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Abstract
Background:

Tourette syndrome is a neurodevelopmental disorder with the clinical hallmarks of motor and phonic
tics which are associated with hyperactivity in dopaminergic networks. Dopaminergic hyperactivity in
the basal ganglia has previously been linked to increased sensitivity to positive reinforcement and

increases in choice impulsivity.

Objective:

We address whether this extends to changes in temporal discounting, where impulsivity is
operationalized as an increased preference to choose smaller-but-sooner over larger-but-later rewards.

Results are discussed with respect to neural models of temporal discounting, dopaminergic alterations

in Tourette syndrome and the developmental trajectory of temporal discounting.
Methods:

In the first study we included nineteen adolescent patients with Tourette syndrome and nineteen age-
and education matched controls. In the second study, we compared twenty-five adult patients with

Tourette syndrome and twenty-five age- and education-matched controls.
Results:

In the light of the dopaminergic hyperactivity model, we predicted differences in temporal discounting
in patients with Tourette syndrome. However, computational modeling of choice behavior using
hierarchical Bayesian parameter estimation revealed reduced impulsive choice in adolescent patients,

and no group differences in adults.
Conclusion:

We speculate that adolescents might show reduced discounting due to improved inhibitory functions
that also affect choice impulsivity and/or the developmental trajectory of executive control functions.
The absence of an effect in adults might be due to differences in the clinical population (e.g. patients
who acquired successful tic inhibition during adolescence might have gone into remission). Future
studies would benefit from adopting longitudinal approaches to further elucidate the developmental

trajectory of these effects.
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68 1. Introduction

69  Tourette syndrome (TS) is a childhood onset neuropsychiatric disorder characterized by motor and
70  phonic tics that wax and wane in their severity with an estimated prevalence of around 1 % (1). Motor
71  tics are repetitive, sudden movements such as eye blinking or facial muscle contractions and phonic tics
72 are repetitive sounds such as throat clearing or verbal utterances (1,2). TS onset occurs predominantly
73  in early childhood with a peak of symptom severity between the age of 10 and 12 years. Thereafter, tics
74  improve in around 80 % of children until the end of adolescence (3,4). TS is associated with high
75  comorbidity rates, predominantly attention-deficit/hyperactive disorder (ADHD), obsessive-compulsive
76  disorder (OCD), depression (5) and impulse control disorders such as self-injurious behavior (6). Studies
77  estimate that only 8 to 37 % of patients with TS do not exhibit any comorbidity (1,5,7). Treatment
78  possibilities include cognitive behavioral therapy (i.e. habit reversal training) (8), antidopaminergic
79  drugs (9) and new experimental approaches including cannabinoids (10) and deep brain stimulation
80 (11,12).
81  Both clinical and neuroscientific research have highlighted possible developmental dysfunctions in the
82  cortico-striatal-thalamo-cortical loops (13—15) especially with respect to dopamine (DA) that strongly
83  modulates these circuits (16,17). The striatum, a main gateway in these loops (18) plays a key role in
84  selectively amplifying converging sensory input to enable situation specific behavioral adaptations such
85  as the adequate control of voluntarily movement (16). Predictions (i.e. expectations) of reward as well
86  as the gating of specific motor responses are under dopaminergic modulation. Theories about the
87  developmental underpinnings of TS in terms of DA function range from theoretical assumptions about
88  a supersensitivity of striatal DA receptors (19) over tonic-phasic or presynaptic DA dysfunction (20—
89  22) to DA hyperinnervation (20,23). Whereas the latter (i.e. excessive innervation of the basal ganglia
90  via dendrites of midbrain DA neurons) may account for a range of empirical observations, including
91 those, that led to the establishment of earlier hypotheses mentioned above (see 24).
92  To date several studies have investigated motor impulsivity in patients with TS with reference to DA’s
93  role in reward and motor control (25,26). However, fewer studies have explored alterations in value-
94  based decision-making in TS. However, this question is of particular interest because motor and choice
95  impulsivity might at least in part be supported by common neural systems. First, DA in fronto-striatal
96 circuits plays a role in both motor control (27,28) and choice impulsivity (29-33). Second, some studies
97  have suggested that lateral prefrontal cortex regions might support impulse control functions, both in
98  motor and non-motor domains (34—39). Two studies (40,41) examined impairments in value-based
99  decision-making in TS in the context of reinforcement learning tasks. Palminteri and Pessiglione (2018)
100  observed impaired learning from negative feedback in TS, which is consistent with the idea of a
101  hyperdopaminergic state. Kéri and colleagues observed impaired probabilistic classification learning,
102  especially in children with severe tics (41). However, whether choice impulsivity is impaired in TS

103  remains an open question.
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104  One way to reliably assess reward impulsivity (choice impulsivity) is via temporal discounting tasks
105  (42-46). Temporal discounting describes a general preference for smaller sooner (SS) over larger, but
106  later rewards (LL) (47). A relative preference for SS rewards (steep discounting of value over time) is
107  associated with a range of problematic behaviors including substance use disorders and
108  overweight/obesity (48) but also the tendency to procrastinate to invest for retirement (49) or to
109  procrastinate to save up for future investments (50). The rate of temporal discounting is under complex
110  modulation by individual and contextual variables (51-53), whereas striatal DA networks and prefrontal
111  top down modulation seem to be the key regions of interest. However, the precise relationship between
112 dopaminergic states and impulsive choice is complex. On the one hand, pharmacological reduction in
113 DA levels decreases discounting (31-33,54). On the other hand, hyperdopaminergic states e.g. due to
114  administration of the dopamine precursor L-DOPA, are also sometimes associated with increased
115  discounting (29). Likewise, patients with Parkinson’s disease can exhibit increased impulsive behavior
116  following DA replacement therapy (30). To sum up, DA modulation likely contributes to the modulation
117  of intertemporal choice via its action on different fronto-striatal loops, but there is little evidence for a
118  clear and simple linear relationship between DA levels and choice impulsivity.

119  In terms of top-down inhibitory mechanisms the picture is somehow relatively clear. The LPFC is
120  assumed to modify choice impulsivity (55-58). That is, inhibition of the selection of tempting SS
121  choices in this model depends on prefrontal inhibitory regulation of subcortical or ventromedial
122 prefrontal value representations. Changes in structural and functional connectivity within this network
123 are linked to the development of self-control (in this study the term self-control generally refers to far
124 sighted behavior in value based decision making) from adolescence to early adulthood (59-61).
125  Inhibition and top-down control likewise plays a central role in motor impulsivity and so is believed to
126  modulate TS pathophysiology, e.g. in the context of suppressing urges and tics (25).

127  Studies did show that motor and cognitive impulsive actions might require different forms of the
128  construct of self-control and can be differentiated (62). Even though it seems to play an important role
129  in TS pathophysiology, evidence on the ability to successfully inhibit motor output in patients with TS
130  is mixed and evidence is not entirely convincing that adolescents and adults show a general deficit in
131  inhibitory control (25,26,63—67). However, there is extensive evidence for regional overlap between
132 inhibitory mechanisms in terms of motor, choice impulsivity and even other forms like emotion
133 regulation (35-38,68,69). Training in one domain might possibly affect performance other domains
134 (70). Regarding choice and motor impulsivity the dorsal striatum might be a key region of interest where
135  top down inhibitory processes (originating in PFC) modulate the execution or the re-evaluation of choice
136  outcomes (71). These anatomical regions and attributed functions might be affected by TS
137  pathophysiology (72)

138  To date it is still an open question whether patients with TS show aberrations in the domain of
139  intertemporal choice. In the present study, we compared adolescents (Study 1, Hamburg) and adults

140  (Study 2, Cologne) with TS to controls using two modified temporal discounting tasks. Based on the
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141  dopaminergic hyperinnervation model (24) we hypothesized that adolescents and adults with TS will
142 show differences in temporal discounting compared to controls. We hope to broaden the understanding
143 of value based decisions in TS on one operational measure of choice impulsivity that may predict, with

144  unavoidable uncertainty, the vulnerability for short sighted behavior(49,50,73,74).

145 2. Methods and Materials

146 2.1Ethics

147  The Ethics committee of the University of Cologne approved the study (protocol ID: DRKS00011748)
148  and all participants provided written consent. Patients were recruited at the University Hospital of
149  Cologne whereas healthy controls were recruited by advertisement. The Ethics committee of the
150  University Hospital Hamburg approved the second study. Adolescents provided written assent and their
151  parents provided written consent (PV4439). Adolescents with TS were recruited in the University

152 Hospital of Hamburg and healthy adolescents were recruited by advertisement.

153 2.2 Study 1 methods (Adolescents)

154  2.2.1 Participants
155  Weincluded 19 adolescents with TS (mean(age): = 14.21, SD: 2.37) and 19 age, education and gender-
156  matched controls (mean(age): = 14.21, SD: 2.53). All participants underwent a clinical assessment and

157  performed a modified DD paradigm. Out of 19 adolescents, two were taking medication.

158  2.2.2 Clinical Assessment

159  Adolescents were assessed with the YGTSS (75), the PUTS (76) and the Children’s Yale-Brown
160  Obsessive Compulsive Scale (CY-BOCS), a semi structured interview to evaluate OCD severity. For
161 the CY-BOCS data are available from all the adolescents with TS and 13 controls; in total three
162  adolescents with TS had a higher score than 12, which is an indicator for an OCD diagnosis (77). The
163  “Fremdbeurteilungsbogen/Selbstbeurteilungsbogen  fiir ~ Aufmerksamkeitsdefizit-/Hyperaktivitéts-
164  storungen” (FBB)-ADHD/(SBB)-ADHD is a diagnostic instrument to identify ADHD and includes a
165  third-party assessment (FBB-ADHD) and self-reporting questionnaire (SBB-ADHS) (78). FBB-ADHD
166  data is available for all adolescents with TS and 16 controls. SBB-ADHS data is available for 18
167  adolescents with TS and 17 controls. All adolescents also filled out a questionnaire on demographic

168 measurements.

169  2.2.3 Temporal Discounting

170  The adolescents temporal discounting task consistent of 50 trials whereas patients and controls could
171  choose between a SS reward (0, 1, 2, 3 or 4 cents) and a constant LL reward (5 cents), which was
172 available after a varying waiting period (10, 20, 30, 40 or 60 seconds). The LL option was depicted with
173 a blue circle and the SS option with a red circle both presented on a computer screen. The position of

174 the red and blue circle was varied on a trial-wise manner whereas choice was indicated with a mouse
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175  click (see Figure 1, supplemental data). After each choice, the received reward (money) would be
176  saved either immediately or after the appointed waiting period into a virtual saving account followed by
177  visual feedback (displayed for 500ms). Thereafter, a blue screen with a black fixation cross was
178  presented if the subject had chosen the immediate reward. The screen was presented for the same time
179  the adolescents would have waited, had they chosen the delayed option (e.g. 20s if the waiting time for
180 5 cents would have been 20s). The overall task time was thereby kept constant, no matter whether
181  participants chose predominantly SS or LL rewards. On a green bar below the choices, the participants
182  could see how many trials had passed. Depending on the choices, participants could gain between 2.50

183 €and 5 €(79).
184 2.3 Study 2 methods (Adults)

185  2.3.1 Participants

186  We recruited 25 patients (mean(age): = 29.88, SD: 9.03) with TS diagnosed according to DSM-5 criteria
187  (80) and 25 age, education and gender-matched controls (mean(age) = 29.40, SD: 9.28). All participants
188  underwent a clinical assessment, performed a temporal discounting paradigm, including a pretest based
189  on prior procedures (see 81,82). Out of 25 patients, nine patients were taking medication or
190 cannabinoids. Five patients were taking antidopaminergic drugs (Aripiprazole, risperidone, tiapride),
191  one patient was taking an anticonvulsant (Orfiril) one patient was taking a noradrenergic and specific
192  serotonergic antidepressant (Mirtazapine), and one patient was medicated with two antidopaminergic
193  drugs (Aripiprazole, risperidone) and a selective serotonin reuptake inhibitor (Citalopram). One patient

194  regularly smoked medical cannabis.

195 2.3.2 Clinical Assessment

196  All participants performed on an equal clinical assessment. They filled out the Obsessive Compulsive
197  Inventory-Revised (OCI-R) (83) and the Beck Depression Inventory (BDI) (84). The Wender Utah
198  Rating Scale was used to assess ADHD symptoms (85). All participants filled out a short intelligence
199 test (Leitpriifsystem-3 (LPS 3)) (86), followed by a demographic questionnaire with information on age,
200  gender, handedness, years of education and current drug or alcohol use. Further, patients with TS
201  completed an assessment with the Yale Global Tic Severity Scale (YGTTS) (75) and the premonitory
202  urges scale (PUTY), a self-report scale to identify premonitory urges (76). All questionnaires were in
203  German.

204 2.3.3 Temporal discounting

205  Behavioral Pretest

206  All participants underwent an adaptive pretest to estimate an individual a-priori discount-rate via
207 Maximum Likelihood estimation assuming and hyperbolic model (Equation 2, see below) and a
208  softmax-Choice rule (Equation 3, see below). This rate was then used to create subject-specific trials

209  for the following experimental session (see 81).
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210  To create subject-specific trials, we used custom Matlab routines (MATLAB version 8.4.0. Natick,
211  Massachusetts: The MathWorks Inc) (82). All experiments were administered using Presentation 16.3

212 (Presentation software; Neurobehavioral Systems, Inc).

213 Experimental session

214 The DD paradigm consisted of a series of 140 choices between direct (smaller-sooner (SS)) and delayed
215  (larger-but-later (LL)) monetary rewards. The SS reward of 20€ was labeled as being available
216  immediately whereas the LL reward was uniformly distributed (depending on the subject-specific pre-
217  test) between 20.5€ and 80€ and available after 1, 2, 7, 14, 30, 90 or 180 days respectively. Participants
218  were informed that one trial-choice combination would be selected at random and payed after the task

219  was completed (see 85,86).
220 2.4 Analysis (Both studies)

221 Model free analysis

222 We first analyzed both datasets using model agnostic approaches to avoid possible caveats associated
223 with model-based analysis, e.g., problems with parameter estimation or the choice for a theoretical
224 framework (hyperbolic vs. exponential).

225  Due to task structure in study 1 (adolescents; see above), we used the percentage of LL in contrast to
226 SS choices as a model agnostic quantification of choice behavior. For comparison we used a two-sided
227  parametric test on the arc-sin-transformed values of SS vs. LL choices.

228  In study 2 (adults) we computed the area under the empirical discounting curve (4UC)(note, due to the
229  number of varying delays, this procedure does not provide further information when applied to the data
230  instudy 1). In detail, the AUC corresponds to the area under the connected data points that describe the
231  decrease of the subjective value (y-axis) over time (delay; x axis). Each specific delay was expressed as
232 a proportion of the maximum delay and plotted against the normalized subjective (discounted) value.

233 We then computed the area of the resulting trapezoids using Equation 1.
x27X1 (1

(1+yp)
(*57)

234 Smaller AUC-values indicate more discounting (more impulsive choices) and higher 4UC-values

235  indicate less discounting (less impulsive choices) (range between zero and one).
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A~ Gamma(0.001, 0.001) 1,001, )
Agp~ Gamma(0.001, 0.001) 1,001,
Hync~ Uniform (<20, 3)

Uy p~ Uniform (-20, 3)

Atemp, e~ Gamma(0.001, 0.001) 7,901,
Atemp,p~ Gamma(0.001, 0.001) 14,001 )

Heemp,Hc™ Uniform (0, 10)
Htemp,p~ Uniform (0, 10)

k~ Gaussian (. Ay, )
temp ~ Gaussian (Utemp, Atemp)
DM in days

LL in monetary units

G C ~ Bernoulli (P)

\ t=1,., ntrials/
i=1,...nsubj
J=1,...ngroup
236

237 Figure 1. Hierarchical Bayesian model. Parameter estimates for each subject [# = 38 (study 1); n = 50 (study
238 2)], k (choice impulsivity) and temp (choice stochasticity) were drawn from different group distributions [ngroup
239 =2 (patients with TS (P)/ healthy controls (HC))] and mapped on the choice data [r = 50 (study 1); n = 140 (study
240  2)] for each participant.

__ LL

‘ SV= Ttk

P exp{temp *SV (chosen))
(chosen) = ——————

241

242 Computational modeling

243 Based on prior analysis and basic research in the field of temporal discounting we assumed a hyperbolic
244 model (87,88) to describe the decrease in subjective value over time for both datasets (Equation 2). The
245  LL reward that is delivered after a specific delay (D) is devaluated via a subject specific discount rate
246 (k) that weights the influence of time on the subjective value (SV). A lower k-parameter reflects more

247  patient preferences (reduced discounting) whereas a higher k-parameter reflects steeper discounting:
_ @
(1+kD)

248

249  After devaluating the delayed option our model assumes that subjects compare the devaluated LL reward
250  with the 20€ SS trial by trial and select the most valuable action under the influence of subject specific
251  noise. This decision process between both subjective values is modeled by a simple softmax choice rule
252  (Equation 3) where a free femp parameter scales the influence of value differences on choice. A high
253  temp value implies that participants decide purely on value differences whereas lower values indicates

254 higher choice stochasticity. For limit of temp=0 choices are random.

8
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exp(SVchosen *temp) (3)
exp(SVther*temp)+ exp(SV chosen*temp)

P(chosen)=

Models were fit using a hierarchical Bayesian framework to estimate parameter distributions via Markov
Chain Monte Carlo (MCMC) sampling with Just Another Gibbs Sampler (JAGS) (89). Individual choice
data were modeled using Equations 2 and 3 (see above). Single subject parameters were drawn from
group-level normal distributions, with mean and variance hyper-parameters that were themselves
estimated from the data (see Figure 1). Model convergence was assessed via the RHAT statistic
(Gelman-Rubinstein convergence diagnostic) where values < 1.01. (two chains) were considered
acceptable.

Group comparisons were conducted by examining the differences in posterior distributions per
parameter of interest. The strength of evidence for directional effects was examined by computing
directional Bayes Factors for each group level difference distribution. A Bayes factor > 3 yields positive

evidence (90).

3. Results

3.1 Study 1 (Adolescents)

3.1.1 Demographic characteristics and clinical assessment
Demographic and clinical characteristics between adolescents with TS and controls are shown in Table
1. For demographic, clinical and neuropsychological characteristics of adolescents with TS and controls

adjusted for multiple comparison see Table 1, supplemental data.
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Table 1. Demographic, clinical and neuropsychological characteristics of adolescents with TS and healthy

controls.

Adolescents with TS Healthy controls

(n=19) (n=19)

Mean  SD Mean SD U/ X? p
Age (Years) 14.21 2.37 14.21 2.53 0.000 1.000
Male/Female ¢ 13/6 - 78.9 - 0.543 0.467
Right-handed ° 14/19 - 84.2 - 1.276 0.435
Current medication 2/19 - - - - -
YGTSS impairment 16.00 8.00 - - - -
YGTSS 23.37 12.38 - - - -
PUTS 19.53 5.61 - - - -
FBB-ADHD® 0.38 0.26 0.82 0.48 -3.226 0.093
SBB-ADHD* 0.39 0.22 0.68 0.39 88.0 0.497
CY-BOCS® 6.84 6.31 0.08 0.277 21.50 <0.001

ADHD, attention deficit hyperactivity disorder; CY-BOCS, Children’s Yale-Brown Obsessive-Compulsive Scale;
(FBB)-ADHD/(SBB)-ADHD, Fremdbeurteilungsbogen/Selbstbeurteilungsbogen fiir Aufmerksamkeitsdefizit-
/Hyperaktivititsstorungen; PUTS, Premonitory Urge for Tics Scale; TS, Tourette syndrome; YGTSS, Yale Global
Tic Severity Scale.

a. T-test was used because data was normally distributed.

b. Mann Whitney U test was used because data was not normally distributed.

c. X?square test.

3.1.2 Temporal discounting

Model free analysis

Controls chose the LL reward in 48.3 % of all cases whereas adolescents with TS chose the that option
in 58.4 % of all trials (see Figure 2, supplemental data). Before using a parametric-test we applied an
arcsin-transformation on all mean choice proportions (by participant) and then tested for group
differences. Even though patients with TS did choose the LL option around 10% more often both groups
did not differ significantly (7'=1.0646; df = 35.83; p = 0.29).

10
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293
294 Figure 2. (A) Group level hyperparameter distributions of Jog(k) parameter for adolescents with TS (blue) and

295  healthy controls (orange). (B) Difference distribution of (A) healthy controls minus adolescence with TS. The
296  black bars indicate the 95% and 85% highest density intervals respectively. 89% of posterior hyperparameter
297 samples exceed 0 (Note, even though 89% of samples exceed 0, the 85% HDI overlaps with 0. This is due to the
298 fact that the HDI is computed differently from 10% and 90% quantiles or the subtraction of posterior samples
299  which are just in Bayesian comparisons of posterior distributions (see Kruschke 2011 for details).In other words
300 89% of the target distribution from adolescents with TS is lower than the equivalent distribution in healthy controls.
301 This can be interpreted as a chance of 89% of decreased discounting of delayed rewards in adolescents with TS
302  when compared to healthy controls.

303 Computational modeling

304  Examination of the posterior distributions of log(k) from the computational model revealed attenuated
305 impulsive choice (smaller log(k)) in patients with TS: 89.07 % of the log (k) posterior difference
306  distribution (controls minus patients) exceeded 0, suggesting steeper discounting of value over time in
307  controls (Equation 2). Computing a directional Bayes Factor (dBF) for the group difference yielded
308  dBF=8.13, that is, given the data, a reduction in discounting in patients was 8.13 times more likely than
309 anincrease. For analysis of choice stochasticity see Figure 4, supplemental data.

310
311 3.2Study 2 (Adults)

312 3.2.1 Demographic characteristics and clinical assessment

313  Demographic and clinical characteristics of patients with TS and controls are shown in Table 2. Controls
314  did not score in any clinically relevant ranges. Neither patients nor controls reported clinically relevant
315  drug or alcohol abuse.

316
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317 Table 2: Demographic, clinical and neuropsychological characteristics of patients with TS and healthy controls.

Patients with TS Healthy controls

(n=25) (n=25)

Mean SD Mean SD U/ X? p
Age (Years)® 29.88 9.03 29.40 9.28 0.185 0.854
Male/Female ¢ 19/6 - 68.00 - 0.397 0.529
Right-handed 22/25 - 88.00 - 0.000 1.000
Current medication 6/25 - - - - -
Years of education ® 11.68 1.25 11.90 1.22 250.00 0.197
Tourette Onset 8.76 5.13 - - - -
YGTSS motor 15.84 5.72 - - - -
YGTSS verbal 12.32 6.36 - - - -
YGTSS impairment 26.80 11.08 - - - -
YGTSS 54.96 20.78 - - - -
PUTS 30.02 4.22 - - - -
BDI® 11.68 9.34 5.28 5.19 165.50 0.004
WURS-k ? 26.12 11.60 16.04 9.55 3.36 0.002
OCI-R® 20.30 12.06 10.92 7.58 149.50 0.002
LPS-3° 55.80 8.25 58.60 8.48 249.50 0.213

318 BDI, Becks depression inventory; LPS-3, Leistungspriifsystem; OCI-R, Obsessive-Compulsive Inventory-
319 Revised; PUTS, premonitory urge tic for scale; TS, Tourette syndrome; WURS-k, Wender-Utah-Rating-Scale;
320  YGTSS, Yale Global Tic Severity Scale.

321 a. T-test was used because data was normally distributed.

322 b. Mann Whitney U test was used because data was not normally distributed.
323 c. X2 square test.

324

325 3.2.2 Temporal Discounting

326  Model free analysis

327  Applying a parametric t-test on the integral of the area under the empirical discounting curve revealed
328  no significant differences between patients with TS (mean(4 UC) = 0.459) and controls (mean(4UC) =
329 0.511) (t=-0.8791; df = 46.1; p = 0.38), see Figure 3, supplemental data.

330
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332 Figure 3. (A) Group level hyperparameter distributions of log(k) for patients with TS (blue) and healthy controls
333 (orange); The orange and blue bars indicate the 95% highest density interval for each group (B) Difference
334 distribution of hyperparameters shown in (A) - healthy controls minus patients with TS. The black bars indicate
335 the 95% and 85 % highest density interval respectively. 72 % of the hyperparameter distribution is below 0 which
336 can be interpreted as a chance of 72% of steeper discounting in patients with TS.

337

338  Computational modeling

339  In line with our model-agnostic approach examination of the posterior distributions of log(k) from the
340  computational model revealed only minor differences in impulsive choice (smaller log(k)) in controls
341  as only 38 % of the log (k) posterior difference distribution (controls minus patients) exceeded 0. This
342  suggests no significant differences in discounting of value over time. Computing a directional Bayes
343  Factor (dBF) for the group difference yielded dBF=0.38 (no mentionable evidence), that is, if anything
344  a descriptive decrease in discounting in controls when compared to patients with TS. In consequence
345  absolute log(k) distributions showed substantial overlap between groups (Figure 4A). Since some
346  patients with TS were treated with antidopaminergic drugs we excluded these six subjects and repeated
347  our computational analysis. The exclusion of these patients only had marginal effects and the result
348  pattern did not change. For analysis of choice stochasticity see Figure 5, supplemental data.

349  Further, no ties between subject specific choice impulsivity (median(k)) and choice stochasticity
350 (median(femp)) parameters and our questionnaire data could be detected. In detail, we performed a
351  simple correlation analysis (corrected for multiple comparisons; note an additional exploratory analysis
352 without correcting for multiple corrections did not reveal any significant correlation) in between the
353  Dbefore mentioned model parameters and the following inventories: WURSK-k scale, OCI-R and BDI
354  (see Table 2, supplemental data).

355 4. Discussion

356  We examined temporal discounting in adolescents and adults with TS. Based on neural models of the
357  etiology of TS we predicted increased temporal discounting in TS due to a putative increase in DA
358  signaling (23). In contrast to our prediction, computational modeling using hierarchical Bayesian

359  parameter estimation revealed that adolescent TS patients showed reduced temporal discounting
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360 compared to controls. In contrast, we observed little evidence for robust group differences in adult TS
361  patients.

362 TS is a complex neuropsychiatric disorder that is associated with developmental dopaminergic
363  anomalies and a failure to control involuntary actions (1,2,24-26). These dopaminergic anomalies may
364  either cause, enable or enhance tics via inadequate gating of information through the striatum (16). In
365  the current study, we report data from two temporal discounting tasks to examine if self-controlled
366  choices are under modulation of TS pathophysiology. We hypothesized that dopaminergic anomalies
367 might interfere with the valuation of decision options, which are modulated by both dopaminergic
368  signaling and prefrontal inhibitory control (24-26).

369  The DA hyperinnervation model of TS, in conjunction with some of the empirical findings linking
370  elevated DA to increased human temporal discounting (24,29), might then predict increased discounting
371  in patients with TS. However, other studies point towards reductions in temporal discounting due to
372 pharmacological elevation of DA levels. Generally, the human literature on dopaminergic contributions
373  to impulsivity is characterized by substantial heterogeneity (91). A further complicating factor is that
374  dopaminergic effects might be non-linear (92), as summarized in the inverted U-model of DA
375  functioning (93). However, it is obvious that transient pharmacological dopaminergic interventions in
376  healthy subjects and long-term abnormal dopaminergic states in neurodevelopmental conditions such as
377 TS will have markedly different behavioral effects. Nevertheless, our results suggest that the putative
378  chronic hyperdopaminergic state of TS does not give rise to substantial changes in temporal discounting
379  inadults.

380 In contrast, we did find evidence for a moderate decrease in temporal discounting in adolescents with
381 TS when compared to healthy controls. Our analysis revealed that a decrease in temporal discounting in
382  adolescents with TS was about 8 times more likely than an increase (dBF = 8.13). Adolescents typically
383  show higher discount rates than adults (94,95). This is thought to be attributable to increases in
384  functional and structural fronto-subcortical connectivity that continue until early adulthood (26,59—61).
385  Adolescents with TS are constantly faced by tics and the need to control their motor output. Even though
386 these tics might emerge from complex neurophysiological interactions i.e. hyperactive DA modulated
387  striatal gating and reduced inhibition of GABAergic interneurons (96,97), one could speculate that the
388 ability to inhibit tics might foster the ability to inhibit other impulses thereby strengthening cognitive
389  control more generally (70). The question then arises why such an effect would not likewise translate
390 into greater self-control during temporal discounting in the adult TS patients as well. One possibility is
391  that such a “training” account merely affects the developmental trajectory of self-control, such that
392  adolescents with TS reach adult levels of self-control earlier than their healthy peers. Testing such a
393  model would of course require longitudinal studies.

394  Additional clinical differences between adolescent and adult TS patients further complicate the
395 interpretation of the differential effects in the two age groups. Adolescents and adults with TS exhibit

396  different tic-phenomenology, adolescents exhibit less variability and/or fluctuations in tics as well as
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397  additional comorbidities such as autistic spectrum disorders and oppositional defiant disorder (1).
398  Adolescents who successfully control their tics have a greater likelihood of eventual remission, likely
399  due to better executive control capabilities (98). In contrast, patients who still exhibit TS in adult life
400  exhibit attenuated inhibitory control (66). In both samples, the discount rate (k) was not significantly
401  correlated (corrected for multiple comparisons) with ADHD, OCD comorbid symptomatology or the
402  YGTSS (see Table 1 and Table 2, supplemental data).

403  The present study has several limitations. First, adolescents and adults performed different temporal
404  discounting tasks with different reward magnitudes (0-4 cents vs. 20-80€) on a different timescale
405  (immediate up to a minute (adolescents) vs. immediately after the task to up to weeks (adults)). Reward
406  magnitudes in the range of cents vs. tens of Euros may entail different valuation and/or control processes
407  (99,100). This precludes direct comparisons in log(k) between age groups. Second, we do draw
408 theoretical conclusions from reward impulsivity to motor inhibition in patients with TS, even though we
409 do not compare motor inhibition empirically. Further studies should try to further examine the
410  developmental trajectories of both of them. Third, although only two adolescents with TS took
411  medication, about a quarter of adult patients (n=6) were on antipsychotic medication. An integrative
412  review showed that most TS medication (i.e. D, antagonists) reduce phasic DA, tonic DA or both (24)
413  and DA dysfunction in cortico-striatal-thalamo-cortical was likely affected by the medication. However,
414  acontrol analysis in which all medicated participants were excluded yielded the same pattern of results.
415  Finally, patients and controls in the two different studies did not complete the exact same set of

416  questionnaires (i.e. LPS-3).

417 5. Conclusion

418  The present study assessed temporal discounting in adolescent and adult TS patients, as well as matched
419  healthy controls. Our data suggest reduced discounting in adolescent TS patients compared to matched
420  controls. We speculate that this might be due to improved inhibitory functions that affect choice
421  impulsivity and/or the developmental trajectory of executive control functions. Interestingly, adult
422  patients with TS exhibited levels of discounting similar to controls. This might be due higher disease
423  severity in adult patients with TS (e.g., patients who acquired successful tic inhibition during
424  adolescence might have gone into remission). Future studies would benefit from adopting a longitudinal
425  approach to further elucidate the developmental trajectory of these effects, and from directly examining
426  effects of dopaminergic medication on these processes in TS.

427
428 Acknowledgments

429  We would like to thank Milena Marx for support in Figure preparation.

15


https://doi.org/10.1101/2020.02.14.947812
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.14.947812; this version posted February 15, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

430 Authors Roles

431 Canan Beate Schiiller: 1A, 1B, 1C, 2B, 3A; Ben Jonathan Wagner: 2A, 2B, 3A; Thomas Schiiller: 1A,
432 3B; Juan Carlos Baldermann 1A, 3B:, Daniel Huys: 1A, 3B; Julia Kerner auch Koerner:1C, 1B, 3B; Eva
433  Niessen:1A, 1C, 3B; Alexander Miinchau: 1A, 3B, Valerie Brandt: 1A, 1B, 1C, 3B; Jan Peters, 1A, 1C,
434  2A,2C, 3B:, Jens Kuhn: 1A, 3B.

435 Financial Disclosures for all authors (for the preceding 12 months)

436  Canan Beate Schiiller: Walter and Marga Boll Foundation; Ben Jonathan Wagner: None; Thomas
437 Schiiller: Walter and Marga Boll Foundation; Juan Carlos Baldermann: None; Daniel Huys: None; Julia
438  Kerner auch Koerner: None; Eva Niessen: None; Alexander Miinchau: Commercial research support:
439  Pharm Allergan, Ipsen, Merz Pharmaceuticals, Actelion; Honoraria for lectures: Pharm Allergan, Ipsen,
440  Merz Pharmaceuticals, Actelion, GlaxoSmithKline, Desitin and Teva; Support from Foundations:
441 Possehl-Stiftung (Liibeck, Germany), Margot und Jiirgen Wessel Stiftung (Liibeck, Germany), Tourette
442  Syndrome Association (Germany), Interessenverband Tourette Syndrom (Germany), CHDI; Academic
443 research support: Deutsche Forschungsgemeinschaft (DFG): projects 1692/3-1, 4-1, SFB 936, and FOR
444 2698 (project numbers 396914663, 396577296, 396474989), Innovationsausschuss of the Gemeinsamer
445  Bundesausschuss: Translate NAMSE (structural support for the Liibeck Center for Rare Diseases);
446  Royalties for the book Neurogenetics (Oxford University Press); Advisory Boards: German Tourette
447  syndrome association; Alliance of patients with chronic rare diseases; Valerie Brandt: Public
448  Engagement with Research Fund, the ROLI music company, Tourettes Action; Jan Peters: Grants: DFG
449  PE1627/5-1 und PE1627/5-2; Jens Kuhn: received honoraria from Bayer, Janssen, Lundbeck,
450  Neuraxpharm, Otsuka Pharma, Schwabe and Servier for lecturing at conferences and financial support
451  to travel. He has received financial support for Investigator initiated trials from Medtronic GmbH.

452

453 References

454
455 1. Robertson MM. The Gilles de la Tourette syndrome: the current status. Arch Dis Child Educ
456 Pract Ed. 2012;97(5):166-75.

457 2. Leckman JF. Tourette * s syndrome. 2002;360:1577-86.
458 3. Coffey BJ, Biederman J, Geller D, Frazier J, Spencer T, Doyle R, et al. Reexamining tic

459 persistence and tic-associated impairment in Tourette’s Disorder findings from a naturalistic
460 follow-up study. J Nerv Ment Dis. 2004;192(11):776-80.

461 4. Bloch MH, Leckman JF. Clinical course of Tourette syndrome. J Psychosom Res.
462 2009;67(6):497-501.

463 5. Groth C, Mol Debes N, Rask CU, Lange T, Skov L. Course of Tourette Syndrome and
464 Comorbidities in a Large Prospective Clinical Study. J] Am Acad Child Adolesc Psychiatry.
465 2017;56(4):304—12.

466 6. Mathews CA, Waller J, Glidden D V., Lowe TL, Herrera LD, Budman CL, et al. Self injurous
467 behaviour in Tourette syndrome: Correlates with impulsivity and impulse control. J Neurol
468 Neurosurg Psychiatry. 2004;75(8):1149-55.

469 7. Hirschtritt ME, Lee PC, Pauls DL, Dion Y, Grados MA, Illmann C, et al. Lifetime prevalence,
470 age of risk, and genetic relationships of comorbid psychiatric disorders in tourette syndrome.
471 JAMA Psychiatry. 2015;72(4):325-33.

16


https://doi.org/10.1101/2020.02.14.947812
http://creativecommons.org/licenses/by-nc-nd/4.0/

472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.14.947812; this version posted February 15, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

17

perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Bate KS, Malouff JM, Thorsteinsson ET, Bhullar N. The efficacy of habit reversal therapy for
tics, habit disorders, and stuttering: A meta-analytic review. Clin Psychol Rev. 2011;31(5):865—
71.

Huys D, Hardenacke K, Poppe P, Bartsch C, Baskin B, Kuhn J. Update on the role of
antipsychotics in the treatment of Tourette syndrome. Neuropsychiatr Dis Treat. 2012;8:95-104.
Artukoglu BB, Bloch MH. The Potential of Cannabinoid-Based Treatments in Tourette
Syndrome. CNS Drugs. 2019;

Baldermann JC, Schiiller T, Huys D, Becker I, Timmermann L, Jessen F, et al. Deep Brain
Stimulation for Tourette-Syndrome: a Systematic Review and Meta-Analysis. Brain Stimul.
2015 Dec;

Martinez-Ramirez D, Jimenez-Shahed J, Leckman JF, Porta M, Servello D, Meng FG, et al.
Efficacy and safety of deep brain stimulation in tourette syndrome the international tourette
syndrome deep brain stimulation public database and registry. JAMA Neurol. 2018 Mar
1;75(3):353-9.

Albin RL, Mink JW. Recent advances in Tourette syndrome research. Trends Neurosci.
2006;29(3):175-82.

Dwyer JB. A Developmental Perspective of Dopaminergic Dysfunction in Tourette Syndrome.
Biol Psychiatry. 2018;84(5):e33-5.

Kuhn J, Baldermann JC, Huys D. Dysregulation of the Reward and Learning Systems in Tourette
Syndrome. Vol. 76, JAMA Neurology. American Medical Association; 2019. p. 1124,

Frank MJ. Dynamic Dopamine Modulation in the Basal Ganglia: A Neurocomputational
Account of Cognitive Deficits in Medicated and Nonmedicated Parkinsonism. J Cogn Neurosci.
2005 Jan 13;17(1):51-72.

Denys D, de Vries F, Cath D, Figee M, Vulink N, Veltman DJ, et al. Dopaminergic activity in
Tourette syndrome and obsessive-compulsive disorder. Eur Neuropsychopharmacol.
2013;23(11):1423-31.

Haber SN, Knutson B. The reward circuit: Linking primate anatomy and human imaging.
Neuropsychopharmacology. 2010;35(1):4-26.

Singer HS. The neurochemistry of Tourette syndrome. In: Martina D, Leckman JF, editors.
Tourette Syndrome. New York: Oxford University Press; 2013. p. 276-300.

Buse J, Schoenefeld K, Miinchau A, Roessner V. Neuromodulation in Tourette syndrome:
dopamine and beyond. Neurosci Biobehav Rev. 2013 Jul;37(6):1069—-84.

Singer HS, Szymanski S, Giuliano J, Yokoi F, D P, Dogan a S, et al. Elevated Intrasynaptic
Dopamine Release in Tourette ’
Process. 2002;(August):1329-36.
Ernst M, Zametkin AJ, Jons PH, Matochik JA, Pascualvaca D, Cohen RM. High presynaptic

s Syndrome Measured by PET. Psychiatry Interpers Biol

dopaminergic activity in children with Tourette’s disorder. ] Am Acad Child Adolesc Psychiatry.


https://doi.org/10.1101/2020.02.14.947812
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.14.947812; this version posted February 15, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

509 1999;38(1):86-94.

510 23. Maia T V., Conceicdo VA. The Roles of Phasic and Tonic Dopamine in Tic Learning and
511 Expression. Biol Psychiatry. 2017;(17):1-12.

512 24, Maia T V., Conceicdo VA. Dopaminergic Disturbances in Tourette Syndrome: An Integrative
513 Account. Biol Psychiatry. 2018;1-13.

514  25. Morand-beaulieu S, Grot S, Lavoie J, Leclerc JB. The puzzling question of inhibitory control in

515 Tourette syndrome : A meta- analysis. Neurosci Biobehav Rev. 2017;80(January):240-62.

516  26.  Jackson GM, Draper A, Dyke K, Pépés SE, Jackson SR. Inhibition, Disinhibition, and the
517 Control of Action in Tourette Syndrome. Trends Cogn Sci. 2015 Nov 1;19(11):655-65.

518  27. Smith CT, San Juan MD, Dang LC, Katz DT, Perkins SF, Burgess LL, et al. Ventral striatal
519 dopamine transporter availability is associated with lower trait motor impulsivity in healthy
520 adults. Transl Psychiatry. 2018;8(1).

521  28. Canario N, Sousa M, Moreira F, Duarte IC, Oliveira F, Januario C, et al. Impulsivity across
522 reactive, proactive and cognitive domains in Parkinson’s disease on dopaminergic medication:
523 Evidence for multiple domain impairment. PLoS One. 2019;14(2):1-18.

524  29. Pine A, Shiner T, Seymour B, Dolan RJ. Dopamine, time, and impulsivity in humans. J Neurosci.
525 2010;30(26):8888-96.

526  30. Voon V. Decision-making and impulse control disorders in parkinson’s disease. Vol. 2, Decision

527 Neuroscience: An Integrative Perspective. Elsevier; 2016. 305-314 p.

528 31. Kayser AS, Allen DC, Navarro-Cebrian A, Mitchell JM, Fields HL. Dopamine, corticostriatal
529 connectivity, and intertemporal choice. J Neurosci. 2012;32(27):9402-9.

530 32. Shiels K, Jr LWH, Reynolds B, Mazzullo R, Rhodes J, Jr WEP, et al. The Effects of
531 Methylphenidate on Discounting of Delayed Rewards in ADHD. Exp Clin Psychopharmacol.
532 2009;17(5):291-301.

533 33. Freund N, Jordan CJ, Lukkes JL, Norman KJ, Andersen SL. Juvenile exposure to
534 methylphenidate and guanfacine in rats: effects on early delay discounting and later cocaine-
535 taking behavior. Psychopharmacology (Berl). 2019;236(2):685-98.

536 34. Chamberlain SR, Sahakian BJ. The neuropsychiatry of impulsivity. Curr Opin Psychiatry.
537 2007;20:255-61.

538 35. Nederkoorn C, Van Eijs Y, Jansen A. Restrained eaters act on impulse. Pers Individ Dif.
539 2004;37(8):1651-8.

540  36. Tabibnia G, Monterosso JR, Baicy K, Aron AR, Poldrack RA, Chakrapani S, et al. Different
541 forms of self-control share a neurocognitive substrate. J Neurosci. 2011;31(13):4805-10.

542 37. Cohen JR, Berkman ET, Lieberman MD. Intentional and Incidental Self-Control in Ventrolateral
543 Prefrontal Cortex. In: Principles of Frontal Lobe Function. Oxford University Press; 2014. p.
544 417-40.

545 38. Cohen JR, Berkman, Elliot T, Lieberman M. Intentional and incidental self-control in ventrol

18


https://doi.org/10.1101/2020.02.14.947812
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.14.947812; this version posted February 15, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

546 ateral prefrontal cortex. Oxford Handb Front Lobe Funct. 2012;417—40.
547 39.  Cohen JR, Lieberman MD. The Common Neural Basis of Exerting Self-Control in Multiple
548 Domains. Self Control Soc Mind, Brain. 2010;

549  40.  Palminteri S, Pessiglione M. Reinforcement Learning and Tourette Syndrome. In: International

550 review of neurobiology. 2013. p. 131-53.

551  41. Kéri S, Szlobodnyik C, Benedek G, Janka Z, Gadoros J. Probabilistic classification learning in
552 Tourette syndrome. Neuropsychologia. 2002;40(8):1356—62.

553 42, Enkavi AZ, Eisenberg IW, Bissett PG, Mazza GL, MacKinnon DP, Marsch LA, et al. Large-
554 scale analysis of test-retest reliabilities of self-regulation measures. Proc Natl Acad Sci.
555 2019;116(12):5472-7.

556  43. Martinez-Loredo V, Fernandez-Hermida JR, Carballo JL, Fernandez-Artamendi S. Long-term
557 reliability and stability of behavioral measures among adolescents: The Delay Discounting and
558 Stroop tasks. J Adolesc. 2017;58:33-9.

559 44.  Anokhin AP, Golosheykin S, Mulligan RC. Long-term test-retest reliability of delayed re ward
560 discounting in adolescents. Behav Process. 2016;111(1):55-9.

561 45. Kirby KN. One-year temporal stability of delay-discount rates. Psychon Bull Rev.
562 2009;16(3):457-62.

563  46.  Peters J, Biichel C. The neural mechanisms of inter-temporal decision-making: understanding
564 variability. Trends Cogn Sci. 2011;15(5):227-39.

565 47.  Ainslie G. Specious reward: a behavioral theory of impulsiveness and impulse control. Psychol
566 Bull. 1975;82(4):463-96.

567  48. Bickel WK, Jarmolowicz DP, Mueller ET, Koffarnus MN, Gatchalian KM. Excessive
568 discounting of delayed reinforcers as a trans-disease process contributing to addiction and other
569 disease-related vulnerabilities: Emerging evidence. Pharmacol Ther. 2012;134(3):287-97.

570 49.  Findley TS, Caliendo FN. Time inconsistency and retirement choice. Econ Lett. 2015;129:4-8.

571 50. Ersner-Hershfield H, Wimmer GE, Knutson B. Saving for the future self: Neural measures of
572 future self-continuity predict temporal discounting. Soc Cogn Affect Neurosci. 2009;4(1):85—
573 92.

574  51.  Dalley JW, Robbins TW. Fractionating impulsivity: Neuropsychiatric implications. Nat Rev
575 Neurosci. 2017;18(3):158-71.

576 52. Dixon MR, Jacobs E a, Sanders S. Contextual control of delay discounting by pathological
577 gamblers. J Appl Behav Anal. 2006;39(4):413-22.

578 53.  Peters J, Biichel C. Episodic Future Thinking Reduces Reward Delay Discounting through an

579 Enhancement of Prefrontal-Mediotemporal Interactions. Neuron. 2010;66(1):138—48.

580 54. Arrondo G, Aznarez-Sanado M, Fernandez-Seara MA, Goii J, Loayza FR, Salamon-Klobut E,
581 et al. Dopaminergic modulation of the trade-off between probability and time in economic
582 decision-making. Eur Neuropsychopharmacol. 2015;25(6):817-27.

19


https://doi.org/10.1101/2020.02.14.947812
http://creativecommons.org/licenses/by-nc-nd/4.0/

583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.14.947812; this version posted February 15, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

20

perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Figner B, Knoch D, Johnson EJ, Krosch AR, Lisanby SH, Fehr E, et al. Lateral prefrontal cortex
and self-control in intertemporal choice. Nat Publ Gr. 2010;13(5):538-9.

Hare TA, Hakimi S, Rangel A. Activity in dIPFC and its effective connectivity to vmPFC are
associated with temporal discounting. Front Neurosci. 2014;8(8 MAR):1-15.

Hare TA, Camerer CF, Rangel A. Self-Control in Decision-Making Involves Modulation of the
vmPFC Valuation System. Science (80- ). 2009;324(May):646-8.

Peters J, D’Esposito M. Effects of Medial Orbitofrontal Cortex Lesions on Self-Control in
Intertemporal Choice. Curr Biol. 2016;26(19):2625-8.

van den Bos W, Rodriguez C a., Schweitzer JB, McClure SM. Adolescent impatience decreases
with increased frontostriatal connectivity. Proc Natl Acad Sci. 2015;201423095.

Anandakumar J, Mills KL, Earl EA, Irwin L, Miranda-Dominguez O, Demeter D V., et al.
Individual differences in functional brain connectivity predict temporal discounting preference
in the transition to adolescence. Dev Cogn Neurosci. 2018 Nov;34:101-13.

Christakou A, Brammer M, Rubia K. Maturation of limbic corticostriatal activation and
connectivity associated with developmental changes in temporal discounting. Neuroimage.
2011;54(2):1344-54.

Caswell AJ, Morgan MJ, Duka T. Inhibitory control contributes to “motor”-but not “cognitive”-
impulsivity. Exp Psychol. 2013;60(5):324-34.

Brandt VC, Moczydlowski A, Jonas M, Boelmans K, Baumer T, Brass M, et al. Imitation
inhibition in children with Tourette syndrome. J Neuropsychol. 2019;13(1):82-95.

Brandt VC, Patalay P, Baumer T, Brass M, Miinchau A. Tics as a model of over-learned
behavior—imitation and inhibition of facial tics. Mov Disord. 2016 Aug 8;31(8):1155-62.
Mueller SC, Jackson GM, Dhalla R, Datsopoulos S, Hollis CP. Enhanced Cognitive Control in
Young People with Tourette’s Syndrome. Curr Biol. 2006 Mar 21;16(6):570-3.

Eichele H, Eichele T, Hammar A, Freyberger HJ, Hugdahl K, Plessen KJ. Go/NoGo Performance
in Boys with Tourette Syndrome. Child Neuropsychol. 2010 Mar 10;16(2):162-8.

Schiiller T, Gruendler TOJ, Huster R, Baldermann JC, Huys D, Ullsperger M, et al. Altered
electrophysiological correlates of motor inhibition and performance monitoring in Tourette’s
syndrome. Clin Neurophysiol. 2018;129(9):1866—72.

Cohen JR, Lieberman MD. The Common Neural Basis of Exerting Self-Control in Multiple
Domains. In: Self Control in Society, Mind, and Brain. Oxford University Press; 2010.
Chamberlain SR, Sahakian BJ. The neuropsychiatry of impulsivity. Curr Opin Psychiatry.
2007;20(3):255-61.

Muraven M. Building Self-Control Strength: Practicing Self-Control Leads to Improved Self-
Control Performance. J Exp Soc Psychol. 2010;46(2):465-8.

Kim BS, Im HI. The role of the dorsal striatum in choice impulsivity. Ann N Y Acad Sci.
2018;1451:92-111.


https://doi.org/10.1101/2020.02.14.947812
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.14.947812; this version posted February 15, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

620  72. Dalley JW, Fryer TD, Brichard L, Robinson ESJ, Theobald EH, Lidne K, et al. Nucleus

621 Accumbens D2 / 3 Receptors Predict Trait Impulsivity and Cocaine Reinforcement. Eur PMC
622 Funders Gr. 2007;315(5816):1267-70.

623  73.  Bickel WK, Marsch LA. Toward a behavioral economic understanding of drug dependence:
624 delay discounting processes. Addiction. 2001;96(1):73-86.

625 74. Hu K, De Rosa E, Anderson AK. Differential temporal salience of earning and saving. Nat
626 Commun. 2018;9(1).

627 75. Goodman WK, Price LH, Rasmussen SA, Mazure C, Fleischmann RL, Hill CL, et al. The Yale-
628 Brown Obsessive Compulsive Scale. Arch Gen Psychiatry. 1989 Nov 1;46(11):1006.

629 76.  Woods DW, Piacentini J, Himle MB, Chang S. Premonitory Urge for Tics Scale (PUTS): initial
630 psychometric results and examination of the premonitory urge phenomenon in youths with Tic
631 disorders. J Dev Behav Pediatr. 2005;26(6):397—403.

632 77. Lewin AB, Piacentini J. Evidence-Based Assessment of Child Obsessive Compulsive Disorder:
633 Recommendations for Clinical Practice and Treatment Research. Child Youth Care Forum. 2010
634 Apr 8;39(2):73—89.

635 78.  Dopfner M, Gortz-Dorten A, Lehmkuhl G. DISYPS-II - Diagnostik-System fiir Psychische
636 Storungen im Kindes- und Jugendalter nach ICD-10 und DSM-1V. Bern: Huber; 2008.

637 79. JanBen H. Vergleichende Untersuchung der Zukunftsorientierung des Wahlverhaltens von
638 Kindern mit und ohne Aufmerksamkeitsdefizit-/Hyperaktivititsstorung in einem
639 Belohnugsaufschub-Paradigma mit realen Temporal Discounting Design. 2011. 114 p.

640 80. Robertson M, M., Eapen V, Singer HS, Martino D, Scharf JM, et al. Gilles de la Tourette
641 syndrome. Nat Rev Dis Prim. 2017;3.

642 81. Peisker CB, Schiiller T, Peters J, Wagner BJ, Schilbach L, Miiller UJ, et al. Nucleus Accumbens
643 Deep Brain Stimulation in Patients with Substance Use Disorder Disorders and Delay
644 Discounting. Brain Sci. 2018;8(21):1-15.

645  82.  Peters J, Biichel C. Overlapping and distinct neural systems code for subjective value during
646 intertemporal and risky decision making. J Neurosci. 2009;29(50):15727-34.
647 83. Foa EB, Huppert JD, Leiberg S, Langner R, Kichic R, Hajcak G, et al. The Obsessive-

648 Compulsive Inventory: Development and validation of a short version. Psychol Assess.
649 2002;14(4):485-96.

650 84. Beck AT, Ward CH, Mendelson M, Mock J, Erbaugh J, Comrey AL, et al. An Inventory for
651 Measuring Depression. Arch Gen Psychiatry. 1961 Jun 1;4(6):561.

652 85. Wender PH, Ward F, Reimherr FW. Scale: An Aid in the Retrospective Attention. Am J
653 Psychiatry. 1993;150(June):885-90.

654 86. Horn W. Leistungspriifsystem. Gottingen: Hogrefe; 1983.

655 87.  McKerchar TL, Green L, Myerson J, Pickford TS, Hill JC, Stout SC. A comparison of four
656 models of delay discounting in humans. Behav Processes. 2009;81(2):256-9.

21


https://doi.org/10.1101/2020.02.14.947812
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.14.947812; this version posted February 15, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

657 88.  Mazur JE. An Adjusting Procedure for Studying Delayed Reinforcment. In: Commons ML,

658 Mazur JE, Nevin JA, Rachlin H, editors. The Effect of Delay and of Intervening Events on
659 Reinforcement Value: Quantitative Analyses of Behavior, Band 5. Hillsdale, NJ: Erlbaum; 1987.
660 p- 55-87.

661 89.  Plummer M. JAGS: A program for analysis of Bayesian graphical models using gibbs sampling
662 JAGS: Just another gibbs sampler. Proc 3rd Int Work Distrib Stat Comput (DSC 2003).
663 2003;March 20-22,Vienna, Austria. ISSN 1609-395X.

664 90. Marsman M, Wagenmakers EJ. Three Insights from a Bayesian Interpretation of the One-Sided
665 P Value. Educ Psychol Meas. 2017;77(3):529-39.

666 91. D’Amour-Horvat V, Leyton M. Impulsive actions and choices in laboratory animals and humans:
667 Effects of high vs. low dopamine states produced by systemic treatments given to neurologically
668 intact subjects. Front Behav Neurosci. 2014;8(DEC):1-20.

669 92. Petzold J, Kienast A, Lee Y, Pooseh S, London ED, Goschke T, et al. Baseline impulsivity may
670 moderate L-DOPA effects on value-based decision-making. Sci Rep. 2019;9(1):5652.

671 93.  Cools R, D’Esposito M. Inverted-U-Shaped Dopamine Actions on Human Working Memory
672 and Cognitive Control. Biol Psychiatry. 2011;69(12):e113-25.

673  94.  Whelan R, McHugh LA. Temporal discounting of hypothetical monetary rewards by adolescents
674 adults and older adults. Psychol Rec. 2009;59(2):247-58.

675 95. Steinberg L, Graham S, Brien LO, Woolard J, Cauffman E, Banich M. Age Differences in Future
676 Orientation and Delay Discounting. Child Dev. 2009;80(1):28-44.

677 96. Worbe Y, Baup N, Grabli D, Chaigneau M, Mounayar S, McCairn K, et al. Behavioral and
678 movement disorders induced by local inhibitory dysfunction in primate striatum. Cereb Cortex.
679 2009;19(8):1844-56.

680 97.  Puts NAJ, Harris AD, Crocetti D, Nettles C, Singer HS, Tommerdahl M, et al. Reduced
681 GABAergic inhibition and abnormal sensory symptoms in children with Tourette syndrome. J
682 Neurophysiol. 2015;114(2):808-17.

683 98. Yaniv A, Benaroya-Milshtein N, Steinberg T, Ruhrman D, Apter A, Lavidor M. Executive
684 control development in Tourette syndrome and its role in tic reduction. Psychiatry Res. 2018 Apr
685 1;262:527-35.

686  99. Ballard IC, Kim B, Liatsis A, Aydogan G, Cohen JD, McClure SM. More Is Meaningful: The
687 Magnitude Effect in Intertemporal Choice Depends on Self-Control. Psychol Sci.
688 2017;28(10):1443-54.

689 100. Green L, Myerson J, Ostaszewski P. Amount of reward has opposite effects on the discounting
690 of delayed and probabilistic outcomes. J Exp Psychol Learn Mem Cogn. 1999;25(2):418-27.
691

692

693

22


https://doi.org/10.1101/2020.02.14.947812
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.14.947812; this version posted February 15, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

694  Supplemental data
695

696  Tables:

697

698  Table 1. Demographic, clinical and neuropsychological characteristics of adolescents with TS and healthy
699  controls adjusted for multiple comparison (using holm’s method; note: an additional exploratory analysis
700  without correcting for multiple corrections did not reveal any significant correlation).

Patients with TS (#n=19) Healthy controls (n=18)
Questionnaire/ median(k)/ median(temp)/ median(k)/ median(temp)/
subscale r (p-value) r (p-value) r (p-value) r (p-value)
SBB Attentional 0.25 (0.32[1.00]) 0.03 (0.90[1.007) -0.02 (0.94[1.00]) -0.02 (0.93[1.00])
SBB_Motor 0.33 (0.18[1.007) -0.04 (0.87[1.007) 0.20 (0.44[1.007) 0.00 (0.99[1.007)
SBB Impulsive -0.17 (0.50[1.007) 0.43 (0.07[0.71]) 0.24 (0.35[1.00]) -0.12 (0.63[1.007)
SBB ADHD 0.12 (0.65[1.007) 0.22 (0.37[1.00]) 0.13 (0.60[1.007) -0.05 (0.85[1.007)

701
702  Table 2. Correlation analysis in adult patients with TS and healthy controls adjusted for multiple
703  comparison (using holm’s method).

Patients with TS (n=25) Healthy controls (n=25)
Questionnaire/ median(k)/ median(temp)/ median(k)/ median(temp)/
subscale r (p-value) r (p-value) r (p-value) r (p-value)
WURSK-k -0.03 (1.00) -0.14 (1.00) 0.29 (1.00) 0.09 (1.00)
OCI-R 0.20 (1.00) -0.39 (1.00) 0.31 (1.00) -0.20 (1.00)
BDI -0.18 (1.00) 0.43 (1.00) * 0.28 (1.00) 0.03 (1.00)

704 BDI, Becks depression inventory; OCI-R, Obsessive-Compulsive Inventory-Revised; TS, Tourette syndrome;
705 WURS-k, Wender-Utah-Rating-Scale.
706
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Figures:

Figure 1: Example for two trials in the temporal discounting task adapted for children and adolescents. The blue
circle shows the reward (in cents) that the participant will receive if they wait. How long they have to wait is
indicated by the lines, i.e. one blue line = 10s wait, 6 blue lines = 60s wait. The red circle indicates how much the
participant will receive if they move on to the next trial immediately (0-4 cents). Participants received feedback
about the amount earned after every trial (piggy bank). The green bar below the two circles indicates how many
trials the participant has already finished.
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721 Figure 2. Percentage of larger, but later (LL) choices in adolescents with TS and healthy controls.
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724  Figure 3. Subject specific measurements of the integral under the empirical area under the curve in adults with TS
725  and healthy controls.
726

727  Study 2 (adolescent)

728  Choice stochasticity

729  We applied the identical as for log(k) to the inverse temperature parameter (see Equation 3) and yielded
730 a dBF of 0.66 (no mentionable evidence) implying no difference in between controls and adolescent
731  patients with TS concerning value independent noisy choices.
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732
733 Figure 4. (A) Group-level hyperparameter distributions of the decision noise parameter temp for adolescents with

734 TS (blue) and healthy controls (orange). (B) Difference distribution of temp hyperparameter healthy controls
735  minus adolescents with TS.

736

737

738  Study 2 (adults)

739  Choice stochasticity

740  The additional analysis for choice stochasticity yielded a dBF of 0.67 indicating no substantial difference
741  in decision noise. We observed a substantially higher variance in the decision noise (femp)
742  hyperparameter in controls, an effect that was driven by a few participants with very high and some with
743  very low decision noise. In contrast, in adult patients with TS, observed temp values were more

744  homogenous.
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747 Figure 5 (A) Group-level hyperparameter distributions of the decision noise parameter temp for TS patients and
748 healthy controls. (B) Difference distribution of temp hyperparameter TS patients — healthy controls with 95% and
749 85% highest density intervals.
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