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Abstract

Tics, such as those seen in Tourette syndrome (TS), are brief, sudden, and involuntary movements or vocalizations.
Although tics are involuntary, most individuals with TS can suppress them on command for short periods of time. This
capacity, which is called voluntary tic suppression, is a hallmark feature of TS and differentiates it from most other
movement disorders. Several studies have investigated inhibitory control of voluntary actions in TS, given its potential
associations with both tic expression and voluntary tic suppression. However, studies on response inhibition in TS have
produced quite mixed results. Furthermore, the mechanisms of voluntary tic suppression remain poorly understood. The
current chapter offers an overview of the evidence related to inhibitory control of voluntary actions and voluntary tic
suppression in TS. It reviews evidence from clinical, behavioral, neuropsychologic, and neurobiologic studies in order to
understand to what extent these processes may be similar or different.

INTRODUCTION

The study of Tourette syndrome (TS) is quite fascinating.
Though it is fundamentally a neurologic disorder, its severity
is influenced by several factors that are not directly related
with its neurologic origin. Fatigue, boredom, anxiety, thinking
about or focusing on tics, and social situations are all factors
that have been shown to increase tic severity (Iverson and
Black, 2022). Furthermore, tics change across time, and have
been shown to have a fractal distribution (Peterson and
Leckman, 1998; Beeler et al., 2022). In essence, within an
hour, there can be a few minutes where tics will be more
intense. Within a day, there will likely be a few hours with
more severe tics. During a week, there will for sure be days
when tics seem more present than others. Same goes for
months, years, and even decades. Thus, tic frequency and
severity are highly variable and influenced by several factors.

Tics are often preceded or accompanied by feelings of
discomfort, tension, or urge to move, which are known as
premonitory urges (Cohen and Leckman, 1992; Leckman et al.,
1993; Cavanna et al., 2017). These urges can be felt as focal or
generalized uncomfortable sensations (Rajagopal et al., 2013).
Discomfort or tension can often be temporarily relieved fol-
lowing the expression of a single or a series of multiple tics
(Leckman et al., 2022). Premonitory urges have been recognized

as a crucial feature of TS for a long time. In the early 20th
century, Meige and Feindel (1902) reported the existence of an
irresistible impulse preceding tic onset. An important description
of premonitory urges was later given by Joseph Bliss, who
reported various unpleasant sensations in certain parts of his
body prompting him to tic in order to get relief from those
sensations (Bliss et al., 1980). Such reports revealed that tics
were not as involuntary as once thought. Tics have thus some-
times been described as ‘“unvoluntary” (Tourette Syndrome
Classification Study Group, 1993), because they can be con-
sidered as being halfway between voluntary and involuntary
movements (Cavanna and Nani, 2013). Thus, if tics are not fully
involuntary movements, they can be controlled to an extent.
Indeed, in most individuals with TS, tics can be suppressed for
short periods (Ueda et al., 2021). Voluntary tic suppression is a
core feature of TS and has been the subject of several investiga-
tions, given its relevance as a mechanism leading to decreased tic
severity. Researchers interested in tics and their suppression
often used tasks assessing the voluntary control of actions to
better understand the neurocognitive and neurobiologic correlates
of voluntary tic suppression. Thus, response inhibition became
one of the most studied neurocognitive processes in TS (Morand-
Beaulieu et al., 2017b). Over the years, studies of volitional
inhibitory control have shared different interpretations about tics
and their suppression. Such views notably include that (1) tics
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(and the inability to control them) could result from impairments
in volitional inhibitory control and (2) neural processes involved
in response inhibition during experimental tasks may also be
involved in tic suppression. The former view is considered to be
somewhat outdated nowadays (see Ganos et al., 2018b; Jackson
and Jackson, 2020), and the latter has been the subject of several
recent studies (e.g., Rae et al., 2020).

This chapter will first review evidence from neuropsycho-
logic and neurobiologic studies pertaining to response inhibi-
tion in children and adults with TS. The focus will then shift to
studies pertaining to clinical, cognitive, and neurobiologic
features of voluntary tic suppression. The final section of the
chapter focuses on whether there are shared features or
mechanisms between response inhibition and voluntary tic
suppression.

RESPONSE INHIBITION IN TOURETTE
SYNDROME

In TS, behavioral assessment of response inhibition using
neuropsychologic testing mostly began in the 1990s (e.g.,
Ozonoff et al., 1994; Ozonoff et al., 1998; Sherman et al.,
1998), and picked up steam in the next two decades. Those
studies have provided quite mixed results, as diminished (e.g.,
Goudriaan et al., 2005; Eddy et al., 2012), intact (e.g., Marsh
et al., 2007; Roessner et al., 2008), and even enhanced (e.g.,
Jackson et al., 2007; Thibault et al., 2009; Jackson et al., 2011)
response inhibition abilities have been reported. Several factors,
such as the presence of co-occurring disorders, medication
intake, or the use of different experimental tasks, may explain
such differences across studies. A meta-analysis, which
included 61 studies and more than 1700 individuals with TS,
aimed to better understand the portrait of response inhibition in
TS (Morand-Beaulieu et al., 2017a). The main finding was that
both children and adults with TS showed reduced response
inhibition abilities compared to individuals without TS
(Fig. 21.1). Between-groups differences were evident for
sentence completion tasks, Stroop tasks, circle tracing tasks,
and the Continuous Performance Test (CPT). However, for
other commonly used tasks, such as the Go/NoGo task or the
stop-signal task, there were no significant between-group
differences. Attention-deficit/hyperactivity disorder (ADHD)
was found to have an important impact on response inhibition.
Effects sizes for between-group comparisons with controls were
twice as large in individuals with TS+ADHD, compared with
those without co-occurring ADHD. However, reduced perfor-
mance in response inhibition tasks was also found in individuals
without clinically diagnosed co-occurring conditions. Those
differences were small but could suggest that there are some
difficulties with response inhibition that are inherently part of
TS. However, even without a diagnosis of a co-occurring
condition, some traits associated with common co-occurring
conditions, such as inattention, hyperactivity, or obsessive-
compulsive symptoms, may have been present and may be
responsible for such differences. For instance, many studies
using a 2x2 factorial design to assess the co-occurrence of TS

and ADHD have reported enhanced inattention/hyperactivity
symptoms in children with TS without ADHD relative to
typically developing controls (Shephard et al., 2016;
Openneer et al., 2020; Morand-Beaulieu et al., 2022). Thus, it
is hard, in experimental studies and even more in meta-
analyses, to disentangle the impact of the core symptoms of
TS (i.e., tics) on neuropsychologic measures of response
inhibition from that of other frequent co-occurring symptoms,
such as hyperactivity or inattention.

Since the publication of that meta-analysis, response inhibi-
tion continues to be an important topic in TS research. Notably,
recent studies have tried to parse out distinct aspects of
cognitive control to better understand how it may be related
to the pathophysiology of TS. For instance, a few studies have
investigated automatic inhibition with the aid of subliminal
priming. In this type of paradigm, a subliminal prime (or cue) is
presented, which is followed by a supraliminal target after a
short delay. That target can be either compatible or incompa-
tible with the prime. The delay between the prime and the target
is called the stimulus onset asynchrony. A short (< 100 ms) or
very long (>200 ms) stimulus onset asynchrony usually
improves performance (positive compatibility effect), while
stimulus onset asynchronies between 100 and 200 ms typically
decrease performance (negative compatibility effect). The
negative compatibility effect is thought to reflect the automatic
inhibition of motor responses (Eimer and Schlaghecken, 2003;
Schlaghecken et al., 2008). Using such paradigm, Stenner et al.
(2018) found intact automatic inhibition in adults with TS.
However, they only assessed automatic inhibition at a single
stimulus onset asynchrony, which does not allow investigating
the full range of priming effects. This issue was notably tackled
by Rawji et al. (2020), who used a masked priming task with
eight different stimulus onset asynchronies ranging from O to
250 ms. In their study, they also used a stop-signal task in order
to assess both volitional and automatic inhibition in the same
sample of adults with TS. By using those two tasks, they wished
to investigate processes associated with not only tic suppression
but also tic generation. They found intact volitional inhibition
(including both reactive and proactive inhibition) of motor
responses in TS, as assessed with the stop-signal task. However,
in the masked priming task, adults with TS did not show a
negative compatibility effect at stimulus onset asynchronies of
100 or 150 ms, which suggests impaired automatic inhibition in
those individuals. Based on those results, the authors suggested
that intact volitional inhibition could be used to voluntary
suppress tics, while deficits in automatic inhibition may give
rise to tics. In another study, proactive and reactive inhibition in
TS were further parsed using advanced metrics during the stop-
signal task (Indrajeet et al., 2022). The metric representing
proactive inhibition estimated the time spent waiting for a stop
signal in order to improve the chances of successfully inhibiting
the motor response. The metric representing reactive inhibition
estimated the slowing down of preparatory activity initiated by
the onset of the stop signal. Using those advanced metrics, the
authors found that only reactive inhibition was impaired in
adults with TS, while proactive inhibition was intact. These
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Fig. 21.1. Meta-analysis of response inhibition in TS. Individuals with TS had more inhibitory difficulties during response inhibition tasks than
controls. Errors bars represent the 95% confidence interval and diamonds represent effect sizes from individual studies. d, Cohen’s d; TS, Tourette
syndrome. Adapted from Morand-Beaulieu S, Grot S, Lavoie J, et al. (2017a) The puzzling question of inhibitory control in Tourette syndrome: a

meta-analysis. Neurosci Biobehav Rev 80: 240-262.

results suggest that individuals with TS do not differ from
controls in their ability to postpone actions, but that the
deceleration of the already initiated response appears to be
reduced in participants with TS, relative to controls.

Several studies also assessed brain correlates of response
inhibition in TS. Several brain regions, especially in the frontal
cortex, are involved in inhibitory control. Notably, the right
inferior frontal gyrus plays a major role in inhibitory control

and is part, along with the presupplementary area and the
subthalamic nucleus, of a cognitive control network (Aron
et al., 2007a, 2007b; Aron et al., 2014; Aron et al., 2016; Obeso
et al., 2013). An common occurrence in the TS neuroscience
literature is a pattern of enhanced frontal activation (Johannes
et al., 2001; Thibault et al., 2009; Jackson et al., 2011; Morand-
Beaulieu et al., 2018; Rae et al.,, 2020) as revealed by
electroencephalographic (EEG) (see Fig. 21.2) and functional
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magnetic resonance imaging (fMRI) studies, as well as
increased functional connectivity in frontal regions (Serrien
et al., 2005) for stimuli requiring volitional inhibitory control.
This pattern has been suggested to represent compensatory
processes implemented to maintain task performance, and
possibly to regulate tic severity (i.e., through voluntary tic
suppression; Marsh et al., 2007). Other recent studies investi-
gating connectivity have highlighted important contributions of
prefrontal regions to volitional inhibitory control in TS. For
instance, Jurgiel et al. (2021) found increased effective con-
nectivity between nodes of the fronto-parietal network in
children with TS for incongruent trial of a Flanker task, which
were associated with worse inhibitory performance. Similarly,
worse inhibitory performance in a stop-signal task has been
associated with increased connectivity between the right
inferior frontal gyrus and the bilateral superior temporal gyri
(Atkinson-Clement et al., 2020). That latter study also found
interesting results pertaining to brain structure suggesting that
worse inhibitory performance is correlated with increased gray
matter signal in the inferior frontal gyrus and supplementary
motor area.

Whether those increased activations and enhanced connec-
tions involving prefrontal regions represent compensatory
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Fig. 21.2. Frontal shift of the NoGo P300 in TS. For stimuli requiring
to inhibit a motor response (NoGo stimuli), adults with TS were found
to have a frontal shift of the NoGo P300. In controls, the NoGo P300
was maximal over central electrodes. ms, milliseconds; TS, Tourette
syndrome; uV, microvolts. Adapted from Morand-Beaulieu S,
O’Connor KP, Blanchet PJ et al. (2018). Electrophysiological
predictors of cognitive-behavioral therapy outcome in tic disorders.
J Psychiatr Res 105: 113-122.

processes allowing to maintain good inhibitory performance
and possibly control tics has been debated. Jung et al. (2013)
have suggested that frontal overactivations may not constitute
the source of inhibitory task-control signals but would rather
lead to hyperexcitability of motor areas. Relatedly, several
studies have investigated how motor areas contribute to voli-
tional inhibitory control as well as the emergence of tics.
Notably, the supplementary motor area appears to be an
important structure in this context. For instance, Ganos et al.
(2014c) found that increased activation in the supplementary
motor area during action inhibition was positively correlated
with tic severity. Those results suggest that the supplementary
motor area could serve as a global inhibition mechanism
involved in voluntary tic suppression and action inhibition.
Furthermore, the lateralized readiness potential, an event-
related potential partly generated by the supplementary motor
area and associated with movement preparation and execution,
was found to be larger in adults with TS and correlated with
increased phonic tic severity (Morand-Beaulieu et al., 2018).
Also, similar to their findings regarding the inferior frontal
gyrus, Atkinson-Clement et al. (2020) found worse inhibitory
performance to be associated with increased gray matter signal
in the supplementary motor area.

There are also interesting findings pertaining to the role of
the presupplementary in response inhibition. For instance, in a
recent study, Rae et al. (2023) compared internally and
externally cued action and inhibition in adults with TS. They
used a technique called representational similarity analyses,
which allows assessing the degree of similarity in neural
responses to different task conditions. In the presupplementary
motor area, they found increased similarity in adults with TS
relative to controls for several contrasts: externally cued action
and externally cued inhibition, internally cued action and
internally cued inhibition, externally cued action and internally
cued action, and externally cued inhibition and internally cued
inhibition. However, only the last contrast remained significant
after correction for multiple comparisons. These results reveal
that adults with TS may have decreased differentiation between
action and inhibition in the presupplementary motor area. The
authors also mentioned that this decreased differentiation could
explain why increased prefrontal activation is required to inhibit
actions in TS.

The aforementioned findings from neurobiologic studies
highlight several brain processes involved in the inhibition of
volitional actions in individuals with TS. Yet, volitional actions
differ from tics in several aspects. While tics may be controlled
for short period via voluntary suppression, it remains unclear
whether the same processes are involved in the inhibition of
voluntary actions and tics.

VOLUNTARY TIC SUPPRESSION
Phenomenology of voluntary tic suppression

As mentioned above, voluntary tic suppression is a core feature of
TS. That feature distinguishes it from most other movement
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disorders (Ueda et al., 2021). A vast majority of individuals with
TS are able to suppress their tics (Conelea et al., 2018), which
however comes with the cost of a significant effort (Ganos et al.,
2018b; Ueda et al., 2021). The ability to suppress tics does not
seem to be influenced by co-occurring disorders such as ADHD or
OCD, nor by psychotropic medication intake (Conelea et al., 2018).
Voluntary tic suppression mostly occurs in situations where people
dislike expressing their tics, such with unfamiliar people, at work or
school, or in public places (Matsuda et al., 2016). Tic suppression
abilities may be present from the very onset of tics (Greene et al.,
2015) and are known to increase throughout childhood and
adolescence (Banaschewski et al., 2003; Conelea et al., 2018).
Voluntary tic suppression is also an important factor to consider in
the developmental trajectory of TS, as reduced tic suppression
abilities have been shown to predict worse tic severity one year
later (Kim et al., 2019). There is a common idea that voluntary tic
suppression leads to a rebound effect (i.e., an increase in tic severity
following suppression), even among physicians and psychologists
treating individuals with TS (Marcks et al., 2004). However, this
idea is not supported by the scientific literature (Himle and Woods,
2005; Meidinger et al., 2005; Verdellen et al., 2007; Specht
et al., 2013).

A better understanding of tic suppression has potential
implications for treatments. However, voluntary tic suppression
in itself must not be seen has viable long-term option for coping
with tics. Indeed, almost all individuals with TS report feeling
uncomfortable while suppressing their tics (Matsuda et al.,
2016). As pointed out by Ganos et al. (2018b), it is important to
distinguish voluntary tic suppression from other types of tic
control, such as control through behavioral, cognitive, or
pharmacologic interventions. Tics can also be reduced through
the modulation of attention (i.e., some people tic less when they
are concentrated) or with aging/brain maturation. For instance,
tics have been shown to be reduced when someone is with
strangers or a physician, and to be increased when they are
home alone (Goetz et al., 2001). Such diminished tic severity in
specific contexts does not necessarily equate with voluntary tic
suppression, as there may not be a conscious effort to suppress
tics. Although those types of tic control share some overlapping
features with voluntary tic suppression, there may be specific
and distinct mechanisms underlying voluntary tic suppression.

Initial reports of volitional control over the expression of tics
suggested that this ability was directly related to premonitory
urges (Bliss et al., 1980). However, more recent research
pertaining to the relationship between premonitory urges and
the ability to voluntarily suppress tics has resulted in mixed
findings (Ganos et al., 2018b), suggesting that this relationship is
not straightforward. Premonitory urges most likely consist of a
very complex phenomenon with important variance across
individuals, which might explain some discrepancies across
studies. Recently, Matsuda et al. (2020) developed a new scale
to identify additional aspects of tic-related sensations: rumination
about sensations and awareness of emerging tics. They reported
that awareness was positively associated with voluntary tic
suppression abilities, suggesting that awareness of emerging
signals for tics facilitates self-initiated tic suppression.

Another interesting aspect of tic suppression is its somatotopy.
Indeed, prior research has shown that tic suppression, just like tic
expression, follows a somatotopic pattern (Ganos et al., 2015).
Tic expression is more common and more severe in body parts
with the largest cortico-striatal representations, such as the face
or the hands. Conversely, in body parts that are less affected by
tics, which typically have smaller cortico-striatal representation,
voluntary tic suppression is more effective. Thus, this suggests
that tics with a stronger motor command are harder to suppress
(Ganos et al., 2018b). A similar pattern has been observed with
median nerve stimulation, which may have stronger effects on
more complex and peripheral tics, while more simple facial tics
(e.g., blinking, mouth tics, etc.) may persist during stimulation
(Morera Maiquez et al., 2020). These results must however be
interpreted with caution, given the novelty to this treatment as
well as a poor understanding of the underlying mechanisms
(Iverson et al., 2023). Finally, the somatotopy of tic suppression
is also consistent with the idea of selective suppression. For
instance, in some settings, like a classroom, phonic tics can be
selectively suppressed while some motor tics may persist (Ganos
et al., 2015). Prior research has also shown that some individuals
may have specific tics that are only visible at home when they are
alone and not in other contexts (Goetz et al., 2001). However, it
is not clear whether such type of selective tic suppression is
really voluntary and conscious, or if some individuals uncon-
sciously express specific tics only in certain settings.

Cognitive aspects of voluntary tic suppression

For those without tics, it is hard to understand what goes
through the mind of people with TS in order to voluntary
suppress their tics. As mentioned by Ganos et al. (2018b), the
processes involved in tic suppression can only be studied
indirectly. It is however clear that this process requires an
important and conscious effort (Matsuda et al., 2016). While the
neurocognitive mechanisms underlying the initiation of volun-
tary tic suppression remain unclear, some studies have pointed
toward specific cognitive functions associated with tic suppres-
sion. For instance, Specht et al. (2014) reported that verbal
intelligence was correlated with the ability to suppress tics.
Also, accuracy on tasks requiring attention or concentration has
been shown to decrease during voluntary tic suppression
(Conelea and Woods, 2008). Similarly, tic suppression is
more efficient when people can focus on their tics, and less
efficient when they need to divide their attention with external
tasks (Herrmann et al., 2019). Those results are consistent with
reports that tic suppression interferes with concentration
(Wadman et al., 2016). It has been suggested that focusing on
controlling tics makes it harder to give full attention to the
external world (Cutler et al., 2009). Thus, if attentional and
executive resources are required to effectively suppress tics, it is
possible that those resources allocated to tic suppression are not
available for other tasks. Alternatively, it is possible that the
mechanisms that are involved and/or activated during voluntary
tic suppression are incompatible with those required during
tasks involving attention or executive control.
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Neurobiologic correlates of voluntary tic suppression

Only a few studies have assessed the neurobiologic substrates of
tic suppression. The first of such studies was conducted by
Peterson et al. (1998), who contrasted fMRI activations during
intervals of tic suppression and intervals of free ticcing. During tic
suppression, they found both increased and decreased activity in
various brain regions compared to intervals when participants
were allowed to tic freely. Most subcortical areas showed reduced
activation during tic suppression, except for the right caudate
nucleus, which exhibited increased activity. Across the cortex,
heightened activation was found in the right frontal cortex,
bilateral temporal gyri, right anterior cingulate cortex, and
bilateral occipital cortices, while decreased activation occurred
in the right posterior cingulate cortex, bilateral hippocampus,
cuneus, and left sensorimotor and inferior parietal cortices. That
study, and in particular the increased right frontal activation, is
often cited to support the idea that tic suppression recruits
prefrontal brain regions that are also involved in response
inhibition. This notion was further strengthened by further studies
published afterward. Notably, frontal cortex activations during tic
suppression were reported by two other fMRI studies in adults
with TS. Ganos et al. (2014a) found increased regional homo-
geneity of the left inferior frontal gyrus during tic suppression
relative to free ticcing. In another study, tic suppression mainly
activated the superior prefrontal gyrus, the anterior and dorso-
lateral prefrontal cortex, and the dorsal anterior cingulate cortex
(van der Salm et al, 2018). An EEG study investigating
coherence between pairs of EEG electrodes as a proxy for
functional connectivity revealed increased coherence in the alpha
band over four pairs of frontal and central electrodes in nine
adults with TS (Serrien et al., 2005). Enhanced coherence
between those electrode pairs has been interpreted as increased
functional connectivity between sensorimotor areas and the
prefrontal and mesial frontal cortex. Similarly, a study by Hong
et al. (2013) analyzed effective connectivity in nine children with
TS, reporting increased coherence in the theta and beta bands
during tic suppression. However, those two studies assessed
functional connectivity between pairs of electrodes, which does
not necessarily represent the functional connectivity between
brain regions where those electrodes are located, due to volume
conduction. This issue was tackled in a recent study assessing
functional connectivity during tic suppression in the source space
and in a large group of children with TS (Morand-Beaulieu et al.,
2023b). Increased alpha-band functional connectivity was found
during suppression (relative to free ticcing), but the brain regions
involved in those connections somewhat differed from previous
findings. There were three main hubs in the subnetwork showing
increased functional connectivity during tic suppression: the right
superior frontal gyrus, left precuneus, and left banks of the
superior temporal sulcus (Fig. 21.3). Furthermore, and consistent
with the idea that understanding tic suppression is relevant for
behavioral treatments, functional connectivity within that subnet-
work predicted reductions in vocal tic severity following com-
prehensive behavioral intervention for tics (CBIT) in children
(Morand-Beaulieu et al., 2023a). All in all, studies assessing brain

activation and functional connectivity during tic suppression
revealed mixed results, with different and distributed brain areas
involved in tic suppression. However, the involvement of
prefrontal brain regions appears to be somewhat consistent across
studies. Furthermore, there has been one study assessing the
association between structural brain alterations in TS and
voluntary tic suppression (Ganos et al., 2014b). Although gray
matter volumes were reduced in two prefrontal structures, namely
the right inferior frontal gyrus and the left frontal pole, those
volume reductions were not associated with the capacity to
voluntarily suppress tics.

Additionally, transcranial magnetic stimulation studies may
provide interesting insights into the mechanisms of voluntary tic
suppression. In a study assessing the effect of voluntary tic
suppression on primary motor cortex excitability, it was discov-
ered that voluntary tic suppression reduced corticospinal excit-
ability, relative to free ticcing (Ganos et al., 2018a). Also,
participants who were better at suppressing their tics showed
larger differences in corticospinal excitability between voluntary
tic suppression and free ticcing. These results, which inform us
about how tic suppression modulates primary motor cortex
excitability, are consistent with prior findings showing associations
between reduced excitability of that region and decreased tic
severity (Orth et al., 2008). Another study assessed the presup-
plementary motor area-mediated inhibition of the left motor cortex
in children with TS (Bruce et al., 2021). It was found that less
inhibition (of the left motor cortex) was associated with worse self-
reported tic suppressibility, highlighting the importance of the
presupplementary motor area in motor control in TS.

Finally, while the aforementioned studies investigated neural
correlates of voluntary tic suppression during resting-state
sessions, one study assessed the modulation of neural oscillations
associated with voluntary tic suppression during the execution of
a motor task (Zapparoli et al., 2019). In that study, the authors
aimed to assess how tic suppression impacted the activity of the
sensorimotor cortex during a motor task. In the tic-freely session,
participants with TS showed reduced modulation of beta
oscillations during movement execution compared with controls.
When someone makes a hand movement, it typically comes with
a decrease in beta oscillations over the contralateral sensorimotor
cortex. This phenomenon is called beta desynchronization. In the
current study, the modulation of beta oscillations during the task
was negatively associated with tic severity, such that individuals
with the most severe tics showed the least modulation of beta
power. However, in the tic suppression condition, beta modula-
tion during movement execution was not different across groups.
These findings suggest that tic suppression may operate by
normalizing sensorimotor beta oscillations.

ARE THE SAME MECHANISMS INVOLVED IN
RESPONSE INHIBITION AND VOLUNTARY TIC
SUPPRESSION?

By contrasting voluntary tic suppression with free ticcing, some
of the studies mentioned above allow a better understanding of
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Fig. 21.3. Functional connectivity during tic suppression. (A) Subnetwork in which functional connectivity was higher during tic suppression
relative to free ticcing. (B) Graphical representation of the tic suppression subnetwork. Note: “I” and “r” denote the lateralization of the nodes.
CauACC, Caudal anterior cingulate cortex; CauMFG, caudal middle frontal gyrus; CUN, cuneus; ICC, isthmus of the cingulate cortex; /FGpt, pars
triangularis of the inferior frontal gyrus; /PC, inferior parietal cortex; ITG, inferior temporal gyrus; LatOC, lateral occipital cortex; LING, lingual
gyrus; MTG, middle temporal gyrus; PCAL, pericalcarine cortex; PCC, posterior cingulate cortex; PCUN, precuneus; PHG, parahippocampal
gyrus; PoCG, postcentral gyrus; PreCG, precentral gyrus; SFG, superior frontal gyrus; SPC, superior parietal cortex; 77C, transverse temporal
cortex. Reproduced from Morand-Beaulieu S, Wu J, Mayes LC, et al. (2023b) Increased alpha-band connectivity during tic suppression in children
with Tourette syndrome revealed by source electroencephalography analyses. Biol Psychiatry Cogn Neurosci Neuroimaging 8: 241-250.

the brain mechanisms allowing self-driven tic control.
However, they do not necessarily tell us whether tics are
inhibited in the same way voluntary movements are controlled.
According to the brain regions activated or the networks
showing increased connectivity during tic suppression relative
to rest, some of those studies suggest possible overlap between
voluntary tic suppression and inhibitory control of voluntary
actions (Peterson et al., 1998; Serrien et al., 2005; Ganos et al.,
2014a), while others suggest mechanisms that are not so
consistent with those known to be involved in the inhibition
of voluntary actions (van der Salm et al., 2018; Morand-
Beaulieu et al., 2023b). To really grasp the similarities and
differences between tic suppression and response inhibition,
studies must be designed in a way to assess both processes with
the same group of participants. So far, there has only been a
limited number of studies using such experimental design.
One of the earliest studies to suggest parallels between
response inhibition and voluntary tic suppression was con-
ducted by Serrien et al. (2005) who investigated patterns of

EEG coherence during tic suppression and during a Go/NoGo
task. In nine adults with TS, enhanced coherence within the
alpha-frequency band was found across pairs of electrodes
spanning the frontal cortex. In the same pairs of electrodes, TS
adults’ alpha coherence was increased for the NoGo trials of the
Go/NoGo task relative to Go trials, while this difference was
not found in control participants. It was thus concluded that the
same network recruited for response inhibition during the Go/
NoGo task may be engaged in voluntary tic suppression. More
than a decade later, van der Salm et al. (2018) used a different
approach to tackle a similar question. They compared brain
activation in adults with TS suppressing ocular tics to that of
non-TS controls suppressing eyeblinks. The main takeaway
from that study is that different brain regions are recruited for
eyeblink suppression in controls and tic suppression in indivi-
duals with TS. In controls, suppression of eyeblinks led to
activation of brain regions commonly involved in response
inhibition, such as the right ventrolateral prefrontal cortex and
bilateral supplementary motor areas. In individuals with TS, tic
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suppression led to increased activation in the anterior cingulate
cortex and medial prefrontal regions. Thus, those latter results
contrast those of Serrien et al. (2005) and suggest that the
mechanism of voluntary tic suppression may be different than
that of response inhibition.

Most neurocognitive studies also reported poor concordance
between response inhibition and voluntary tic suppression. For
instance, neuropsychologic measures of response inhibition,
including the CPT as well as Go/NoGo, Flanker, Stroop, and
stop-signal tasks, were not predictive of voluntary tic suppres-
sion capacities (Ganos et al., 2014c; Specht et al., 2014; Sturm
et al., 2021). Similarly, Woods et al. (2008) reported that
omissions errors during the CPT, but not commission errors,
were associated with voluntary tic suppression (although in a
small sample of 13 children). While not directly related to tic
suppression, findings from behavioral therapy trials may also be
relevant to this topic. Indeed, voluntary tic suppression is
sometimes thought to underlie the effectiveness of behavioral
therapies for TS, such as CBIT, and both tic suppression and
CBIT have been shown to share some mechanisms (Morand-
Beaulieu et al., 2023a). In large randomized controlled trials of
CBIT in children (Chang et al., 2018) and adults (Abramovitch
et al., 2017), neuropsychologic measures of response inhibition

Table 21.1

were unrelated to CBIT outcome. However, please note that a
more recent but smaller study found a link between CBIT
outcome and a specific measure related to cognitive control and
switching (McGuire et al., 2022). All in all, these studies
suggest that the association between response inhibition mea-
sured through neuropsychologic tests and tic suppression (either
voluntary of through CBIT) is not that straightforward.

CONCLUSION AND FUTURE DIRECTIONS

Over the last few decades, response inhibition has been the
subject of many studies in TS, in part because of its putative role
in tic suppression. Evidence supporting this hypothesis has been
mixed. A possible explanation for inconsistencies across studies
may be the heterogeneous profile of symptoms in individuals
with TS, which complicates most studies investigating inhibitory
control of voluntary actions. Another issue is that some tasks
may not be sensitive enough to detect the specific difficulties in
inhibitory control affecting people with TS. As shown in recent
studies, very specific aspects of inhibition seem to differ in TS
(Rawji et al., 2020; Indrajeet et al., 2022). The main conclusions
of this chapter are outlined in Table 21.1.

Summary of the literature on inhibitory control and voluntary tic suppression.

Domain

Main findings

Response inhibition

Behavioral measures

» Mixed findings but a meta-analysis revealed mild difficulties with volitional inhibition

in Tourette syndrome.

severity.

Neurobiologic correlates
responses.

These difficulties are enhanced in those with co-occurring conditions and high tic

Potential difficulties with automatic inhibition as well.
Increased frontal activation/functional connectivity during the inhibition of prepotent

It is not clear whether those increased frontal activation/functional connectivity

represent compensatory mechanisms.

Voluntary tic suppression

Phenomenology

Voluntary tic suppression may differ from other types of tic suppression, such as the

reduced expression of tics in social contexts.

Behavioral measures

Neurobiologic correlates

Some tics may be easier to voluntarily suppress than others.

Voluntary suppressing tics may impair performance in external tasks.

Voluntary tic suppression is less efficient when focusing on external tasks.

* Increased activation of several cortical regions including notably prefrontal areas

during voluntary tic suppression.

Parallels between response inhibition and voluntary tic suppression

Behavioral measures

* No associations between experimental measures of response inhibition and objective

tic suppressibility.

Neurobiologic correlates

* Mixed findings, too few studies to draw conclusions.
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In the end, this chapter comes to a similar conclusion to that
of Kurvits and Ganos (2022). There is not, to this date, strong
evidence supporting the relationship between the mechanisms
of voluntary tic suppression and inhibitory control of voluntary
actions. If tic suppression genuinely involves the same mechan-
isms as response inhibition, it is possible that lab tasks designed
to assess response inhibition lack the necessary ecologic
validity to correctly identify that effect. Furthermore, the
emergence of tics and premonitory urges does not compare to
a stream of stimuli in a Go/NoGo task. People suppressing their
tics are not monitoring the emergence of premonitory urges and
making the split-second decision to tic or not. Rather, they most
likely enter a different neurocognitive state that may involve
both concentration and relaxation. Therefore, future studies
aiming to assess whether response inhibition, or any other
psychologic process, are involved in tic suppression should do
so by using an experimental design that parallels more closely
the experience of tic suppression.

REFERENCES

Abramovitch A, Hallion LS, Reese HE et al. (2017). Neurocognitive
predictors of treatment response to randomized treatment in adults
with tic disorders. Prog Neuropsychopharmacol Biol Psychiatry 74:
9-14.

Aron AR, Behrens TE, Smith S et al. (2007a). Triangulating a
cognitive control network using diffusion-weighted magnetic
resonance imaging (MRI) and functional MRI. J Neurosci 27:
3743-3752.

Aron AR, Durston S, Eagle DM et al. (2007b). Converging evidence
for a fronto-basal-ganglia network for inhibitory control of action
and cognition. J Neurosci 27: 11860-11864.

Aron AR, Herz DM, Brown P et al. (2016). Frontosubthalamic circuits
for control of action and cognition. J Neurosci 36: 11489-11495.

Aron AR, Robbins TW, Poldrack RA (2014). Inhibition and the right
inferior frontal cortex: one decade on. Trends Cogn Sci 18:
177-185.

Atkinson-Clement C, Porte C-A, de Liege A et al. (2020). Neural
correlates and role of medication in reactive motor impulsivity in
Tourette disorder. Cortex 125: 60-72.

Banaschewski T, Woerner W, Rothenberger A (2003). Premonitory
sensory phenomena and suppressibility of tics in Tourette syn-
drome: developmental aspects in children and adolescents. Dev
Med Child Neurol 45: 700-703.

Beeler P, Jensen NO, Kim S et al. (2022). Fractality of tics as a
quantitative assessment tool for Tourette syndrome. J R Soc
Interface 19: 20210742.

Bliss J, Cohen DJ, Freedman DX (1980). Sensory experiences of Gilles
de la Tourette syndrome. Arch Gen Psychiatry 37: 1343-1347.
Bruce AB, Yuan W, Gilbert DL et al. (2021). Altered frontal-mediated
inhibition and white matter connectivity in pediatric chronic tic

disorders. Exp Brain Res 239: 955-965.

Cavanna AE, Black KJ, Hallett M et al. (2017). Neurobiology of the
premonitory urge in Tourette’s syndrome: pathophysiology and
treatment implications. J Neuropsychiatry Clin Neurosci 29:
95-104.

Cavanna AE, Nani A (2013). Tourette syndrome and consciousness of
action. Tremor Other Hyperkinet Mov (NY) 3: tre-03-181-4368-1.

Chang SW, McGuire JF, Walkup JT et al. (2018). Neurocognitive
correlates of treatment response in children with Tourette’s
disorder. Psychiatry Res 261: 464—472.

Cohen AJ, Leckman JF (1992). Sensory phenomena associated with
Gilles de la Tourette’s syndrome. J Clin Psychiatry 53: 319-323.

Conelea CA, Wellen B, Woods DW et al. (2018). Patterns and
predictors of tic suppressibility in youth with tic disorders. Front
Psychiatry 9: 188.

Conelea CA, Woods DW (2008). Examining the impact of distraction
on tic suppression in children and adolescents with Tourette
syndrome. Behav Res Ther 46: 1193-1200.

Cutler D, Murphy T, Gilmour J et al. (2009). The quality of life of
young people with Tourette syndrome. Child Care, Health Dev 35:
496-504.

Eddy CM, Rickards HE, Cavanna AE (2012). Executive functions in
uncomplicated Tourette syndrome. Psychiatry Res 200: 46-48.
Eimer M, Schlaghecken F (2003). Response facilitation and inhibition

in subliminal priming. Biol Psychol 64: 7-26.

Ganos C, Bongert J, Asmuss L et al. (2015). The somatotopy of tic
inhibition: where and how much? Mov Disord 30: 1184-1189.
Ganos C, Kahl U, Brandt V et al. (2014a). The neural correlates of tic
inhibition in Gilles de la Tourette syndrome. Neuropsychologia 65:

297-301.

Ganos C, Kiihn S, Kahl U et al. (2014b). Prefrontal cortex volume
reductions and tic inhibition are unrelated in uncomplicated GTS
adults. J Psychosom Res 76: 84-87.

Ganos C, Kuhn S, Kahl U et al. (2014c). Action inhibition in Tourette
syndrome. Mov Disord 29: 1532-1538.

Ganos C, Rocchi L, Latorre A et al. (2018a). Motor cortical excitability
during voluntary inhibition of involuntary tic movements. Mov
Disord 33: 1804-1809.

Ganos C, Rothwell J, Haggard P (2018b). Voluntary inhibitory motor
control over involuntary tic movements. Mov Disord 33: 937-946.

Goetz CG, Leurgans S, Chmura TA (2001). Home alone: methods to
maximize tic expression for objective videotape assessments in
Gilles de la Tourette syndrome. Mov Disord 16: 693-697.

Goudriaan AE, Oosterlaan J, de Beurs E et al. (2005). Decision making
in pathological gambling: a comparison between pathological
gamblers, alcohol dependents, persons with Tourette syndrome,
and normal controls. Brain Res Cogn Brain Res 23: 137-151.

Greene DJ, Koller JM, Robichaux-Viehoever A et al. (2015). Reward
enhances tic suppression in children within months of tic disorder
onset. Dev Cogn Neurosci 11: 65-74.

Herrmann K, Sprenger A, Baumung L et al. (2019). Help or hurt? How
attention modulates tics under different conditions. Cortex 120:
471-482.

Himle MB, Woods DW (2005). An experimental evaluation of tic
suppression and the tic rebound effect. Behav Res Ther 43:
1443-1451.

Hong HJ, Sohn H, Cha M et al. (2013). Increased frontomotor
oscillations during tic suppression in children with Tourette
syndrome. J Child Neurol 28: 615-624. .

Indrajeet I, Atkinson-Clement C, Worbe Y et al. (2022). Compromised
reactive but intact proactive inhibitory motor control in Tourette
disorder. Sci Rep 12: 2193.

Iverson AM, Arbuckle AL, Ueda K et al. (2023). Median nerve
stimulation for treatment of tics: randomized, controlled, crossover
trial. J Clin Med 12: 2514.

Iverson AM, Black KJ (2022). Why tic severity changes from then to
now and from here to there. J Clin Med 11: 5930.

ISBN: 978-0-443-13554-5; PII: B978-0-443-13554-5.00007-9; Author: S. MORAND-BEAULIEU; 00007



258 S. MORAND-BEAULIEU

Jackson GM, Jackson SR (2020). Rethinking the nature of inhibitory
control deficits in Tourette syndrome. Brain 143: 721-722.

Jackson GM, Mueller SC, Hambleton K et al. (2007). Enhanced
cognitive control in Tourette Syndrome during task uncertainty.
Exp Brain Res 182: 357-364.

Jackson SR, Parkinson A, Jung J et al. (2011). Compensatory neural
reorganization in Tourette syndrome. Curr Biol 21: 580-585.
Johannes S, Wieringa BM, Mantey M et al. (2001). Altered inhibition
of motor responses in Tourette Syndrome and Obsessive-

Compulsive Disorder. Acta Neurol Scand 104: 36-43.

Jung J, Jackson SR, Parkinson A et al. (2013). Cognitive control over
motor output in Tourette syndrome. Neurosci Biobehav Rev 37:
1016-1025.

Jurgiel J, Miyakoshi M, Dillon A et al. (2021). Inhibitory control in
children with tic disorder: aberrant fronto-parietal network activity
and connectivity. Brain Commun 3: fcab067.

Kim S, Greene DJ, Robichaux-Viehoever A et al. (2019). Tic
suppression in children with recent-onset tics predicts 1-year tic
outcome. J Child Neurol 34: 757-764.

Kurvits L, Ganos C (2022). Inhibitory control and tic generation. In:
Martino D Leckman J (Eds.), Tourette syndrome. Oxford
University Press.

Leckman JF, Bloch MH, Sukhodolsky DG et al. (2022). Phenomenology
of tics and sensory urges: the self under siege. In: Martino D Leckman
JF (Eds.), Tourette syndrome. Oxford University Press.

Leckman JF, Walker DE, Cohen DJ (1993). Premonitory urges in
Tourette’s syndrome. Am J Psychiatry 150: 98-102.

Marcks BA, Woods DW, Teng EJ et al. (2004). What do those who
know, know? Investigating providers’ knowledge about Tourette’s
Syndrome and its treatment. Cogn Behav Pract 11: 298-305.

Marsh R, Zhu H, Wang Z et al. (2007). A developmental fMRI study
of self-regulatory control in Tourette’s syndrome. Am J Psychiatry
164: 955-966.

Matsuda N, Kono T, Nonaka M et al. (2016). Self-initiated coping with
Tourette’s syndrome: effect of tic suppression on QOL. Brain Dev
38: 233-241.

Matsuda N, Nonaka M, Kono T et al. (2020). Premonitory awareness
facilitates tic suppression: subscales of the Premonitory Urge for
Tics Scale and a new self-report questionnaire for tic-associated
sensations. Front Psychiatry 11: 592.

McGuire JF, Sturm A, Ricketts EJ et al. (2022). Cognitive control
processes in behavior therapy for youth with Tourette’s disorder. J
Child Psychol Psychiatry 63: 296-304.

Meidinger AL, Miltenberger RG, Himle M et al. (2005). An
investigation of tic suppression and the rebound effect in
Tourette’s disorder. Behav Modif 29: 716-745.

Meige H, Feindel ECL (1902). Les tics et leur traitement. Paris:
Masson et Cie.

Morand-Beaulieu S, Crowley MJ, Grantz H et al. (2023a). Functional
connectivity during tic suppression predicts reductions in vocal tics
following behavior therapy in children with Tourette syndrome.
Psychol Med 53: 1-8.

Morand-Beaulieu S, Grot S, Lavoie J et al. (2017a). The puzzling
question of inhibitory control in Tourette syndrome: a meta-
analysis. Neurosci Biobehav Rev 80: 240-262.

Morand-Beaulieu S, Leclerc JB, Valois P et al. (2017b). A review of
the neuropsychological dimensions of Tourette syndrome. Brain
Sci 7: 106.

Morand-Beaulieu S, O’Connor KP, Blanchet PJ et al. (2018).
Electrophysiological predictors of cognitive-behavioral therapy
outcome in tic disorders. J Psychiatr Res 105: 113-122.

Morand-Beaulieu S, Smith SD, Ibrahim K et al. (2022).
Electrophysiological signatures of inhibitory control in children
with Tourette syndrome and attention-deficit/hyperactivity dis-
order. Cortex 147: 157-168.

Morand-Beaulieu S, Wu J, Mayes LC et al. (2023b). Increased alpha-
band connectivity during tic suppression in children with Tourette
syndrome revealed by source electroencephalography analyses.
Biol Psychiatry Cogn Neurosci Neuroimaging 8: 241-250.

Morera Maiquez B, Sigurdsson HP, Dyke K et al. (2020). Entraining
movement-related brain oscillations to suppress tics in Tourette
syndrome. Curr Biol 30: 2334-2342.e3.

Obeso I, Robles N, Muiioz-Marrén E et al. (2013). Dissociating the role
of the pre-SMA in response inhibition and switching: a combined
online and offline TMS approach. Front Hum Neurosci 7: 150.

Openneer TJC, Forde NJ, Akkermans SEA et al. (2020). Executive
function in children with Tourette syndrome and attention-deficit/
hyperactivity disorder: cross-disorder or unique impairments?
Cortex 124: 176-187.

Orth M, Miinchau A, Rothwell JC (2008). Corticospinal system
excitability at rest is associated with tic severity in Tourette
syndrome. Biol Psychiatry 64: 248-251.

Ozonoff S, Strayer DL, McMahon WM et al. (1994). Executive
function abilities in autism and Tourette syndrome: an information
processing approach. J Child Psychol Psychiatry 35: 1015-1032.

Ozonoff S, Strayer DL, McMahon WM et al. (1998). Inhibitory deficits
in Tourette syndrome: a function of comorbidity and symptom
severity. J Child Psychol Psychiatry 39: 1109-1118.

Peterson BS, Leckman JF (1998). The temporal dynamics of tics in
Gilles de la Tourette syndrome. Biol Psychiatry 44: 1337-1348.

Peterson BS, Skudlarski P, Anderson AW et al. (1998). A functional
magnetic resonance imaging study of tic suppression in Tourette
syndrome. Arch Gen Psychiatry 55: 326-333.

Rae CL, Parkinson J, Betka S et al. (2020). Amplified engagement of
prefrontal cortex during control of voluntary action in Tourette
syndrome. Brain Commun 2: fcaal99.

Rae CL, Raykov P, Ambridge EM et al. (2023). Elevated representa-
tional similarity of voluntary action and inhibition in Tourette
syndrome. Brain Commun 5: fcad224.

Rajagopal S, Seri S, Cavanna AE (2013). Premonitory urges and
sensorimotor processing in Tourette syndrome. Behav Neurol 27:
65-73.

Rawji V, Modi S, Latorre A et al. (2020). Impaired automatic but intact
volitional inhibition in primary tic disorders. Brain 143: 906-919.

Roessner V, Albrecht B, Dechent P et al. (2008). Normal response
inhibition in boys with Tourette syndrome. Behav Brain Funct 4: 29.

Schlaghecken F, Rowley L, Sembi S et al. (2008). The negative
compatibility effect: a case for self-inhibition. Adv Cogn Psychol
3: 227-240.

Serrien DJ, Orth M, Evans AH et al. (2005). Motor inhibition in
patients with Gilles de la Tourette syndrome: functional activation
patterns as revealed by EEG coherence. Brain 128: 116-125.

Shephard E, Jackson GM, Groom MJ (2016). The effects of co-
occurring ADHD symptoms on electrophysiological correlates of
cognitive control in young people with Tourette syndrome. J
Neuropsychol 10: 223-238.

Sherman EM, Shepard L, Joschko M et al. (1998). Sustained attention
and impulsivity in children with Tourette syndrome: comorbidity
and confounds. J Clin Exp Neuropsychol 20: 644-657.

Specht MW, Nicotra CM, Kelly LM et al. (2014). A comparison of
urge intensity and the probability of tic completion during tic freely
and tic suppression conditions. Behav Modif 38: 297-318.

ISBN: 978-0-443-13554-5; PII: B978-0-443-13554-5.00007-9; Author: S. MORAND-BEAULIEU; 00007



INHIBITORY CONTROL AND VOLUNTARY TIC SUPPRESSION 259

Specht MW, Woods DW, Nicotra CM et al. (2013). Effects of tic
suppression: ability to suppress, rebound, negative reinforcement,
and habituation to the premonitory urge. Behav Res Ther 51: 24-30.

Stenner M-P, Baumgaertel C, Heinze H-J et al. (2018). Intact
automatic motor inhibition in patients with Tourette syndrome.
Mov Disord 33: 1800-1804.

Sturm A, Ricketts EJ, McGuire JF et al. (2021). Inhibitory control in
youth with Tourette’s Disorder, attention-deficit/hyperactivity dis-
order and their combination and predictors of objective tic
suppressibility. Psychiatry Res 304: 114163.

Thibault G, O’Connor KP, Stip E et al. (2009).
Electrophysiological manifestations of stimulus evaluation,
response inhibition and motor processing in Tourette syndrome
patients. Psychiatry Res 167: 202-220.

Tourette Syndrome Classification Study Group(1993). Definitions and
classification of tic disorders. Arch Neurol 50: 1013-1016.

Ueda K, Kim S, Greene DJ et al. (2021). Correlates and clinical
implications of tic suppressibility. Curr Dev Disord Rep 8: 112-120.

van der Salm SMA, van der Meer JN, Cath DC et al. (2018).
Distinctive tics suppression network in Gilles de la Tourette
syndrome distinguished from suppression of natural urges using
multimodal imaging. Neurolmage Clin 20: 783-792.

Verdellen CWJ, Hoogduin CAL, Keijsers GPJ (2007). Tic suppression
in the treatment of Tourette’s syndrome with exposure therapy: the
rebound phenomenon reconsidered. Mov Disord 22: 1601-1606.

Wadman R, Glazebrook C, Beer C et al. (2016). Difficulties
experienced by young people with Tourette syndrome in secondary
school: a mixed methods description of self, parent and staff
perspectives. BMC Psychiatry 16: 14.

Woods DW, Himle MB, Miltenberger RG et al. (2008). Durability, negative
impact, and neuropsychological predictors of tic suppression in children
with chronic tic disorder. J Abnorm Child Psychol 36: 237-245.

Zapparoli L, Macerollo A, Joyce EM et al. (2019). Voluntary tic
suppression and the normalization of motor cortical beta power in
Gilles de la Tourette syndrome: an EEG study. Eur J Neurosci 50:
3944-3957.

ISBN: 978-0-443-13554-5; PII: B978-0-443-13554-5.00007-9; Author: S. MORAND-BEAULIEU; 00007



	III. Etiology and pathophysiology
	21 Inhibitory control and voluntary tic suppression
	INTRODUCTION
	RESPONSE INHIBITION IN TOURETTE SYNDROME
	VOLUNTARY TIC SUPPRESSION
	Phenomenology of voluntary tic suppression
	Cognitive aspects of voluntary tic suppression
	Neurobiologic correlates of voluntary tic suppression

	ARE THE SAME MECHANISMS INVOLVED IN RESPONSE INHIBITION AND VOLUNTARY TIC SUPPRESSION?
	CONCLUSION AND FUTURE DIRECTIONS
	References



