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ABSTRACT

Because tics are the defining clinical feature of Tourette syndrome, it is conceptualized predominantly as a motor
disorder. There is some evidence though suggesting that the neural basis of Tourette syndrome is related to
perception-action processing and binding between perception and action. However, binding processes have not
been examined in the motor domain in these patients. If it is particularly perception-action binding but not
binding processes within the motor system, this would further corroborate that Tourette syndrome it is not
predominantly, or solely, a motor disorder.

Here, we studied N = 22 Tourette patients and N = 24 healthy controls using an established action coding
paradigm derived from the Theory of Event Coding framework and concomitant EEG-recording addressing
binding between a planned but postponed, and an interleaved immediate reaction with different levels of overlap
of action elements. Behavioral performance during interleaved action coding was normal in Tourette syndrome.
Response locked lateralized readiness potentials reflecting processes related to motor execution were larger in
Tourette syndrome, but only in simple conditions. However, pre-motor processes including response preparation
and configuration reflected by stimulus-locked lateralized readiness potentials were normal. This was supported
by a Bayesian data analysis providing evidence for the null hypothesis. The finding that processes integrating
different action-related elements prior to motor execution are normal in Tourette syndrome suggests that
Tourette it is not solely a motor disorder. Considering other recent evidence, the data show that changes in
“binding” in Tourette syndrome are specific for perception-action integration but not for action coding.

1. Introduction

Most adult GTS patients report premonitory urges preceding tics
(Leckman et al., 1993), which typically become attenuated following the

Gilles de la Tourette syndrome (GTS) is a neuropsychiatric disorder
characterized by multiple motor and phonic tics (American Psychiatric
Association, 2013). Since tics as motor phenomena are the defining
diagnostic feature, GTS has long been considered a prototype motor or
movement disorder. Importantly, treatment efficacy has been deter-
mined on the basis of scales and scores focusing on tics, i.e. motor output
(Pringsheim et al., 2019). However, it has become clear that conceiving
GTS as a pure motor disorder falls short of its complex nature.

execution of tics (Leckman, 2002) suggesting that the interaction be-
tween perceptual and motor processes plays an important role in GTS.
Other features in GTS include hypersensitivity to external stimuli (Bel-
luscio et al., 2011) most likely reflecting alterations in perceptual pro-
cessing (Biermann-Ruben et al.,, 2012), abnormal sensorimotor
interaction (Orth, 2009; Orth et al., 2005) and changes in the structural
composition of cortical sensory areas (Draper et al., 2016; Sowell et al.,
2008; Worbe et al., 2010). Furthermore, tics are strongly influenced by
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attention (Brandt et al., 2015; Herrmann et al., 2019; Misirlisoy et al.,
2015) and can, at least partially, be controlled (Ganos et al., 2015).
Given that patients have an increased tendency to form habits (Brandt
et al., 2016a, 2016b; Delorme et al., 2016; Kleimaker et al., 2020a), a
relation between motor learning and tic occurrence has been suggested
and is supported by observations of a high prevalence of tics in people
professionally engaging in activities requiring the execution of habitual,
over-learned behavior, for instance musicians (Tunc and Miinchau,
2017). Taken together, these data suggest that GTS is a complex disorder
where in addition to motor processes also perception-action integration
and cognitive control processes play a role (Beste et al., 2016; Beste and
Miinchau, 2018; Buse et al., 2016, 2018; Kim et al., 2019; Kleimaker
et al., 2020a, 2020b, 2020c; Petruo et al., 2019, 2020). This view has
been corroborated by experimental work showing that in GTS associa-
tions between sensory and motor processes are abnormally strong and
that this (partly) predicts tic frequency (Kleimaker et al., 2020b;
Weissbach et al., 2020). Against this background it appears likely that
abnormalities of restructuring of perception-action associations rather
than action coding per se are a core feature of GTS. However, this notion
would only be tenable if it was shown experimentally that action coding,
i.e. the integration of different motor elements constituting an action, is
indeed undisturbed in GTS.

To examine how the integration of different motor elements consti-
tuting an action is modulated in GTS, we related to the Theory of Event
Coding (TEC) framework (Hommel, 2009; Hommel et al., 2001). This
framework addresses how different features constituting representations
of actions are integrated. Considering action, the central assumption is
that different features constituting an action (e.g. which finger of what
hand is to use with a specific force) are stored in so-called action files.
Stoet and Hommel (1999) developed an experimental paradigm to study
feature binding in action files. The experimental logic is that activating
an action is more than simply activating various features defining an
action. Rather, different codes belonging to an action have to be inte-
grated, i.e. bound to each other. This integration of features entails ‘code
occupation’ effects (Stoet and Hommel, 1999). For example, when
planning to carry out a right arm movement, all features related to/
defining this planned movement become activated - including the
feature ‘right’. Importantly, until this movement has not been fully
executed the codes (e.g. ‘right’) is reserved for this specific movement.
This makes it difficult to execute another action that also uses the ‘right’
code, but is constituted by various other action features than the pre-
vious one. Such an overlap between a planned and a to-be-performed
action impairs performance (Colzato et al., 2006a; Stoet and Hommel,
1999). Based on these theoretical considerations, the experimental
approach to test the integration of different motor elements uses an
ABBA design for response execution, in which an action (A) is planned,
but its execution has to be postponed until another action (B) was
planned and performed. In the experiment, performance is better (re-
action times (RTs) are shorter and more accurate), when there is no
feature overlap between the A and the B motor response. Using EEG
methods, the processes outlined above can be examined using lateral-
ized readiness potential (LRP) (Coles, 1989; Gratton et al., 1988) — an
index of response activation and preparation (Coles, 1989; de Jong et al.,
1988) generated in motor cortical areas (Leuthold and Jentzsch, 2001).
Two forms of LRPs can be distinguished - the stimulus-locked (s-LRP)
and response locked (r-LRP). The s-LRP measures processes preceding
motor execution (i.e., pre-motor processes); the r-LRP reflects processes
related to the subsequent motor execution (Beste et al., 2009; Coles,
1989; Masaki et al., 2004; Osman et al., 1995; van der Lubbe et al., 2001;
Wild-Wall et al., 2003). Code-occupation processes reflecting the inte-
gration of different action-related features precede the overt motor
response. Therefore, particularly the s-LRP will be important to examine
to tests whether action binding is altered in GTS. Generally, the s-LRP
will be larger and its onset earlier when there is no code-occupation
between actions A and B, compared to conditions when features are
shared between actions A and B, as recently shown in healthy adult
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populations (Takacs et al., 2020). Previous findings suggest that when
pre-motor inhibition is demanding, a correct negative LRP deflection is
preceded by a short-lasting positive deflection that indicates the acti-
vation of the wrong response (Beste et al., 2010; Bryce et al., 2011;
Falkenstein et al., 2006; Gratton et al., 1992; Stiirmer et al., 2002) — in
our case the response A when there is action file feature overlap between
response A and B. However, it cannot be excluded that also motor
execution processes per se are modulated by the experimental varia-
tions. Therefore, we also explore, how far the r-LRP is modulated by
experimental variations. If increased binding as shown to be evident for
perception-action integration in GTS (Kleimaker et al., 2020b) is also
evident within the motor domain, then there should be an interaction
between the overlap in motor elements constituting an action and group.
This is also possible since, at present, TEC draws no distinctions in
binding mechanisms between action files and event files. Thus, a hyper-
binding in the motor domain should be reflected by stronger differences
between overlapping and non-overlapping motor feature codes in GTS
patients than in controls. Yet, in the case that there is no such interaction
and sufficient evidence for the null hypothesis, this would suggest that
motor feature binding, unlike perception-action binding is unimpaired
in GTS. If so, this might have repercussions for the conceptualization of
GTS and also for clinical studies suggesting that in addition to motor
readouts more sophisticated measures focusing on perception-action
integration should also be used to capture the effectiveness of in-
terventions. Along the same lines this will also have repercussion on
TEC, since such a pattern of results together with previously observed
hyper-binding in event files in GTS (M. Kleimaker et al., 2020b) will
suggest that binding mechanism differ between action files and event
files.

2. Methods
2.1. Participants

N = 22 GTS patients (13 males and 9 females, mean age 32.5 years +
11.2 years SD, range: 18-50 years) participated in the study. They were
recruited from the specialized GTS outpatient clinic in the Center for
Integrative Psychiatry at the University Medical Center Schleswig-
Holstein, Campus Liibeck. Clinical assessment was carried out by two
experienced neurologists (A.M. and M.K.). Patients were diagnosed ac-
cording to DSM-5 criteria (American Psychiatric Association, 2013).
Mini International Neuropsychiatric Interview (Sheehan et al., 1998)
was used for assessing psychiatric comorbidities. Lifetime likelihood of a
diagnosis of GTS was assessed with the Diagnostic Confidence Index
(Robertson et al., 1999). Tic severity was assessed using the Yale Global
Tic Severity Score (YGTSS) (Leckman et al., 1989), premonitory urges
using the Premonitory Urge for Tics Scale (PUTS) (Woods et al., 2005).
Standardized video recordings were carried out using the Modified Rush
Videotape Rating (Goetz et al., 1999). All videos were scored indepen-
dently by A.M. and M.K. In case of discrepancy, the video was reviewed
jointly and a consensus was reached. Furthermore, motor tic frequency
(motor tics/minute) was computed. Obsessive compulsive disorder
(OCD) and mood disorders were tested using the respective modules of
the German version of the Structured Clinical Interview for DSM-5 Axis I
Disorders (Beesdo-Baum et al., 2019). Attention deficit hyperactivity
disorder (ADHD) was assessed according to DSM-5-TR. OCD symptoms
were scored using the Yale Brown Obsessive Compulsive Scale (YBOCS)
(Goodman et al., 1989) and ADHD symptoms using the ADHD-Index and
the DSM-ADHD Scale of the German version of the Conners Adult ADHD
Rating Scale (Christiansen et al., 2013). IQ was determined using the
German version of the fourth edition of the Wechsler Adult Intelligence
Scale (Hartman, 2009). Handedness was assessed using the Edinburgh
Handedness Inventory (Oldfield, 1971).

We also studied N = 24 healthy controls (HC) (12 males and 9 fe-
males, mean age 30.0 years + 8.7 years SD, range: 19-49 years). Gender
(x2(1, 46), = 0.38, p = .536, BFy = 2.4) and age (W(1,40) = 0.69, p =
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1496, d = 0.204, BFy; = 2.8) did not differ between groups. Healthy
controls were also assessed with a view to neurological and psychiatric
diseases. Psychiatric co-morbidities were assessed with the Mini Inter-
national Neuropsychiatric Interview (Sheehan et al., 1998). According
to the interview, no HC had clinically relevant psychiatric symptom-
atology at the time of testing. Participants gave written informed con-
sent to participate in the study in accordance with the Declaration of
Helsinki (1964). The study was approved by the Ethics Committee of the
University of Liibeck (17-156).

2.2. Task

Action coding was studied using the previously established task by
Colzato (Colzato et al., 2006b; Stoet and Hommel, 1999) (Fig. 1).

Participants were seated in front of a 17 in. TFT screen and practiced
the task for at least 40 trials prior to the experiment. During the task, the
participants completed 256 trials and took two breaks after 80 trials, the
lengths of which was self-determined. At the beginning of the task, a
fixation cross (10.6 mm) was displayed for 50 ms. Then, the screen
turned black for 2000 ms and stimulus 1 (S1) appeared. S1 was a right-
or left-pointing arrow head combined with an asterisk either above or
below it (35 mm). Participants were instructed not to respond imme-
diately to S1, but to keep the required response (Planned Responses, see
below) in store. After 2000 ms, the screen turned black again for 50 ms,
followed by stimulus 2 (S2), which was either a “$” or “#” sign pre-
sented for 200 ms. As soon as S2 was presented, participants were
required to respond by pressing “6” on the computer keyboard’s
numeric keypad with the right index finger in case a “#” was shown and
by pressing 4 with the left index finger in case a “$” appeared
(=Immediate Response). Next, the Planned Responses determined by S1
had to be carried out immediately following completion of the Imme-
diate Response. Planned Responses comprised a sequence of three but-
ton presses. First, participants had to react according to the direction of
the arrow head by pressing 4 with the left index finger in case S1 was a
left-pointing arrow head or by pressing 6 with the right index finger in

Plan response
S1

Left above > < Right above

Homekey left >|| 4 ||5|| 6 & Home key right

Left below > 1 2 3 < Right below

LRP (0-200 ms)
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case the arrow head was right-pointing (“home keys”). Second, the
button above (1 or 3) or below (7 or 9) the home key had to be pressed
corresponding to the position of the asterisk. Third, the corresponding
home key had to be pressed again. Thus, the Planned Responses had to
be carried out as a response chain. Since the Immediate Response and
the Planned Responses could either be carried out with the right or left
index finger, there were variations in the overlap of motor elements
constituting an action in compatible and incompatible trials. In
compatible trials, the motor elements matched (left-left or right-right),
whereas this was not the case in incompatible trials (left-right or
right-left).

2.3. EEG processing

The equipment and the parameters of EEG measurement were
identical across the participating labs in Liibeck and Dresden. EEG was
recorded from 60 Ag/AgCl electrodes and processed as described pre-
viously (Kleimaker et al., 2020b). Electrodes were mounted in an elastic
cap with equidistant layout (EasyCap, Worthsee, Germany). The data
recoding was conducted with a “BrainAmp” amplifier and the “Brain
Vision Recorder” software (Brain Products, Gilching, Germany). Sam-
pling rate was 500 Hz and the ground and reference electrodes were
positioned at coordinates of & = 58, ¢ = 78 and 6 = 90, ¢ = 90 (Fpz). The
collected data were pre-processed in Brain Vision Analyzer (Brain
Products, Gilching, Germany); i.e. data were down-sampled to 256 Hz
and band-pass filtered (IIR, 0.5-20 Hz, order of 8), before it was re-
referenced to the average of all electrodes and technical artifacts were
discarded by manual inspection. Remaining physiological artifacts, such
as horizontal and vertical eye movements, blinks, and heartbeat arti-
facts, were corrected using an independent component analysis (ICA,
Infomax algorithm) before data were segmented. EEG segments were
created both locked to stimulus S2 (comprising a time frame from 500
ms prior to 1500 ms after stimulus S2) and locked to the Immediate
Response (comprising a time frame from 500 ms prior to 1500 ms after
the response to S2). In addition, different segments were created for

S2
Execute responses

Immediate Response Planned Responses

(S2) > (S1)
\ '

4} CAEACE

v

[P, S—

LRP (220-420 ms) LRP (600-1000 ms)

Fig. 1. Task design and data analysis plan. The figure represents the order of the stimuli during the trial including the timing of events. The timing information and
the layout of the response buttons are displayed. Participants were required to use their left and right index fingers corresponding to the side of response. The
example shows a trial of the no motor element overlap condition. Immediate Response has to be executed on the left side (button ‘4’) and Planned Response on the
right side (buttons ‘6’, ‘3’, ‘6’). RT of the Immediate Response to S2 was measured from the onset of S2. A rectangle with dashed lines represents the cumulated RT of
the Planned Response to S1, i.e. from the release of the Inmediate Response button to the release of the last button of the Planned Responses. The neurophysiological
activations linked to different response windows are marked by arrows. First, the prepotent activation of the Planned Responses are represented (LRP 0-200 ms),
which has to be overwritten by the Immediate Response (LRP 220-420 ms), and finally, the Planned Responses can be executed (LRP 600-1000 ms).
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compatible and incompatible trials as well as for left- and right-sided
responses considering possible motor lateralization effects. Only trials
with correct responses (both Planned and Immediate) were included.
Next, trials were discarded that showed amplitudes higher than 150 pV
or lower than — 150 pV as well as activities lower than 0.5 pV for at least
100 ms within a time window of 500 prior to 1500 ms after S2.
Furthermore, current source density transformation (Kayser and Tenke,
2015) was carried out to enable a reference-free evaluation of the ERP
data. Then, baseline correction within a time window —300 to 0 ms
before Immediate Response was applied and single-subject averages
were computed for each condition. We examined the LRP that was
calculated according to Coles (1989). The resulting potentials are ex-
pected to be maximal contralaterally to the responding finger. Contra-
lateral and ipsilateral potentials were quantified above the C3 and C4
electrode channels, following the conventional analysis of LRPs (Coles,
1989). Segments locked to S2 (stimulus locked LRP; s-LRP) represent
activation of the Immediate Response. According to Coles, in stimulus
locked segments, a negative deviation indicates the activation of the
correct response, whereas a positive deviation represents an incorrect
response (Coles, 1989). The mean amplitudes of LRP signals were
analyzed within time windows 0 to 200 ms, 220 to 420 and 600 to 1000
ms after S2. In the main activation window (220-420 ms), the fractional
peak method (30%) was used to calculate the onset of the negative
deviation.

Furthermore, after inspecting the response-locked waveform, we
identified a negative deviation in the time window preceding the Im-
mediate Response (—300 to O ms). This negativity represents the
response-locked LRP (r-LRP), a neurophysiological marker of lateralized
response execution (Coles, 1989). Within this interval, the mean
amplitude was quantified for each single subject. Thus, at the neuro-
physiological level, action coding, i.e. response activation and prepa-
ration, represented by the s-LRP and response execution reflected by the
r-LRP were studied separately.

2.4. Data analyses

Statistical analyses were performed with JASP 0.11.1. Mean accu-
racy (percentage of correct responses) and mean reaction time (RT) data
for the correct responses were calculated for each participant and each
condition. Latencies of the Immediate Responses were determined from
S2 onset. Regarding RTs for the Planned Responses, the first part of the
response chain was measured from the offset of the Immediate
Response, i.e. the release of the button, the second part from the 1st part
of the response chain of the Planned Responses, and the 3rd part was
measured from the 2nd part of Planned Responses. As an overall mea-
sure of the Planned Responses, cumulative RTs were calculated between
the first and the third part of the response chain, i.e. until the release of
the last button. Similarly, average accuracy for the three consecutive
Planned Responses was calculated.

EEG data was quantified as mean activity in the time windows of
0-220 ms, 220-420 ms, and 600-1000 ms on the s-LRP channel. The
time windows were determined to match the response activations of the
Immediate Response and the Planned Responses (Fig. 1). Previous
research showed that a correct negative LRP deflection is often preceded
by a shorter positive deflection that indicates an incorrect response
activation (Beste et al., 2008; Bryce et al., 2011; Gratton et al., 1992;
Takacs et al., 2020). Since participants were instructed to prepare a
response after the presentation of S1, the first time window (0-200 ms)
corresponds to an incorrect prepotent response activation, which then
has to be overruled by the correct activation of the Immediate Response
(220-420 ms). The last time window (600-1000 ms) overlaps with the
execution of the Planned Responses (see Behavioral data), thus, it re-
flects the activations of the response chain. EEG data was quantified as
mean activity in the time window of —300 ms to 0 ms preceding the
onset of the Immediate Response on the r-LRP channel.

Accuracy, RT, and EEG data were analyzed in mixed design ANOVA
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with element overlap (no element overlap vs. element overlap) as a
within-subjects factor, and group (HC vs. GTS) as a between-subject
factor. Here, we report ng effect size for ANOVA main effects and in-
teractions. The Bayes factor as BFy; is reported to quantify the evidence
for the null hypothesis. To investigate the possible relationship between
clinical characteristics of the GTS group and binding effects at the
behavioral and neurophysiological levels, Pearson’s correlations were
conducted.

3. Results
3.1. Clinical characteristics of GTS patients

Patient characteristics are given in Table 1.

Five GTS patients had a diagnosis of a depressive disorder, two were
diagnosed with ADHD, one was diagnosed with OCD and one had an
anxiety disorder. During testing, 6 of 22 patients were taking medication
to treat tics including aripiprazole (n = 3), tiapride (n = 1), opipramol
(n = 1) and paroxetine (n = 1). None of them had changed their
medication within at least 4 weeks prior to testing. In both groups, mean
IQ was in the normal range. Mean IQ was 101.3 (+13.4) in GTS patients
and 112.5 (+8.1) in HC. Three patients and three HC subjects were left-
handed.

3.2. Behavioral data

To examine behavioral action coding effects, the levels of action
element overlap (element overlap vs. no element overlap) were
compared between groups with respect to accuracy (percentage of cor-
rect responses) and RTs of the Immediate Response; and average accu-
racy and cumulative RTs of the Planned Responses. The behavioral data
on a single subject level is given in Fig. 2.

The group by action element overlap ANOVA on Immediate
Response accuracy did not show significant main effects of element
overlap (F(1,44) = 2.63,p = .112, ng = 0.056, BFy; = 1.94) or group (F
(1,44)=0.17,p=.897, Th% =0.001, BFp; = 4.51). Similarly, the group by
element overlap interaction was not significant (F(1,44) = 0.76, p =
.785, ng = 0.002, BFy; = 9.12). The group by element overlap ANOVA on
Immediate Response RT showed a significant main effect of element
overlap (F(1,44) = 17.58, p < .001, ng = 0.286, BFy; = 0.006). Partic-
ipants performed Immediate Response faster in the no element overlap
(482.5 ms + 22.4) than in the element overlap condition (503.2 ms +
22.2). However, the main effect of group was not significant (F(1,44) =
1.79,p = .188, ng = 0.039, BFy; = 1.35). Also, there was no significant
group by element overlap interaction (F(1,44) = 0.24, p = .625, ng =
0.005, BFy; = 1.41). The group by element overlap ANOVA on the
Planned Responses average accuracy showed a significant main effect of
element overlap (F(1,44) =7.48,p =.009, ng =0.145, BFy; = 0.23). The
accuracy for the response chain of Planned Responses was higher in the
no element overlap (97.9% =+ 0.3) than in the element overlap condition
(96.8% =+ 0.5). Similarly, the main effect of group was significant (F
(1,44) =5.28,p = .026, Thz) =0.107, BFy; = 0.49). HC had higher overall
accuracy (98.2% =+ 0.5) than GTS participants (96.6% =+ 0.5). However,
the group by element overlap interaction was not significant (F(1,44) =
0.14,p =.712, ng = 0.003, BFy; = 1.42). The group by element overlap
ANOVA on the Planned Responses’ cumulative RT did not show signif-
icant main effects of element overlap (F(1,44) = 0.02, p = .883, ng =
0.001, BFg; = 6.89) or group (F(1,44) = 1.29, p = .263, n3 = 0.028, BFoy
= 1.71). Similarly, the group by element overlap interaction was not
significant either (F(1,44) = 0.41, p = .840, ng = 0.001, BFy; = 9.04).
Especially this lack of an interaction indicates that there is no differen-
tial action file binding in GTS and healthy controls and the high Bayes
Factor provides moderate to strong evidence for the null hypothesis. In
sum, response binding pattern did not differ between groups. Difference
between no element overlap and element overlap conditions for the
Immediate Response RT and Planned Responses accuracy did not
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Table 1

Clinical characteristics of GTS patients.
No Age Sex Yrs. DCI YGTSS YGTSStics Tics/min Rushscore PUTS YBOCS ADHD-index
1 35 F 28 44 17 7 3.9 3 15 0 0
2 18 M 8 43 17 7 4.5 10 13 10 1
3 20 M 15 56 58 28 17.3 13 27 14 20
4 38 M 32 57 34 34 72.3 14 26 15 6
5 24 M 9 63 67 27 8.7 8 22 0 12
6 50 M 43 45 30 20 76.8 15 13 0 13
7 45 F 40 52 34 14 71.9 11 26 14 15
8 18 M 11 55 50 30 42.4 10 17 0 26
9 44 M 35 92 55 25 35.8 13 19 9 7
10 29 M 15 79 48 18 29.4 13 24 16 23
11 38 F 27 42 23 13 28 11 15 2 18
12 45 M 39 55 18 18 39.7 11 23 0 10
13 22 F 18 100 46 26 30.7 13 18 0 10
14 35 F 22 76 47 27 40 14 22 13 7
15 47 M 41 35 58 18 15 10 16 0 5
16 26 F 14 39 55 15 19.8 12 19 0 14
17 54 M 44 39 43 13 35.5 10 9 0 4
18 28 F 19 57 87 37 46.0 16 26 16 9
19 22 F 17 46 20 10 10.5 4 24 0 1
20 26 M 20 55 55 25 65.0 11 16 8 12
21 23 M 16 64 31 21 62.5 14 27 11 14
22 19 F 11 35 30 10 22.3 11 13 0 9
mean 32.1 23.8 55.9 42.0 20.1 27.5 11.2 19.5 5.8 10.7

Abbreviations: ADHD = attention deficit/hyperactivity disorder; DCI = diagnostic confidence index; PUTS = premonitory urge for tic scale; YBOCS = Yale Brown
obsessive compulsive scale; YGTSS = Yale global tic severity scale; Yrs. = years of disease duration.

correlate with clinical measures (Diagnostic Confidence Index, YGTSS,
PUTS, motor tics/minute, Rush score, YBOCS, ADHD-Index, and Con-
ners DSM-ADHD Scale) (r > 0.053, p > .270, BFy; > 2.14).

3.3. Lateralized readiness potentials

The s-LRP waveform is depicted in Fig. 3, and Single-subject data
(mean amplitudes and onset latencies) of the s-LRP can be found in
Fig. 4. The r-LRP waveform incl. single-subject data is shown in Fig. 5.

To examine the s-LRPs as a neurophysiological marker of the action
coding effect, we analyzed the conditions of no element overlap and
element overlap in GTS and in HC in the pre-defined time windows as
outlined above. The group by element overlap ANOVA in the time
window of 0-200 ms (incorrect response activation) showed a signifi-
cant main effect of element overlap (F(1,44) = 51.20, p < .001, Th% =
0.538, BFy; = 1.00). The mean amplitude was larger in the element
overlap (2.59 pV/m2 =+ 0.27) than in the no element overlap condition
(—0.77 pV/m? + 0.30). However, the main effect of group was not
significant (F(1,44) = 0.72, p = .401, nﬁ = 0.016, BFy; = 2.65). Simi-
larly, the group by element overlap interaction was not significant (F
(1,44) =1.66,p = .204, ng = 0.036, BFy; = 3.07). The group by element
overlap ANOVA in the time window of 220-420 ms (correct response
activation of the Immediate Response) showed a significant main effect
of element overlap (F(1,44) = 41.83,p < .001, ng =0.487, BFy; = 1.58).
The mean amplitude was larger in the no element overlap (—7.64 pVv/
m? + 1.09) than in the element overlap condition (—1.93 pV/rn2 +
0.86). The main effect of group was also significant (F(1,44) = 4.17,p =
.047, Th% =0.087, BFp; = 0.58). The negative deflection between 220 and
420 ms was larger in the HC (—6.58 pV/m2 + 1.22) than in the GTS
group (—2.99 pV/m? + 1.27). However, the group by element overlap
interaction was not significant (F(1,44) = 1.29, p = .262, ng = 0.029,
BFp; = 2.14). Moreover, we analyzed the onset latencies of the negative
deflection between 220 and 420 ms after the S2 onset by a group by
element overlap ANOVA. The main effect of element overlap was sig-
nificant (F(1,44) = 20.35, p < .001, T];2> = 0.316, BFy; = 0.001). The
correct response activation reflected by the LRP had an earlier onset in
the no element overlap condition (266.1 ms + 9.2) compared to the
element overlap condition (312.9 ms + 8.7). However, the main effect of
group was not significant (F(1,44) = 0.93, p = .340, ng = 0.021, BFy; =
2.37). Similarly, the group by element overlap interaction was not

significant either (F(1,44) = 2.72, p = .106, TIS = 0.058, BFy; = 1.06).
The group by element overlap ANOVA in the time window of 600-1000
ms (response activations of Planned Responses) showed a significant
main effect of element overlap (F(1,44) = 20.23, p < .001, nf) = 0.315,
BFp; = 1.00). The mean amplitude was larger (more positive) in the no
element overlap (3.88 pV/m? + 1.0) than in the element overlap con-
dition (—4.16 pV/m? + 1.0). The main effect of group was not signifi-
cant, with very strong evidence for the null hypothesis (F(1,44) = 2.10,
p = .158, nf, = 0.045, BFp; > 100). Similarly, the group by element
overlap interaction was not significant, again with positive evidence for
the null hypothesis (F(1,44) = 1.54, p = .221, n% = 0.034, BFy; = 3.09).

Furthermore, we analyzed the action file coding effect on the r-LRP
by an ANOVA with the factors of group by element —300 ms prior to the
Immediate Response. The main effect of element overlap was not sig-
nificant (F(1,43) = 1.43, p = .238, Th% = 0.032, BFy; = 2.75). Similarly,
the main effect of group was not significant either (F(1,43) = 0.57,p =
453, nlz, = 0.013, BFp; = 1.98). However, the group by element overlap
interaction was significant (F(1,43) = 4.57,p = .038, ng =0.096, BFy; =
1.65). In the GTS group, the difference between element overlap (—6.68
uV/m2 + 1.7) and no element overlap (—9.44 pV/m2 + 1.7) was sig-
nificant. However, in the HC group, the two conditions did not differ
from each other (element overlap: —6.83 pV/m? + 1.6; no element
overlap: —6.10 pV/m? + 1.6). That is, the r-LRP indicates that response
execution was affected by the level of element overlap only in the GTS
group. There were no correlations between mean amplitudes of s-LRP
(0-200 ms, 220-420 ms, 600-1000 ms) or r-LRP (—300 to 0 ms) and
clinical measures (r > 0.015, p > .157, BFy; > 1.48).

4. Discussion

Given that tics are the defining and cardinal feature in GTS it appears
plausible to assume that movement related processes are disturbed in
these patients. Indeed, previous studies examining movement execution
in GTS using different approaches can be interpreted along these lines.
For example, motor cortex activity was shown to be increased during
self-paced simple finger movements using MEG (Franzkowiak et al.,
2010) and transcranial magnetic stimulation revealed that corticospinal
excitability is abnormally reduced in phases preceding the execution of
voluntary movements (Draper et al., 2015; Heise et al., 2010), but the
relation with tics depended on the population being studies (children vs.
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Fig. 2. Behavioral results. Accuracy and reaction time data are shown as group (Gilles de la Tourette: GTS vs. healthy controls: HC) by overlap (Element overlap vs.
No element overlap) bar plots separately for the Immediate Response and Planned Responses. Individual data points are presented within the bars (Weissgerber et al.,
2015). Significant effects of group and overlap are marked with curly brackets. The histogram show the mean and standard deviation (SD).

adults).

Crucially, although these studies provided valuable information,
they only examined simple movements and also more in-depth neuro-
physiological studies on the effects of interventions targeting symptoms
in GTS (Morand-Beaulieu et al., 2018, 2015) have not used more com-
plex experiments requiring daily life relevant interleaved responding to
achieve a goal. However, most goal-directed actions consist of multiple
motor components requiring to integrating and interleaving different
movements in a flexible way (Stoet and Hommel, 1999). This has, until
now, not been studied in GTS. The present study examined how in-
terdependencies between a planned but postponed and an interleaved
immediate action are processed in GTS. We show that action coding and
the binding of different motor elements comprising an action, is normal
in GTS patients both at a behavioral and a neurophysiological level. We

used an established task to examine action integration, allowing to test
how an immediate and a planned action interfere in the motor system as
a function of element overlap between the actions. We replicate that
problems (i.e. behavioral costs) arise when elements of these two
interdependent actions overlap compared to conditions, in which they
differ. In other words, processing of two actions is less demanding when
these actions are clearly distinct. These processes that have been viewed
as action file processing in the framework of the theory of event coding
are apparently undisturbed in GTS. The applied neurophysiological
approach allowed us to separately examine processes preceding motor
execution, i.e., pre-motor processes including perception, response se-
lection and configuration (s-LRP) and processes related to the subse-
quent motor execution (r-LRP) (Beste et al., 2009; Coles, 1989; Masaki
et al., 2004; Osman et al., 1995; van der Lubbe et al., 2001). Processes



E. Mielke et al.

Stimulus-locked LRP
A)

1 0' . f
pV/m?

g

il A I/
WYIWYAWY
Jb s

U

Lata
A v\‘\‘\‘ v
v

| W I

'l

—— Element overlap HC 7
time (ms)

—— Element overlap GTS

-20+

B)

——No element overlap HC
——No element overlap GTS

-20-

40 pV/m? mm= w40 pV/m?

Neurolmage: Clinical 30 (2021) 102611

Fig. 3. Stimulus-locked lateralized readiness poten-
tial (LRP) waveforms. Time point zero denotes the
stimulus presentation. Stimulus locked LRPs are
shown for healthy controls in blue and for Gilles de
la Tourette patients (GTS) in red. Standard de-
viations are represented by shaded areas in pale blue
for healthy controls and pale red for GTS. Purple
represents the overlap between the groups. The
analyzed time window of the correct response acti-
vation (220 ms — 420 ms) is marked with horizontal
brackets. For the topography plots, difference waves
were created between the contralateral and ipsilat-
eral sides in the motor element overlap and in the no
motor element overlap conditions separately in the
two groups. The scalp topography plots show the
distribution of the mean activity of the contralateral-
ipsilateral difference waves of the time window of
correct response activation. Panel A presents the
motor element overlap condition, panel B the no
motor element overlap condition. (For interpretation
of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

40 pV/im? mm= w40 pV/m?

comprising the integration of different action-related elements prior to
the motor execution (s-LRP) were not different between GTS patients
and HC. As with the behavioral data, this was supported by a Bayesian
analysis of the data providing moderate to strong evidence for a lack of
differences between groups indicating that processes integrating
different action-related elements prior to the motor execution are
normal in GTS. The fact that there were no correlations with clinical
measures of GTS severity (supported by Bayesian statistics) suggests that
tics are not related to and do not interfere with complex movement
integration processes. Only during response execution cortical motor
areas were overactive in GTS patients and this was also only the case
under certain circumstances. Thus, r-LRP amplitudes reflecting pro-
cesses related to motor execution, were only larger in the condition
where no complex action integration and restructuring was required.
Thus, abnormal motor activity in GTS is present only when motor pro-
cesses are simple, but these changes were also not systematically related
to clinical measures including YGTSS-, Rush scores or tic counts. It is
known that tics are less likely to occur when patients have to concentrate
on other demanding tasks (Thomalla et al., 2014). In other words,
during easier tasks requiring less processing capacities as in the no
element overlap condition tic activity is more likely to rise mirrored by r-
LRP amplitudes compared to the more demanding element overlap
condition. This interpretation, albeit speculative, is supported by pre-
vious studies on simple movement execution (Draper et al., 2015;
Franzkowiak et al., 2010; Heise et al., 2010). Thus, simple motor

execution shows subtle abnormalities in GTS but complex movement
execution and the integration of different movements are normal in
these patients suggesting that GTS is not solely a motor disorder.
There is, in fact, increasing evidence that particularly perceptual
processes have to be considered with respect to pathophysiological
concepts in GTS (Beste and Miinchau, 2018; Kim et al., 2019). Most
adult GTS patients report premonitory urges preceding tics (Leckman
et al., 1993), report hypersensitivity to external stimuli (Belluscio et al.,
2011) and have been shown to have alterations in perceptual processing
(Biermann-Ruben et al., 2012), sensorimotor interaction (Orth, 2009;
Orth et al., 2005) and also the structural composition of cortical sensory
areas (Draper et al., 2016; Sowell et al., 2008; Thomalla et al., 2009;
Worbe et al., 2010). Recent findings suggest that the strength of asso-
ciations between perceptual and motor processes are central for the
understanding of GTS, since particularly these processes correlated with
tic frequency (Kleimaker et al., 2020b). Together with the findings of the
present study, these data suggest that interactions between perceptual
and motor processes rather than motor processing in isolation are rele-
vant for the understanding of GTS. The validity of such a concept needs
to be studied rigorously from different angles within the framework of a
theoretical model with testable assumptions. This requirement is ful-
filled in the approach taken in this study, which was based on the same
concept that was already shown to be relevant in GTS (Kleimaker et al.,
2020b). What needs to be considered is that GTS is a developmental
disorder with first tics usually appearing around the age of 5-7 years
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Fig. 4. Stimulus-locked lateralized readiness potential (LRP) parameters on a single-subject level. Mean amplitude and onset latency data are shown as group (Gilles
de la Tourette: GTS vs. healthy controls: HC) by overlap (Element overlap vs. No element overlap) bar plots separately for the investigated time windows: early
incorrect response activation of the Planned Responses (0-200 ms), main correct response activation of the Immediate Response (220-420 ms) and response window
of the Planned Responses (600-1000 ms). Individual data points are presented within the bars (Weissgerber et al., 2015). Significant effects of group and overlap are

marked with curly brackets.

(Robertson, 2012) and a pre-pubertal increase in tic severity, which is
typically followed by a subsequent reduction or even complete remis-
sion towards the end of the second decade (Leckman et al., 1998).
Therefore, a population of adults patients with GTS as studied here, is
not representative for the GTS population as a whole. Nevertheless, the
dissociation between a hyperbinding in event file coding (Kleimaker
et al., 2020b) and no changes in action file coding (see current data) is
striking and suggests that binding mechanisms are different between
these file types — a finding not readily consider in TEC. However, binding
between action features can also be divided into distinct functions

(Mocke et al., 2020). Actions can be body-related or environment-
related. Only the first one provides a sensorimotor effect, while the
second one relates to a change in the environment. Although binding
occurs both for body-related and environment-related action features,
this is only the case if action features are task-relevant. However, task-
irrelevant features only get integrated if they are body-related but not
if they are environment-related (Mocke et al., 2020). Importantly, in the
current paradigm, action features were always body-related (side of
response) and task-relevant, thus they likely tapped on more automatic,
and therefore less demanding forms of action file binding (Stoet and
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Fig. 5. Response-locked LRP waveforms. Time point
zero denotes the registration of the response.
Response-locked LRPs are shown across two groups.
Data of healthy controls is shown in blue and that of
patients with Gilles de la Tourette syndrome (GTS) in
red. Standard deviations are represented by shaded
areas with pale blue representing healthy controls
and pale red GTS. Purple areas show the overlap be-
tween the groups. The analyzed time window of the
response activation (—300 ms to 0 ms) is marked with
horizontal brackets. For the topography plots, differ-
ence waves were created between the contralateral
and ipsilateral sides in the motor element overlap and
in the no motor element overlap conditions, sepa-
rately in the two groups. The scalp topography plots
show the distribution of the mean activity of the
contralateral-ipsilateral difference wave of the time
window of the response activation (—300 ms to 0 ms).
Panel A presents the motor element overlap condi-
tion. Panel B shows the no motor element overlap
condition. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)
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Hommel, 1999). It remains to be seen whether action file binding pro-
cesses are modulated differently in GTS when action file binding be-
comes more demanding. At present, there is no evidence for
developmental effects in action file binding in young age since previous
action file binding studies did not include children and adolescent par-
ticipants (Mocke et al., 2020; Stoet and Hommel, 1999). Therefore, the
argument on the possible developmental trajectories of action file
binding remains tentative and future studies in health and disease need
to be conducted to clarify this issue in detail. However, for the reasons
mentioned above, it is conceivable that processes underlying action file
binding are part of an early maturing sensory or motor processing sys-
tem, stabilizing before the age of 10 (Serrien and O’Regan, 2020; Stockel
and Hughes, 2016; Stuhr et al., 2018; Thibaut and Toussaint, 2010;
Whitall and Clark, 2018).

The findings of the present study also of interest for the clinical
assessment of patients, for instance in clinical trials. The preferred in-
strument for the evaluation of tic severity and tic-related impairment is
the YGTSS (Pringsheim et al., 2019), which has a very good internal
consistency, interrater reliability, and convergent and divergent validity
(Martino et al., 2017). Yet, it is a tic- (i.e. motor-) centered scale taking
into account perceptual phenomena only marginally. The PUTS has been
developed as a self-report measure to assess the severity of premonitory
urges and is widely used (Woods et al., 2005). It thus often complements
clinical assessment. Instruments capturing both tics and urges simulta-
neously as, for instance, an urge-tic monitor as a psychophysical mea-
sure (Brandt et al., 2016a, 2016b), or neurophysiological measures
reflecting perception—-action binding (Kleimaker et al., 2020b) might be
well-suited to reflect perception-action processes on a clinical/behav-
ioral level. However, for that the role of comorbid disorders should be
investigated beforehand. In the present study this was not possible since
the frequency of comorbid disorder did not allow for a reliable statistical
modelling of these factors.

To summarize, complementing previous work documenting that
associations between perceptual and motor processes are abnormally
strong in GTS patients (Kleimaker et al., 2020aa, 2020bb, 2020cc,
2020bd), this study shows that action integration per se is normal in
these patients and therefore suggests that GTS is a disorder character-
ized by abnormalities beyond the motor system.
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