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Tics, often preceded by premonitory urges, are the clinical hallmark of Tourette syndrome. They resemble
spontaneous movements, but are exaggerated, repetitive and appear misplaced in a given communication
context. Given that tics often go unnoticed, it has been suggested that they represent a surplus of action, or motor

lc)opaf?me noise. In this conceptual position paper, we propose that tics and urges, but also patterns of the cognitive profile
ognition . . . . . . . . .
tVfIS in Tourette syndrome might be explained by the principle of processing of neural noise and adaptation to it

during information processing. We review evidence for this notion in the light of Tourette pathophysiology and
outline why neurophysiological and imaging approaches are central to examine a possibly novel view on
Tourette syndrome. We discuss how neurophysiological data at multiple levels of inspections, i.e., from local
field potentials using intra-cranial recording to scalp-measured EEG data, in combination with imaging ap-
proaches, can be used to examine the neural noise account in Tourette syndrome. We outline what signal pro-
cessing methods may be suitable for that. We argue that, as a starting point, the analysis of 1/f neural noise or
scale-free activity may be suitable to investigate the role of neural noise and its adaptation during information
processing in Tourette syndrome. We outline, how the neural noise perspective, if substantiated by further
neurophysiological studies and re-analyses of existing data, may pave the way to novel interventions directly
targeting neural noise levels and patterns in Tourette syndrome.

1. Introduction

Gilles de la Tourette syndrome (GTS) is a multi-faceted neuropsy-
chiatric disorder characterized by motor and phonic tics, often associ-
ated with preceding urges, with an onset before the age of 18 and a
duration of at least one year (American Psychiatric Association, 2013).
Tics, the clinical hallmark of GTS, resemble spontaneous movements.
Even for GTS specialists, single tics may be difficult to discern from
spontaneous movements occurring in healthy people since they often
have the same or very similar phenomenology (Ganos et al., 2015;
Paszek et al., 2010). However, tics are exaggerated, repetitive and
appear misplaced in a given context (e.g. unintentional winking at a
stranger) (Paszek et al., 2010). Therefore, usually within minutes, tics in
GTS can easily be distinguished from spontaneous movements in non-
ticcing individuals by a trained observer (Paszek et al., 2010). On the

other hand, people with tics are often oblivious to their tics (Leckman,
2002; Pappert et al., 2003). This is particularly true for younger children
and exemplified by the classical clinical scenario of worried parents
having noted a spectrum of tics in their children, who do not seem to be
aware of any or most of their tics (Leckman, 2002). This is also true,
though, for adult GTS patients, who typically underestimate frequency
and repertoire of their tics. For instance, most adults with a past history
of tics considering themselves tic-free still have tics (Pappert et al.,
2003). These clinical observations indicate that tics often represent non-
conscious events that could be considered as a surplus of motor output or
“motor noise” (Beste and Miinchau, 2018). Undoubtedly, tics can be
troublesome, uncomfortable or painful and can distract affected patients
from other tasks. Also, they are noted and commented on by others,
often with the implicit or explicit requests to stop them. A pre-requisite
for successful inhibition of an action, i.e. a tic, is awareness of processes
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leading to its occurrence. Thus, to obey instructions by others and
because of the wish not to attract attention, affected patients have to
focus on tic-related processes including premonitory urges. This inevi-
tably alters the valence of tics. Therefore, tics may evolve from at least
partially unnoticed, non-consciously occurring noise to a contextually,
socially relevant to-be processed signal.

Social media contributions (e.g. YouTube videos) with the topic
“Tourette syndrome” have attracted massive public attention (Miiller-
Vahl et al., 2020). Although this has helped in some ways to relieve the
burden of affected patients, it has also led to considerable problems and
controversies. Of late, there is an increasing number of social media
contributions showing adults with spectacular and at times outrageous
behaviours resembling tics and labelled as “Tourette”, which in fact
represent functional, and sometimes feigned, i.e. intentional, extra
movements (Miiller-Vahl et al., 2020). These are mis-conceived as “real
tics” by a broad audience as reflected by followers’ comments and
‘likes’. Indeed, these “functional tics” are difficult to discern from clas-
sical tics (Ganos et al., 2019). Thus, whereas “real” tics (noise) are often
mistaken as intentional (signal), intentional or functional movements
(signal) shown on YouTube in turn are now mistaken as tics (noise).
Here, we propose that tics and urges, but also patterns of the cognitive
profile in GTS might be explained by an overarching neural principle —
the processing of neural noise and adaptation of the signal-to-noise ratio
(SNR) during information processing. We will review evidence for this
notion in the light of GTS pathophysiology and outline why and how
neurophysiological and neuroimaging methods are central for this novel
perspective on GTS and could ultimately pave the way for novel treat-
ments using brain stimulation approaches. From the neurophysiological
perspective, it is important to note that although “noise” has the nega-
tive connotation of reflecting nuisance activity, noise has long been
claimed to be functionally relevant and necessary (McDonnell and
Ward, 2011); also, there are many definitions of noise. This is important,
because we do not consider “noise” as meaningless signal or uninfor-
mative in Tourette syndrome. Considering neurophysiological data, we
outline that specifically the quantification of “1/f noise” as an estimate
for so-called ‘pink noise’ or scale-free neural activity (He, 2014), may be
suitable to test the hypothesis that tics, urges, and the cognitive profile
in GTS might be explained by the processing of neural noise and adap-
tation of the signal-to-noise ratio (SNR) during information processing.

2. GTS as a disorder of altered signal-to-noise ratio (SNR)

Bodily movements are intrinsically variable, likely because noise can
arise at different stages of sensorimotor processing (Desmurget and
Grafton, 2000), e.g. as “sensory noise”, “planning noise”, or “execution-
noise”.

In addition to clinical reasoning outlined above that tics could, at
least partly, be considered a sign of increased noise, there are also
experimental data suggesting that noise in GTS is increased during
sensorimotor processing (Buse et al., 2016; Kim et al., 2019). For
instance, it has been shown that sensory and sensorimotor gating is
reduced in GTS (Buse et al., 2016), which leads to increased sensori-
motor noise. Also, testing double-step aiming movements it was
demonstrated that GTS patients performed normally during aiming
movements to the first target location, but showed greater movement
variability when executing the second (return) movement. This has been
interpreted as a reduction in the precision of forward model estimates
due to increased sensorimotor noise in them (Kim et al., 2019). Results
of another study where sequential button press movements with
different levels of advance information were tested in GTS demon-
strating that these patients relied more on external visual cues to execute
a motor programme than healthy controls (Georgiou et al., 1995), could
be interpreted along similar lines. Tying up with these findings, symp-
toms and signs of GTS have been proposed to be conceptualized within a
framework of action-oriented predictive processing (Rae et al., 2019),
where the brain continuously engages in the minimisation of
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mismatches between sensory signals and prior expectations, i.e. sensory
“prediction errors,” by updating perceptual priors and performing ac-
tions to change sensory signals. It is possible that increased activity in
the direct pathway of the basal ganglia with a concomitant disinhibition
of thalamo-cortical projections found in GTS (Kalanithi et al., 2005;
Kataoka et al., 2010), leads to the spontaneous occurrence of priors
inducing an action (tic) not predicted by higher-level cortical motor
regions (Rae et al., 2019). When the intention to execute a movement is
weak, the specific moment it occurs is largely determined by sponta-
neous subthreshold fluctuations in neuronal activity (Schurger et al.,
2012) affecting higher cortical centers. Accordingly, enhanced random
fluctuations will then not only lead to spontaneous tic movements
(Ganos et al., 2014) but will also interfere with the decision “when” to
carry out a voluntary action (Schurger et al., 2012). It is therefore
possible that in GTS, tics are (mis-)interpreted as relevant action-related
information (i.e. a relevant signal) that needs to be gated/controlled
(Buse et al., 2016; Kim et al., 2019), even though it reflects noise. Thus,
striatal priors leading to tics could be viewed as noise increasing pre-
diction errors in higher cortical centers in feedforward basal ganglia-
prefrontal loops. Such alterations in feedforward processing between
basal ganglia and neocortical structures are corroborated by findings
showing that volitional proactive and reactive inhibition were normal in
GTS patients, whereas inhibition depending on feedforward mecha-
nisms such as priming (Eimer and Schlaghecken, 2003), was impaired
(Rawji et al., 2020). Importantly, if tics resembling spontaneous move-
ments represent noise, then problems for GTS should arise especially
during processes related to movement preparation and the perception of
the intentionality of movements. This is indeed the case since patients
have problems in judging the intention to act, e.g. in the Libet experi-
ment (Ganos et al., 2018, 2015; Moretto et al., 2011) and could be tested
examining “1/f noise” as an estimate for so-called ‘pink noise’ or scale-
free neural activity using neurophysiological data recorded during
ticcing, tic suppression and experimental paradigms examining voli-
tional movements in GTS.

The view that tics might represent noise has also been framed in a
way that tics reflect a *surplus’ of movements that emerge because of an
increased propensity in GTS to form bindings or associations between
sensory antecedents including urges and movements (Beste and Miin-
chau, 2018). This has just recently been corroborated by experimental
evidence showing that motor or sensory processes alone are less relevant
for the understanding of GTS than cognitive processes engaged in link-
ing and restructuring of perception-action associations (Buse et al.,
2016; Kleimaker et al., 2020a, 2020b, 2020c; Weissbach et al., 2020). It
is an overly strong binding between perception and motor responses that
relates to tic severity (M. Kleimaker et al., 2020c). The finding that GTS
patients have a tendency to create stronger stimulus-response associa-
tions compared to healthy controls (Kleimaker et al., 2020c) is in
keeping with previous work showing that they also have an increased
tendency to form habits (Delorme et al., 2016). Likely, tics representing
bindings between sensory processes and motor responses are sponta-
neously established and released in GTS (Beste and Miinchau, 2018;
Kleimaker et al., 2020c). These pre-fabricated, but insufficiently
controllable and contextually inappropriate sensory-motor bindings
(tics), compete with contextually relevant sensory-motor bindings, i.e.
voluntary actions. The similarity of tics and voluntary actions both
phenomenologically and with respect to their inner structure as stim-
ulus-response associations (Beste and Miinchau, 2018; M. Kleimaker
et al., 2020b) may render their distinction particularly difficult (Ganos
et al., 2018, 2015). This is in keeping with clinical findings that even
GTS specialists have difficulties to discern tics from spontaneously
occurring movements in healthy people (Ganos et al., 2015; Paszek
et al., 2010). Thus, it is possible that a suboptimal distinction between
tics as noise and other response options might be a core neurobiological
problem in GTS. If so, then alterations in cognitive functioning in GTS
should also be explainable within a SNR framework. Through the ex-
amination of parameters reflecting noise in neurophysiological signals,
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these questions can directly be tested.

Of note, in GTS patients some cognitive functions are compromised,
whereas others are superior compared to healthy controls. For example,
cognitive persistence requiring the distinction between relevant and
irrelevant information such as attentional control (Johannes et al.,
2001), the integration of irrelevant stimulus features (Beste et al., 2016),
and the maintenance of memory information (Jeter et al., 2015) are
impaired in GTS. On the other hand, GTS patients show enhanced per-
formance in cognitive flexibility, defined as the ability to adapt behav-
iours in reaction to changes in the environment. This becomes evident in
switching between tasks (Brandt et al., 2017; Mueller et al., 2006),
strategies (Takacs et al., 2018), and behaviours (Giiler et al., 2015).
There is evidence (Beste et al., 2018; Hommel and Colzato, 2017) that
the mentioned spectrum of cognitive functions showing compromised
and superior levels in GTS is an emerging property of the interaction of
systems promoting cognitive persistence including focusing on one goal
and on relevant information, and systems promoting cognitive flexibility
that is needed, for instance, for switching to other plans, opening up for
other opportunities, and considering a broader range of possibilities.
This is often referred to as metacontrol (Hommel, 2015; Hommel and
Colzato, 2017) and describes how information is processed (Hommel
and Wiers, 2017); i.e. it can bias information processing towards a more
focused or a flexible state (Hommel, 2015). A more focused information
processing is equivalent to a high signal-to-noise ratio (Desimone and
Duncan, 1995). In GTS, the inability to disentangle signals from noise
might compromise cognitive persistence, but may foster tendencies to
engage in exploration and uncommon behaviour, and may also lead to
greater behavioural variability (see Fig. 1). As such the cognitive profile
of GTS may also be explained by a signal-to-noise ratio account.

From an overarching neuroscientific perspective, the modulation of
the SNR is captured by ‘gain control/modulation principles’ (Servan-
Schreiber et al., 1990; Yousif et al., 2016). Increasing gain control can be
conceived as amplifying an information processing system’s responsiv-
ity to input signals and increasing its ability to dissociate signal from
noise. High gain control is, hence, associated with less noise and better/
more stable cognitive performance across various domains. Negative
consequences of low SNR are obvious: every decision that relies on the
distinction between relevant (signal) and irrelevant (noise) information
necessarily suffers from increased noise. However, higher noise levels
might also trigger more behavioural variability (Gureckis and Love,
2009), which might be beneficial when cognitive flexibility is important.
Indeed, the exploration of multiple solutions benefits from higher noise

Persistence
tVNS

Flexibility

Fig. 1. Metacontrol can be conceptualized as a scale which is assumed to
determine the balance between cognitive persistence and cognitive flexibility.
(A) Given a decreased signal-to-noise ratio, people with Tourette syndrome are
expected to display enhanced cognitive flexibility but decreased cognitive
persistence. (B) We expect transcutaneous vagus nerve stimulation (tVNS) to
decrease sensorimotor noise by increasing the signal-to-noise ratio ameliorating
cognitive persistence and normalizing cognitive flexibility.
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levels and larger neural variability (McIntosh et al., 2008). Gain control
mechanisms and its impact on the SNR are closely linked to actions of
the dopaminergic and norepinephrine (NE) system. High activity in
these systems enhances the SNR in neural networks (Servan-Schreiber
et al., 1990; Yousif et al., 2016). In GTS, the neural basis of SNR alter-
ations are probably functional and structural changes in fronto-striatal
networks and altered dopaminergic transmission (Maia and Con-
ceicao, 2018). Dopaminergic drugs decrease internal noise, enhance the
SNR and support cognitive persistence (Cools, 2016; Zink et al., 2019).
Given that tics in GTS patients are probably related to a hyper-
dopaminergic state with the core finding of increases in stimulus-
dependent dopamine releases in these patients (Buse et al., 2013) and
the fact that anti-psychotic/anti-dopaminergic medication is the main-
stay of treatment in GTS (Buse et al., 2013) one might, at first sight,
expect SNR to be increased rather than decreased in GTS. However, a
decreased SNR in GTS can be explained by the inverted U-shape curve of
dopamine functioning signifying optimal dopamine action and (motor)
performance at the peak of the curve, but suboptimal functioning both
on the up-slope and the down-slope of the curve (Seamans and Yang,
2004). Given excessive dopamine release in GTS, these patients may be
on a suboptimal down slope and hence a state of reduced SNR. Thus,
toning down dopamine activity by means of pharmacological in-
terventions is expected to not only improve tics but also to increase the
SNR by shifting GTS patients back to an ‘optimal’ dopamine level. As we
detail below, neurophysiological metrics allowing to examine 1/f noise”
as an estimate for so-called ‘pink noise’ or scale-free neural activity
using neurophysiological data are sensitive to changes in neurobiolog-
ical parameters modulating the information processing system’s
responsivity to input signals and increasing its ability to dissociate signal
from noise (i.e. factors modulating gain control).

3. Measuring neural noise in relation to GTS pathophysiology

Above, we argued that may facets of GTS, particularly seemingly
contradictive findings, may be related to an altered processing of neural
“noise”. To test this novel hypothesis in GTS, neurophysiological and/or
neuroimaging methods are of central importance. As already mentioned,
the term “noise” often has the negative connotation that it reflects
nuisance activity. Importantly, however, the above line of arguments
assumes that “noise” is not meaningless, random or unstructured neural
activity that carries no information. In fact, noise has long been claimed
to be functionally relevant and necessary (McDonnell and Ward, 2011).
This needs to be considered when trying to define noise and to examine
the neural noise hypothesis using neurophysiological and/or imaging
methods.

There are many definitions of noise and several distinct classes of
noise are known, e.g., ‘white noise’, ‘brown/red noise’ or ‘pink noise’.
Brown/red noise is produced by Brownian motion; white noise can be
considered as a random signal with equal intensity at different fre-
quencies, which is why the power spectral density (PSD) is constant
across all frequencies in white noise. Since brown/red or white noise
definitions thus imply random signals not important for information
processing, they do not seem useful to examine this sort of noise in
neural signals and considering the above line of arguments that in GTS
“noise” is not meaningless, random or unstructured neural activity that
carries no information. Generally, it is assumed that a neurophysiolog-
ical time series signal [s(t)] consists of evoked (phase-locked) [e(t)] and
induced (non-phase-locked) [i(t)] signal components and contains noise
[n(t)] as an independent component; s(t) = e(t) + i(t) + n(t) (Graichen
et al., 2009). In fact, noise in neural signals does not obey to brown/red
or white noise definitions. The reason is that due to the power law
principle, the PSD is not constant for brain neurophysiological activity,
e.g., as measured using EEG. Rather, there is a prominent decrease in
power with increasing frequency, i.e., power in the theta frequency band
is higher than in beta or gamma frequency bands following a power-law
function: P ~ 1/f%. P is power, f is frequency and p is a to-be estimated



A. Miinchau et al.

parameter (usually in the range between 0 and 3) called the “power-law
exponent” (He, 2014). This is why the quantification of “noise” to
examine the neural noise hypothesis of GTS must relate to the PSD. As
outlined by Buzsaki (2006), several approaches can be used to examine
noise in a PSD-varying signal. One way to do so is to calculate the “1/f
noise” as an estimate for so-called ‘pink noise’ in neurophysiological
time series data. Pink noise is ubiquitously found in nature and is also
generated in the central nervous system (Buzsaki, 2006). 1/f noise is also
often referred to as scale-free activity (He, 2014), because the power-law
function is indicative for scale invariance; i.e. no specific timescale or
frequency clearly dominates the dynamics (He, 2014). Importantly,
several lines of evidence suggest that 1/f noise or scale-free activity is
not meaningless unstructured noise (He, 2014). Rather, it contains
specific organizations relevant to information processing and brain
functioning (Bassett et al., 2006; He, 2014; Voytek and Knight, 2015); i.
e. it is also affected by brain activation during task processing (Ouyang
et al., 2020; Pertermann et al., 2019a, 2019b; Podvalny et al., 2015).
This is why we suggest that 1/f noise may reflect a suitable metric to
examine the neural noise hypothesis of GTS. To calculate 1/f noise, the
distribution of neural activation based on the power-law scaling is
approximated by calculating the logarithm of PSD across the frequency
spectrum, revealing a negative linear relationship (i.e. slope) (Dave
et al., 2018; He, 2014; He et al., 2010; Miller et al., 2009; Voytek and
Knight, 2015) (for critique see Touboul and Destexhe, 2017). Therefore,
noise is evident in every recorded (EEG) signal, which is why the EEG
signal may be a good starting point to examine/calculate the degree of
pink noise and use this to examine the neural noise hypothesis in GTS.
This can e.g. be done for every EEG sensor thus yielding scalp topog-
raphy maps of noise activity (Pertermann et al., 2019a, 2019b; Voytek
et al., 2015b). The 1/f noise approach is physiologically plausible since
power-law distributions are characteristic for neurophysiological pro-
cesses at multiple levels of inspection, i.e. at the level of membrane
potentials, local field potentials (LFPs) on the basis of invasive re-
cordings, electro-corticography, EEG as well as fMRI signals (He, 2014).
Consequently, the 1/f noise metric has been applied in the past using
EEG data (Dave et al., 2018; Pertermann et al., 2019a, 2019b; Voytek
et al., 2015b; Voytek and Knight, 2015). A steeper slope of the 1/f noise
functions indicates less noise in the neurophysiological data, while a
flatter slope indicates more 1/f noise in the neural time series data (cf.
Fig. 2).

The reason behind this is as follows. It is assumed that the slope of the
1/f noise function is determined by the level of neuronal population
spiking activity as measured by LFPs (Voytek and Knight, 2015). This
population spiking activity contributing to LFPs is what is actually
measured using the EEG signal (Katzner et al., 2009; Musall et al., 2014).
Synchronized neuronal spiking activity is associated with reduced
neuronal noise. On the contrary, asynchronous spiking, related to
increased neural noise levels, is associated with a flatter slope (Podvalny
et al., 2015; Voytek et al., 2015b). The 1/f neural noise parameter can
therefore be seen as an estimator of noise occurring in neurophysio-
logical systems. However, it is important that the 1/f noise metric has
mainly been applied to measure broadband noise. In fact, it has been
shown that particularly higher frequency band activity (e.g., in the
gamma frequency band) contributes to 1/f noise. Nevertheless, 1/f noise
can also be detected in lower frequency band activity, e.g., in the theta
or beta frequency band. The reason is that low-frequency oscillations are
co-modulated with higher frequencies by phase-amplitude coupling
(Buzsédki and Draguhn, 2004; Canolty and Knight, 2010; Fries, 2005;
Voytek et al., 2010, 2015a). There is evidence that 1/f-like dynamics is
evident in narrow-band amplitude fluctuations (Gireesh and Plenz,
2008; Palva et al., 2013). On that basis, Voytek et al. (2015b) proposed
to estimate 1/f neural noise based on low-frequency activity including
EEG theta and beta frequency bands. The 1/f noise parameter thus
provides a neurophysiological valid estimator of noise or scale free ac-
tivity. Since this activity can be captured in a single parameter, this
metric can easily be used in different study setting to examine the role of
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Fig. 2. Schematic illustration of the 1/n noise method. (Top) Power spectral
density (PSD) is shown in a log-log plots; i.e. the x-axis shows the log of the
frequency and the y-axis the log of the PSD in uV2. Two different “states” are
plotted for illustration. These states can refer to experimental condition, patient
groups etc. In this example the included frequencies range between 1 and 25
Hz, however, broader spectrum and also smaller band-widths are possible. To
estimate 1/f noise, and linear function is fit to the PSD. During the fit, the alpha
frequency is not considered since the alpha frequency band does not obey to the
1/f metric (Voytek et al., 2015b; Voytek and Knight, 2015). The linear function
is show in dashed lines. The slope of the linear function denotes the estimator of
1/f noise. Generally, 1/f noise is stronger the steeper the slope of the linear
function fit the PSD log-log plot. (Bottom) The 1/f noise parameter can be
calculated on a single electrode level and as an average of all electrodes. In the
case 1/f noise is calculated for EEG electrode separately, 1/f noise scalp
topography maps can be generated. The colour codings the scalp topography
plots can then illustrate differences in the degree of 1/f noise.

neural noise in GTS. Especially the possibility to measure 1/f noise in
specific frequency bands (e.g. using EEG data) is of particular relevance
in the context of the neural noise hypothesis is GTS for a number of
reasons:

Frist, the relevance of the 1/f noise metric for the understanding of
GTS and its use to examine the neural noise hypothesis of GTS becomes
clear from a neurobiological perspective. As mentioned, it is assumed
that the slope is determined by the level of neuronal population spiking
activity as measured by LFPs (Voytek and Knight, 2015). The generation
of LFPs is modulated by multiple neurobiological factors, one of which is
the GABAergic system (Kardos, 1999). The GABAergic system is of
importance in GTS given the importance of basal ganglia neuropa-
thology (Kalanithi et al., 2005; Kataoka et al., 2010), e.g., showing a
reduced number and altered distribution of inhibitory GABAergic
parvalbumin-expressing and tonically active cholinergic interneurons,
predominantly in the sensorimotor and associative areas of the striatum
(Kalanithi et al., 2005; Kataoka et al., 2010) likely resulting in excitatory
imbalances between the partially segregated sensorimotor and associa-
tive cortico-striato-thalamo-cortical loops (Kataoka et al., 2010). This is
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corroborated by data on tic-associated neuronal activity in a primate
model where jerky stereotypic facial movements resembling tics were
induced by injecting the GABA,-antagonist bicuculline in the striatum
(Bronfeld and Bar-Gad, 2011). Since some data suggest that the 1/f
metric is very sensitive to pharmacological interventions affecting the
GABA-system (Muthukumaraswamy and Liley, 2018), the 1/f metric
seems very useful to provide further insights into the pathophysiology of
GTS. It is conceivable that the slope of the 1/f function changes in
response to medication administered in the treatment of GTS. Consid-
ering the above example that tic-associated neuronal activity in a pri-
mate model can be induced by injecting the GABAj-antagonist
bicuculline in the striatum (Bronfeld and Bar-Gad, 2011) it is possible
that also the 1/f metric of tic-associated neuronal activity changes. If tics
do indeed represent neural noise and if this specific pattern of noise is
captured by the 1/f metric, the slope of the 1/f noise function should be
flatter in a drug-induced ticcing state, compared to a state, in which less
tics occur. Importantly, and considering patients, examining the impact
of the GABAergic system on 1/noise processes it will be possible to
combine MR imaging approaches with EEG-based approaches. Using
EEG-measures, 1/f noise can be quantified in GTS in different states, e.
g., at rest, before tics, or while performing a cognitive task. As argued
above, if tics do indeed represent neural noise and if this specific pattern
of noise is captured by the 1/f metric, the slope of the 1/f noise function
should vary between rest, ticcing states and/or states in which patients
actively suppress tics. Using GABA-edited MR-spectroscopy it is possible
to examine neuroanatomical structure specific GABA concentrations
(Mikkelsen et al., 2019, 2017) (e.g. in the basal ganglia), which can then
be related to scalp-recorded EEG data (Haag et al., 2015; Quetscher
et al., 2015; Takacs et al., 2020; Yildiz et al., 2014). Considering that
GABA-edited MR-spectroscopy has been shown to yield valuable in-
sights into the pathophysiology of GTS and tics (Draper et al., 2014;
Jackson et al., 2015; Martino et al., 2018; Puts et al., 2015) it seems
relevant to combine this neurobiochemical imaging approach with
neurophysiological estimates of 1/f noise activity.

Second, as outlined above, the 1/f noise metric is determined by the
level of neuronal population spiking activity as measured by LFPs
(Voytek and Knight, 2015). During deep brain stimulation in GTS,
especially LFPs reflecting neural population activity have been recorded
directly from subcortical target regions. In a number of case series, theta
oscillations in LFPs have emerged as characteristic in these patients both
for the internal segment of the globus pallidus (Alam et al., 2015; Giorni
et al., 2017; Jimenez-Shahed et al., 2016) and thalamic nuclei (Maling
et al., 2012; Marceglia et al., 2010; Molina et al., 2018; Priori et al.,
2013; Shute et al., 2016). Also, synchronized oscillations in the theta
range have been recorded across deep brain stimulation targets (Priori
et al.,, 2013). In the study by Neumann et al. (2018) in addition to
confirming peaks of activity in the theta range in pallidal and thalamic
recordings in GTS patients, also beta activity was reported in these
targets. Moreover, there were synchronized pallidal and thalamic theta
oscillations in GTS patients, which were functionally coupled between
the pallidum and the thalamus (Neumann et al., 2018). Importantly, in
this study, theta power and theta burst length correlated significantly
with preoperative motor tic severity suggesting that longer theta bursts
may be related to tics (Neumann et al., 2018). In addition, recordings of
oscillatory activity from the centro-median nucleus of the thalamus in
GTS patients revealed power increases in the theta band time-locked to
the onset of tics but not during voluntary movements in these patients
(Cagle et al., 2020). Collectively, these data suggest that pallido-
thalamic oscillations in the theta range are relevant in the pathophysi-
ology of GTS. What is missing thus far are analyses examining 1/noise
using LFP data recorded from striatal structures and in relation to tics.
However, this will be crucial when examining the neural noise hy-
pothesis in GTS assuming that noise in fronto-striatal circuits is central
for the understanding of the pathophysiology in GTS. The 1/f metric can
easily be applied to existing deep brain stimulation recordings to
elucidate this further. Given the specific importance of theta band
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activity in tic-related states in fronto-striatal circuits, it is possible that
the slope of the 1/f function shows frequency band specific modulations
and that particularly theta band activity may be subject to modulations
of the 1/f metric. Particularly given the evidence that 1/f-like dynamics
are evident in narrow-band amplitude fluctuations (Gireesh and Plenz,
2008; Palva et al., 2013), such a frequency-specific analysis is relevant.

Third, the possibility to measure 1/f noise in specific frequency
bands (Gireesh and Plenz, 2008; Palva et al., 2013) is of importance to
examine the above outlined conundrum of compromised and superior
cognitive functions in GTS patients giving rise to the neural noise hy-
pothesis in GTS and which we suggest may relate to the concept of meta-
control (Hommel, 2015; Hommel and Colzato, 2017) describing how
information is processed (Hommel and Wiers, 2017). As outlined above,
the mentioned spectrum of cognitive functions showing compromised
and superior levels in GTS is an emerging property of the interaction of
systems promoting cognitive persistence and systems promoting cogni-
tive flexibility. Several lines of evidence suggest that for cognitive
persistence and flexibility, processes in the theta frequency band are
relevant (Cavanagh and Frank, 2014; Cohen, 2014) and there is direct
evidence showing that for cognitive control functions depending on
cognitive persistence the 1/f noise metric is modulated in a neuro-
biologically meaningful way (Pertermann et al., 2019a, 2019b). Espe-
cially findings that metacontrol processes seem to depend on fronto-
striatal networks (Beste et al., 2018) underline that the 1/f noise
metric in the theta frequency, connected to the metacontrol framework,
may yield meaningful insights into cognitive functions in GTS. Since the
1/noise metric can be applied to the theta frequency band it will provide
the opportunity to examine neural noise during cognitive processes
shown to be concomitantly enhanced and compromised. As mentioned,
in GTS patients some cognitive functions are compromised, whereas
others are superior compared to healthy controls. We argued that this
paradox can be explained on the ground of metacontrol processes
(Hommel, 2015; Hommel and Colzato, 2017). In GTS, the inability to
disentangle signals from noise might compromise cognitive persistence,
but may foster tendencies to engage in exploration and uncommon
behaviour, and may also lead to greater behavioural variability (see
Fig. 1). It is, therefore, possible that patients with GTS show relatively
constant levels of elevated neural noise (i.e., the slope of the slope of the
1/f function does not change strongly depending on task requirements).
This can be associated with advantages in situations requiring flexibility
in cognitive processes, but may lead to difficulties on other occasions
requiring persistence. The analysis of noise in lower-frequency band
activity in GTS is all the more relevant considering evidence that motor
or sensory processes alone are less relevant for the understanding of GTS
than cognitive processes engaged in linking and restructuring of per-
ception-action associations (Kleimaker et al., 2020a, 2020b, 2020c). Of
note, low-frequency, high-amplitude oscillations (e.g. theta) are rele-
vant to integrate information across spatial distances (Buzsaki and
Draguhn, 2004; Cavanagh and Frank, 2014) and it has been shown that
the organization of theta frequency network activity is essential for
perception-action associations (Takacs et al., 2020) shown to be
abnormally strong in GTS. Given this relevance of theta activity for
processes that are also central for the understanding of clinical facets of
GTS, it seems reasonable that scale-free activity (or 1/f noise) is central
in the analysis of neurophysiological data recorded from GTS patients
and to examine whether GTS can be framed within the neural noise
hypothesis.

Fourth, aside the insights probably gained from the analysis of 1/f
noise using intra-cranial recordings, or EEG approaches in combination
with MRI approaches outlined above, the analysis of 1/f noise activity
may also be central from the viewpoint that dopaminergic drugs are still
a mainstay of pharmacological interventions in GTS (Buse et al., 2013;
Roessner et al., 2013). Dopaminergic drugs are known to decrease in-
ternal noise, (Cools, 2016; Zink et al., 2019). Tics in GTS patients are
probably related to a hyper-dopaminergic state (Buse et al., 2013) and
targeted by anti-psychotic/anti-dopaminergic medication (Buse et al.,
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2013). In fact, it has been shown that scale-free or 1/f noise activity is
modulated by dopaminergic drugs with 1/noise becoming reduced in
the theta frequency band after increasing dopaminergic as well as nor-
epinephrinergic concentrations (Pertermann et al., 2019a). This pattern
is very well in line with the previously mentioned gain control frame-
work (Servan-Schreiber et al., 1990; Yousif et al., 2016), where it has
been shown that high activity in these systems enhances the SNR in
neural networks (Servan-Schreiber et al., 1990; Yousif et al., 2016) and
which may also reflect an underlying mechanism of metacontrol. Since
in GTS, the neural basis of SNR alterations are probably functional and
structural changes in fronto-striatal networks and altered dopaminergic
transmission (Maia and Conceicao, 2018). 1/f noise should be directly
affected by neuromodulatory treatments targeting the dopaminergic
system and tics as a major facet of GTS. Evidence suggesting that
pharmacological treatment effects targeting the catecholaminergic sys-
tem can be evaluated using the 1/noise metric (Pertermann et al.,
2019a) suggest that the 1/f metric may also be useful as a novel
neurophysiological outcome measures in pharmacological interventions
in GTS. If tics do indeed represent neural noise and if this specific pattern
of noise is captured by the 1/f metric, the slope of the 1/f noise function
should be flatter in a drug-induced ticcing state, compared to a state in
which less tics occur. The 1/f metric may therefore reflect a possible
endpoint in future clinical studies in GTS.

4. New routes for the modulation of noise in GTS

As already mentioned in the previous section, in addition to current
first-line pharmacological treatments targeting the dopamine system, 1/
f activity may also be modulated by other neurotransmitter systems that
are of relevance in GTS and the 1/f metric may be a useful outcome
measure in future studies. In this respect, the NE and GABAergic systems
are of particular interest and the 1/noise metric possibly useful to
examine the neural noise hypothesis of GTS may even suggest novel
brain-stimulation based treatment approaches targeting the NE and
GABAergic system. Brain stimulation approaches have seen an increase
in popularity to modulate GTS symptoms (Kleimaker et al., 2020b).

Modulations are directly dependent on the locus coeruleus NE sys-
tem (Pertermann et al., 2019b). The NE and the GABAergic system in-
fluence each other (Salgado et al., 2016), and this reciprocal influence
depends on which noradrenergic receptor type is activated (Berridge
and Spencer, 2016). While a2 receptor stimulation increases cognitive
functions such as the processing of sensory stimuli and long-term
memory, activation of ol receptors and lower affinity p-receptors
seem to compromise them (Robbins and Arnsten, 2009). The a2 agonist
clonidine has been shown to improve tics (Leckman et al., 1991), an
effect that might be mediated through an improved SNR. GABA,
particularly in the supplementary motor is considered to be relevant for
successful tic suppression (Draper et al., 2014; Jackson et al., 2015). A
means to modulate both NE and GABA-related (cognitive functions) is
auricular transcutaneous vagus nerve stimulation (atVNS), as reviewed
recently (Colzato and Beste, 2020) (see Fig. 3). tVNS has attracted
considerable interest in cognitive and clinical neuroscience in recent
years (Farmer et al., 2021).

Given that auricular tVNS may influence the NE system predomi-
nantly via a2 receptors, it is possible that tVNS increases the SNR
(Colzato and Beste, 2020). Considering tics and urges as “noisy” phe-
nomena (Buse et al., 2016; Ganos et al., 2015, 2014; Kim et al., 2019) it
is reasonable to assume that increasing the SNR and gain control will
also lead to decreases of tics and urges. In fact, in a single case study
(Diamond et al., 2006) of a patient with GTS with co-morbid medically-
refractory epilepsy invasive VNS led to reductions of motor and phonic
tic frequency. This was corroborated by another small study obtaining
evidence for positive effects of tVNS on tic severity (Sperling et al.,
2008) and was reviewed by Hawksley et al. (2015). It is possible that
concomitant administration of tVNS and clonidine will boost effects on
tics and urges.
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Fig. 3. Schematic representation of the main brain areas activated following
afferent stimulation of the auricular branch of the vagus nerve. Auricular
transcutaneous vagus nerve stimulation (tVNS) is administered through a spe-
cial earplug electrode to the outer ear, usually the cymba conchae or the tragus,
which sends electrical impulses to the auricular branch of the vagus nerve and
activates the vagal afferent pathway including the locus coeruleus (LC) and the
nucleus of the solitary tract (NTS) in the brainstem (Yakunina et al., 2017),
which are noradrenergic (NA) and GABAergic nuclei, respectively(Aston-Jones
et al., 1991). From there, the activation propagates to cortical structures
including the insula, the prefrontal cortex (PFC) and the motor cortex (Shio-
zawa et al., 2014).

Assuming that the neurobiological mechanisms underlying potential
beneficial effects of tVNS on tics and urges in GTS are an adjustment in
the SNR and optimization of gain control processes by jointly acting on
NA and GABA (Colzato and Beste, 2020), tVNS is expected to also affect
cognitive functions in GTS and is likely to affect processes captured by
the 1/f metric. More specifically, we would expect tVNS to improve
cognitive persistence in GTS requiring a clear distinction between rele-
vant and irrelevant information. This may be associated with a steeper
slope of the 1/f neural noise function calculated using neurophysiolog-
ical data recordings during tasks examining cognitive persistence.
Considering that in animals (Clark et al., 1995) and epileptic patients
(Clark et al., 1999) the relationship between cognitive performance and
tVNS stimulation intensities (or neural enhancement) (Colzato et al.,
2020) follows an inverted U-shaped function akin to dopamine, and that
this principle is relevant for the NE and GABA systems (Introini-Collison
et al., 1994), we expect increased cognitive flexibility in GTS, such as
switching between tasks, strategies, and behaviours to be normalized at
intermediate or higher stimulation intensities. It is possible that also the
slope of the 1/f neural noise function follows an inverted U-shaped
pattern in that only optimal stimulation intensities will modulate neural
noise to a level ‘optimal’ for the task at hand. Similar to a possibly
synergistic effect of tVNS combined with clonidine, combined applica-
tion of tVNS and cognitive training might also affect cognitive functions
in GTS. An ideal cognitive training to be combined with tVNS might be
the Tonic and Phasic Alertness Training (Van Vleet et al., 2016). This
specific training is relevant because it trains functions related to NE,
such as alertness, and to GABA, such as response selection. The goal of
this training procedure is to foster prolonged focused task engagement.
People with GTS could practice sustained response monitoring in the
training task (tonic alertness) and response inhibition when presented
with rare no-go, target trials (phasic alertness). The effects of such ap-
proaches can then be evaluated on a neurophysiological level using the
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1/f noise metric outlined above in section 3.
5. Conclusions

If the SNR-hypothesis of GTS is correct, spontaneously generated tics
become problematic because such motor noise is misinterpreted by the
brain (or the environment) as apparently relevant (to be controlled)
signal that needs to be gated/controlled (Buse et al., 2016; Ganos et al.,
2015, 2014; Kim et al., 2019). Accordingly, tVNS brain stimulation, via
increasing gain control and the SNR, might attenuate noise including
tics and might be a potential tool in GTS to ameliorate cognitive
persistence and at the same time normalize cognitive flexibility. We
recommend that future studies shall examine the role of the SNR and
gain control in GTS. We encourage the use of well-defined neurophysi-
ological methods, particularly EEG, to examine the neural hypothesis
using the 1/f metric of GTS and tVNS studies in combination with
pharmacological challenges to clarify whether tVNS is a valuable
treatment in GTS.
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