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Current neurocognitive models of motor control postulate that accurate action monitoring is crucial for a normal experience of

agency—the ability to attribute the authorship of our actions and their consequences to ourselves. Recent studies demonstrated

that action monitoring is impaired in Gilles de la Tourette syndrome, a movement disorder characterized by motor and vocal tics.

It follows that Tourette syndrome patients may suffer from a perturbed sense of agency, the hypothesis tested in this study. To this

end, we recruited 25 Tourette syndrome patients and 25 matched healthy controls in a case-control behavioural and functional

magnetic resonance imaging study. As an implicit index of the sense of agency, we measured the intentional binding phenomenon,

i.e., the perceived temporal compression between voluntary movements and their external consequences. We found evidence of an

impaired sense of agency in Tourette syndrome patients who, as a group, did not show a significant intentional binding. The more

reduced was the individual intentional binding, the more severe were the motor symptoms. Specific differences between the two

groups were also observed in terms of brain activation patterns. In the healthy controls group, the magnitude of the intentional

binding was associated with the activity of a premotor–parietal–cerebellar network. This relationship was not present in the

Tourette syndrome group, suggesting an altered activation of the agency brain network for self-generated acts. We conclude that

the less accurate action monitoring described in Tourette syndrome also involves the assessment of the consequences of actions in

the outside world. We discuss that this may lead to difficulties in distinguishing external consequences produced by their own

actions from the ones caused by others in Tourette syndrome patients.
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Introduction
Although much of the functioning of our motor system

occurs without awareness (see, for example, Lau et al.,
2004; Zapparoli et al., 2018), we are aware that we are

actors of our behaviour, and we feel responsible for the

external consequences of our motor acts. The feeling of

voluntarily controlling our actions and, through them,

the consequences in the outside world is called ‘sense of

agency’ (Haggard, 2017).

Importantly, an altered sense of agency can be observed

in neurological and psychiatric disorders (Frith et al.,

2000; Sato and Yasuda, 2005; Moore and Fletcher,

2012) like, for example, in the alien hand syndrome

(Pacherie et al., 2006), Parkinson’s disease (Moore et al.,

2010; Saito et al., 2017) or functional movement disor-

ders (Kranick et al., 2013). Disordered experiences of

agency are also characteristic of schizophrenic patients,

who show a tendency to over-attribute the consequences

of their movements to themselves (Daprati et al., 1997;

Voss et al., 2010). All these conditions are characterized

by disturbed motor control of various kinds, raising the

possibility that a perturbed sense of agency might be seen

also in other movement disorders.

Here, we tested this possibility for Gilles de la Tourette

syndrome (GTS), a hyperkinetic movement disorder char-

acterized by motor and vocal tics. A premonitory urge

usually precedes tics, typically described as a feeling of

‘urge to move’, or a mounting internal tension, which

can be temporarily relieved by tic expression (Cavanna

et al., 2017).

Why should the GTS represent a neurological instance

of an altered sense of agency?

The sense of agency has recently been associated with

the planning premotor phase of action generation (Kühn

et al., 2013; Zapparoli et al., 2020; Seghezzi and

Zapparoli, 2020). It has been suggested that the arising

of the sense of agency may be contingent on the gener-

ation of a forward model, a mechanism whereby we esti-

mate the next motor state and the sensory consequences

of any planned movement (see Kim et al., 2019 for a dis-

cussion of these concepts in the context of GTS). Besides

the fact that motoric manifestations characterize the syn-

drome, recent evidence has shown that such manifesta-

tions are associated with alteration of the motor/

premotor network. GTS patients show brain hyperactiva-

tions in the premotor cortices of the medial wall (supple-

mentary motor area/anterior cingulate cortex) for various

aspects of voluntary motor execution and tic suppression

[meta-analytical reviews by Zapparoli et al. (2015) and

Polyanska et al. (2017)].

The nature of the motor manifestations of GTS and the

experience of GTS patients are also telling in these

respects. Contrary to tremor or choreic movements that

characterize Parkinson’s and Huntington’s disease, tics

can be kept under control for a certain time through vol-

untary suppression (Zapparoli et al., 2019), and their in-

tensity and frequency can be modulated by attention

(Herrmann et al., 2019). For this reason, Cavanna et al.
(2018) suggested that tics might be considered as

“unvoluntary,” halfway between voluntary and involun-

tary actions (Cavanna, 2018) and proposed that this

quasi-voluntary nature of tics may determinean abnormal

conscious experience of voluntary action (Cavanna and

Nani, 2013). In particular, one possibility is that tics may

be hard to distinguish from volitional movements as they

may rely on the same brain motor circuits, with a conse-

quent high-level of noise in the sensorimotor system

(Ganos et al., 2015).

In line with these concepts, this previous evidence and

the ensuing predictions, a recent study tested the hypoth-

esis of an altered sense of agency in GTS to find illusory

judgements of agency associated with the syndrome

(Delorme et al., 2016). They asked participants to make
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judgements of control and performance after completing

a computerized game, where they moved a cursor on a

screen to catch some targets. The control over the cursor

could be normal, disrupted, or artificially enhanced. GTS

patients reported an illusory perceived sense of agency

when their performance was artificially enhanced

(Delorme et al., 2016). These findings were based on ex-

plicit agency judgements made by the participants on

their performance and represent important evidence about

the explicit sense of agency in GTS. Yet, it is worth men-

tioning that the measures used by Delorme et al. (2016),

as all explicit meta-cognitive evaluations, may have been

prone to biases since they were directly mediated by the

conscious control of the participants and introspection

(Schüür and Haggard, 2011; Obhi, 2012). Not surpris-

ingly, perhaps, in that study, a correlation was found

only with the self-assessment of the severity of the dis-

order [the Yale Global Tic Severity Scale (YGTSS) global

scale] rather than with the specific items of the scale

based on objective measures of the motoric signs. This

leaves the hypothesis of a functional connection between

an altered sense of agency and motoric function not dem-

onstrated yet. A motorically grounded sense of agency is

probably what counts the most in our daily life, particu-

larly for pressing interactions with the environment.

Moreover, as much as our everyday experiences of

agency do not necessarily involve explicit judgements, we

regularly experience a flow between the actions that we

plan and their external effects. Thus, we have an implicit

feeling of agency, not based on explicit judgements

(Kühn et al., 2013), that maps into the physiology of

premotor planning (Zapparoli et al., 2020).

These considerations gave us the motivation to further

explore whether alterations of the sense of agency in

GTS could be described using a more ecological setting

that leads to the collection of implicit physical measures.

A suitable measure is the ‘intentional binding effect’,

whereby the temporal interval between voluntary actions

and their consequences is perceived to be shorter than its

real duration in comparison with the same effects when

passively generated (Haggard et al., 2002). As GTS is fre-

quently associated with abnormal activations of brain

regions typically involved in motor control (see, for ex-

ample, Zapparoli et al., 2015, 2016, 2017; Polyanska

et al., 2017), and because the normal intentional binding

maps into the premotor network (Zapparoli et al., 2020),

we hypothesized that an experiment based on the inten-

tional binding phenomenon could reveal an abnormal im-

plicit agency experience in GTS. This abnormality would

map into the physiology of the premotor circuitry.

Aims of the study and predictions

In this study, we explored the hypothesis that the sense

of agency might be impaired, at the behavioural and/or

at the brain activation level, in GTS, a movement

disorder characterized by the presence of unwanted

movements called tics.

To this end, we studied adult GTS patients and matched

healthy controls (HC) by adopting as an implicit measure

of agency the intentional binding phenomenon. We took

advantage of a paradigm that we recently developed to de-

scribe the premotor–parietal correlates of the sense of

agency in HC (Zapparoli et al., 2020). Thus, the data of

the GTS patients examined here were compared with the

behavioural and functional magnetic resonance imaging

(fMRI) data of the HC of Zapparoli et al. (2020).

We had specific predictions in mind at the behavioural

and at the functional anatomical level, in line with differ-

ent possible alternative hypotheses/scenarios

A first Scenario A hypothesizes an abnormal intentional

binding effect in GTS, both at the behavioural and at the

physiological level. The behavioural result could be mir-

rored by an altered activation of the sense of agency

brain network typically recruited by healthy subjects.

Other scenarios are compatible with a normal inten-

tional binding at the behavioural level: this could arise

from a truly normal function also at the physiological

level (Scenario B). This is essentially equivalent to the

demonstration of the null hypothesis.

A third and more nuanced Scenario C would contem-

plate a normal intentional binding at the behavioural

level in GTS. Yet, this may be associated with compensa-

tory brain hyperactivity at the level of premotor/prefront-

al regions normally associated with the sense of agency.

Given the nature of GTS and the previous demonstration

of premotor hyperactivations, one such scenario would

be interpretable in the context of common theories of

compensation.

Materials and methods

Sample size calculation

In order to determine the sample size of the study, we

carried out an a priori power analysis based on the scien-

tific literature. All the details about the sample size calcu-

lation are described in the supplementary materials.

Participants

Twenty-five adult HC (mean age: 25.7 6 3.8 years; mean

education level: 15.6 6 2.5 years; male/female ratio: 12/

13) with no history of neurological or psychiatric illness,

and 25 GTS patients (GTS, mean age: 26.3 6 9.4 years;

mean education level: 12.2 6 3.4 years; male/female ratio:

20/5) participated in this study. All the participants were

right-handed, as assessed by the Edinburgh handedness

inventory (Oldfield, 1971). The study protocol was

approved by the local Ethics Committee (IRCCS San
Raffaele of Milan; Prot. SOA, 149/INT/2016), and

informed written consent was obtained from all subjects
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according to the Helsinki Declaration (1964). All partici-

pants took part in the study after the nature of the pro-

cedure had been fully explained.

All subjects completed a neuropsychological and psycho-

pathological assessment and a detailed interview about the

severity of their motoric symptoms. The details are

described in the supplementary materials and in Table 1.

The majority of patients (n¼ 19) were on neuroleptics

medication. Molecules and dosages are reported in Table 1.

Experimental task

fMRI scans were performed during the execution of a

temporal-judgement task (see Fig. 1, see also Zapparoli

et al., 2020). There were active and passive conditions.

In the active condition, the picture of a turned-off light-

bulb with its basis coloured in green was shown.

Participants were instructed to turn the light-bulb on by

pressing a button with their right index finger on a key-

pad placed under the right hand. After the button press,

the light-bulb went on with a variable delay of 200, 400,

or 600 ms. Participants rated then the perceived temporal

interval between their button press and the lightening of

the light-bulb. The judgement was reported by means of

a visual analogue scale at which they responded using a

five-key response key-pad placed under their left hand.

Participants had up to 4 s to give their response. They

used their fingers, starting from the pinkie to the ring fin-

ger, and so on, to select one of five possible response

options: 1, 200, 400, 600 and 800 ms. The lowest and

the highest response options were included in order to

make it possible for the participants to both underesti-

mate and overestimate each presented temporal interval.

In the passive condition, the basis of the light-bulb was

coloured in red. Subjects were instructed to stay still

while an experimenter pressed their right index finger to

produce a passive movement that turned the light-bulb

on. Participants were then asked to judge the action-out-

come delay in the same way as for active trials.

We administered 60 trials, equally distributed between

active and passive trials, with ten trials for each of the

three action-outcome delays. The inter-stimulus interval

randomly varied between 1500 and 2500 ms.

Before the experiment, participants practiced with the

task. They were submitted to a training session composed

of ten trials, when they were given feedback on their ac-

curacy trial by trial.

Statistical analyses of the
behavioural data

In line with the description of the intentional binding

phenomenon (Haggard et al., 2002), the ‘time compres-

sion’ (TC), namely the difference between the estimated

Table 1 Demographical, neuropsychological and clinical data

# Sex Age Edu MMSE FAB Raven BIS-

11

Y-BOCS

TOT

Beck Conners STAI-

X-1

STAI-

X-2

PUTS YGTSS Neuroleptic

treatment
Raw Corr Raw Corr Raw Corr Moto Fon Soc

1 M 23 8 29 28.19 18 18 31 30.5 65 24 13 2 31 40 21 13 11 20 Risperidone (2 mg)

2 F 19 12 24 22.59 16 14.9 18 16 77 19 22 2 62 56 26 21 21 50 None

3 M 22 13 30 30 18 18 35 32.5 58 15 12 2 41 50 29 15 5 20 None

4 M 20 12 30 30 17 15.9 28 26 62 2 10 0 55 53 34 20 17 20 Aripiprazole (22.5 mg);

Pimozide (4 mg)

5 M 23 13 30 30 18 18 35 32.5 58 13 1 2 31 54 24 17 7 30 Aripiprazole (7.5 mg);

Pimozide (2 mg)

6 M 20 13 30 30 18 18 35 32.5 68 16 2 2 45 43 25 11 5 40 Aripiprazole (15 mg)

7 M 25 13 30 30 17 15.6 34 31.5 84 13 7 3 27 43 21 20 14 20 Pimozide (2 mg)

8 M 19 13 26 24.59 16 14.5 35 32.5 71 16 8 4 26 44 32 13 5 0 Quetiapine (50 mg)

9 M 29 10 29 27.59 13 12.1 30 29 55 19 7 4 34 32 28 6 7 20 Pimozide (4 mg)

10 F 21 13 29 27.59 15 13.5 22 19.5 86 16 5 5 47 36 26 12 11 0 Haloperidol (2 mg);

Aripiprazole (15 mg)

11 M 29 8 28 27.19 16 15.5 24 24 63 13 4 1 31 45 19 11 10 30 Aripiprazole (30 mg);

Pimozide (2 mg)

12 M 27 16 30 30 18 18 36 36 57 20 13 0 41 51 27 14 0 20 Aripiprazole (30 mg)

13 M 19 12 27 25.59 16 14.5 30 28 48 17 2 0 53 40 25 12 13 20 Aripiprazole (15 mg)

14 M 50 8 29 28.97 14 13.9 22 23.5 67 11 0 2 30 25 27 8 7 40 Aripiprazole (30 mg)

15 M 22 13 30 30 18 18 35 32.5 61 20 5 4 37 45 36 15 6 20 Pimozide (4 mg)

16 M 28 16 29 27.59 18 18 30 26.25 70 18 17 1 35 47 34 16 6 40 Aripiprazole (15 mg)

17 M 18 8 30 30 16 15.3 32 32 76 20 7 4 29 33 21 14 0 20 Aripiprazole (22.5 mg);

Pimozide (4 mg)

18 M 22 8 30 30 18 18 32 32 70 17 11 4 33 50 10 0 0 50 Aripiprazole (15 mg)

19 M 19 13 30 30 17 15.5 36 36 74 10 7 4 34 52 28 17 0 20 Pimozide (4 mg)

20 M 18 8 29 28.19 16 15.3 34 34 60 0 0 0 24 23 14 3 4 0 Aripiprazole (22.5 mg)

21 F 34 20 30 30 17 15.3 28 24.5 86 12 11 4 39 50 29 15 12 30 None

22 M 48 13 29 27.89 18 18 30 29.5 68 18 8 2 41 39 36 17 18 20 None

23 M 47 8 27 26.62 16 15.8 28 26.75 67 10 0 1 37 39 22 11 3 0 Pimozide (4 mg)

24 F 24 16 30 30 18 18 34 30 70 19 20 4 59 41 34 16 11 30 None

25 F 32 18 30 30 18 18 29 25.25 51 21 14 2 50 69 33 11 13 40 None

Mean 26.3 12.2 29.0 30.0 16.8 18.0 30.5 29.4 66.9 15.2 8.2 2.4 38.9 44.0 26.4 13.1 8.2 24.0

SD 9.4 3.4 1.5 0.0 1.4 0.0 4.9 5.9 10.1 5.6 6.1 1.6 10.5 10.0 6.6 5.0 5.8 14.4
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and the real duration of the action-outcome delay, was

taken as an indirect measure of the sense of agency (the

greater the compression, the higher the sense of agency).

Linear mixed model

The behavioural data were analysed by using the soft-

ware SAS (Statistical Analysis System, version 9.4). Four

GTS patients were removed from the behavioural analy-

ses due to a technical problem in responses recording.

We included only trials in which participants provided

a response (missing trials HC: 6.7%; GTS: 2.8%). The

TC measure represented the dependent variable of the

model, while the factors ‘Group’ (GTS/HC), ‘Condition’

(active/passive), and ‘Delay’ (200/400/600 ms) were the

independent variables. We tested this statistical model by

using linear mixed models with random intercept.

Significant interactions were explored by means of

planned Bonferroni corrected post hoc comparisons.

Effect sizes were calculated by means of Cohen’s d

starting from estimated marginal means.

Before applying linear mixed models, we inspected our

data distribution by using the Cullen and Frey graph

(Cullen and Frey, 1999). This graph is also called the

skewness–kurtosis graph, and it provides the best fit for

an unknown distribution according to skewness level and

kurtosis. The present data had a distribution similar to

the normal distribution.

Correlations with clinical data

In order to investigate whether GTS behavioural results

might be influenced by their clinical profile, in terms of

tics severity and psychopathological comorbidities, TC

data were correlated with the different clinical measures

indicated in Table 1 by means of non-parametric correl-

ation analyses.

Correlations with neuroleptic medication levels

To assess the possible effects of neuroleptic medication

on the behavioural results (given their effects on the

motor system even at very low doses), we calculated the

correlation between TC data and chlorpromazine equiva-

lent scores (https://cpnp.org/guideline/essentials/antipsychot

ic-dose-equivalents) by means of non-parametric correl-

ation analyses.

Functional magnetic resonance
imaging data acquisition and
analysis

All the details about the fMRI data acquisition, data pre-

processing and analysis of head motion parameters are

described in the supplementary materials.

First level fixed-effect analyses

One HC participant was excluded from the analysis due

to technical artefacts. At the first level, we characterized

the brain activity recorded between the appearance of the

turned-off light-bulb and the lightening of the light-bulb.

We included one regressor for each condition (active and

passive trials) and each action-outcome delay (200/400/

600 ms), for a total of six regressors. Brain activity

occurring between the appearance of the evaluation scale

and the judgement response was modelled separately for

each delay and condition and added to the statistical

model, for a total of six non-interest regressors. The

parameters obtained from the realignment procedure were

added as non-interest regressors as well, to partial out

the impact of motion artefacts on the estimates of the

beta parameters. Moreover, in order to exclude fMRI

scans contaminated by tics, we use the Artifact detection

Figure 1 Experimental paradigm. Graphical representation of the temporal-judgement task performed during fMRI
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Tools (Withfield-Gabrieli, https://www.nitrc.org/projects/

artifact_detect/).

The specific regressors generated by the Artifact detec-

tion Tools toolbox were added as non-interest regressors

in the first level analyses, in order to exclude the outlier

scans that exceeded the movement thresholds. For further

details, see the supplementary materials.

For each participant and for each action-outcome

delay, we generated a contrast image of the comparison

active condition > passive condition (three contrast

images per subject overall).

Second level random-effect analysis

Each contrast image was entered in the following second

level analyses, conforming to a random-effect approach:

• (i) A full factorial analysis (Factor 1: Group (HC/GTS),

Factor 2: Delay (200/400/600)), to test the following

effects:
• • Main effects of the factor condition, to highlight the

brain activations of the task independently from the

different groups and action-outcome delays.
• • Conjunction effects of the comparisons active

condition > passive condition and passive condi-

tion > active condition, to highlight the brain

activations shared between the two groups inde-

pendently from the different action-outcome

delays. We tested this conjunction effect to as-

sess whether both groups showed a significant

activation of the cerebral network typically

involved in voluntary motor control.
• • Interaction effect between the condition (active/

passive) and the specific time delays (200/400/

600 ms).
• • Interaction effect between group (GTS/HC), con-

dition (active/passive) and the specific time

delays (200/400/600 ms)
• (ii) Linear regression analyses of the delay specific

contrast images with the delay specific TC meas-

ure for each group (GTS/HC). These analyses

allowed us to test the hypothesis, for each group,

that the activity of some brain regions covaried

with the TC measure of the sense of agency in

specific time-windows. It is important to note that

because the contrast images used in this analysis

contained the differential effect between active

and passive trials, a differential TC measure be-

tween active and passive trials was used as a

regressor here. We then compared the correlation

coefficients obtained in each group by using the

Fisher r-to-z transformation.

All the results reported survive a correction for multiple

comparisons: we used the nested-taxonomy strategy rec-

ommended by Friston et al. (1996), including regional

effects meeting either a clusterwise or voxelwise family-

wise error rate (FWER) correction. The voxelwise

threshold applied to the statistical maps before the clus-

terwise correction was P< 0.001 uncorrected, as recom-

mended by Flandin and Friston (2019). For clusters

significant at the P< 0.05 FWER-corrected level, we also

report the other peaks at P< 0.001.

Data availability

All data, code and materials are available upon request

to the corresponding author L.Z.

Results

Behavioural results

Time compression data

We found a significant effect of the factor ‘Condition’

[F(1, 2569) ¼ 7.49, P¼ 0.006], a significant effect of the

factor ‘Latency’ [F(2, 2569) ¼ 4.97, P< 0.007], a signifi-

cant ‘Latency � Group’ interaction [F(2, 2569) ¼ 29.68,

P< 0.0001] and a significant ‘Condition � Latency �
Group’ interaction [F(4, 2569) ¼ 3.76, P¼ 0.005]. The

factor ‘Group’ was not significant [F(1, 2569) ¼ 0.12,

P¼ 0.73] and the ‘Condition � Group’ interaction as

well [F(1, 2569) ¼ 0.58, P¼ 0.45].

To further explore the significant three-way interaction,

we run planned Bonferroni corrected post hoc comparisons

that showed that the perceived TC (our indirect measure of

the sense of agency) was significantly stronger in the active

trials compared to the passive ones, only in HC and only

when the real temporal interval between the action and the

outcome was equal to 200 ms [HC—condition: active,

delay: 200 ms, versus condition: passive, delay: 200 ms:

t(2569) ¼ �3.58, Bonferroni corrected P¼ 0.024, Cohen’s

d¼ 0.66; GTS—condition: active, delay: 200 ms, versus

condition: passive, delay: 200 ms, group: 2: t(2569) ¼
�2.4, Bonferroni corrected P¼ 0.1, Cohen’s d¼ 0.49].

At longer delays, the TC was not significantly different

between active and passive conditions, in both groups

[HC—condition: active, delay: 400 ms, versus condition:

passive, delay: 400 ms: t(2569) ¼ �1.81, Bonferroni cor-

rected P¼ 0.44, Cohen’s d¼ 0.33. GTS—condition: ac-

tive, delay: 400 ms, versus condition: passive, delay: 400

ms: t(2569) ¼ 0.39, Bonferroni corrected P> 0.99,

Cohen’s d¼ 0.08. HC—condition: active, delay: 600 ms,

versus condition: passive, delay: 600 ms: t(2569) ¼ 1.01,

Bonferroni corrected P> 0.99, Cohen’s d¼ 0.18. GTS—

condition: active, delay: 600 ms, versus condition: pas-

sive, delay: 600 ms: t(2569) ¼ �0.34, Bonferroni cor-

rected P> 0.99, Cohen’s d¼ 0.07]. See Fig. 2.

Correlation between clinical data and behavioural

results

In order to deepen the relationship between TC and clin-

ical data, we performed a correlation analysis between

TC values recorded during the active condition at 200 ms
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(the condition where we found the intentional binding effect

in HC) and the severity of the motoric symptoms (meas-

ured with the YGTSS scale, subscale motor tics). In particu-

lar, we were interested in testing the hypothesis that greater

severity of the motoric symptomatology would lead to a

reduced sense of agency, and therefore reduced TC values.

We applied a non-parametric correlation analysis since

the data were not normally distributed (Shapiro–Wilk’s

P-value < 0.05).

We observed a significant positive association between

the data: the lower the TC data, the more severe the

motoric symptoms (Spearman’s q ¼ 0.46; one-tailed P-

value¼ 0.028). See Fig. 3.

Our sample was characterized by a range of comorbid

psychiatric disorders, notably Obsessive–Compulsive

Disorder and Attention Deficit Hyperactivity Disorder.

However, correlation analyses indicate that these con-

founders are not directly related to TC data (highest

Spearman’s q ¼ �0.3, lowest P-value¼ 0.18).

Correlations with neuroleptic medication levels

None of the behavioural data (TC values in the different

action-outcome delays) was significantly correlated with

the neuroleptic medication levels (highest Spearman’s q
¼ 0.168, lowest P-value¼ 0.466).

Functional magnetic resonance
imaging results

Analysis of head motion parameters during the

functional magnetic resonance imaging session

There were no significant between-group differences for

any of the realignment parameters (see Supplementary

Table 1 for the details).

Main effect of the factor condition

Active condition � passive condition (independently from the

group and the different action-outcome delay). The results

showed significant activations in a large bilateral brain

network, including prefrontal, premotor, motor, somato-

sensory regions and cerebellum. Further activations were

found in the occipital cortices (see Supplementary Table

2a and Fig. 1a).

Passive condition � active condition (independently from the

group and the different action-outcome delay). The results

showed significant bilateral activations in the secondary

somatosensory areas and in the middle temporal gyrus

(see Supplementary Table 2b and Fig. 1b).

Active condition � passive condition (conjunction analysis: HC

\ GTS). The results showed similar activations in the

left motor/premotor network and in the left cerebellum

in both HC and GTS participants (see Table 2 and

Fig. 4).

Passive condition � active condition (conjunction analysis: HC

\ GTS). No region displayed a significant effect.

Main effect of the factor group

Active condition � passive condition (HC � GTS or GTS �
HC). No region displayed a significant effect.

Passive condition � active condition (HC � GTS or GTS �
HC). No region displayed a significant effect.

Interaction effect between condition (active/passive)

and the specific time delays (200/400/600 ms)

No region displayed a significant effect.

Figure 2 Behavioural results: TC values. TC values for the active and passive conditions recorded at 200, 400 and 600 ms of action-

outcome delay for HC and GTS patients. Error bars ¼ standard error; asterisks indicate significant results at P< 0.05 Bonferroni corrected. TC

is visualized as the percentage of the time delay of the outcome
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Interaction effect between group (GTS/HC),

condition (active/passive) and the specific time

delays (200/400/600 ms)

No region displayed a significant effect.

Linear regression analyses between functional

magnetic resonance imaging blood oxygenation

level dependent responses and behavioural data

Time compression values (active � passive trials) at 200 ms ac-

tion-outcome delay. In the HC, we found a significant cor-

relation between the differential TC values of individual

participants and the blood oxygen level dependent

(BOLD) signal in the left pre-supplementary motor area,

in the left precentral gyrus (Brodmann area 6), in the su-

perior parietal lobule (Brodmann area 40) and the post-

central gyrus (Brodmann area 2). We also found

significant correlations in the insular cortex, in the cere-

bellum bilaterally, in the left hippocampus and in the bi-

lateral superior frontal gyrus (Brodmann areas 6 and 8).

Further activations were found in the bilateral thalamus

and in the left pallidus. Higher negative values of TC

(estimated time interval shorter than the real interval)

corresponded to higher BOLD activity in these areas for

the active trials compared to passive ones in HC. See

Table 3 and Fig. 5.

Conversely, GTS patients did not show any activation

of this sense of agency network: no brain regions were

significantly correlated, in terms of functional activity,

with the magnitude of the yet limited intentional binding

phenomenon, in any action-outcome delays. See Fig. 5.

The Fisher r-to-z transformation showed that the cor-

relation coefficients (r) calculated for HC participants

(indicating the strength of the association between the

BOLD activity of the key regions of the sense of agency

network and the individually measured TC values) were

significantly higher than the same coefficients calculated

for the GTS group (pre-supplementary motor area: r HC

¼ �0.73, r GTS¼ 0.0003, z ¼ �2.89, P-value¼ 0.004.

Parietal site: r HC ¼ �0.68, r GTS¼ 0.00009, z ¼
�2.58, P-value¼ 0.01. Cerebellum left: r HC ¼ �0.65, r
GTS¼ 0.0008, z ¼ �2.42, P-value¼ 0.01. Cerebellum

right: r HC ¼ �0.73, r GTS¼ 0.0003, z ¼ �2.89, P-

value¼ 0.004).

Finally, in order to check whether the abnormal activa-

tion of the agency network in the GTS was related to the

neuroleptics medication dosage, we correlated the activity

of some key regions of this network with the chlorpro-

mazine equivalent scores. The activity of these regions

Figure 3 Behavioural results: correlation between behavioural and clinical data. Correlation analysis between the TC values

recorded during the active condition at 200 ms (the condition where we found the intentional binding effect in HC) and the severity of the

motoric symptoms (measured with the YGTSS scale–subscale motor tics). NB: two sets of data point are overlapping in the scatter-plot graph

Table 2 Results of the conjunction analysis between HC

and GTS of the comparison active > passive trials (in-

dependently from the different action-outcome delay)

Brain regions MNI coordinates

Left hemisphere Right hemisphere

x y z Z-score x y z Z-score

Active condition > passive condition (conjunction analysis)

Precentral

gyrus (6)

�26 �24 58 4.1

�28 �24 64 4.0

�26 �22 68 4.0

Precentral

gyrus (4)

�40 �22 56 3.3

Cerebellum_4_5 �12 �54 �14 3.9

�20 �52 �20 3.6

Cerebellum_6 �14 �58 �16 3.9

�22 �56 �18 3.8

�26 �54 �20 3.7
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Figure 4 fMRI results: conjunction analysis. Conjunction analysis (HC \ GTS) for the contrast active condition > passive condition (for all

the action-outcome delays)

Table 3 Linear regression analysis between fMRI data collected for trials with action-outcome of 200 ms, with time

compression data (at 200 ms action-outcome delay)

Brain regions MNI coordinates

Left hemisphere Right hemisphere

x y z Z-score x y z Z-score

Sup. frontal med. gyrus (9) 10 44 44 4.0

Inf. frontal orb. gyrus (45) 58 22 �2 3.3

Inf. frontal tri. gyrus (45) �48 24 2 4.0

�44 28 4 3.7

�54 22 0 3.2

Rolandic opercular gyrus 60 16 0 3.2

Sup. frontal gyrus (8) 14 26 48 4.1

14 22 50 3.8

Sup. frontal gyrus (9) 18 32 48 4.4

Sup. frontal gyrus (6) �18 4 64 4.4

�14 10 54 3.5

Precentral gyrus (6) �28 �12 62 3.4

�26 �8 66 3.3

Pre-supplementary motor area (6) �16 8 64 4.5

�4 18 62 3.7

�8 10 54 3.7

�6 14 54 3.4

�4 18 56 3.4

Precentral gyrus (4) �40 �20 58 3.4

�38 �18 62 3.2

Postcentral gyrus (2) 38 �38 62 4.4

34 �40 64 4.1

52 �30 50 3.7

32 �40 68 3.6

Sup. parietal lobule (40) 36 �42 60 4.1

Insula �40 12 2 4.2 40 22 �6 4.1

�40 4 �8 3.5 46 14 �4 4.5

�42 6 �4 3.4

Hippocampus �20 �30 �4 3.3

Parahippocampal gyrus �18 �34 �6 3.5 22 �34 �10 4.2

Cerebellum_4_5 �14 �44 �10 4.3 10 �46 �6 4.1

10 �44 �10 4.0

12 �40 �10 3.9

Vermis_3 �2 �38 �10 3.3

Pallidum �20 �2 �4 4.4

�22 �8 0 4.3

�24 �16 �2 3.5

Thalamus �18 �8 2 4.2 16 �10 �2 4.0

8 �4 �6 3.7
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was not significantly associated with the drug dosage

(highest Spearman’s q ¼ 0.281, lowest P-value¼ 0.23).

Time compression (active � passive trials) at 400 and 600 ms

action-outcome delays. No region displayed a significant

correlation with the differential TC values for longer

delays between action and the lighting-up of the light-

bulb, nor in GTS neither in HC participants.

Discussion
In this paper, we tested the hypothesis that the sense of

agency might be impaired, at the behavioural and at the

brain activation level, in GTS, a movement disorder char-

acterized by the presence of unwanted movements called

tics. Given the ambiguity over voluntariness of tics in

GTS, we considered whether the tic disorder might also

negatively influence the experience of voluntary action.

We studied GTS patients and matched HC with a recent

fMRI temporal-judgement task (Zapparoli et al., 2020).

Through this paradigm, we measured the intentional bind-

ing phenomenon, an implicit index of the sense of agency

(Haggard et al., 2002), which validity is currently assumed

on the following grounds: (i) the measure is obtained via

the comparison of perceptual judgements, for active versus

passive movements, on the physical consequences of move-

ments: subjects report shorter intervals between action and

the caused visual effects, and this temporal compression is

systematically stronger for active movements (for a review

see Moore and Obhi, 2012); (ii) patients with a perturbed

sense of agency, like schizophrenic patients with delusion of

control, have a perturbed intentional binding (Haggard

et al., 2003; Voss et al., 2010); and (iii) the measure

correlates with the brain activity of regions involved in in-

tentional motor planning (Kühn et al., 2013; Zapparoli

et al., 2020). Importantly, the binding of actions and effects

(i.e., TC) occurs only when the subject’s motor commands

are the cause of the subsequent effect. This situation is dif-

ferent from the scenario of someone being the involuntary

cause of and an external event like for involuntary or pas-

sive movements: importantly, these produce less binding—

less TC—than voluntary actions, or even the reverse effect

(Engbert et al., 2007, 2008; Wenke and Haggard, 2009).

Measuring the intentional binding phenomenon might

have the potential of shedding further light on the nature

of the GTS disorder providing, in return, some face valid-

ity to the conjectures that we recently formulated on the

nature of the sense of agency (Zapparoli et al., 2020). We

found an abnormal intentional binding in our GTS

patients and no correlation of the underlying behavioural

measure (the differential TC for actives versus passive

movements) with the activity of the brain regions that cor-

relate with intentional binding in HC. Most importantly,

we also found a correlation between the severity of the

motor symptoms in our GTS patients and the reduction of

intentional binding. These findings complete the circle of a

conceptual validation of the implicit sense of agency as a

phenomenon anchored to the functioning of the motor

system. Moreover, it provides new hints about the func-

tioning of the motor system for those suffering from GTS.

Abnormal sense of agency in Gilles
de la Tourette syndrome

In our study, HC show the expected intentional binding

effect, but only at 200 ms of delay between actions and

Figure 5 fMRI results: linear regression with TC values. Linear regression analysis between the BOLD activity recorded during the task

and the differential TC values (active trials–passive trials) when the action-outcome delay was 200 ms and a significant intentional binding was

observed in HC (but not in GTS)
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their outcomes. This stringent temporal contiguity prob-

ably mimics real-life conditions, where latency of �200

ms is the one that can be measured between the

time when we press an electricity light-switch and the

time that a conventional light-bulb takes to be fully on

(Sivak et al., 1994). This binding effect is absent in GTS

for any action-outcome delay.

We interpret this result as an indication of a reduced

sense of control over voluntary actions in patients with

GTS. More precisely, as we accept that the temporal ac-

tion/perception pattern of the intentional binding phe-

nomenon represents a measurable manifestation of the

specific cognitive function that allows one to implicitly

distinguish the effects caused by his actions from the

ones generated by others’, we interpreted the absence of

any intentional binding effect in the patient group as a

sign of an absent implicit agency experience in Gilles de

la Tourette’s syndrome: GTS patients do not implicitly

experience agency in circumstances where they should. In

other words, GTS may implicitly treat as non-self-gener-

ated a consequence that should be treated as a self-

induced one.

Importantly, the action-outcome binding reduction in

GTS was related to the severity of the disease in terms of

motoric symptoms: the greater the severity of motor tics,

as measured by the YGTSS, the more reduced the TC for

intentional acts.

We discuss these findings in the domain of general im-

pairment of action monitoring processes in GTS. Kim

et al. (2019) have already found evidence of abnormal

monitoring of proprioceptive movement-outcomes in GTS

patients. In particular, they showed that while the GTS

patients were equally accurate and no more variable than

a matched control group in executing outward move-

ments, they were significantly less accurate and exhibited

greater movement variability than controls when execut-

ing return movement. The authors interpreted these find-

ings as consistent with the view that individuals with

GTS may experience difficulties in updating the forward

model estimates, which are necessary to correct the on-

going motor plans by taking into account the incoming

proprioceptive information with our results, we expand

this previous evidence, suggesting that less precise action

monitoring abilities in GTS may not be limited to pro-

prioceptive movement-outcomes (e.g., the position of the

hand in the space after the execution of the movement,

Kim et al., 2019) but they may also generalize to the ex-

ternal consequences generated by the actions (e.g., the

lightening of a light-bulb after the pressing of a button).

We propose that GTS may have an impairment of for-

ward models that permit an accurate monitoring of self-

generated actions and their proprioceptive and exterocep-

tive effects. This would explain why GTS patients do not

show an intentional binding effect between actions and

their effects in the external environment.

We are aware that further studies might provide evi-

dence on a causal relationship between the altered agency

experience in GTS patients and the proposed impairment

in forward model estimates. Therefore, other possible

explanations, such as the establishment of a causal link

between a voluntary action and its effect or the temporal

control over the timing of the event, still need to be spe-

cifically tested (see, for example, Desantis et al., 2012).

Explicit and implicit agency in Gilles
de la Tourette syndrome

Disturbed sense of agency in GTS patients can have man-

ifestations on both sides of the spectrum: explicit over-at-

tribution of the sense of agency to the self, as in Delorme

et al. (2016), and reduced intentional binding effect, as in

our findings.

Compensatory mechanisms and separable agency proc-

essing systems may explain this scenario. Indeed,

Delorme et al. showed that GTS patients exhibited exag-

gerated self-causality attribution when their performance

is artificially enhanced. As the authors suggested, an illu-

sion of agency may result from a compensatory mechan-

ism related to increased cognitive control over tics, which

in turn could enhance the experience of control. Yet, it is

worth mentioning that these findings were based on ex-

plicit agency judgements made by the participants on

their performance. In other words, these measures, as all

explicit meta-cognitive evaluations, were directly mediated

by the conscious control of the participants and intro-

spection (Schüür and Haggard, 2011; Obhi, 2012). One

can therefore speculate that GTS patients dispose of com-

pensatory mechanisms, which enhance their experience of

agency, but those mechanisms are based on overt control,

while they do not occur at an implicit level. Previous the-

ories have already spoken in favour of separable implicit

and explicit agency processing systems (Synofzik et al.,

2008). For example, Synofzik et al. (2008) distinguished

between two distinct forms of agency experience: the

‘judgement of agency’ and the ‘feeling of agency’. The

‘judgement of agency’ refers to the conceptual, interpret-

ative, explicit judgments of being the agent of an out-

come (‘Did I do that?’). The ‘feeling of agency’ represents

the non-conceptual, implicit feeling of control that accom-

panies their own actions, in the absence of any conscious

thought. While the dominant experimental paradigm

addressing the ‘judgement of agency’ involves the request

of performing explicit judgments, the ‘feeling of agency’

has been investigated by means of implicit paradigms,

which are able to capture this feeling without requiring

people to overtly think about their agency. With this re-

gard, it has been proposed that intentional binding is

linked to lower-level implicit aspects of the sense of

agency, mediated by automatic associative learning mech-

anisms (Moore et al., 2011). In line with this proposal,

Delorme found a correlation between his agency measure

and the self-assessment of the severity of the disorder (the

YGTSS global scale). Conversely, we showed that the ac-

tion-outcome binding reduction was related to the
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severity of the disease in terms of motoric symptoms: the

greater the severity of motor tics, as measured by the

YGTSS, the more reduced the TC for intentional acts. It

looks, therefore, even more plausible that the implicit and

explicit agency processing systems are actually separable.

The dissociation between implicit and explicit processing

is constantly seen for psychological functions, like in

measures of biases (Moore et al., 2012), and therefore

the sense of agency represents no exception. This possibil-

ity would account for the discrepancy between explicit

measures and intentional binding results: while GTS

patients report exaggerated agency judgments when dir-

ectly asked about their performance, the implicit experi-

ence of agency (i.e., the intentional binding effect) is

weaker compared to healthy subjects.

Abnormal activation of the agency
brain network in Gilles de la
Tourette syndrome

The abnormal functioning of the agency network in GTS

patients was also evident from the fMRI data that dif-

fered substantially from those of the HC participants. For

HC, there was a significant correlation between the mag-

nitude of the intentional binding effect and the BOLD ac-

tivity of a premotor–parietal circuit. These findings are in

line with previous neurofunctional studies investigating

the neural correlates of the sense of agency (see, for

metanalytical reviews, Sperduti et al., 2011; Seghezzi

et al., 2019a, b).

Crucially, GTS patients did not show any noticeable

activity within the agency network: in no brain region,

there was a significant correlation of the BOLD response

with the magnitude of the yet limited intentional binding

phenomenon, in any of the action-outcome delays.

Previous studies demonstrated that GTS is characterized

by abnormal brain activations at the level of the premotor

cortices of the medial wall (supplementary motor area/an-

terior cingulate cortex), in various aspects of tic generation

and tic suppression (Zapparoli et al., 2015; Polyanska

et al., 2017). In our results, a similar premotor network

was specifically related to the agency experience in HC.

Therefore, one can hypothesize a direct resource competi-

tion within brain regions involved in both the generation

of the sense of agency in tic generation/tic suppression.

How many mechanisms behind the
sense of agency? Hints from
movement disorders

Previous studies already described an abnormal sense of

agency in populations affected by movement disorders.

For example, Saito et al. (2017) showed a reduced inten-

tional binding effect over voluntary actions in Parkinson’s

disease patients (Saito et al., 2017). An abnormal sense

of agency has also been reported in patients with

functional movement disorders. In these patients, volun-

tary actions are associated with reduced intentional bind-

ing effect compared to healthy volunteers (Kranick et al.,

2013). Our results show that an abnormal sense of

agency also characterizes the GTS, adding GTS to the list

of movement disorders that can show such symptoms.

How is it possible that so many different forms of

movement disorders can be associated with a perturbed

intentional binding? Prima facie, one would be tempted

to think that different mechanisms, at different points in

a distributed neural system, may affect the ability to con-

nect own actions and external consequences with the same

temporal patterns shown by healthy subjects. Alternatively,

one may postulate that augmented noise, of whatever ori-

gin, within the neural system involved in action gener-

ation, monitoring and implementation can reduce the

ability to connect willed actions and their consequences in

time. Finally, the altered intentional binding may be the

measurable behavioural phenomenon that may be gener-

ated by different causing mechanisms. At present, we do

not have an answer to these questions. Yet, their very ex-

istence leaves the possibility of discovering more on the

sense of agency and the underlying neural mechanisms by

comparing the different pathological populations affected.

Admittedly, this is left to future studies.

Limitations of the study

At the moment of the fMRI examination, our patients,

all adult GTS patients with a chronic enduring disorder,

were under treatment, similarly with what reported in

several previous imaging studies (for a review, see

Martino et al., 2018, Table 2; or Kim et al., 2019). The

co-occurrence of medication limits the possibility of mak-

ing firm conclusions, based on imaging findings, about

the ‘true nature of GTS’ as it would be possible by the

observation of unmedicated patients. However, our find-

ings remain relevant for a substantial proportion of adult

GTS patients from the real world, the medicated ones.

According to some estimates, these can be more than

20% of the adult GTS population (Burd et al., 2001).

We believe that our selection criteria were not such to

prevent the observation of meaningful fMRI differences be-

tween GTS patients and age-matched controls. Our patients

were sufficiently ill to need medication, but they still had

manifestations compatible with the fMRI examination. The

physiology of the more severe patients, with massive un-

controllable tics, remains to be explored, possibly with

techniques that have fewer practical constraints than fMRI.

Crucially, our estimate of the impact of neuroleptic

medication on all variables considered shows no signifi-

cant effects on our conclusions.

Supplementary material

Supplementary material is available at Brain Communications

online.
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