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Gilles de la Tourette Syndrome is a multifaceted neuropsychiatric disorder typically commencing in childhood and characterized by motor and phonic tics. Its pathophysiology is still incompletely understood. However, there is convincing evidence that structural and functional abnormalities in the basal ganglia, in cortico-striato-thalamo-cortical circuits, and some cortical areas including medial frontal regions and the prefrontal cortex as well as hyperactivity of the dopaminergic system are key findings. Conventional therapeutic approaches in addition to counseling comprise behavioral treatment, particularly habit reversal therapy, oral pharmacotherapy (antipsychotic medication, alpha-2-agonists) and botulinum toxin injections. In treatment-refractory Tourette syndrome, deep brain stimulation, particularly of the internal segment of the globus pallidus, is an option for a small minority of patients. Based on pathophysiological considerations, non-invasive brain stimulation might be a suitable alternative. Repetitive transcranial magnetic stimulation appears particularly attractive. It can lead to longer-lasting alterations of excitability and connectivity in cortical networks and inter-connected regions including the basal ganglia through the induction of neural plasticity. Stimulation of the primary motor and premotor cortex has so far not been shown to be clinically effective. Some studies, though, suggest that the supplementary motor area or the temporo-parietal junction might be more appropriate targets. In this manuscript, we will review the evidence for the usefulness of repetitive transcranial magnetic stimulation and transcranial electric stimulation as treatment options in Tourette syndrome. Based on pathophysiological considerations we will discuss the rational for other approaches of non-invasive brain stimulation including state informed repetitive transcranial magnetic stimulation.
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CLINICAL PHENOMENA AND PREVIOUS DIRECTIONS OF RESEARCH AND THERAPY

Gilles de la Tourette syndrome (GTS) is a multifaceted neuropsychiatric disorder typically commencing in childhood. It is characterized by motor and phonic tics lasting for at least one year with onset before the age of 18 years (1). Tics typically start around the age of 6 (2), mainly as simple motor tics affecting the face (2), followed by phonic tics a few years later (3). Repertoire and severity of both motor and phonic tics vary widely encompassing for instance activation of single muscles or small muscle groups leading to discreet movements such as e.g., blinking, screwing up the eyes or eye-rolling, brief sounds like sniffing, throat clearing, grunting or single syllables, but also complex movements like squatting, body turning or twisting and the utterance of words or sentences. Tics resemble physiological movements and actions (4). However, they typically exhibit a repetitive pattern and appear temporally and situationally misplaced (5). Tic repertoire and severity fluctuate over time (“waxing and waning”) (2). In most cases, patients report various sensory phenomena preceding tics (“premonitory urges”) (6), which are relieved, at least transiently, by tic execution (2). Stress and focusing on tics lead to an increase of symptoms, whereas distraction ameliorates them (7, 8). Some 60% of GTS patients also have attention deficit hyperactivity disorder (ADHD) (9) and about 40 % obsessive-compulsive disorder (OCD) (10). After a symptom peak during pre-puberty, symptoms subside or improve considerably toward the end of the second decade in most patients (2). Still, there remains a fraction of patients who continue to have troublesome tics in adulthood.

The pathophysiology of GTS, particularly the nature of tics, is still incompletely understood and a matter of debate (11–13). However, there is increasing evidence that structural and functional abnormalities in the basal ganglia, e.g., a volume reduction of the striatum (14, 15), in cortico-striato-thalamo-cortical circuits (16, 17), and in some cortical areas including medial frontal regions and the prefrontal cortex (15, 18) as well as hyperactivity of the dopamine system (19–21) are key findings.

As outlined above, in most GTS cases, the clinical course is benign with remission or substantial improvement in early adulthood (2). In many patients, apart from counseling no specific therapy is needed. If symptoms are troublesome, therapeutic approaches encompass behavioral cognitive therapy (22), particularly habit reversal therapy (23), oral pharmacotherapy (antipsychotic medication, alpha-2-agonists) (24, 25), and botulinum toxin injections (26). In some patients, these measures are not sufficiently helpful, or cause intolerable side effects. In treatment-refractory GTS, deep brain stimulation (DBS), particularly of the internal segment of the globus pallidus and thalamic nuclei, is an option for a small minority of patients (27). DBS is an invasive procedure with possible untoward side effects, particularly dysarthria or infections related to the implanted device (28), which is particularly problematic in a potentially transient disorder like GTS. Therefore, alternative non-invasive therapeutic brain stimulation options would be welcome.



WHAT IS NEUROSTIMULATION?

Neurostimulation comprises interventions aiming at modulating neural networks using electric stimulation in the form of DBS, electroconvulsive therapy, transcranial magnetic stimulation (TMS), transcranial electrical current stimulation, and vagus nerve stimulation (29). Methods being applied without surgical intervention such as electroconvulsive therapy, TMS, transcranial electrical current stimulation and transcutaneous vagus nerve stimulation are referred to as non-invasive brain stimulation (NIBS) and continue to gain importance both for experimental and therapeutic purposes. In this review, we will focus on TMS and transcranial electrical current stimulation.



REPETITIVE TRANSCRANIAL MAGNETIC STIMULATION (RTMS) AS A TREATMENT FOR GTS

Given limitations of behavioral interventions, pharmacological therapy, or stereotactic neurosurgery for the treatment of GTS with respect to efficacy or side effects (2, 30), alternative non-invasive brain stimulation approaches have been explored over the past 20 years. This is particularly true for transcranial brain stimulation comprising techniques directly or indirectly inducing electric currents within discrete cortical regions and interconnected brain networks (31). A distinction is made between transcranial electrical current stimulation and TMS. Transcranial electrical current stimulation uses direct electric currents applied to the scalp via electrodes (32), TMS induces electric currents in the brain through magnetic fields produced by electromagnetic coils positioned over the scalp (33). Whereas single or paired-pulse TMS allowing to measure the excitability and activity of motor cortical and interconnected areas is of great interest for studying the pathophysiology of GTS (34), repetitive TMS (rTMS) provides the opportunity of inducing effects outlasting the time of stimulation. This could lead to prolonged excitability changes in discrete brain regions, i.e., neuroplasticity (34), rendering it particular attractive for therapeutic interventions. Lower frequency rTMS around 1 Hz typically induces a net decrease of the excitability of the targeted area/network and higher frequencies cause a net increase (33). Importantly, excitability changes caused by rTMS can last for minutes up to hours (35). These effects are due to synaptic plasticity referring to the ability of synapses to alter synaptic transmission as a function of their activation patterns (36). Whereas short-term plasticity lasts for tens of milliseconds to a few minutes (36), long-term plasticity lasts for minutes and hours (37). Long-term plasticity forms the basis of long-lasting rTMS effects and represents a key mechanism of rehabilitation, learning and memory (38). It encompasses changes within membranes of synapses leading to enhanced (long term potentiation) or reduces (long term depression) synaptic transmission (37). Underlying mechanisms of rTMS are mediated predominantly by post synaptic glutamate receptors (37). Whereas α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors activated by glutamate allow an influx of sodium ions leading to depolarization, N-Methyl-D-Aspartat (NMDA) receptors are blocked by magnesium ions (37). However, in case of an extensive use of synapses comprising long lasting depolarization, magnesium ions release the NMDA receptors resulting in an influx of calcium ions. Subsequently, calcium influx entails numerous adaptive processes including phosphorylation processes of AMPA receptors increasing their activity (37).

In contrast to TMS, transcranial electrical current stimulation does not cause action potentials directly (39). It rather modulates neuronal transmembrane potentials increasing neural excitability at the anodal electrode and decreasing it at the cathodal electrode (40). Transcranial electrical current induced activation is thought to be mediated by decreased γ-aminobutyric acid (GABA) concentrations (41) as well as increased brain-derived neurotrophic factor (39), and glutamate and glutamine concentrations (42).

New rTMS protocols include theta burst stimulation (TBS). Whereas in traditional rTMS, stimulation is defined predominantly by the firing frequency, e.g., 1 or 5 Hz, TBS is characterized by the firing pattern. Thus, three TMS pulses are applied with a high frequency (typically 50–100 Hz over 100–1,000 ms) (43). This burst of three stimuli is repeated every 200 ms, e.g., at a frequency of 5 Hz (43). TBS can either be delivered continuously for 40 s. (continuous TBS) resulting in a decrease of cortical excitability or intermittently as 2 s. trains repeated every 10 s. for a total of 190 s (intermittent TBS) leading to an increase of cortical excitability if applied over the primary motor cortex (M1) (43). Advantages of TBS encompass shorter application times and lower stimulation intensities compared to conventional rTMS (35), but variability of effects is higher (44).

When considering rTMS in GTS, several general questions arise. First, should based on alterations of defined neuronal circuits, inhibitory or excitatory protocols be used? Second, which brain regions are promising targets? Third, can findings of neurostimulation effects in healthy controls be extrapolated to the group of GTS patients, i.e., is the reactivity of the GTS brain to neurostimulation similar to that of healthy controls? Forth, which is related to the third question, is non-invasive stimulation timed and targeted to a defined brain's state at the time of stimulation sensible and feasible?


Circuit Based rTMS

Regarding motor disorders one possible way to decide which rTMS protocol should be used are measurements of the excitability of the motor system using TMS with the notion to influence motor output.


Corticospinal and Short-Range Intracortical Sensorimotor Circuits

In adult GTS patients, RMT was shown to be normal (45–51). In children with GTS, results were more variable, showing either normal (45) or increased RMT (52). AMT seems normal in GTS patients (45, 47, 51). Input output curves are also normal in GTS (48, 49) or even shallower compared to healthy controls (51, 52). Thus, net corticospinal excitability at rest seems to be rather normal or decreased in GTS. It cannot be used as an argument for either excitatory or inhibitory rTMS.

During volitional movement preparation, the gain in motor cortex excitability is reduced in GTS (48, 52, 53). This appears to be associated with increased GABA levels in the supplementary motor areas (SMA) (54). It might be argued that the normal or even decreased motor cortex excitability in GTS reflects inhibitory processes related to tic inhibition. This is corroborated by a study showing a decrease in motor cortex excitability during active tic suppression (55). It is thus likely that reduced excitability during motor preparation is an adaptation of the motor system to compensate for tic related overactivation. One way to strengthen such adaptation might be to use inhibitory rTMS attenuating overactivity caused by tics.

Silent period defines a temporary reduction of EMG activity in tonically pre-activated muscles caused by supra-threshold TMS pulses (56). Such stimuli can target different structures of the motor system such as peripheral nerves, the cervico-medullary junctions or the motor cortex (55). Its duration depends on different elements of the motor system between the stimulation site and EMG recording. Cortical silent period refers to the EMG activity reduction of tonically pre-activated muscles due to TMS given to the contralateral motor cortex (57). It is mediated by GABA-B receptors (58). Its duration is highly variable, increasing with stimulation intensity (59) and exhibiting a high interindividual variability (60). Whereas the first 50 ms of the CSP seem to be caused by spinal inhibitory mechanisms, the main part (50 up to 300 ms) is due to various cortical inhibitory processes (61). Thus, CSP serves as a composite measure of cortical inhibition (62). Interestingly, CSP is shortened in GTS patients providing evidence for impairment in cortical inhibition (46, 63, 64). However, some studies did not find differences in CSP between GTS patients and healthy controls (51, 65).

Using a paired-pulse paradigm measuring short-interval intracortical excitability (35), where sub-threshold conditioning pulses modulate the effects of a subsequent, supra-threshold test pulse causing short-interval intracortical inhibition (SICI) at inter stimulus intervals of 1–5 ms and facilitation at intervals of 7–20 ms referred to as intracortical facilitation (35), SICI was shown to be reduced in GTS (47, 48, 51, 64, 65) whereas intracortical facilitation seems to be normal (45, 47, 48, 64). Given that SICI is predominantly mediated by GABA-A interneurons (66), these findings suggest a potential reductions of synaptic GABA-A activity in GTS.

Another way of examining intracortical excitability is to analyze short-latency afferent inhibition (SAI). It is measured by delivering electrical stimulation to the median nerve at the hand or the wrist 20–25 ms prior to a TMS pulse applied to the hand area of the motor cortex (67). This results in a reduction of the subsequent EMG amplitude (67), the basis of which is short-latency afferent input from peripheral receptors via the somatosensory cortex to the motor cortex (68). In patients with implanted cervical epidural electrodes, it could be shown that EMG amplitude reduction is due to reduced corticospinal output (67). Since these effects only emerge following TMS activating corticospinal neurons via their synapses and not following transcranial electrical stimulation directly activating corticospinal neurons at their axons, it becomes evident that SAI is mediated by intracortical inhibitory projections in sensorimotor cortical areas (67, 69). In GTS, SAI was found to be decreased (47, 70).

Taken together, as regards sensorimotor circuit abnormalities in GTS, there are no unequivocal and consistent findings. Even though some studies showed deficits in intracortical inhibition in GTS suggesting the use of inhibitory low-frequency rTMS applied to sensorimotor cortical regions, these findings are not undisputed. For instance, inhibition of the motor cortex using 1 Hz rTMS was clinically ineffective (71, 72). Therefore, rational circuit based rTMS application is currently not feasible.



Long-Range Frontal and Basal-Ganglia-Thalamo-Cortical Circuits and Inhibitory Control

Arguments to use inhibitory TMS protocols have also been derived from a number of studies suggesting deficits in inhibitory control in GTS mediated by the frontal cortex and basal-ganglia-thalamo-cortical circuits (71–80). However, it is important to note that findings suggesting impairments in inhibitory control are not undisputed. There are also studies showing no difference (15, 81–83), sometimes depending on the difficulty to inhibit a response (12, 84), or even enhanced performance (85–87) in inhibitory tasks in GTS. Also, the notion of a general impairment of inhibitory functions in GTS is contentious given the ability of these patients to actively suppress their tics, at least for certain periods of time (88). However, a meta-analysis confirmed a small to medium deficit of inhibitory control in GTS patients (89).

Of note, inhibitory control encompasses different sub-processes including automatic/habitual and volitional/goal-directed inhibition (90, 91). In contrast to automatic inhibition, volitional inhibition occurs in conditions demanding active suppression of actions, e.g., in Go/Nogo or Stop signal tasks, as well as during active suppression of tics. Furthermore, volitional inhibition can be subdivided into reactive inhibition (stop of a response instructed by a stop signal) and proactive inhibition (preparation for stopping a response due to a potentially upcoming stop signal) (92). Previous studies in GTS have largely focused on proactive and reactive inhibition. However, since the ability of GTS patients to actively suppress their tics suggests normal volitional inhibitory processes, it is of great interest to also examine processes of automatic inhibition. Rawji et al. examined volitional and automatic inhibition in GTS (93). Whereas volitional proactive and reactive inhibition were normal in GTS, automatic inhibition tested in a masked priming task differed from healthy controls, suggesting impairments in automatic inhibition in these patients (93). In contrast, Stenner et al. found strong automatic inhibition both in GTS and healthy controls without a significant group difference (94). Although the neural substrate for such impaired automatic inhibition is currently unclear, it is likely that cortico-subcortical networks including the medial prefrontal cortex and the striatum play a role (95, 96). These findings imply that inhibitory rTMS protocols reducing the strength of excitatory and boosting the strength of inhibitory circuits in fronto-striatal networks possibly leading to increased automatic inhibition could reduce tics since weakened automatic inhibition might be responsible for the occurrence of tics.




Target Region Based Non-invasive Brain Stimulation

Given that the strength of the magnetic field and correspondingly also the strength of the electric current induced decrease with increasing distance from the coil, significant direct activation of cerebral structures is feasible up to 2–3 cm beneath the surface of the brain. However, as outlined above, inhibitory processes in cortico-striato-thalamo-cortical, fronto-striatal and basal ganglia circuits seem to be particularly relevant in GTS. Subcortical regions including the basal ganglia though cannot directly be activated by rTMS. However, indirect stimulation of subcortical regions is feasible due to neural pathways connecting cortical with subcortical regions (97). Thus, a suitable target for rTMS should be located in cortical regions shown to be relevant for the pathophysiology of GTS and connected to cortico-striato-thalamo-cortical circuits.

To ensure that the coil is placed correctly on the scalp, different strategies can be used. Which one to apply depends on the level of accuracy and replicability needed. One straightforward way to find the desired target area is to identify it on the basis of measurable output. For example, this can be achieved by registering the occurrence of phosphenes following stimulation of the visual cortex (98, 99), or, of course, recording of motor evoked potentials after M1 stimulation. Alternatively, the international 10–20 EEG-system can be used for localization on the basis of anatomical landmarks (100), obviously disregarding interindividual differences. For higher precision, a frameless stereotaxic neuronavigation system can be utilized. Using this method, based on MRI scans both the surface of the head and of the brain is calculated. In the next step, three light emitting diodes are attached to the head as well as to the stimulation coil, which are captured by three cameras interrelating them spatially. This setup makes it possible to find and to monitor the correct area of the cortex being stimulated without fixating the head (101).

In general, cortical target regions for NIBS, i.e., accessible nodes of larger neuronal networks, can be chosen with different aims, for instance (i) to directly reduce tic production, (ii) to increase voluntary tic control, i.e., foster tic inhibition enabling patients to suppress their tics more efficiently, (iii) to reduce premonitory urges, or (iv) to influence processes considered relevant for the occurrence of tics based on pathophysiological considerations, e.g., perception-action processes. Such targets and their connected networks are illustrated in Figure 1 and are described in the following section. Table 1 provides an overview of studies available addressing these targets by means of brain stimulation.


[image: Figure 1]
FIGURE 1. Schematic presentation of cortical regions and interconnected brain networks, which are possible targets for NIBS. Four main networks are shown as described in the main text (3.2.), i.e., (i) the tic generation network (shown in yellow), (ii) the tic inhibition network (blue), (iii) the urge network (red), and (iv) the network engaged in perception-action integration considered to be relevant for the occurrence of tics based on pathophysiological considerations.



Table 1. Non-invasive brain stimulation parameters used in Tourette patients.
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Tic Generation Network - Motor, Premotor Cortex, Supplementary Motor Area

Because imaging studies revealed that during the occurrence of tics metabolism was increased in the motor and premotor cortex indicating increased activity in these brain areas (108–110) and given that these areas are tightly connected to the basal ganglia, they represent attractive targets. In a study using 1,200 stimuli of 1 Hz left premotor or motor cortex rTMS at low intensity, i.e., 80% AMT, no clinical effects on tics could be demonstrated (71). In a follow-up single blinded placebo-controlled cross-over study, the number of stimuli was increased to 1,800 and applied to the premotor cortex of both hemispheres in turn (72). This study also failed to show any clinically meaningful effects. It could be argued that the intensities used in these studies were too low to cause clinically apparent changes of cortical network activity. However, particularly the premotor cortex is located close to the surface, so that even low TMS intensities are expected to lead to effective activation of this area. Thus, it appears plausible to assume that the motor and premotor cortex are not the optimal target region for rTMS in GTS.

The supplementary motor area (SMA) might be an alternative target. Since it is characterized by a high interconnection with the basal ganglia (111–114), it can be considered a central hub within the cortico-striato-thalamo-cortical circuits. The central role of the SMA in tic generation is underpinned by increased metabolic activity (108) and increased GABA levels correlating with tic severity (54) in this region. Additionally, comparison of spatiotemporal patterns of motor cortex co-activation during tic execution in GTS and tic-like movements in healthy controls revealed differences in the SMA (115). In line with this, event-related fMRI, carried out while GTS patients exhibited a variety of spontaneous tics, revealed the SMA to be active just prior to tic onset (116–118). Also, enhanced structural connectivity has been demonstrated in white matter pathways connecting the striatum and thalamus with M1 and SMA, which positively correlated with tic severity (17). Using real-time fMRI data, Hampson et al. showed that biofeedback-induced changes in SMA activity in healthy controls resulted in changes in resting state functional connectivity of SMA and subcortical regions (119). This provides strong evidence for activity changes in the SMA to reduce the influence of subcortical loops on the SMA, which are known to be altered in GTS. Building on that, Sukhodolsky et al. executed real-time fMRI biofeedback addressing SMA activity in GTS. Tic severity assessed using the Yale Global Tic Severity Scale significantly decreased after biofeedback intervention, which was not the case in the control group receiving sham intervention (120).

In addition to tic-related activity in the SMA, in GTS patients, activity of this region has also been shown to be abnormal during defined motor and cognitive control tasks. For instance, in a Go/NoGo reaction time task using event-related fMRI, there was reduced SMA activation in the Go conditions (121). In addition, reactive inhibition tested in a stop-signal reaction time task was normal in GTS, but the brain activation pattern during this task differed from healthy controls (83). Whereas right pre-SMA activation correlated with successful stopping in healthy controls in keeping with previously reported stop signal task-related activations (122, 123) and a general role of the pre-SMA/SMA in inhibitory control (124–127), this was not the case in GTS. Instead, in the activation contrast “successful stopping” vs. “Go,” there was a positive correlation between tic severity and right SMA-proper, but not pre-SMA activation, in GTS (83). Magnetoencephalography during a self-paced finger movement task showed stronger SMA-M1 coupling in GTS (128).

Plasticity in SMA-M1 circuits seems to be unchanged in GTS. Thus, in an SMA-M1 paired associative stimulation (PAS) protocol plasticity in SMA-M1 was normal in GTS (50). This suggests that the SMA is not primarily implicated in the (learning associated) formation of tics or the propensity to develop tics probably predominantly determined by the basal ganglia (5). It does not generally question the role of the SMA in the pathophysiology of tics though because the SMA might be particularly relevant with respect to tic occurrence and the inner structure of tics, given that the SMA is physiologically engaged in the preparation and temporal organization of self-initiated movement (129).

Given the prominent role of the SMA in tic generation, abnormal SMA activity in GTS during different motor tasks and findings of structural and functional abnormalities of the SMA, as well as its strong interconnection within the motor circuit, the SMA might be considered an attractive target for rTMS, primarily with the aim to reduce tic-related over-activity of this area. However, it has to be borne in mind that the SMA is located at a distance from the skull at the median surface of the brain in the interhemispheric cleft anterior to the leg area of M1. Therefore, high TMS intensities are needed for effective SMA activation likely leading to co-activation of adjacent areas, particularly the motor, and premotor cortex limiting the specificity of stimulation effects.

So far, data on clinical efficacy of rTMS given to the SMA is limited. In 2005, Mantovani applied 1 Hz rTMS over this region in an uncontrolled open label study. The rTMS coil was oriented along the sagittal midline with the handle pointing toward the occiput thus inducing a posterior-anterior current flow in the SMA. One thousand two hundredth stimuli per day over 10 days using an intensity of 100% of RMT led to a significant improvement of clinical global impression in the entire sample of 10 adult patients with GTS and/or OCD. Parallel to these findings, there was an increase of RMT. Clinical improvement was still present in follow-up examinations 3 month later (76). Another study using the same protocol found a reduction of tics in 10 children with GTS (78). In children, applying 1 Hz rTMS over the SMA with a posterior-anterior current flow using an intensity of 110% of RMT positive effects, i.e., a significant reduction both of Yale Global Tic Severity Scale and clinical global impression as well as a significant decrease of ADHD symptoms measured by Swanson, Nolan and Pelham Rating Scale, version 4, was found. Importantly, these effects have been shown to last for up to 6 months (79). Thus, 1 Hz rTMS targeting the SMA might be a promising approach for conducting controlled trials in GTS. The only controlled trial, however, failed to show any effect of 1Hz rTMS intervention over the SMA (102). Again, current flow was posterior-anterior. In line with this, eight sessions of continuous TBS (30 Hz, 90% RMT) delivered over 2 days did not show significant effects in a randomized, double-blind trial with 12 GTS patients (107).

Although there is some data suggesting that SMA stimulation might be promising in GTS, caution is required when interpreting these data. As mentioned above, due to its location at a distance from the surface, the SMA is not a straightforward rTMS target limiting the validity and specificity of reported findings. In addition, follow-up periods after rTMS interventions were short in some studies and patient numbers limited. These limitations are very relevant given that tics naturally fluctuate considerably, particularly in children and adolescents. Also, clinical outcome measures were subjective and assessment mostly open-label or single blinded; only two studied were double blinded.



Tic Inhibition Network- Inferior Frontal Gyrus (IFG)

Tics can be suppressed voluntarily (130). Thus, one might argue that addressing this core feature of GTS might be a fruitful approach. Voluntary tic control seems to be located in discrete cerebral regions (83). Using fMRI, Ganos et al. showed the inferior frontal gyrus (IFG) to be more active in a state of voluntary tic inhibition compared to a free ticcing condition (83). Additionally, IFG activity during tic inhibition was positively correlated with the ability to inhibit tics (83). Furthermore, fMRI studies suggest an increased activity in the caudate nucleus together with a decreased activity of the thalamus, putamen and globus pallidus (109), an increased activity of the left anterior cingulate cortex (131) and increased activity in the dorsal anterior cingulate cortex and associated limbic areas (132) during tic inhibition. Given not only an increased activity during voluntary tic suppression (83), but also a positive correlation of this activity with the ability of tic suppression (83), it seems reasonable to boost IFG activity by means of rTMS. To this end, high-frequency stimulation inducing facilitation might be useful. The right inferior frontal gyrus has been suggested to play a more general role in “inhibitory control” (133). Interestingly, it has been shown that using TBS protocols (134), processes in the right inferior frontal gyrus can be modulated to increase and decrease inhibitory control. Therefore, aside rTMS protocols also TBS protocols may be useful to modulate inferior frontal gyrus activity in GTS.



Urge Network–Anterior Insula

Given that urges preceding tics might be a driving force for the occurrence of tics (6, 88), stimulation of “urge” areas, i.e., regions associated with the generation of urges, with inhibitory rTMS might lead to an attenuation of both urges and tics. In addition to the SMA and the inferior parietal cortex (BA40), the insula has, as pointed out above, also been implicated in the generation of urges in GTS. More specifically, using resting-state fMRI, the right anterior insula showed higher connectivity with cortico-striato-thalamocortical nodes and functional connectivity between the right anterior insula and bilateral SMA correlated with urge severity in adult GTS patients (135). Also, using whole-brain analysis of cortical gray matter, thickness was reduced in the insula and sensorimotor cortex in children and young adults with GTS compared to healthy controls (53). It was also demonstrated that urges were inversely associated with gray matter thickness measurements in these areas (53). Given these data, the anterior insula also appears as a region of interest for NIBS. However, it should also be mentioned that targeting the insula requires coil placement fronto-laterally, which may lead to direct activation of the masseter muscle causing discomfort.



Perception-Action Integration Network–Inferior Parietal Cortex (BA 40)

The presence of urges and also hypersensitivity to certain sensory stimuli (136), e.g., increased distractibility and distress by tactile stimuli (136, 137), suggests that somatosensory processing is altered in GTS (138). The integration of sensory information with motor planning and execution seems to be impaired. This may be related to structural abnormalities including thinning of the somatosensory cortex in adolescent GTS (139) and white matter abnormalities underneath the primary somatosensory cortex (BA 3a) in adult GTS patients (140). This notion is supported by fMRI-based functional connectivity analyses showing reduced connectivity in long-range fronto-parietal networks (141, 142). In addition, in periods preceding tics, increased activation has been shown in the inferior parietal cortex (BA 40) (116), an important relay of perceptual processing (143, 144). In addition, although basic perception of somatosensory stimuli did not differ between GTS and healthy controls (145) a number of studies document functional and structural abnormalities in somatosensory-motor pathways in these patients (47, 139, 140, 146–148). Finally, sensorimotor integration has been shown to be altered in GTS. For instance, in grip force experiments, GTS patients used higher grip forces to hold an object with defined weight than healthy controls (149, 150). Also, short afferent inhibition addressing sensorimotor integration was found to be reduced in GTS (47, 147). Given that BA 40 is activated before the occurrence of a tic (116) and given its role as a hub of perception-action integration also relevant during inhibitory control (144, 151–153), it is likely that BA 40 is involved in abnormal sensorimotor processes in GTS.

Recent findings derived from behavioral experiments comprising visuomotor stimulus-response tasks confirmed alterations of central processing of perceptions and actions in GTS. Against the background of clinical findings suggesting a strong interaction between motor (i.e., tics) and perceptional (e.g., premonitory urges) processes (88), Kleimaker et al. (13) examined perception-action processes in the context of the Theory of Event Coding (TEC) (154). Presenting a general framework for the cognitive basis of perception and action paying particular attention to their dependency, TEC considers sensory stimuli and motor actions to be bound and stored together in so-called “event files” (154). That means that sensory consequences emerging from an action are linked to this action and vice versa. In this study, a previously established visuomotor task was used (155), allowing to test the strength of perception-action bindings directly. This study yielded robust evidence for stronger perception-action bindings in these patients (13). Brain electromagnetic topography showed these effects to originate from BA 40 (13). In line with this, Petruo et al. (12) carried out an unimodal vs. bimodal visual/acoustic Go/NoGo paradigm in adolescents with GTS. They showed increased binding between bimodal stimuli and responses leading to increased costs of switching between responses instructed by bimodal and those instructed by unimodal stimuli. The neurophysiological data demonstrated that this was related to perception-action binding processes in the right BA 40 (12).

Thus, BA 40 should also be considered as a target area for non-invasive brain stimulation including rTMS. Inhibitory rTMS might be used to attenuate abnormally increased perception-action binding in GTS.




Reactivity of the GTS Brain to Neurostimulation

When considering plasticity inducing protocols as a treatment in GTS, the principal questions arise as to whether brain responses in GTS patients are expected to be similar to healthy controls and whether the direction of changes can be extrapolated from established alterations in healthy controls. In this context, it is relevant to consider previous studies using plasticity inducing protocols in GTS. Long-term potentiation and long-term depression like plasticity can experimentally be induced in the motor cortex in humans using rTMS protocols including TBS, high frequency electrical stimulation, e.g., of the supraorbital nerve, and PAS (43, 156–158). Previous studies using intermittent and continuous TBS and inhibitory high-frequency electrical stimulation of the supraorbital nerve showed that plasticity is reduced in GTS patients (158, 159). Similarly, in a PAS protocol where peripheral electrical stimulation of the median nerve was coupled with TMS over M1, Brandt et al. demonstrated that there was no typical long-term depression-like effect in response to PAS in GTS (49). These studies thus suggest reduced plasticity in brainstem circuits (158, 159) and sensorimotor pathways (49). However, in another PAS study, using the same protocol as that of Brandt et al. (49), Martin-Rodriguez et al. reported long-term depression-like effects to be stronger in GTS compared to healthy controls (160). In addition to the high variability of stimulation effects in NIBS studies (157, 161, 162), these discrepant findings are probably also related to disease severity (50). Moreover, using a PAS protocol stimulating M1 bilaterally and the SMA, there was, as outlined above, a significant PAS effect in GTS that did not differ from healthy controls (50). This suggests that there is no global reduction of plasticity in neural networks in GTS, but apparently altered plasticity predominantly in sensorimotor and brainstem, but not in SMA-M1 circuits in GTS.

Taken together, it is conceivable that protocols typically inducing plastic changes in a certain direction in healthy controls will have different effects in GTS patients, because their brains' reactivity differs. In other words, potentially altered plasticity in GTS can limit the efficacy of rTMS interventions aiming to treat GTS patients or might even induce maladaptive plasticity. This needs to be borne in mind when planning and interpreting results of stimulation interventions in GTS patients.

Given that repeated rTMS interventions are needed to induce improvements in other diseases like Parkinson‘s disease (163), increasing the number of interventions might also compensate for a presumably altered reactivity of the GTS brain in these patients. In addition, in view of variable results of plasticity-inducing experiments in GTS, including only 10–15 subjects like in most previous studies (158, 159) might not be sufficient. Of note, when including 50 GTS patients, plasticity to TBS has been shown to be reduced in GTS (164).



State Informed Brain Stimulation

The brains' state at the time of NIBS is a crucial factor for its effectiveness. Thus, application of a given stimulation protocol is likely to differ in a resting state compared to a ticcing state in GTS patients. Because it is not possible to experimentally induce a non-ticcing state in GTS patients other than by sedation/anesthesia, which, of course, profoundly affects the brains' responsiveness to interventions, it may be preferable to explicitly focus on states/periods when tics occur or are about to occur. A pre-requisite for such an approach would be biological markers reliably indicating that a tic is about to happen, so that an external intervention can be timed and targeted to obviate an imminent tic. This would represent a “closed-loop” approach. In “open loop systems,” any output does not influence the control action since the output is neither measured nor fed back (165). In “closed-loop systems” output is measured and fed back to adjust the control action, i.e., a bidirectional flow of signals in both responding and sensing direction is used to provide state adjusted interventions. A classic example of a “closed-loop” device is a cardiac pacemaker sensing heartbeat and adjusting stimuli to it (166).

In the field of neurostimulation, output measurement is more challenging since brain signals are much more complex than, for instance, P-wave signals of the heartbeat. So far, established devices for DBS, for instance, to treat patients with Parkinson‘s disease (167), dystonia (168), or GTS (27) are “open loop systems.” However, of late, there have been advances in the development of “closed-loop” approaches. There are promising sources of information such as local field potentials (LFP) representing the sum of extracellular electric activity of discrete populations of neurons measured by electrodes implanted into the brain (169). Importantly, LFP signals derived from cortical areas like the motor or visual cortex could be related to clinical parameters such as movement or visual perception (170). In 2013, “closed-loop” DBS treatment using LFPs has been implemented for advanced Parkinson‘s disease and shown to be effective (171). No such systems have been tested in GTS, mainly because no unequivocal neural signal as a marker of tics has been identified. Recently, though, recordings of oscillatory activity from the centro-median nucleus of the thalamus in patients receiving DBS revealed a low-frequency power (3–10 Hz) increase time-locked to the onset of tics but not during voluntary movements in GTS patients (172). Such activity might guide the development of “closed-loop” neuromodulation. However, a significant disadvantage of using DBS and LFP or oscillatory activity as “closed-loop” systems is the invasiveness of the procedure requiring neurosurgical intervention.

TMS capable of stimulating discrete cortical regions with a spatial resolution of centimeters and a temporal resolution of milliseconds (173) might be an alternative for non-invasive “closed-loop” stimulation. To “close the loop” non-invasively, EEG signals with high temporal resolution (174) as well as properties to reflect brain state changes caused by TMS (175) could be used. In fact, Zrenner et al. presented a real-time “closed-loop” system comprising a TMS/EEG set-up showing that a synchronization between EEG activity and TMS is possible and that a given brain state (defined on the basis of alpha band activity) affects both responsiveness to TMS and induced plasticity (176).

Regarding non-invasive “closed-loop” stimulation in GTS, the most relevant point relates to the question, which signal is accessible and could be used as a biological marker for tic-related activity to be targeted by rTMS. Using scalp EEG signals is problematic since there are only non-specific EEG changes (177) and motion artifacts caused by tics. Wearable motion capture devices recognizing tics might be a good option. Using a triaxial accelerometer placed on the patient‘s trunk, it might be possible to detect tics in the context of normal movements (178).

Alternatively, activity related to urges typically preceding tics could be targeted by rTMS. To this end, an online system capturing urge fluctuations, e.g., the urge monitor previously developed and validated in GTS, OCD and skin ticking disorder (88, 179, 180) coupled, for instance, with pupillometry could indicate brain states associated with high probability with the imminent occurrence of tics. Inhibitory rTMS applied to areas mediating the urge to tic, including the SMA or insular cortex (see above), might then disrupt the urge-tic cascade leading to the attenuation or “cancellation” of tics.



Patient Assessment and Outcome Measures

The diagnosis of GTS should be made according to DSM-5 criteria (1). Additionally, somatic diseases as well as medication should be assessed since both might interfere with potential findings. Since GTS represents a complex neurodevelopmental neuropsychiatric disorder, patients need to be assessed accurately with a view to psychiatric comorbidities that might influence results of NIBS. To this end, the Mini International Neuropsychiatric Interview (M.I.N.I.) (181) should be carried out in any patient. For the assessment of typical comorbidities, particularly OCD and ADHD (see above), we recommend the Conners Adult ADHD Rating Scale (182) and the Yale Brown Obsessive Compulsive Scale (YBOCS) (183).

Measuring outcome in GTS is not straightforward since GTS patients' symptoms naturally fluctuate both within shorter and longer periods (2). Thus, performing clinical outcome measurements only shortly before and directly after rTMS interventions is not sufficient. They should instead be repeated several times before and after interventions to capture changes over and above natural fluctuations. This is also true for other behavioral measures, e.g., tic inhibition capacity.

Tic frequency and severity can be assessed using the Modified Rush Videotape Rating Scale (184). This protocol comprises a 10-min video recording of patients placed in front of a video camera in a quiet room. Two body views are recorded, full frontal body (far) and head and shoulders only (near) under two conditions: (1) relaxed with the examiner in the room and (2) relaxed with the patient alone in the room. Each video segment lasts 2.5 min. Only recordings with no examiner present are scored (5 min). Five domains are rated: number of body areas affected by tics, motor tic intensity, phonic tic intensity, frequency of motor tics, and frequency of phonic tics. On the basis of the Rush protocol tic count per minute can also be determined (13). Furthermore, symptom severity should be assessed using the Yale Global Tic Severity Scale (YGTSS) (185).

Premonitory urges can be assessed using a real-time monitoring system to quantify urge intensity in relation to tic frequency referred to as urge meter (179) as well as the Premonitory Urge for Tics Scale (PUTS) (186).



Limitations of rTMS as a Treatment Option for Tourette Syndrome

Since neuroanatomical and neurophysiological alterations in GTS are still understood incompletely, it remains unclear whether rTMS induced plasticity differs between GTS patients and healthy subjects (see above), between different GTS patients or even within one subject, for instance during in a “ticcing-” compared to a “non-ticcing” -state. Thus, predicting the effectiveness of rTMS is currently not possible.

In addition to these and other open scientific questions outlined above for rTMS to produce clinically meaningful and sustained effects, it needs to be repeated on consecutive days for weeks greatly limiting its usefulness in clinical practice. Also, rTMS is so far only available in specialized research centers. Additionally, applying rTMS in GTS patients can be challenging due to tic related head and coil displacement. This can, at least in part, be tackled by coil holders and frames fixating the subjects' head.



Transcranial Electric Stimulation as a Treatment for GTS

As mentioned above, transcranial electrical stimulation directly passes electric currents through the skull to the cortex (32). The most common method comprises constant low direct currents, referred to as transcranial direct current stimulation (tDCS). Furthermore, there are protocols using oscillatory stimulation (transcranial alternating current stimulation, transcranial random noise stimulation), or pulsed currents (transcranial pulsed current stimulation) (35). Here, we will focus on tDCS. Tonic and rather weak (1–2 mA) electrical currents crossing the scalp reach the brain surface with a loss of ~50% of amperage (187, 188). Focal, prolonged but reversible alterations (i.e., enhancement or reduction) of cortical excitability can be induced with tDCS (189–194). tDCS effects depend on current density (quotient of current strength and electrode size) (195) and stimulation duration (195). Increases of both current density (191, 196) and stimulation duration (189) are known to cause stronger effects. tDCS comprises two electrodes, one on the scalp over the target area and another elsewhere on the scalp or nearby. Polarity of the electrode applied over the target area defines whether enhancement (anodal stimulation) or reduction (cathodal stimulation) of excitability occurs (195). In contrast to TMS, direct activation of neurons by inducing action potentials is not feasible due to low amperage (195). Compared to TMS, tDCS-effects are less focal (197) and therefore probably less specific compared to TMS. Interestingly, in a dopamine transporter-overexpressing rat model, positive evidence has been found that anodal tDCS, applied to frontal regions, diminishes repetitive behaviors via the modulation of the striato-thalamo-cortical circuit, which is known to be critically hyperactive in GTS patients (198).

Similar to rTMS, tDCS research so far focused on inhibitory paradigms using cathodal tDCS-protocols targeting the motor cortex, the pre-SMA and SMA. In a pilot study, Mrakic-Sposta et al. applied cathodal tDCS for five consecutive days over the left motor cortex in two GTS patients (103). Additionally, sham stimulation was used for five consecutive days after a wash-out period of 2 weeks. Significant reduction of symptoms was shown after tDCS but not following sham stimulation. Carvalho et al. used cathodal tDCS over the pre-SMA in a 16 years-old male with complex and refractory motor and phonic tics (104) resulting in symptom reduction, which was still present 6 months after intervention. Eapen et al. applied sham-controlled cathodal tDCS to the SMA (105). Tic frequency, tic intensity and urge sensations were reduced significantly in two patients. However, in a case series study, Behler et al. (199) were not able to replicate these promising findings (127). The most recent study on tDCS in GTS included ten subjects examining immediate effect of 20 minutes of cathodal tDCS over the SMA compared to sham intervention (106). In order to obtain immediate effects, the Rush score (184) was determined directly prior to and after tDCS. Furthermore, motor cortex excitability was measured using single-pulse TMS. Rush scores were significantly lower after tDCS in comparison to sham intervention. However, there was no significant change of motor cortex excitability.

Summing up, there is tentative but very limited evidence that cathodal tDCS applied to the SMA and probably also the motor cortex might be effective in GTS.




SUMMARY

Given considerable side effects and therapy refractoriness using conventional therapy, new therapeutic approaches are needed for patients with GTS. In view of mounting insights into underlying processes related to the occurrence and control of tics on a neurophysiological and neuroanatomical level, neurostimulation seems promising and feasible. Given a fluctuating and often benign clinical course NIBS, particularly rTMS, intermittently used during times of tic exacerbation might become an attractive tool. Although direct effects of rTMS stimulation are restricted to cortical regions, activity in subcortical structures including the basal ganglia can be modulated indirectly through cortico-subcortical pathways. The SMA, inferior parietal cortex (BA 40) and the insula are potentially interesting target regions. So far, evidence for clinical efficacy of rTMS is very limited. Further studies including a higher number of patients, longer follow-up periods and using objective outcome measures including neurophysiological markers are required. Ideally, rTMS should be carried out using “closed-loop” setups. However, development of these systems is in its infancy and much more needs to be learned about urge- and tic-related brain processes and corresponding neurophysiological markers. In addition to rTMS, tDCS represents an interesting NIBS option.
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Design, population
characteristics

1TMS, RCT, single biinded,
crossover, N = 16 GTS (adults)
Cormorbidities: N = 7 OCD

1TMS, RCT, single biinded,
crossover, N = 5 GTS (adluts)
Cormorbidities: N = 2 ADHD

1TMS, open-label, N = 3 GTS, N
= 500D, N =2 OCD+GTS
(adlults)

1TMS, open-label, N = 10 GTS
(children 11.2 2.0 years)
Gomorbidities: N = 3ADHD, N =
2 Depression, N = 1 0CD

1TMS, open-label, N = 25 GTS
(children 10.6 2.2 years)

1TMS, RCT (phase 1)/open-label
(phase 2), N = 20 GTS (acllts)

1DCS, RCT, single biinded,
crossover, N = 2 GTS (adults)

1DCS, open-label, N = 1 GTS
(boy, 16 years)

1DCS, double blinded, crossover,
N =2 GTS (adults)

1DCS, single blinded, crossover,
N =10 GTS (adlults)

cTBS, double blinded, N = 12
GTS (children and adults)

Stimulation details

1,200 pulses in 1 session per
day for 2 days, 1Hz, 80% AMT
2 week interval between sites

1,800 pulses in 1 session per
day for 2 days, 1Hz, 80% AMT
4 week interval between sites

1,200 pulses divided in 4
sessions per day over 10 days,
1 Hz, 100% RMT

1,200 pulses divided in 4
sessions per day for 10 days,
1Hz, 100% RMT

1,200 pulses divided in 20
sessions over 20 days, 1Hz,
110% RMT

Phase 1
1,800 pulses in 1 session per
day over 15 days, 1Hz, 110%
RMT

Phase 2:

1,800 pulses in 1 session per
day over 30 days, 1Hz,
110% RMT

2 sessions a day: 2mA for
15 min, five consecutive days
2 weeks interval between sites

1 sessions a day: 1.4mA for
30min, over 10 days

1 session a day: 2.4 mA for
20min, three times a week, over
6 weeks

three weeks active cathodal
followed by sham or vice versa

1 session: 4.5mA for 20 min and
1 session sham

1 week interval

between sessions

2,400 pulses per day over 2
days, 90% RMT, 30Hz

Stimulation site

Left motor cortex
Left premotor cortex
Sham

Left + right premotor cortex
Left premotor cortex + right
premotor cortex sham
Right -+ left premotor
cortex sham

SMA (biateral)

SMA (bilateral)

SMA (bilateral)

SMA (bilateral)

Left premotor cortex
Sham

Pre-SMA (bilateral)

SMA (bilateral)
Sham

SMA (oilateral)
Sham

SMA (oilateral)
Sham

Results/Outcome
measures

No significant clinical
improvement in:
MOVES

HDS-D

No significant clinical
improvement in:
YaTss

MOVES

MRVS

Significant clinical
improverent in:
YGTSS

YBOCS
HDRS-24
HARS-14

cal

SCL-90 BDI SAD
SASS

Significant clinical
improvement in:
YGTSS

cal

No significant linical
improvement in:
Conner's ADHD Scale
K-ARS

ool

STAI

Computerized ADS

Significant clinical
improvement in
YGTSS

cal

SNAP IV

o]

SCAS

Phase 1: No significant
ciinical improvement in
YGTSS

YBOCS

PUTS

ASRS

Phase 2: Significant clinical
improvement in

YGTSS

Significant clinical
improvement in

YGTSS

VAS for general well-being
Significant clinical
improvement in

YaTss

Significant clinical
improvement in

ATQ

PUTS

Significant clinical
improvement in
YGTSS MRVS

No significant clinical
improvement in
YGTss

ADHD, Attention deficit hyperactivty disorder; AMT, Active motor thresholo; ASRS, Adlt ADHD seif-report scale; ATQ, Adult fic questionnaire; BD), Beck depression inventory; CDI,
Children's' depression inventory; CGI, Clinical global impression; Computerized ADS, Computerized ADHD diagnostic system; ¢TBS, continuous theta burst stimulation; GTS, Gills de
Ia Tourette syndrome; HARS~14, Hamiton anxiety rating scle; HDRS-24, Hamilton depression rating scale; HDS-D, Hospital anxiety and depression scale; K-ARS, Korean ADHD rating
scale; mA, Millampere; MOVES, Motor ti, obsessions and compulsions, vocal tic evaluation survey; MRVS, Modified Rush video scale; OCD, Obsessive-compulsive disorder; PUTS,
Premonitory Urge for Tic Scale; RCT, Randomized controlled tral; RMT, Resting motor threshold; rTMS, repetitive transcranial magnetic stimulation; SAD, Scale for auto-evaluation of
depression; SASS, Social adaptation self-evaluation scale; SCAS, Spence chicren's anxiety scale; SCL-90, Symptoms check ist; SMA, Supplementary motor area; SNAP IV, Swanson,
Nolen and Pelham rating scale; STAI, Statetrait anxiety inventory; tDCS, transcranial direct current stimulation; VAS, Visual analog scale; YBOCS, Yale-Brown obsessive-compulsive
scale; YGTSS, Yale Global tic severity scale.
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