infrared spectroscopy; PET, positron emission tomography; EEG, electroencephalography; GABA, gamma-amino-butyric acid; DAT, dopamine transporter; SPECT, single-
photon emission computed tomography.

fMRI
fMRI uses task-based changes in blood flow measured by 

blood-oxygen-level-dependent contrast in order to examine 

neural activity in the brain.

Tics, premonitory urges, and tic 
suppression
Tics
Several studies have examined the tic-related activity in the 

brain.11,12 The temporal pattern of tic generation was found to 

follow the cortico-striato-thalamo-cortical circuit.12 Several 

studies found activation in the supplementary motor area 

(SMA), ventral primary motor cortex, primary sensorimotor 

cortex, the parietal operculum,12,13 and anterior cingulate cor-

tex13 2 s before tic onset. One second before a tic, the anterior 

cingulate cortex, putamen, insula, amygdala, cerebellum, and 

the extrastriatal-visual cortex showed  activation.12 During tic 

onset, activation in the thalamus, central operculum, primary 

motor and somatosensory cortices was found,12 as well as 

in sensorimotor areas and cerebellum.13 The involvement 

of SMA and sensorimotor processing disturbances in tic 

generation was confirmed by several studies.11,14 Hampson 

et al14 found that SMA showed a significantly broader profile 

of cross-correlation to motor cortex during tics than during 

intentional movements. Tinaz et al11 found that the anterior 

insula showed increased FC with the sensorimotor cortex in 

patients with TS.

Premonitory urges
Several studies have shown that the insula, cingulate cortex, 

and gray matter thinning within sensory areas of the fronto-

subcortical circuitry are involved in the pathophysiology of 

generation of premonitory urges (reviewed by Rajagopal 

et al15).
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One study found higher connectivity between the right 

dorsal anterior insula and the frontostriatal nodes of the 

urge–tic network in patients with TS compared with healthy 

controls.16 The FC between the right dorsal anterior insula 

and SMA area correlated positively with urge severity.16

A more recent study has shown that premonitory urges 

are associated with a significantly reduced gray matter 

thickness within the left insula and right sensorimotor 

cortex.17

Tic suppression
Several studies examined the neural correlates of tic suppres-

sion. Kawohl et al18 did not find different activation of the 

anterior cingulate cortex under the conditions suppression of 

tics, tics, or imitation of tics. Ganos et al19 found increased 

activity in the left inferior frontal gyrus  during voluntary tic 

inhibition compared with free ticcing. Mazzone et al20 studied 

neural correlates of inhibition of the semivoluntary motor 

behavior eye blinking. TS patients activated the frontal cortex 

and striatum more strongly during eye blinking inhibition than 

healthy controls. The authors suggested that the activation 

of frontostriatal circuits might help to maintain control over 

semivoluntary behaviors, whether there are tics or eye blinks.

In summary, fMRI studies have shown that the cortico-

striato-thalamo-cortical circuit and sensorimotor cortex seem 

to be involved in the generation of tics and that the insula 

and sensorimotor cortex seem to be a part of the urge–tic 

network. During tic suppression, increased activity in the 

inferior frontal gyrus was seen.

Functional correlates of inhibitory motor 
control
Several fMRI studies have used tasks of inhibitory motor 

control such as the go/no-go task in patients with TS.21,22 Go/

no-go test is a test of behavioral control in which an appropri-

ate reaction must be performed and an inappropriate reaction 

must be inhibited. Results are contradictory. Thomalla et 

al22 found decreased activity in left primary motor cortex 

and secondary motor areas during go trials. Another study 

showed a reduced activation in the dorsal premotor cortex 

for the StopSuccess trial.21 The conflicting results might be 

caused by a difference in study design: in Ganos et al’s study,21 

the procedure was adapted to ensure a fifty-fifty successful 

performance in the no-go trials in both patients and controls, 

whereas in Thomalla et al’s study,22 there were behavioral 

differences between patients and controls. The patients with 

TS were slower and and made more mistakes in no-go trials 

than the healthy controls.23

To examine behavioral regulation of motor output in chil-

dren and adolescents with TS, Jackson et al24 used a manual 

task-switching paradigm and found a greater activation of 

prefrontal cortex in patients with TS compared with healthy 

controls when carrying out the task. Several studies have 

examined the neural correlates of self-regulatory tasks and 

found involvement of frontostriatal circuits.25,26 Increased 

activation in the direct pathway through the basal ganglia and 

increased compensatory activation in the prefrontal cortex 

and subthalamic nucleus during the performance of a cogni-

tive control task was found in another study.27

Two studies have investigated the neural correlates of pre-

pulse inhibition (PPI).28,29 PPI is a neurological phenomenon 

in which a weaker prestimulus (prepulse) inhibits the reac-

tion of an organism to a subsequent strong startling stimulus 

(pulse). A couple of studies indicate sensorimotor gating 

deficits in patients with TS.28,29 Buse et al29 showed increased 

activity in five regions of the brain during PPI (middle frontal 

gyrus, the postcentral gyrus, the superior parietal cortex/

precuneus, the anterior cingulated gyrus, and the caudate 

body), and they suggested that this deficient sensorimotor 

gating in patients with TS might be associated with reduced 

recruitment of brain regions responsible for the higher-order 

integration of somatosensory stimuli.

In summary, the premotor cortex might be involved 

in inhibition of motor control in patients with TS, but the 

results are contradictory. There seems to be evidence for 

sensorimotor gating deficits in TS. Furthermore, activation 

Figure 1 Simplified diagram of the cortico-striato-thalamo-cortical circuit. 
Notes: Inhibitory connections are marked by continuous lines; excitatory 
connections are marked by dotted lines. Green indicates connections that use glu as 
neurotransmitter; blue indicates connections that use GABA as neurotransmitter; 
red indicates connections that use dop as neurotransmitter. In the presence 
of dopamine, dopamine receptors in the basal ganglia stimulate the GABAergic 
neurons. Reprinted from Movement Disorders in Childhood, 2nd ed, Singer HS, 
Mink JW, Gilbert DL, Jankovic J, Copyright 2016, with permission from Elsevier.92

Abbreviations: dop, dopamine; glu, glutamate.
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of the prefrontal cortex might be increased during regulation 

of motor output in TS.

Functional correlates of voluntary 
motor execution
Several studies have examined the neural correlates for a 

finger-tapping task in patients with TS.30–33 Tobe et al33 found 

decreased regional volumes of the cerebellar hemispheres 

during a finger-tapping test in patients with TS. The authors 

hypothesize that the cerebellum might be involved in the 

pathogenesis of TS. Roessner et al32 found a higher recruit-

ment of the inferior parietal lobe during right (preferred) 

and left index finger tapping in TS compared with healthy 

controls. Compared with controls, less recruitment of the 

caudate and middle frontal gyrus was seen during preferred 

right finger tapping, and during left (nonpreferred) index 

finger tapping, less activity in contralateral right SM1 (pri-

mary sensorimotor cortex) together with greater activation of 

several other brain regions was seen. These results indicate 

that children with TS might show altered motor network 

activations during simple motor performance. These altera-

tions were more pronounced when finger movements were 

executed with the nonpreferred left hand. In a preceding 

study, based on movements of the right index finger, the same 

authors found reduced premotor and prefrontal activations 

and increased activations of the right medial frontal gyrus and 

the left caudate in patients with TS compared with healthy 

controls.31 The hemispheric preponderance of this task might 

be the reason for this discrepancy.32

In contrast, one study did not find any differences in acti-

vation patterns during a finger-tapping task between children 

with TS and healthy controls.30

One study examined whether there was a difference in 

activation pattern of imaginary and actual voluntary finger 

oppositions in patients with TS and healthy controls.34 In both 

actual and imaginary motor tasks, increased activation was 

seen in patients with TS. During actual motor tasks, increased 

activation was seen in the premotor and prefrontal areas, and 

during imaginary motor tasks, hyperactivation was seen in 

the rostral prefrontal and temporoparietal regions of the right 

hemisphere. These findings suggest a different neurofunc-

tional organization of motor control between patients with 

TS and healthy controls that is independent from the actual 

execution of motor acts.

Margolis et al35 measured performance on a verbal–

manual interference task in which performance on a manual 

motor task at baseline was compared with performance of 

the same task concurrently with a hemispherically lateralized 

cognitive task. The left-hand performance was better in the 

healthy controls compared with the patients with TS, and 

this was accompanied by larger prefrontal cortex  volumes.

In summary, most studies showed altered motor network 

activations during voluntary motor execution in patients 

with TS.

Functional correlates of perception 
and listening
Neuner et al36 investigated the perception of six emotional 

facial expressions in adults with TS. Compared with healthy 

controls, significantly higher amygdala activation was found in 

patients with TS. The authors suggest that this could be caused 

by deficient frontal inhibition due to structural changes or a 

desynchronization in the interaction of the cortico-striato-thal-

amo-cortical network within structures of the limbic system. 

Plessen et al37 found indications for a different callosal 

functioning in the TS group compared with healthy controls 

while performing verbal dichotic listening when focusing 

attention on a left ear stimulus. Focus on right ear stimulus 

was thought to involve the same prefrontal attention and 

executive functions that are involved in the suppression of 

tics, whereas focus on left ear stimulus additionally was 

thought to involve a callosal transfer of information.

In summary, deficient frontal inhibition and changes in 

callosal functioning might be involved in the perception of 

some senses in patients with TS.

Resting-state fMRI
Resting-state fMRI is a method of functional brain imaging 

that can be used to evaluate regional interactions that occur 

when a subject is not performing an explicit task.

One study investigated alterations in spontaneous neural 

activity in children with TS and found suggestions of abnor-

mal spontaneous neuronal activity and perturbed connectivity 

of cortico-subcortical networks in children with TS who had 

decreased spontaneous amplitude of low-frequency fluctua-

tions (ALFF) and fractional ALFF in the posterior cingulated 

gyrus, precuneus and bilateral parietal gyrus, anterior cingu-

lated cortex, bilateral middle and superior frontal cortices, 

and superior parietal lobule.38 Increased activity was seen in 

the left putamen and bilateral thalamus.38

MEG
MEG is a functional neuroimaging technique for mapping 

brain activity by recording magnetic fields produced by 

electrical currents occurring naturally in the brain by using 

very sensitive magnetometers. The MEG signals derive from 

the net effect of ionic currents flowing in the dendrites of 

neurons during synaptic transmission.
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Some studies have shown sensorimotor processing 

involvement in tic generation and in voluntary movement 

control.11,39 Sensorimotor processing refers to a process by 

which sensory information or input is coupled or integrated 

to a related motor response in the central nervous system. 

This process underlies both involuntary or reflexive actions 

and voluntary acts. One study used a combination of MEG 

and MRS (to be discussed in detail later) and found changes 

in oscillations in the sensory motor cortex in patients with 

TS compared with healthy controls, which might underpin 

some of the sensorimotor processing disturbances in TS 

and contribute to tic generation.11 Altered sensorimotor 

processing involved in voluntary movement control was 

also found in another study in which subjects with TS 

and healthy controls had to perform a go/no-go task and a 

movement task.39

In addition to the involvement of sensorimotor process-

ing, another MEG study found increased functional interac-

tion between SMA and M1 (primary motor cortex) during a 

task of voluntary movement control.40 The authors suggested 

that this might reflect a pathophysiological marker of TS. 

Another study investigating voluntary movements by a finger 

movement task found increased motor cortical activation 

in the contralateral hemisphere before and during move-

ments and increased motor cortical inhibition in ipsilateral 

M1 after movements in patients with TS compared with 

healthy controls.41 Motor cortical reactivity might therefore 

be pathologically altered during voluntary movements in 

patients with TS.41

In summary, MEG studies have shown involvement 

of sensorimotor processing, motor cortical reactivity, and 

increased functional interaction between SMA and M1 in 

patients with TS.

Functional connectivity
FC refers to similar patterns of activation and relationship 

between spatially separated brain regions.

One study found that in children with TS, FC was abnor-

mal in the bilateral prefronto-striatum-midbrain networks 

and in the bilateral sensorimotor and temporal cortices.42 The 

authors suggest that interhemispheric communication deficits 

might play a role in the pathophysiology of TS.

Werner et al43 found a significant increase in coupling 

between/within amygdalae in the TS group when compared 

to controls while performing a simple motor task. They sug-

gest that the FC of amygdala must be altered in TS patients.

Some studies have suggested widespread immature FC 

and abnormal signaling, primarily in the  frontoparietal 

network, both in a resting-state FC MRI study44 and 

during performance requiring adaptive control and task 

maintenance.45

Worbe et al46 found a stronger functional integration and 

a global functional disorganization of corticobasal ganglia 

networks in patients with TS compared with controls. They 

suggest that the pattern of the functional changes in corti-

cobasal ganglia networks in patients could reflect a defect 

in brain maturation and that distinct regions of corticobasal 

ganglia networks could contribute to the clinical heteroge-

neity of TS.

In summary, changes in FC were seen in corticobasal 

ganglia networks, frontoparietal networks, prefronto-stria-

tum-midbrain networks, sensorimotor and temporal lobes, 

and amygdala.

TMS
TMS is a magnetic method used to stimulate small regions 

in the brain. Several studies have described reductions of tic 

severity by repetitive TMS over the SMA,47–49 although there 

is no consensus.50

Bäumer et al51 found abnormal functional interhemi-

spheric connectivity in TS accompanied by an altered struc-

ture–function relationship in the motor corpus callosum in a 

combined TMS and diffusion-tensor MRI study with stimuli 

in hand muscles. Pépés et al52 used TMS to examine cortical 

motor excitability in patients with TS and found that resting 

motor threshold and the variability of motor-evoked potential  

responses were significantly increased in children with TS, 

but these differences normalized with age. The authors sug-

gest that these effects might be likely due to a developmental 

delay in the maturation of key brain networks in TS.

MRS
MRS is a noninvasive, ionizing-radiation-free analytical 

technique that has been used to study metabolic changes 

in the brain. This technique uses signals from hydrogen 

protons to determine the relative concentrations of target 

brain metabolites.

Two studies have examined the GABA concentrations in 

the sensorimotor cortex.11,53 The GABA-ergic system is the 

main inhibitory system in the CNS, and GABA-ergic neu-

rons are present in every brain structure.54 Puts et al53 found 

reduced primary sensorimotor cortex GABA concentrations 

in children with TS compared to control subjects. These 

findings suggest that reduced GABA concentrations in TS 

may contribute to both motor tics and sensory impairments 

in children with TS.
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Tinaz et al11 did not find any differences in other GABA 

values in the right sensorimotor cortex between subjects with 

TS and healthy controls.

Another study found increased GABA concentrations 

within the SMA in individuals with TS compared to control 

subjects.55

NIRS
NIRS is a spectroscopic method that uses the near-infrared 

region of the electromagnetic spectrum. The transmission 

and absorption of near-infrared light in human body tissues 

can provide information about hemoglobin concentration 

changes. One study suggests that children with TS might 

have reduced prefrontal hemodynamic response as measured 

by NIRS as a reduced hemoglobin concentration change was 

found in the prefrontal cortex of children with TS compared 

to healthy controls.56

PET
PET scans use a radioactive substance to observe metabolic 

processes in the body. Several PET studies have shown 

significant correlations between presence of tics and hyper-

metabolism in various brain regions, including medium and 

lateral premotor cortices, primary motor cortices, inferior 

parietal cortices, as well as anterior cingulate cortex, puta-

men, and caudate and Broca’s area.57 These results support 

hyperactivity of the systems involved in motor planning/

structuring and in the processing of sensory inputs at the 

basis of TS symptoms.57 These findings have been partly 

confirmed by Pourfar et al58 who found a TS-related meta-

bolic covariance pattern with increased activity bilaterally in 

premotor cortex and cerebellum, which was associated with 

relative reductions in striatum and orbitofrontal cortices. The 

activation of the sensorimotor circuits has also been shown in 

the study of de Vries et al,59 who propose that in TS patients, 

activation of the limbic structures enhances activation of sen-

sorimotor circuits, which results in the emergence of an urge 

to perform tics. They found an increased regional blood flow 

in the inferior frontal gyrus, left anterior cingulate cortex, and 

SMA during provocation of symmetry behavior in patients 

with TS compared to healthy controls. Lerner et al60 has used 

a PET study in order to identify brain regions responsible for 

tic generation. Prominent activation during tic release was 

found in cerebellum and insula, and, furthermore, activation 

was seen in putamen, thalamus, SMA, and motor cortex. The 

authors suggest that the primary abnormality of TS originates 

with overactivity in the cerebellum, which influences the 

thalamus, basal ganglia, and multiple cortical areas, leading 

to tic production and premonitory sensation of urge.60

Dopaminergic, GABA, and serotonergic receptor sys-

tems have been thought to play a role in the pathophysi-

ology of TS. One study examined the binding of GABA 

receptors and found decreased binding in the striatum, 

globus pallidus, thalamus, right insula, and amygdala and 

increased binding in substantia nigra, left periaqueductal 

gray, right posterior cingulate cortex, and bilateral cerebel-

lar dentate nuclei. The authors suggest that the basal ganglia 

and thalamus are disinhibited in TS.54 With regard to the 

dopaminergic system, studies have shown contradictory 

results. Decreased dopamine receptor binding was found in 

patients with TS (both striatal61 and extrastriatal62). Steeves 

et al62 has found reductions in dopamine receptor binding 

in the frontal cortex and thalamus. Gilbert et al63 found 

reduced dopamine receptor availability in orbitofrontal 

and motor cortex, hippocampus, anterior cingulate gyrus, 

and mediodorsal thalamus. Some studies found indica-

tions for increased dopamine release in patients with TS 

compared with healthy controls.62,64 A couple of studies did 

not support a role for changes in striatal dopamine receptor 

availability or affinity in the pathophysiology of TS.65,66 

Concerning serotonergic neurotransmission, one study 

found indications for increased serotonin synthesis in the 

caudate nucleus.67 The authors suggested that the abnormal 

connectivity between cortex and caudate nucleus may be 

the cause of abnormal neurotransmission in the cortico-

striato-thalamo-cortical circuit.67 Another study found 

a decreased tryptophan uptake in bilateral dorsolateral 

prefrontal cortex and increased tryptophan uptake in thala-

mus and subcortical structures to dorsolateral prefrontal 

cortex in patients with TS compared to healthy controls.68 

Tryptophan is a precursor to the neurotransmitters sero-

tonin, and thus this study suggested that impairment of 

cortical-subcortical serotonergic function plays a role in 

the pathophysiology of TS.68 Wong et al64 found serotonin 

transporter reductions in patients with TS with or without 

comorbid OCD, compared with healthy controls. Haugbol 

et al69 found increased serotonin receptor binding in most 

brain regions.

Several studies suggested that an interaction between 

serotonin and dopamine might play a role in the pathophysi-

ology of TS.64,69

In summary, PET studies have shown significant cor-

relations between presence of tics and hypermetabolism in 

various brain regions. There are suggestions for abnormalities 
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in the dopaminergic and serotonergic neurotransmission. 

Decreased binding of GABA receptors was found.

SPECT
SPECT is a nuclear medicine tomographic imaging tech-

nique. A marker radioisotope is attached to a specific ligand 

to create radio-ligands, which have the property of binding 

to certain types of tissues. 

The dopamine transporter (DAT) is responsible for clear-

ance of dopamine from the synaptic cleft after dopamine 

release. There are several DAT radio-ligands used in SPECT 

such as 99mTc-TRODAT-1, 123I-β-CIT, and 123I-FP-CIT.

However, findings based on imaging of DAT activity in 

patients with TS remain inconclusive.

One study showed significantly higher uptake of 99mTc-

TRODAT in drug-naive patients with TS compared with 

a control group.70 DAT uptake ratios were significantly 

negatively correlated with disease duration. The authors 

suggested that with the extension of the disease duration, a 

certain degree of adaptation might occur in the patients to 

compensate for DAT increase.70

This result was in contrast to a study by Yeh et al,71 who 

did not find significant difference in DAT activity between 

patients with TS and control subjects in the striatum and its 

subregions. They speculated whether this functional abnor-

mality of the dopamine system in TS only exists in the early 

stage of the disease, although the mean age and mean dura-

tion of tics in the included patients was comparable in these 

two studies; in Liu et al’s70 study the mean age was 24 years 

with a mean duration of tics of 13 years, while in Yeh et al’s71 

study, the mean age was 21.5 years and the mean duration 

of tics was 12.8 years.

Another study showed no significant difference in DAT 

and D2 receptor binding sites between TS patients and 

healthy controls.72

Yeh et al73 examined the effect of methylphenidate 

(MPH) pretreatment on DAT scanning. MPH is a central 

nervous stimulant that is used in the treatment of ADHD. 

DAT binding decreased significantly after MPH treatment 

both in drug-naive patients with TS and in healthy controls. 

The expected decline in DAT binding was, however, reduced 

in the TS group but only on the right striatum, indicating an 

overactive DAT system. Such a distinction was not found in 

the other striatal subregions in the two groups. The results 

suggested that the weakened blockade of DAT binding might 

reflect a functional abnormality of the dopaminergic system 

in the right caudate nucleus of TS patients.

In summary, SPECT studies suggested a functional 

abnormality of the dopamine system in patients with TS in 

its early stage. Adaptation to tic symptoms might play a role 

in regulating the neural system.

EEG
EEG is a noninvasive method to record electrical activity of 

the brain using electrodes placed along the scalp.

One study showed that during spontaneous tic expression, 

increased cortical oscillations of broad frequency bands in 

frontomotor areas were seen in children with TS compared 

with healthy controls.74 The neural oscillation was shown to 

propagate from the left prefrontal and centroparietal regions 

to the left frontal regions, which is suggested to be associated 

with the generation of tics. The voluntary expression of tics 

was associated with oscillations in the prefrontal region. The 

authors suggest that aberrant cortical oscillations might play 

a role in the pathophysiology of TS and that the frontal to 

motor interaction of cortical oscillations might play a role in 

tic suppression. Overactivation of cortical areas has also been 

suggested in a couple of other studies.75,76 It is hypothesized 

that this overactivation could be involved in both the control 

of tics and in the regulation of performance in adults with TS71 

as well as in faster retrieval of required motor programs.76

Various EEG studies have examined the behavioral perfor-

mance on several tasks. One study showed that children with 

TS might employ additional attention resources as a compen-

satory mechanism to maintain equal behavioral performance 

as healthy controls when tested with an Eriksen–Flanker test 

during EEG recording.77 The Eriksen–Flanker test is a set of 

response inhibition tests used to assess the ability to suppress 

responses that are inappropriate in a particular context. On the 

contrary, Thibault et al76 suggested that allocation of attention 

resources might delay stimulus evaluation and categorization 

processes. Yordanova et al78 found alterations in the processes 

of early selection in patients with TS and comorbid ADHD 

while performing an auditory selective attention task. These 

changes were not seen in patients with TS without ADHD, 

nor in patients with ADHD without TS or in healthy controls. 

Shephard et al79 found that TS was associated with slower reac-

tion times in children with TS compared with healthy controls 

and children with ADHD while performing a go/ no-go task 

during EEG recording. The authors suggest that reaction time 

slowing might represent a compensatory slowing of motor 

output to facilitate tics control.

In summary, EEG studies have shown aberrant cortical 

oscillations and indicate that patients with TS might employ 
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extra attention resources, which could have an influence on 

their behavioral performance, and so they might have slower 

reaction times in order to compensate for their tics.

Neuroimaging and severity of tics
Several studies have examined the correlation between results 

of functional neuroimaging studies and severity of tics.

A significant correlation between severity of tics and 

blood-oxygen-level-dependent responses in the premotor 

cortices was seen in an fMRI study during performance of an 

imaginary motor task.34 The FC between the bilateral anterior 

cingulate cortex was found to be negatively correlated with 

tic severity.42 Another fMRI study suggested involvement of 

the frontostriatal circuits in the regulation of severity of tics.25 

This finding was confirmed by Worbe et al,46 who found that 

functional abnormalities in all corticobasal ganglia networks 

(premotor, sensorimotor, parietal, and cingulated cortices 

and medial thalamus) were correlated with tic severity. 

Furthermore, they found that tic complexity was correlated 

with functional abnormalities in sensorimotor and associated 

networks, namely insula and putamen.46 One study suggested 

that decreased regional volumes of cerebellar hemispheres 

were correlated with increased tic severity.33 In an MRS 

study, it was shown that the GABA concentration in SM1 

correlated negatively with motor tic severity.53 Amphetamine-

induced dopamin release in the ventral striatum was related to 

increased tic severity in one PET study,61 while another PET 

study did not find any correlations between the TS-related 

metabolic covariance pattern (with increased activity bilat-

erally in premotor cortex and cerebellum, associated with 

relative reductions in striatum and orbitofrontal cortices) 

and severity of tics.58 During voluntary movement control 

measured with MEG, larger amplitudes were inversely cor-

related with motor tic frequency and severity,39 while another 

MEG study found ipsilateral motor cortical inhibition to be 

inversely related with tic severity.41 Yet another EEG study 

showed that increased cortical oscillations in frontomotor 

areas were correlated positively with tic severity.74

In summary, various functional neuroimaging methods 

have shown that changes in the cortico-thalamo-striato-

cortical pathways are correlated with tic severity.

Perspectives and future studies
In this review, we have described findings of various modali-

ties of recent functional neuroimaging studies in patients with 

TS. Most of the recent studies have used fMRI, and this is 

also the only modality that has examined premonitory urges 

and tic suppression. fMRI studies have shown involvement of 

the cortico-striato-thalamo-cortical circuit and sensorimotor 

cortex in the generation of tic. The insula and sensorimotor 

cortex seem to be a part of the urge–tic network. During tic 

suppression, increased activity in the inferior frontal gyrus 

was seen. The premotor cortex might be involved in inhibi-

tion of motor control, and there is evidence for sensorimotor 

gating deficits. During regulation of motor output, activation 

of the prefrontal cortex might be increased. There seems 

to be evidence for altered motor network activations dur-

ing voluntary motor execution. MEG studies have shown 

increased functional interaction between SMA and M1, 

motor cortical reactivity, and involvement of sensorimotor 

processing. Changes in FC were seen in corticobasal gan-

glia networks, frontoparietal network, prefronto-striatum-

midbrain networks, in sensorimotor and temporal cortices, 

and in amygdala. A TMS study has shown increased cortical 

motor excitability. MRS studies have suggested abnormalities 

in GABA concentrations, but the results are contradictory. 

A NIRS study has shown reduced prefrontal hemodynamic 

response. PET studies have suggested decreased binding of 

GABA receptors, abnormalities in the dopaminergic and 

serotonergic neurotransmission, and correlation between 

the presence of tics and hypermetabolism in various brain 

regions. SPECT studies have suggested a functional abnor-

mality of the dopamine system in patients with TS in its early 

stage. EEG studies have shown aberrant cortical oscillations.

It can be difficult to compare neuroimaging studies due 

to various reasons.

First of all, the various modalities used different methods 

to examine neural activity in the brain. Changes in blood flow 

are used in fMRI and NIRS studies. The spatial resolution 

using NIRS is lower than that of fMRI and PET. Changes in 

metabolic processes in the brain, and thereby focus on func-

tion of the brain instead of structure, from the basis of PET 

and MRS studies. Radiation is used in PET, while MRS and 

fMRI do not use radiation. Electrical activity in the brain can 

be measured by MEG or EEG. Thereby, the results from the 

various modalities differ with regard to information about 

structure, function, and details in neuroanatomical substrates.

Secondly, not only do the modalities used differ among 

the included studies but also the used methods within the 

same modality can be different in the various studies. With 

regard to the fMRI studies, for example, one study has used 

resting state networks,12 while another has used regional 

homogeneity.19 The fMRI tasks themselves can have had 

different paradigms,21,22 but also the same tasks can have 

been performed in different ways – eg, finger tapping 

with preferred or nonpreferred hand or imaginary finger 
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 movements.30–32,34 Although methodological differences 

between studies can be small, they can cause different results, 

making the studies difficult to compare.

Furthermore, the age of the included subjects differed 

among the included studies. Some studies included children, 
29,30,38 some included adults,22,23 and some included both chil-

dren and adults. Some modalities have only been performed 

with adult subjects, for instance the included FC, MEG, and 

PET studies. Since the phenotype of TS changes with age, it 

is difficult to draw any conclusions on the pathophysiology of 

TS based on neuroimaging studies using only cross-sectional 

designs. In some children, tics will disappear with age, and 

so these subjects will not be included as adults in adult 

cross-sectional studies since they do not have tics anymore. 

The adults included in cross-sectional studies who still have 

symptoms might represent another phenotypic variant of TS 

with another pathophysiologic mechanism compared with 

patients with remission of symptoms.80 To our knowledge, 

there has been only one longitudinal neuroimaging study on 

TS.80 A longitudinal study gives the opportunity to investigate 

the changes over time in the same patients from childhood into 

adulthood, and it can help examine the development of tics 

and comorbidity and correlate these to the neuroimaging find-

ings. More longitudinal studies are warranted in the future in 

order to further examine the pathophysiological mechanisms 

of TS and the neuroplasticity that might be involved in TS.

In addition, not all studies have taken the presence of 

comorbidity into account in their analyses. With regard to 

MEG studies, for example, one study excluded neurological 

and psychiatric disorders except ADHD and OCD,11 while 

another study excluded ADHD and OCD.39 Studies on 

ADHD and OCD have shown the presence of neuroana-

tomical changes in these patients. In patients with OCD, 

abnormalities of cortico-striatal circuits that involve the 

orbitofrontal cortex, anterior cingulate cortex, prefrontal 

cortices, temporo-parieto-occipital areas, thalamus, and the 

striatum have been suggested,81,82 as well as impaired striatal 

connectivity.83 In patients with ADHD, dysfunctions in the 

cortico-striatal-thalamo-cortical circuits,84 changes in cortical 

thickness and gyrification,85 changes in the serotonin trans-

porter binding potential,86 changes in callosal thickness,87 

and reduced gray matter volumes in various regions of the 

brain are seen.88,89 In addition, the severity of ADHD and 

OCD symptoms probably has neuroanatomical correlates.81,82 

Therefore, it is important to include presence of comorbid-

ity in neuroimaging studies so as to be able to differentiate 

between neural changes caused by the presence of TS or by 

the presence of a comorbid disorder.

Moreover, not all studies have corrected for the use 

of medication. Some studies have included medicated 

patients,23,29,52 others only patients without medication.30 Also, 

the way of dealing with the use of medication has been dif-

ferent between the studies. For example, one study instructed 

the patients to discontinue medication 2 weeks prior to the 

study,11 while patients in other studies had to be off medical 

treatment for at least 6 months.39,40 Several studies have exam-

ined the influence of the use of medication on brain circuits. 

In patients with ADHD, long-term stimulant medication 

might normalize gray matter alterations.88 Neuroanatomical 

changes in OCD patients were stronger in medicated patients 

compared to controls in another study.90 A pharmaco-fMRI 

study has shown consistent and reproducible changes on 

disease-relevant networks and has proven sufficiently sensi-

tive to detect dose-dependent network changes.91 This means 

that the use of medication needs to be taken into account 

when interpreting neuroimaging findings.

Finally, as described earlier, various changes in the 

cortico-thalamo-striato-cortical pathways seem to be cor-

related with severity of tics. Therefore, tic severity should 

be included in all neuroanatomical analyses.

Future neuroimaging studies on TS should include 

patients who are very well defined with regard to tic sever-

ity, presence and severity of comorbidity, and medical treat-

ment, and these studies should include uniform inclusion 

and exclusion criteria. Longitudinal studies are warranted 

to enable disentanglement of the pathophysiology of TS. 

Further investigation of premonitory urge and tic suppression, 

which has only been examined in fMRI studies in the recent 

years, is needed, as it is important to focus on their neural 

correlates not only in the understanding of the pathophysiol-

ogy of TS but also in the  understanding of the mechanisms 

behind newer nonpharmacological treatments of TS, like 

behavioral therapy.

Conclusion
In this article, we reviewed the most recent functional neuro-

imaging studies on TS. We have included fMRI, MEG, FC, 

TMS, MRS, NRIS, PET, SPECT, and EEG studies. The most 

frequently performed functional neuroimaging studies during 

the last years have been fMRI and PET studies.

The cortico-striato-thalamo-cortical circuit and senso-

rimotor cortex seem to be involved in the generation of tics. 

There are suggestions for abnormalities of GABAergic, 

dopaminergic, and serotonergic neurotransmission in subjects 

with TS. Correlations have been found between presence of 

tics and hypermetabolism in various brain regions. There are 
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suggestions that the insula is a part of the urge–tic network. 

During tic suppression, increased activity in the inferior 

frontal gyrus is seen. Various methods have shown changes in 

the cortico-thalamo-striato-cortical pathways to be correlated 

with tic severity. The premotor cortex might be involved in 

inhibition of motor control in patients with TS, but the results 

are contradictory. Several studies have shown altered motor 

network activations, and alterations in activation of the pre-

frontal cortex are suggested. Several studies have suggested 

sensorimotor gating deficits in subjects with TS.

It can be difficult to compare functional neuroimaging 

studies due to differences in methods, differences in age of 

the included subjects, and differences in the extent to which 

the presence of comorbidity, medical treatment, and severity 

of tics are considered in the various studies. In future studies, 

inclusion of more well-defined subjects and further exami-

nation of premonitory urge and tic suppression is needed in 

order to increase the knowledge about the pathophysiology 

and treatment possibilities for TS.
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