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numerosity estimations can be observed in patients with thought insertion and is related to 

altered executive functioning. Importantly, an increased functional connectivity within 

network related to attenuation processing during numerosity estimations was found in 

patients with thought insertion suggesting insufficient attenuation at the neural level. Lastly, 

I found the association between the altered functional connectivity within the PH-network 

and cognitive self-attenuation, providing a link between two different aspects related to the 

self-monitoring in patients with thought insertion. 

 

To summarize, I present new insights into the different mechanisms related to self-

monitoring, which would help to understand the manifestation of psychotic symptoms and 

develop prevention strategies. 

 

Keywords: brain imaging, functional MRI, psychosis, psychotic symptoms, attenuation, 

cognition, numerosity, schizophrenia, presence hallucination, presence hallucination 

network, disconnection 
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RESUME 
 

La présente thèse visait à étudier les fondements comportementaux et neuronaux des 

mécanismes liés aux différents aspects de l'autosurveillance. Le premier objectif était 

d'étudier les altérations de la connectivité fonctionnelle liées aux mécanismes responsables 

de l'aliénation chez les patients psychotiques et ceux à haut risque de la développer. Le 

second objectif était d'étendre les connaissances fondamentales pour savoir si les processus 

cognitifs de haut niveau au-delà de l'implication sensorimotrice sont sujets à une atténuation 

et si celle-ci est affectée chez les patients psychotiques avec insertion de la pensée. 

 

Dans la première partie de la thèse, j'ai étudié si les mécanismes neuronaux (réseau PH) 

expliquant l'hallucination de présence (PH), l'expérience que quelqu'un est là quand il n'y a 

personne autour, pourraient également être pertinents pour comprendre l'aliénation vécue 

chez les patients psychotiques. Dans l'étude 1, j'ai étudié des patients psychotiques ayant des 

expériences de passivité où les actions, les pensées et les émotions de chacun sont perçues 

comme non auto-générées et causées par une entité externe. Dans l'étude 2, j'ai étudié des 

personnes atteintes du syndrome de délétion 22q11 qui sont à haut risque de développer une 

psychose. Dans les deux populations, une connectivité fonctionnelle réduite entre les 

connexions fronto-temporelles au sein du réseau PH a été révélée. Prises ensemble, ces 

études montrent que le réseau PH est affecté non seulement lorsque la psychose se 

manifeste, mais aussi chez les individus susceptibles de développer une psychose. Les 

résultats actuels renforcent la pertinence des mécanismes du PH pour expliquer l'apparition 

de symptômes psychotiques, en particulier l'aliénation, et pourraient potentiellement fournir 

un biomarqueur pour le développement de la maladie. 

 

Dans la deuxième partie de la thèse, j'ai étudié l'auto-attention, un aspect important pour le 

sens de l'agence, pendant la fonction cognitive des estimations de la numération chez les 

individus en bonne santé et les patients psychotiques avec insertion de pensées. Dans l'étude 

3, une nouvelle tâche d'IRMf a été conçue, permettant une comparaison contrôlée des 

estimations de la numérotation pour les mots générés par soi-même et par l'extérieur chez 

des volontaires sains. Pour la première fois, une auto-atténuation de la fonction cognitive au-

delà du traitement sensorimoteur a été signalée. Elle était liée au réseau fonctionnel 
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impliquant le sillon intrapariétal (région clé de la numération) et des zones étendues plus 

généralement associées aux processus d'atténuation. Ces travaux ont été poursuivis dans 

l'étude 4, où des patients psychotiques avec insertion de pensées ont été étudiés. J'ai montré 

que l'auto-atténuation cognitive pendant les estimations de la numérologie peut être 

observée chez les patients avec insertion de la pensée et est liée à une altération du 

fonctionnement exécutif. Il est important de noter qu'une connectivité fonctionnelle accrue 

au sein du réseau, liée au traitement de l'atténuation pendant les estimations de la 

numération, a été trouvée chez les patients souffrant d'insertion de pensées, ce qui suggère 

une atténuation insuffisante au niveau neural. 

 

Pour résumer, je présente de nouvelles perspectives sur les différents mécanismes liés à 

l'auto-surveillance, qui permettraient de comprendre la manifestation des symptômes 

psychotiques et de développer des stratégies de prévention. 

 

Mots clés: imagerie cérébrale, IRM fonctionnelle, psychose, symptômes psychotiques, 

atténuation, cognition, numération, schizophrénie, hallucination de présence, réseau 

d'hallucination de présence, déconnexion  





 
VIII 

 

TABLE OF CONTENTS 
 

 

Abstract ............................................................................................................................................. III 

Résumé ................................................................................................................................................ V 

Acknowledgments ........................................................................................................................ VII 

Table of Contents ........................................................................................................................ VIII 

Abbreviations ...................................................................................................................................XI 

General Introduction .................................................................................................................... 12 

1.1 Motivation ...................................................................................................................................... 12 

1.2 Overview......................................................................................................................................... 15 

1.3 Background ................................................................................................................................... 18 

1.3.1 Neuroimaging ...................................................................................................................... 18 

1.3.2 Model accounting for self-monitoring ....................................................................... 18 

1.3.3 Psychosis ............................................................................................................................... 20 

1.3.4 Mechanisms of psychotic symptoms .......................................................................... 23 

1.3.5 Presence hallucination..................................................................................................... 24 

1.3.6 Numerosity ........................................................................................................................... 27 

Part I ................................................................................................................................................... 29 

2.1 Study 1: Fronto-temporal disconnection within the presence hallucination 

network in psychotic patients with passivity experiences ........................................ 30 

2.1.1 Abstract .................................................................................................................................. 32 

2.1.2 Introduction ......................................................................................................................... 33 

2.1.3 Methods ................................................................................................................................. 35 

2.1.4 Results .................................................................................................................................... 40 

2.1.5 Discussion ............................................................................................................................. 44 

2.1.6 References ............................................................................................................................ 47 









https://www.goodreads.com/work/quotes/3634639










 
17 

 

understanding of this complex symptom providing an evidence that two different 

mechanisms related to the self-monitoring are involved. 

 

Taken together, these experiments give a more comprehensive insight into the behavioural 

and neural mechanisms of passivity experiences in psychotic patients and the related 

mechanisms in healthy humans, by approaching these phenomena from several different 

angles related to self-monitoring. In Part I of my thesis, I have investigated a network related 

to a bodily self-monitoring deficit, namely involved in the occurrence of PH and revealed 

systematic fronto-temporal disconnections within the PH-network in psychotic patients with 

passivity experiences and individuals at high-risk for psychosis. We suggest that PH-network 

alterations could account partly for the occurrence of psychotic symptoms and these 

neuroscientific insights could be used to improve diagnostics and prognostics of psychotic 

patients. In Part II, I developed a new behavioral paradigm and investigated whether the 

previously described self-attenuation for sensory processes, which is important for perceptual 

self-other distinction, extends to higher-level cognitive processes such as numerosity 

estimations. I have shown behaviorally that self-attenuation is present during numerosity 

estimations and is reflected in the network involving IPS, a key numerosity region, and areas 

often reported in attenuation processes. Next to deficits in sensory perception, deficits 

related to cognitive self-attenuation could account for the negative aspect of psychotic 

symptoms (loss of agency), for example in the case of thought insertion which is also shown 

to be linked to the altered mechanisms accounting for alienation.  
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1.3 BACKGROUND 
 

The background part of the thesis will provide the basic concepts needed for the better 

understanding of the studies presented in the Part I and Part II. 

 

1.3.1 Neuroimaging 

Over the last decades, functional Magnetic Resonance Imaging (fMRI) has become one of the 

most used non-invasive neuroimaging techniques to study functional organization of the 

human brain. fMRI measures local hemodynamic changes in the brain, known as Blood-

Oxygen-Level-Dependent signal (BOLD) that indirectly reflect neuronal activity (Viallon et al., 

2015). The great advantage of fMRI is the possibility to obtain a three dimensional and a large 

coverage of images of the brain over time and relatively good spatial resolution enabling to 

study the contributions of distant brain areas. This technique has been widely used to study 

brain activity in healthy and clinical populations (Glover, 2011; Whitten, 2012). There are 

several types of possible fMRI acquisition techniques like resting-state or task fMRI which 

were used in this thesis work. First technique is resting-state fMRI where participants do not 

perform any specific task but are cognitively alert while the brain images are acquired (Study 

1, 2 and 4). Resting-state fMRI is very useful to study clinical populations with cognitive 

disabilities as it does not require to attend the task (Biswal, 2012). The classical analysis of 

resting-state fMRI data informs about the static functional connectivity, that is a temporal 

correlation over the scanning duration between the seeds and the rest of the brain or 

between regions of interest (ROIs), which could form a network (Biswal et al., 1995). The other 

technique used in Study 3 is task-based fMRI where participants are performing certain task 

while acquiring fMRI data. This allows to identify brain regions that activate or de-activate in 

response to the task by preforming statistical comparisons between the BOLD activity during 

the different task conditions (Friston et al., 1995).  

1.3.2 Model accounting for self-monitoring 

Another important concept in this thesis is self-monitoring that accounts for self-other 

distinction. Self-monitoring based on sensorimotor predictions is a crucial aspect of normal 

cognitive and sensorimotor functioning and allows online updating of actions and prediction 

of sensory consequences related to self-generated stimuli (Miall and Wolpert, 1996). It is 
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Schizophrenia 

One of the clinical populations in which psychosis is often observed is schizophrenia patients 

and the occurrence of psychotic symptoms are suggestive of schizophrenia diagnosis (Taylor, 

1972). About one percent of the world population suffer from schizophrenia. Schizophrenia 

is a debilitating, chronic mental illness, which is described by auditory and visual 

hallucinations, delusions and chaotic speech and behavior. In order to diagnose schizophrenia 

the symptoms must be present for at least six months (American Psychiatric Association, 

2000). Individuals who at the beginning of the disease are medicated once and experience 

psychotic symptoms once or several times are first ascribed as first-episode psychotic 

patients, where later with the intensified occurrence of symptom manifestation and 

treatment can be diagnosed with schizophrenia. Environmental and genetic factors have been 

shown to play a role in the development of the disease. There is an increased probability to 

develop the disorder if someone in the family has it and heritability rates vary between 60 to 

85% (Dacquino et al., 2015; Lichtenstein et al., 2009). Besides, environmental features such 

as substance abuse, prenatal stress, childhood or brain traumas, and bad living conditions 

influence disease development (Walsh and Yun, 2013). Usually the onset of the disease is 

around mid-twenties, but it also can become apparent at a younger age during puberty. 

Schizophrenic and first-episode psychotic patients with psychosis were investigated in Study 

1 and 4 to better understand the neural and behavioral mechanisms accounting for psychotic 

experiences. 

22q11 deletion syndrome 

Another clinical population with 22q11 deletion syndrome which is a neurodevelopmental 

disorder caused by chromosomal microdeletion of 1.5 to 3 million base pairs on chromosome 

22 band q11.2 provides an interesting human model to study schizophrenia and psychosis 

(McDonald-McGinn et al., 2015; Murphy et al., 1999). 22q11 deletion syndrome is 

approximately occurring in one over 4000 births and is defined by a complex somatic, 

cognitive and neuropsychological phenotype (Biswas and Furniss, 2016). Around a quarter of 

individuals with this syndrome would develop schizophrenia, and around 30% of them are 

having the onset of the disease before the age of eighteen years old (Bassett & Chow, 1999; 

Murphy et al., 1999; Schneider et al., 2014). Psychosis in individuals with 22q11 deletion 

syndrome has been described to progress as a continuum with an increasing severity of 
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asynchronous condition has been associated with the induction of the PH (Blanke et al., 2014). 

In addition to PH, participants during the asynchronous condition usually report experiencing 

passivity sensations (Blanke et al., 2014; Orepic et al., 2020; Salomon et al., 2020). Further, 

the induction of PH has also been linked to auditory misattribution, relating PH and passivity 

experiences observed in psychotic patients (Orepic et al., 2020; Salomon et al., 2020).  

Figure 1.2: A depiction of the robotic device setup designed to induce presence hallucination (PH) in a safe 

and controlled manner. Individuals would perform a repetitive poking like movement with the index finger 

by manipulating the front robot. The performed movement would be translated to a back robot that could 

provide a tactile feedback to the individuals back in a synchronous (no time delay) or asynchronous (500 ms 

delay) mode. Figure adapted from Blanke et al., 2014. 

 

Neural underpinnings of PH 

As mentioned above, PH has been reported in individuals with focal brain lesions, particularly 

in the parietal, temporal and occipital areas (Brugger et al., 1996; Critchley, 1979; Hécaen and 

Ajuriaguerra, 1952), or epileptic patient where it was showed that stimulating temporo-

parietal cortex triggers PH (Arzy et al., 2006). These findings were extended by investigating 

the common brain areas in patients with lesions and symptomatic PH. The temporo-parietal 

cortex, insula and fronto-parietal cortex were found as the most overlapping areas in these 

patients (Blanke et al., 2014). More recently, neural origins of PH have been studied, in our 

laboratory, in healthy subjects combining fMRI and MR-compatible robotics (Hara et al., 2014) 

and lesion network mapping (Boes et al., 2015) using lesions of neurological patients with 

symptomatic PH (see Annexes: Bernasconi et al., 2020 ). This led to the definition of a PH-

network, consisting of the inferior frontal gyrus, posterior middle temporal gyrus, and ventral 
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changes are usually not noticed, and density of items is determined by following square root 

of numerosity.  

 
Figure 1.3: Regimes for numerosity perception. Three key regimes are represented: subitizing, numerosity 

estimation and texture density. Designed based on Anobile et al., 2016. 

 

The role of intraparietal sulcus (IPS) as a key area in numerosity processing has been 

established over extensive imaging studies in humans and primates (for review see Arsalidou 

& Taylor, 2011). Thus, well defined traits of numerosity estimations offers a possibility to 

investigate more complex relationships such as how it differentiates between self-generated 

internal actions like words produced during inner speech and externally generated words 

(Part II of the thesis). 
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PART I 
 

Understanding neural mechanisms related to hallucinations in psychotic patients could 

provide an immense possibility for further treatment and prevention. Recent efforts in the 

scientific field have shed light about the neural mechanisms of the fascinating phenomenon: 

presence hallucination. The mechanistic understanding of the presence hallucination offers a 

possibility to investigate a broader spectrum of psychotic symptoms called passivity 

experiences. The key trait of various passivity experiences are the misattribution of self-

generated actions, thoughts or emotions to an external entity. It is suggested that the 

mechanisms accounting for the experience of an external entity during the passivity 

experiences and presence hallucination could be shared. The Part I of the thesis is dedicated 

to understand whether the neural mechanisms accounting for the presence hallucination are 

of relevance and altered in psychotic patients with passivity experiences (Study 1) or even in 

individuals who are at high-risk to develop psychotic symptoms (Study 2). These two studies 

revealed that indeed functional connectivity is affected in the network accounting for the 

occurrence of PH. Specifically, observed reduction in functional connectivity stands in line 

with the disconnection hypothesis for hallucinations. Further, Study 1 shows that alterations 

in the PH-network are also extended to other areas usually reported to be affected in 

psychotic patients with auditory verbal hallucinations. This suggest that mechanisms 

accounting for the external entity and domain specific alterations of hallucinations (e.g., 

auditory areas) are affected and related. Study 2 has revealed that yet not psychotic 

individuals with 22q11 deletion syndrome but with high risk of developing it already have 

reduced functional connectivity compared to healthy age matched controls in a similar areas 

as psychotic patients with passivity experiences. 
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2.1 STUDY 1: FRONTO-TEMPORAL DISCONNECTION WITHIN THE 

PRESENCE HALLUCINATION NETWORK IN PSYCHOTIC PATIENTS 

WITH PASSIVITY EXPERIENCES 
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2.1.1 Abstract 

Psychosis, characterized by hallucinations and delusions, is a common feature of psychiatric 

disease, especially schizophrenia. One prominent theory posits that psychosis is driven by 

abnormal sensorimotor predictions leading to the misattribution of self-related events. This 

misattribution has been linked to passivity experiences (PE), such as loss of agency and, more 

recently, to presence hallucinations (PH), defined as the conscious experience of the presence 

of an alien agent while no person is actually present. PH has been observed in schizophrenia, 

Parkinson's disease, and neurological patients with brain lesions and, recently, the brain 

mechanisms of PH (PH-network) have been determined comprising bilateral posterior middle 

temporal gyrus (pMTG), inferior frontal gyrus (IFG), and ventral premotor cortex (vPMC). 

Given that the experience of an alien agent is a common feature of PE, we here analyzed the 

functional connectivity within the PH-network in psychotic patients with (N=39) versus 

without PE (N=26). We observed reduced fronto-temporal functional connectivity in patients 

with PE compared to patients without PE between the right pMTG and the right and left IFG 

of the PH-network. Moreover, when seeding from these altered regions, we observed specific 

alterations with brain regions commonly linked to auditory verbal hallucinations (such as 

Heschl's gyrus). The present connectivity findings within the PH-network extend the 

disconnection hypothesis for hallucinations to the specific case of PH and associates the PH-

network with key brain regions for frequent psychotic symptoms such as auditory verbal 

hallucinations, showing that PH are relevant to the study of the brain mechanisms of psychosis 

and PE. 

Keywords: psychosis, hallucinations, functional connectivity, disconnection, presence 

hallucination network, resting-state fMRI 
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patients were lying in the scanner with eyes open, resting but awake and cognitively alert. 

The acquisition process resulted in a sequence of 280 BOLD images for each subject. 

Image preprocessing 

Standard pre-processing and data analyses were performed using SPM12 

(fil.ion.ucl.ac.uk/spm/) and the functional connectivity toolbox CONN (conn-toolbox.org/) for 

MATLAB (mathworks.com). Functional images were corrected for slice time and motion, co-

registered with a high-resolution anatomical scan, normalized into MNI space, resampled to 

1.5x1.5x1.5mm3 and smoothed with a 6mm3 full-width at half maximum (FWHM) Gaussian 

kernel for each subject. To estimate the excessive movement, mean frame-wise displacement 

(FD) (51) during the scanning was estimated with the exclusion threshold of 0.5mm. The 

groups did not differ in terms of the movements over the scanning period (t=-0.35, p=0.7 with 

the mean FD of 0.18±0.09mm and 0.19±0.1 mm for PE- and PE+ groups respectively). 

Following the standard pipeline for confound removal of the CONN toolbox, the individual 

time courses of the segmented white matter and cerebrospinal fluid, the six motion 

parameters with rigid body transformations and their first-order derivatives, and global signal 

time courses were extracted and regressed out of the data. Regressions were performed for 

the entire time-series. The BOLD signal data were passed through a band filter (0.009-0.08 

Hz). A whole-brain mask in MNI space was used to restrict number of voxels tested during 

data analysis. 

Networks 

Presence hallucination network. Presence hallucination network (PH-network; Figure 1) was 

defined as an overlap of the brain regions associated with the robot-induced PH with the 

symptomatic PH-network derived from neurological patients experiencing PH (for more 

details, see Bernasconi, Blondiaux et al., 2020 (25)). The overlapping areas of these two 

experiments are the right posterior middle temporal gyrus (pMTG right; x=54, y=-54, z=0), the 

right inferior frontal gyrus (IFG right; x=51, y=18, z=29) and left ventral premotor cortex (vPMC 

left; x=-26, y=-18, z=57). Those areas were transposed bilaterally. 

 

Control networks. Control regions were derived by shifting each region of the PH-network but 

keeping the same shape and the same number of voxels as the original network (25) (Figure 

S1A). The areas were shifted to fit in the brain mask and do not comprise of white matter. The 
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To further study functional connectivity associated with PH-network, we performed seed-to-

whole-brain analysis. The ROIs from the PH-network, which connections showed significant 

functional connectivity differences between groups, were used as seeds. Individual 

correlation maps were created by extracting the mean resting state BOLD time course from 

the seed region and correlating it with the time course of each voxel in the whole brain. 

Subsequently, correlation coefficients were normalized using Fisher-z-transformation to 

create individual single-subject maps of voxel-wise functional connectivity. The resulting 

maps were then entered in a second-level analysis. T-contrasts for group comparisons with 

p<0.001 peak voxel-level uncorrected and cluster level FDR p<0.05 corrected thresholds were 

analyzed. Age and medication dose of the patients were included as the covariates of no 

interest to control for possible confounds in functional brain coupling. 
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2.1.4 Results 

Functional disconnection within the PH-network 

We observed a significant interaction between patient group and connection (F(14,786)=3.4, 

p<0.0001), suggesting that individual PH-network connectivity is associated with PE. Yet, 

there was no significant main effect of patient group, meaning that there was no global 

difference of PH-network functional connectivity between groups (PE+ patients 

rPH_total=0.21±0.26, CI(95%)=[0.19, 0.23], PE- patients rPH_total=0.24±0.28, CI(95%) =[0.22, 

0.27], F(1,56)=2.4, p=0.12). Post-hoc analysis showed that fronto-temporal connections, 

between the right pMTG and the right IFG (rPE+=0.235±0.172, CI(95%)=[0.17, 0.29]; rPE-

=0.481±0.165, CI(95%)=[0.40, 0.56]; t=-4.1, p=0.0007) and between the right pMTG and the 

left IFG (rPE+=-0.029±0.223, CI(95%)=[-0.10, 0.04]; rPE-=0.152±0.206, CI(95%)=[0.07, 0.24]; t 

=-3.49, p=0.004) (Figure 2B) were reduced in PE+ compared to PE- patients. None of the other 

connections differed between groups. There also was an expected significant main effect of 

connection (F(14,786)=52.4, p<0.0001), meaning that the strength of functional connectivity 

varied between the different connections of the PH-network independent of group (55). The 

covariates of no interest (age, medication dose and time difference between scan acquisition 

and symptom evaluation) did not show significant effects (all p>0.25, see SI for the details). 

The same analyses in control regions (main effect of group F(1,59)=0.03, p=0.85; group by 

connection interaction F(14,794)=1.4 p=0.14; Figure S3) and in a visual control network (main 

effect of group F(1,54)=0.57, p=0.45; group by connection interaction F(5,276)=0.53, p=0.75; 

Figure S4) revealed no significant differences between the two groups. 

Figure 2. Functional disconnectivity within the PH- network comparing patients with (PE +) and without 

(PE -) passivity experiences. A. Abnormal fronto-temporal connections are marked in red and were 
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decreased in PE+ patients versus PE- patients. B. Functional connectivity between the right posterior middle 

temporal gyrus (pMTG) and the left inferior frontal gyrus (IFG; left plot), and the pMTG and the right IFG 

(right plot). Post-hoc FDR corrected at the threshold of p=0.05. **p<0.01, ***p<0.001. Dots represent the 

individual connectivity values of each patient.  

 

Extended PH-network functional connectivity changes 

To investigate whether there are any global changes in connectivity associated with the PH-

network that differed between groups, we conducted seed-based analyses from the three 

nodes forming the two altered connections in the PH-network indicated by the previous 

connectivity analysis. These three regions used as seeds were right pMTG, left IFG, and right 

IFG. With the right pMTG as seed, we observed a statistically significant decrease in functional 

connectivity between the right middle frontal gyrus and the left inferior frontal gyrus in the 

PE+ group compared to the PE- group. Both areas partly overlapped with the ROIs of the PH-

network (108 voxels with the left IFG, two voxels with the right IFG; Figure 3A). Using the right 

IFG as a seed, we observed a statistically significant decrease in functional coupling with the 

right medial superior frontal gyrus and the left Heschl's gyrus (superior temporal gyrus) in the 

PE+ group versus PE- group (Figure 3B). Seeding from left IFG revealed a statistically significant 

increase in functional coupling with the left putamen and decrease in functional coupling with 

the left lateral occipital cortex (inferior occipital gyrus), and the right middle temporal gyrus 

in the PE+ versus PE- group (Figure 3C). We note that the cluster in the right middle temporal 

gyrus was part of the PH-network area (59 voxels overlap with the right pMTG; Figure 3A). 

The details of all clusters are described in Table 2.  
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Figure 3. Functional connectivity changes in PE+ versus PE- patients seeding from the PH-network areas 

to the whole brain. A. PH-network seeds (in blue) were traced back during whole-brain functional 

connectivity analysis (areas in green). The red arrows represent from which seed (blue) the decreased 

functional connectivity in PE+ patients were observed B. Decreased functional connectivity in PE+ patients 

seeding from the right IFG with the right medial superior frontal gyrus and the left Heschl's gyrus C. 

Decreased functional connectivity in PE+ patients seeding from the left IFG with the left inferior occipital 

gyrus and increased functional connectivity with the left putamen. Voxel level p<0.001 uncorrected, cluster 

threshold at p<0.05 FDR corrected. 
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S1). These findings therefore associate the PH-network with AVH and extend proposals that 

the PH and related network is important for the positive aspect of AVH and PE (4,24,26). The 

seed-to-whole-brain data also corroborate behavioral evidence from specific sensorimotor 

stimulations that have been shown to not only induce experimentally-controlled PH, but also 

changes in auditory perception (4,26). 

 

The current study had several limitations, which may restrict the interpretation of the results. 

First, the evaluation of the symptoms was considered as a lifetime occurrence. Although 

detailed interviews were carried out about all PE symptoms, we only had access to MRI data 

ranging over a large period of time. Future work should perform the clinical interview and 

scanning with a shorter and fixed delay. Second, future studies should directly evaluate the 

occurrence of PH among the tested patients. 

 

Conclusions 

To summarize, we show that the brain regions and functional connectivity within the PH-

network that was determined independently from the present study (experimentally-induced 

PHs in healthy participants and symptomatic PHs in neurological patients) (24,25) are of 

relevance in psychiatric patients suffering from psychosis characterized by PE. We found 

evidence for a specific decrease in fronto-temporal functional connectivity in psychotic 

patients with PE and that this decrease was driven by decreased connectivity between the 

right pMTG and bilateral IFG. Besides, we show that the PH-network's altered connectivity is 

associated with changes in connectivity with Heschl's gyrus and putamen, two areas 

previously associated with AVH and altered auditory-verbal processing, further supporting the 

importance of the neural mechanisms of PH and PH-network in psychosis and PE. Based on 

the present data, future neuroimaging studies evaluating the sensitivity of psychotic patients 

to robot-induced PH (24,25) and how this affects auditory-verbal processing (4,26) will be 

necessary. This may allow for more detailed behavioral evaluations based on robot-induced 

mental states and their respective brain networks, providing improved biomarkers for 

diagnosis and therapy. 
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Figure S1. Control networks. A. PH-network (dark blue) and shifted regions of PH-network (light blue) 

projection on the brain surface left hemisphere and top brain surface view. IFG - inferior frontal gyrus, pMTG 

- posterior middle temporal gyrus, vPMC - ventral premotor cortex. B. Visual network projection on the 

brain surface. 
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2.2 STUDY 2: INDIVIDUALS WITH THE 22Q11.2 DELETION 

SYNDROME SHOW LACK OF SENSITIVITY TO SENSORIMOTOR 

CONFLICTS 
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2.2.1 Abstract 

Objective: The 22q11.2 deletion syndrome (22q11DS) represents one of the highest risk 

factors for developing schizophrenia. About 30% of individuals with 22q11DS develop 

symptoms such as hallucinations, thought disorders and passivity experiences (PE) 

including loss of agency (LoA). These symptoms might arise from abnormal sensorimotor 

processing leading to the misattribution of self-generated actions to external sources.  

Methods: We used, recently developed experimental paradigms with robotic devices 

generating sensorimotor conflicts to induce in a safe and controlled manner mild to 

moderate experiences phenomenologically similar to specific psychotic symptoms (PH, PE 

and LoA). We assessed the sensitivity of 22q11DS subjects to sensorimotor conflicts and 

their proneness in experiencing robot-induced PH and related PE as compared to age-

matched controls. In addition, we evaluated the functional connectivity at rest within a 

network recently associated to PH (bilateral ventral premotor cortex (vPMC), inferior 

frontal gyrus (IFG) and posterior middle temporal gyrus (pMTG)).  

Results: We showed a lack of sensitivity in sensorimotor modulation for LoA in 22q11DS 

subjects compared to controls. With varying degrees of sensorimotor conflicts, 22q11DS 

subjects again showed a lack of delay dependency in experiencing robot-induced PH and 

PE. The neuroimaging analysis revealed a specific disconnection between the right pMTG 

and right IFG, right pMTG and right vPMC and bilateral pMTG. Correlations with 

neuropsychological data for executive functions were also examined.  

Conclusions: The present study highlights a fronto-temporal disconnection in 22q11DS 

subjects asymptomatic for psychosis, and a lack of sensorimotor modulation compared to 

controls. 

Keywords: velocardiofacial syndrome; functional connectivity; presence hallucination; 

passivity experiences; loss of agency; executive dysfunctions. 
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22q11DS to show higher sensitivity to sensorimotor conflicts than healthy age-matched 

controls, with an early riPH occurrence due to less sensory attenuation. Second, we analyzed 

the rs functional connectivity of the PH-network in individuals with 22q11DS and its 

relationship with riPHs. We predicted reduced functional connectivity within the PH-network 

based on our recent study on psychotic patients with passivity symptoms showing lower 

functional connectivity within this network (Stripeikyte et al., submitted). Finally, we 

examined neuropsychological and psychopathological correlates of riPHs and associated PE, 

and within the defined PH-network. We hypothesized that impairment in executive functions 

modulates sensorimotor integration, and linked to decreased functional connectivity within 

the PH-network. 
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Table 1: Demographic, clinical and neuropsychological data. 

Characteristics t df p
Age (years) [mean (SD)] 14.89 (4.03) 16.62 (4.03) 1.23 28.51 0.22
Schooling (years) [mean (SD)] 8.46 (2.88) 10.62 (4.20) 1.81 23.75 0.08
Total IQ [mean (SD)] 74.34 (13.59) 111.68 (12.47) 9.09 34.03 p<0.001
Verbal IQ [mean (SD)] 80.00 (14.43) 116.81 (10.86) 9.38 38.22 p<0.001
Performance IQ [mean (SD)] 73.26 (12.27) 102.23 (11.9) 6.93 25.68 p<0.001

Clinical data 
PQ16 (Prodromal Questionnaire)
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Table 2: Phenomenology of the symptomatic PH in 22q11DS subjects  

Neuropsychological evaluations 

General intelligence. Depending on the age of participants, their general intelligence and 

reasoning abilities were examined by either the Wechsler Intelligence Scale for Children 

(WISC-III) (36) or the Wechsler Intelligence Scale for Adults (WAIS-III) (37). 
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Regions of interest (ROI). Based on previous work (28), we defined a PH-network including the 

following ROIs: the posterior middle temporal gyrus (pMTG), the inferior frontal gyrus (IFG) 

and the ventral premotor cortex (vPMC) in both hemispheres. In addition, we defined two 

control networks: the first one consisted in shifting each region of the PH-network (conserving 

the same shape and same number of voxels) and the second one was composed of a visual 

network (including the calcarine sulcus, left thalamus, left and right middle / superior occipital 

gyri) (43) as done previously (Stripeikyte et al., submitted).  

Statistical analysis 

Demographic, psychiatric and neuropsychological data. The difference between 22q11DS 

subjects and the controls in terms of demographics and neuropsychological and psychiatric 

scores was assessed using independent two-sample t-tests. Since our interest was mainly on 

passivity symptoms, we report here and analyzed the scores obtained on the positive 

symptoms scale of the SIPS. 

 

Experiment 1 and 2. Ratings of the robot-induced bodily experiences questionnaire was 

analyzed using linear mixed effect models and permutation test (5000 iterations) to estimate 

significance (lmerTest and predictmeans R package (44)) with Condition as a fixed effect and 

Subjects as a random factor for each question of Experiment 1. We reported permutation p 

values. For Experiment 2, Group (22q11DS subjects vs. controls) and Delays (6 delays: 0ms, 

100ms, 200ms, 300ms, 400ms and 500ms) were considered as fixed effects, Subject as 

random effects. Age was added as a covariate for both experiments. PH and PE ratings were 

combined to create a PH/PE combined score, since both are described as manifestations of a 

disrupted demarcation between self and other in schizophrenia (29).  

 

Resting-state neuroimaging. For each subject, the mean time course of each ROI was 

extracted and correlated (Pearson correlation) to the time course of the remaining ROIs 

creating a connectivity matrix of correlation values (z-transformed) of the PH-network for all 

possible connections for each subject. Connectivity values were extracted and analyzed using 

R software (https://www.R-project.org/, version 3.4.0). First, we removed the connectivity 

outliers (4.7% of all data points) based on 1.5 IQR from the connectivity median value for each 

connection. Then linear mixed model with Group (22q11 or Control) and Connections (15 

connections in total for the PH-network) as fixed effects, by-subject random intercepts was 
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applied. Age was also included as a covariate in the analysis according to the model selection 

based on the Akaike information criterion (AIC). Post-hoc analysis for the between group 

differences was performed using two-sample t-tests (two tailed), FDR p=0.05 corrected for 

multiple comparisons. 

 

Correlation analyses. The relationship between the connections showing altered functional 

connectivity in 22q11DS subjects compared to controls and the neuropsychological measures 

were investigated. We performed spearman 2-tailed correlation analysis using FDR correction 

for multiple comparisons. Correlations between the ratings collected from Experiment 1 were 

also correlated with the neuropsychological scores using the same method (FDR correction 

for multiple comparison for each item independently).  
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Figure 1: Experimental robotic setup and lack of sensitivity to sensorimotor stimulations. A. The robotic 

device consisted of a front robot, which participants will move with their right hand and a back robot that 

will translate the movements in the back of the participants either synchronously or asynchronously (with 

500 ms delay between the movement generated in the front and the sensory feedback on the back). B. 

Subjects with 22q11DS did not show any difference in LoA according to the condition compared to controls 

where higher LoA was elicited in the asynchronous condition. C. Lack of modulation of PH/PE combined 

score with varying delay in subjects with 22q11DS compared to controls in which an increase of delay lead 

to increase PH/PE experience.  
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Table 3: Mean ratings and standard deviations of questionnaire items of the robot task for both groups 

and conditions 

Experiment 2: robot-induced PH and PE based on varying degrees of sensorimotor 

conflicts 

For this part, only 18 22q11DS subjects and 15 controls completed the task. A main effect of 

Delay (p=0.0020), of Group (p=0.039) and Age (p=0.001) were observed. An interaction 

between Group and Delay (p=0.022) was also found (Figure 1C), in which 22q11DS individuals 

did not show any modulation in their responses for PH/PE with respect to the delay compared 

to the controls in whom higher delays induced higher PH/PE experience. 

Items Group Conditions Mean SD

Self-touch 22q11 subjects Async 1.77 2.34
Self-touch 22q11 subjects Sync 2.15 2.09
Self-touch Controls Async 1.19 1.52
Self-touch Controls Sync 1.94 1.91
Passivity experience 22q11 subjects Async 3.15 2.44
Passivity experience 22q11 subjects Sync 2.58 2.35
Passivity experience Controls Async 3.19 2.26
Passivity experience Controls Sync 2.94 2.17
Presence hallucination 22q11 subjects Async 1.50 2.06
Presence hallucination 22q11 subjects Sync 1.04 1.59
Presence hallucination Controls Async 2.06 1.81
Presence hallucination Controls Sync 1.19 2.01
Loss of agency 22q11 subjects Async 0.77 1.53
Loss of agency 22q11 subjects Sync 0.85 1.69
Loss of agency Controls Async 1.94 1.84
Loss of agency Controls Sync 0.25 0.77
Anxiety 22q11 subjects Async 0.19 0.49
Anxiety 22q11 subjects Sync 0.12 0.43
Anxiety Controls Async 0.50 1.10
Anxiety Controls Sync 0.25 1.00
PH in front (Control) 22q11 subjects Async 0.38 1.24
PH in front (Control) 22q11 subjects Sync 0.35 1.23
PH in front (Control) Controls Async 0.00 0.00
PH in front (Control) Controls Sync 0.00 0.00
Impression of twow bodies (Control) 22q11 subjects Async 0.65 1.67
Impression of twow bodies (Control) 22q11 subjects Sync 0.88 2.01
Impression of twow bodies (Control) Controls Async 0.13 0.50
Impression of twow bodies (Control) Controls Sync 0.06 0.25
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Experiment 3: resting-state fMRI acquisition 

Functional connectivity within PH-network showed a significant main effect of Group 

(F(1,19)=5.10, p=0.036) where 22q11DS subjects had a lower functional connectivity within 

this network which was not found in the controls networks (22q11DS, Mean=0.21; SD=0.27; 

Controls, Mean=0.26, SD=0.27). We also observed a significant main effect of connections 

(F(14,530)=31.74, p<0.001) and an interaction between the connections and the Groups 

(F(14,530)=3.92, p<0.001). Post-hoc analyses revealed a difference between 22q11DS 

subjects and controls for the bilateral pMTG connection, the right pMTG and right IFG, as well 

as right pMTG and right vPMC (Figure 2 and Table 4). For all connections, the functional 

connectivity was more reduced in 22q11DS subjects than in controls. This was not observed 

for the two control networks (shifted control network and standard visual network) where no 

significant main effect of Group nor interaction between the Connections and Group were 

found (all ps>0.18).  

Correlations with clinical and neuropsychological scores  

Functional connectivity. When correlating the neuropsychological scores specific to executive 

functions (SVF, working memory, inhibition and attention), we only found a significant 

positive correlation between the functional connectivity between the right pMTG and the 

right IFG and the SVF scores (FDR corrected p=0.0018, R=0.57) where higher functional 

connectivity was associated with higher score in verbal fluency independently of the groups 

(Figure 3). No other correlation was found significant with clinical scores in the 22q11DS 

group. 

 

Ratings from robot-induced bodily experiences. We neither find significant correlations 

between the scores of the robot-induced subjective experiences and the neuroimaging data, 

nor with neuropsychological (all ps>0.05). 
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Figure 2: Functional connectivity within the PH-network. A. Connections within the PH­network that were 

significantly different in subjects with 22q11DS compared to age-matched controls. Reduced functional 

connectivity was observed in subjects with 22q11DS compared to controls between the bilateral pMTG (B), 

the right pMTG and right IFG (C) and the right pMTG and the right vPMC (D). ***: p < 0.001, *: p < 0.05. 
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Figure 3: Correlations between the right pMTG and right IFG (A) and the semantic verbal fluency (B). 

Reduced functional connectivity was found between the right IFG and the right pMTG for the 22q11DS 

subjects compared to controls. The connectivity between those two regions further correlated with the 

semantic verbal fluency performance with lower connectivity associated to lower performance.  

 

 

Table 4: Significant functional connectivity within the PH-network. 
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source and not as self-generated. In 22q11DS, the lack of sensitivity to sensorimotor conflicts 

could indicate source monitoring confusions (18) or rapid (early) sensory attenuation of 

signals in these individuals. A recent study showed that 22q11DS subjects exhibit preserved 

prediction but rather reduced adaptations in response to repeated auditory stimuli (45). In 

that case, we could speculate that altered repetition suppression (i.e., reduced neural 

response to repeated stimuli) may cause inaccurate sensory predictions and inability to 

monitor and adapt to stimulus conflict. Maladaptive conflict monitoring in 22q11DS has been 

linked to executive dysfunctions, namely deficits in inhibition and cognitive control (46).  

 

Interestingly, the interpretation of our results could be supported, though indirectly, by the 

reduced functional connectivity between the right IFG and right pMTG which is positively 

correlated with the SVF task. Besides assessing language abilities, the SVF task also involves 

executive functions such as self-monitoring, cognitive control and initiation/inhibition abilities 

(47). In 22q11DS subjects, an atypical developmental trajectory was observed for the SVF task, 

and this was not explained by poor lexical level, but most likely due to executive dysfunctions 

(48). Proposed as a potential marker of psychosis (49), low SVF performance is also associated 

with reduced activity in the right IFG and bilateral temporal cortex in high-risk for psychosis 

adolescents (50). Based on these findings, it is likely possible that deficits in self-monitoring 

and cognitive control affect sensitivity of 22q11DS individuals to sensorimotor conflicts.  

 

Our study has a few limitations to consider. The absence of direct correlations between 

ratings from the robot task with both functional connectivity and executive dysfunctions 

makes it difficult to unravel the underlying mechanisms of PH and related PE in 22q11DS. 

Although 31% of 22q11DS individuals had symptomatic PH, it was not possible to directly 

compare subjects with vs. without PH, nor were we able to stratify and compare the group of 

22q11DS according to the presence of attenuated positive symptoms since most individuals 

were asymptomatic. Future studies with larger cohorts could overcome this selection bias and 

determine whether PH would precede marked positive symptoms, and give insight on the 

behavioral and neural mechanisms. 

 

Using a robot-based experimental paradigm, we found a lack of sensorimotor modulation in 

individuals with 22q11DS asymptomatic for psychosis, but presenting executive dysfunctions 

and reduced fronto-temporal connectivity compared to age-matched controls. Deficits in 
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cognitive control and self-monitoring could be further studied to determine whether they 

could represent possible markers for specific psychotic symptoms such as passivity symptoms 

before their onset. To conclude, it would also be of clinical relevance to better characterize 

the phenomenological aspects of PH and related PE in a larger sample of individuals with 

22q11DS.  
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3.1 STUDY 3: COGNITIVE SELF-ATTENUATION DURING WORD 

NUMEROSITY ESTIMATIONS 
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3.1.1 Abstract 

Previous studies have shown that self-generated stimuli in auditory, visual, and 

somatosensory domains are attenuated, producing decreased behavioral and neural 

responses compared to the same stimuli that are externally generated. Yet, whether such 

attenuation also occurs for higher-level cognitive functions beyond sensorimotor processing 

remains unknown. In this study, we assessed whether cognitive functions such as numerosity 

estimation are subject to attenuation. We designed a task allowing the controlled comparison 

of numerosity estimations for self (active condition) and externally (passive condition) 

generated words. Our behavioral results showed a larger underestimation of self compared 

to externally-generated words, suggesting that numerosity estimates for self-generated 

words are attenuated. Plus, the linear relationship between the reported and actual number 

of words was stronger for self-generated words, although the ability to track errors about 

numerosity estimations was similar across conditions. Neuroimaging results revealed that 

numerosity underestimation involved increased functional connectivity between the right 

intraparietal sulcus and an extended network (bilateral supplementary motor area, left 

inferior parietal lobule and left superior temporal gyrus) when estimating the number of self 

vs externally generated words. We interpret our results in light of two models of attenuation, 

and discuss whether they stem from perceptual versus cognitive origins. 
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fMRI data preprocessing 

Anatomical and functional images were processed and analyzed using SPM-12 (Welcome 

Department of Cognitive Neurology, London, UK). Pre-processing steps included slice time 

correction, field-map distortion correction, realignment and unwarping to spatially correct for 

head motions and distortions, co-registration of structural and functional images, 

normalization of all images to common Montreal Neurological Institute (MNI) space, and 

spatial smoothing with a Gaussian kernel with a full-width at half maximum (FWHM) of 4 mm. 

Quality assurance of all EPI images was performed with criteria of maximum 2 mm translation 

and 2° rotation between volumes. In addition, an excessive movement was estimated with 

the mean framewise displacement (FD) (41) with the exclusion threshold of 0.5 mm. None of 

the participants had a higher mean FD (0.2 ± 0.06 mm) than the set threshold. 

fMRI data analysis 

We used a two-level random-effects analysis. In the first-level analysis, condition-specific 

effects were estimated according to a general linear model (GLM) fitted for each subject. An 

average mask of grey matter from all subjects was built using FSL (fsl.fmrib.ox.ac.uk/fsl) and 

used to mask out white matter and non-brain tissues. The GLM was built using six boxcar 

regressors corresponding to the duration of the word generation/listening phase, numerosity 

estimation and error estimation in the active and passive conditions. Parametric modulators 

of numerosity performance and performance monitoring were included in the numerosity 

estimation and error estimation regressors, respectively. Further, we added regressors of no 

interest corresponding to audio instructions, button presses and excluded trials, plus six 

regressors for head motion (translation and rotation). 

 

At the second-level (group level), we performed a one-way analysis of variance (ANOVA) with 

F-tests to assess main effects common to active and passive conditions and t-tests to analyze 

the difference between the conditions (active vs. passive) for each regressor of interest: 

numerosity estimation and error estimation. We used a voxel-level statistical threshold of 

p<0.001 and corrected for multiple comparisons at the cluster level using family-wise error 

(FWE) correction with the threshold of p<0.05. We used the anatomical automatic labelling 

(AAL) atlas for brain parcellation (42). 
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Functional connectivity analysis 

Psychophysiological Interaction (PPI) analysis was employed to identify modulations of 

functional coupling between a seed region and other brain regions by experimental conditions 

(active vs. passive) (43). To perform this analysis, we used generalized psychophysiological 

interaction (gPPI) toolbox version 13.1 (44). Spheres of 6 mm radius were formed around the 

peak coordinates of the right IPS (x = 29; y = -65; z = 50) and the left IPS (x = -27; y = -66; z = 

47) clusters that were identified in the second-level analyses (see results). First-level 

(individual) GLM analyses were performed including task regressors of numerosity estimation 

or error estimation (psychological term) and time course of the seed region (physiological 

term). As for other aforementioned fMRI analyses, we performed t-test to compare the 

differences between the conditions.  







 
97 

 

13.9]). This control task suggest that subjects did generate words covertly and comparably to 

overt fluency, according to the required rules. 

fMRI results 

Numerosity performance 

 

Right IPS was activated during numerosity estimation and parametrically modulated by 

numerosity performance, independently from condition (main effect F = 20.0, pFWE = 0.042; 

Figure 3; Table 1). Activations in IPS were bilateral when using a less stringent threshold 

(p<0.005 peak level uncorrected; Table S1, Figure S2). However, IPS activation did not differ 

between the active and passive conditions, suggesting that this parietal activation was 

associated with the numerosity performance, independent of whether words were heard or 

actively generated. No other brain regions were associated with the numerosity performance. 

Figure 3. Neural correlates associated with numerosity performance. (A) Main effect (active+passive 

conditions) of the parametrically modulated numerosity performance during numerosity estimation in the 

left intraparietal sulcus (depicted in green). (B) Box plot of beta estimates in the right IPS during numerosity 

estimations parametrically modulated with numerosity performance. Grey lines connect beta estimates 

from the same participant across conditions. 

Table 1. The numerosity estimation is parametrically modulated with the numerosity performance. The 

list of brain areas is described where BOLD signal correlates with the trial-by-trial behavioral measures of 
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We also searched for activation differences during numerosity estimations between 

conditions, independent of parametric modulations. We found widespread decreased 

activations in the active condition as compared to the passive condition. Major differential 

activations were found in bilateral middle-superior temporal gyri, precuneus, cerebellum, 

middle cingulate gyri, SMA, insula, middle-superior frontal gyri, hippocampus, caudate 

nucleus, putamen (for the detailed list of all areas see Table S2). 

 

Performance monitoring 

 

When looking at the parametric effects of performance monitoring, we observed that the 

BOLD signal in the left IPS was more related to performance monitoring in the active 

compared to the passive condition (T = 4.02, pFWE = 0.041; Figure 5; Table 3). This activation 

cluster overlapped with the left intraparietal sulcus that was observed in the main effect of 

numerosity performance (see Figure S2).  

Figure 5. Neural correlates associated with performance monitoring. (A) Positive association between the 

trial-wise performance monitoring and BOLD signal during the error estimation active condition as 

compared to the passive in the left intraparietal sulcus (IPS, depicted in purple). (B) Box plot of beta 

estimates in the left IPS during error estimations parametrically modulated with error monitoring. Grey lines 

connect beta estimates from the same participant across conditions. 
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3.1.7 Supplementary Information 

Data simulation of derived measures of numerosity performance and performance 

monitoring 

We simulated data to see how derived measurements of numerosity performance and 

performance monitoring behave in every possible situation before applying it to the real data. 

The measurements should be applicable not only to our data set but as well to any other 

ordinal data. However, for the simulations we have restricted the range within the limits of 

expected subject behavior. The actual number of words and numerosity estimation (reported 

number of words) ranged between 5 and 20. Error estimation varied between 0 and 5. Data 

simulation of numerosity performance confirms that underestimation and overestimation are 

linearly changing with the same weight (Figure S1 A). The performance monitoring considers 

the difficulty of the task. In other words, if the number of words increases, the performance 

monitoring value will not be as high as for a small stimulus even though the subject chose the 

same value for the error estimation (Figure S1 B, C). 
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Supplementary figures and tables 

 
Figure S1. Data simulation of behavioral performance measures. (A) Simulated numerosity performance. 

(B) Simulated performance monitoring. (C) Simulated performance monitoring with represented values 

when the number of words is constant (10 or 15 words). 
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3.2 STUDY 4: THE COGNITIVE AND SENSORIMOTOR BRAIN 

MECHANISMS OF THOUGHT INSERTION 
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numerosity self-attenuation would be more reduced (less underestimated) in psychosis 

patients with TI versus patients without TI as shown for sensory self-attenuation in sensory 

domains in schizophrenic patients (6,8). Concerning the neural mechanisms, we analysed the 

numerosity network (45) and expected to observe increased functional connectivity of the 

numerosity network in the patients with TI versus those without TI as observed for self-

attenuation in sensory cortices in patients with schizophrenia (6,8). Additionally, we also 

investigated connectivity in a second network that has recently been shown to be involved in 

psychosis and specific hallucinations (e.g., presence hallucination network; PH-network; 

18,46) and, importantly, experimentally-induced TI in healthy subjects (40).  
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Procedure. Each condition was repeated three times, and each repetition consisted of 4 trials, 

resulting in a total of 12 numerosity estimations per condition. The order of repetitions of 

different experimental conditions was randomized across the experiment and the 

participants. Before the beginning of the experimental session, participants went through a 

training session, comprising one repetition of each condition. During the experiment, the 

participants wore headphones to receive auditory stimuli. 

Neuropsychological assessments 

Participants included in this study were recruited for a larger TIPP study cohort, where the 

battery of the neuropsychological assessments was carried out (see more: 52,53). From the 

available neuropsychological assessments, we focused on executive functioning, as these 

alterations have been shown to be a prominent feature in psychotic patients (for the review 

see: 54). The following neuropsychological tests were used to assess executive functions. 

 

1.  Initiation and cognitive control were evaluated, employing the semantic verbal 

fluency (SVF) task for the animal category. The task measures verbal fluency where an 

individual has to give as many animal names as possible in a one-minute time period without 

repeating several times the same word or giving proper names. In addition, this task also 

reflects various executive functions such as self-monitoring, initiation and inhibition, or 

strategic search of information (55).  

 

2. Working memory was measured using the letter-number sequencing task from WISC 

III and WAIS III (56,57). During the task, a series of letters-numbers are played and an 

individual needs to report them back, ordering the letters in alphabetical order and digits in 

ascending numerical order. This task helps to evaluate the ability to manipulate and update 

information mentally. 

 

3. Immediate and free recall was assessed with Hopkins Verbal Learning test (58), where 

participants are asked to immediately recall as many words as possible from a list of 12 words 

formerly read aloud by the experimenter.  
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4. Sustained and selective attention was measured using a Continuous Performance 

Test, identical pairs version (59). During the task, the participant is asked to identify pairs of 

spatial (shapes) or verbal (numbers) stimuli that are identical in a continuous fashion. This test 

is associated with distractibility and impulsivity. 

 

The above-mentioned test scores were normalized (z-scored) and combined to obtain a 

composite score on executive functioning (equation 1) similarly as it was done previously (60). 

We chose an additional neuropsychological test as a control. 

 

MR image acquisition 

MRI data were acquired using a 3 Tesla scanner (Magnetom TrioTim, Siemens Medical 

Solutions), equipped with a 32-channel head coil. Each MRI session included a magnetization-

prepared rapid acquisition gradient echo (MPRAGE) sequence and a 9- minute gradient echo-

planar imaging (EPI) sequence sensitive to BOLD (blood-oxygen-level-dependent) contrast. 

The MPRAGE acquisition had a 1 mm in-plane resolution and 1.2 mm slice thickness, covering 

240 × 257 × 160 voxels (TR = 2.30 ms, TE = 2.98 ms and TI = 900 ms). The functional MRI (EPI) 

acquisition had isotropic 3.3 mm voxel size, with a 0.3 mm inter-slice gap and covering a total 

of 64 x 58 x 32 voxels (TR = 1920 ms and TE = 30 ms). Resting-state fMRI (rs-fMRI) was 

recorded; subjects were lying in the scanner with eyes open, resting but awake and cognitively 

alert. The acquisition process resulted in a sequence of 280 BOLD images for each participant. 

Two participants in TI+, four participants in TI- and one participant in CTRL groups were 

excluded from further imaging analysis due to poor image quality or missing data. Imaging 

analyses resulted in nineteen patients in the TI+ group, seventeen in TI- and seventeen in CTRL 

groups. 

Functional image preprocessing 

Functional data standard pre-processing and analyses were performed using SPM 12 

(fil.ion.ucl.ac.uk/spm/) and the functional connectivity toolbox CONN (conn-toolbox.org/) for 

Matlab (mathworks.com). Functional images were corrected for slice time and motion, co-

Executive function composite score = Immediate and free recall + Working memory + 

Mental flexibility and self-monitoring + Sustained attention 
(Equation 1) 
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3.2.4 Results 

Numerosity estimation experiment  

Number of words generated. Statistical analysis was only performed for the active condition 

as the number of words for the passive condition was fixed to the mean of 8 words. Analyses 

revealed the main effect of Group (F(2,469) = 16.88, p < 0.001), indicating that there were 

differences between the groups in number of words generated. Post-hoc analysis revealed 

that the differences in the active condition, were between the CTRL and either patients group: 

CTRL (M = 9.0 ± 2.1, CI(95%) = [7.9, 10.1]) generated significantly more words compared to 

TI+ (M = 7.4 ± 1.6, CI(95%) = [6.6, 8.1]; t = 5.28, p < 0.001) and compared to TI- (M = 7.7 ± 1.7, 

CI(95%) = [6.9, 8.5]; t = 4.26, p = 0.001) groups (Figure 3 A). The patient groups did not differ 

between each other in the number of words generated (t = 1.07, p = 0.53). Years of education 

as a covariate of no interest, did not show a significant effect (F(1,469) = 0.79, p = 0.38). 

 

Numerosity performance. Numerosity performance was significantly different between 

conditions (main effect Condition F(1,1024) = 105, p < 0.0001; active condition M = -0.04 ± 

0.07, CI(95%) = [-0.05, -0.01]; passive condition M = 0.003 ± 0.07, CI(95%) = [-0.01, 0.02]), 

meaning that all participants underestimated more actively generated words compared to 

the passively generated words (comparable to Stripeikyte et al., in preparation). Specifically, 

underestimation was observed only during the active condition (t-tests, FDR corrected, all p 

< 0.0001, TI+ M = -0.04 ± 0.05, CI(95%) = [-0.06, -0.01], t(21) = -6.5; TI- M = -0.03 ± 0.04, CI(95%) 

= [-0.07, 0.006], t(21) = -4.23 ; CTRL M = -0.03 ± 0.08, CI(95%) = [-0.07, 0.007], t(18) = -4.04), 

while during the passive condition numerosity performance did not differ from 0 (all p > 0.07, 

Table S1). The interaction of Group x Condition (F(2,1024) = 3.4, p = 0.034) was significant as 

well, yet when performing post-hoc contrasts, significant differences surviving multiple 

corrections were only observed within each group between condition comparisons (Active vs. 

Passive: TI+ t(21) = -7.62, p < 0.0001; TI- t(21) = -5.49, p < 0.0001; CTRL t(18) = -4.49, p < 

0.0001; Figure 3 B , Table S2). No difference emerged between TI+ and the other two groups. 

Years of education did not influence these data (F(2,50) = 0.3, p = 0.58). 
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Figure 3. Behavioural results. (A) Mean number of words generated during the active condition respectively 

for each group (psychotic patients with thought insertion (TI+; violet), psychotic patients without thought 

insertion (TI-, orange), healthy controls (CTRL, green). (B) Mean numerosity performance during the active 

and passive conditions for each group. A value of zero represents an ideal numerosity performance. (C) 

Linear relationship between the mean numerosity performance during the active (dashed line) and passive 

conditions (straight line) and executive function composite score in TI+ patients. **p<0.01, ***p<0.001. 

Dots represent individual values of each participant. 

 

Demographic and clinical characteristics 

Patient (TI+, TI-) and control (CTRL) groups did not differ in any demographic characteristics 

(gender, handedness, age; all p > 0.1), except for education (F(2,51) = 10.6, p < 0.001). Patient 

groups did not differ in clinical characteristics (illness duration, medication dose, PANSS; all p 

> 0.2). The detailed description of demographic and clinical characteristics is represented in 

Table 1. 

Neuropsychological assessments 

Regarding the neuropsychological assessments, as expected (54) the CTRL group had higher 

scores in all cognitive tests assessing executive functions (all p < 0.04) and accordingly in the 

executive function composite score (p < 0.001), compared to both groups of psychotic 

patients. In contrast, patient groups did not differ from each other in neuropsychological 
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fMRI 

Numerosity network. The interaction Group x Connection was significant (F(10,229) = 2.1, p = 

0.022), implying that there are connectivity changes that differed between groups. For the 

post-hoc analysis we focused on the between patient comparisons, that revealed significant 

functional connectivity difference between the right IPS and the left IPL when comparing TI+ 

vs. TI- groups (rTI+ = 0.09 ± 0.24, CI(95%) = [-0.02, 0.20]; rTI- = -0.08 ± 0.28, CI(95%) = [-0.23, 

0.06]; t = 2.87, p=0.028; Figure 4). Connectivity between the right IPS and left IPL was 

increased. None of the other connections differed comparing between the patient groups (all 

p > 0.46, Table S5, Figure S2). Next, we checked whether the observed connectivity alteration 

between the patient groups is also different between TI+ and CTRL group. We did not observe 

significant differences between the right IPS and left IPL functional connectivity when 

comparing TI+ and CTRL (rCTRL = 0.06 ± 0.34, CI(95%) = [-0.11, 0.24]; t = 0.42, p = 0.68) groups, 

nor when comparing other connections of numerosity network (all p > 0.12, Table S4, Figure 

S2). There was no significant main effect of Group (TI+ patients rNum_total = 0.04 ± 0.19, CI(95%) 

= [0.01, 0.08], TI- patients rNum_total = 0.03 ± 0.22, CI(95%) = [-0.01, 0.07], CTRL rNum_total = 0.02 

± 0.23, CI(95%) = [-0.03, 0.07], F(2,45) = 0.04, p = 0.96), showing that global connectivity in 

the numerosity network did not differ between the groups. Finally, the main effect of 

Connection (F(5,229) = 3.9, p = 0.0018) was significant meaning that the strength of functional 

connectivity varied between the different connections, independent of group (71). 

 

There were no significant correlations between the mean numerosity performance during the 

active or passive conditions and right IPS - left IPL functional connectivity for any of the groups 

(all p > 0.2, Table S5). 
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Figure 4. Alterations in numerosity network functional connectivity in psychotic patients with thought 

insertion (TI+). (A) Abnormal parietal connection is marked in straight red line and was increased in TI+ 

patients versus TI- patients. (B) Functional connectivity between the right intraparietal sulcus (IPS) and the 

left inferior parietal lobule (IPL) depicted for each group (psychotic patients with thought insertion (TI+, 

violet), psychotic patients without thought insertion (TI-, orange), healthy controls (CTRL, green)). Post-hoc 

FDR corrected at threshold of p=0.05. *p<0.05. Dots represent individual values of each participant. 

 

PH-network. We observed a significant interaction between Group x Connection (F(28,639) = 

3.5, p<0.0001), implying that there are connectivity changes that differed between groups. 

Post-hoc analysis comparing TI+ vs. TI- groups revealed significant differences in three 

connections within the PH-network. In more detail, significantly different (reduced) 

connectivity was found between the right pMTG and the left IFG (rTI+ = 0.03 ± 0.20, CI = [-0.07, 

0.12]; rTI- = 0.22 ± 0.18, CI(95%) = [0.13, 0.32]; t = -3.04, p=0.019) and between the right and 

left pMTG (rTI+ = 0.34 ± 0.27, CI(95%) = [0.21, 0.48]; rTI- = 0.55 ± 0.09, CI(95%) = [0.49, 0.60]; t 

= -2.92, p=0.019). Finally, we observed increased frontal connectivity between the left vPMC 

and the left IFG (rTI+ = 0.33 ± 0.19, CI(95%) = [0.24, 0.43]; rTI- = 0.10 ± 0.09, CI(95%) = [0.05, 

0.15]; t = 3.40, p=0.011) (Figure 5 A, B). None of the other connections differed between the 

patient groups (all p > 0.25, Table S6, Figure S3). 

 

Next, we assessed whether these three connections, that differed between TI+ and TI- 

patients, also were significantly different form the CTRL group. We found that connectivity 

between the right pMTG and the left pMTG (rCTRL = 0.62 ± 0.29, CI(95%) = [0.46, 0.78]; t = -3.3, 

p=0.008) was significantly reduced and connectivity between the left vPMC and the left IFG 

(rCTRL = 0.01 ± 0.13, CI(95%) = [-0.06, 0.08]; t = 4.2, p=0.0004) was significantly increased in TI+ 

patients compared to CTRL. The connectivity between the right pMTG and the left IFG was 

not significantly different between the TI+ and the CTRL group (rCTRL = 0.03 ± 0.22, CI(95%) = 
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[-0.10, 0.32]; t = -0.1, p=0.93). See SI for the detailed description of additional disease specific 

alterations within the PH-network connections between TI+ and CTRL groups that were not 

observed comparing TI+ and TI- groups. There was no significant main effect of Group, 

meaning that there was no global difference of PH-network functional connectivity between 

the groups (TI+ patients rPH_total = 0.25 ± 0.26, CI(95%) = [0.22, 0.28], TI- patients rPH_total = 0.26 

± 0.26, CI(95%) = [0.22, 0.29], CTRL rPH_total = 0.16 ± 0.24, CI(95%) = [0.22, 0.27], F(2,48) = 1.2, 

p = 0.29). Finally, there was a significant main effect of connection (F(14,640) = 57.3, 

p<0.0001), meaning that the strength of functional connectivity varied between the different 

connections of the PH-network, independent of group. 

 

A significant positive correlation was observed in the TI+ group between the mean numerosity 

performance during the active condition and functional connectivity of the left vPMC and the 

left IFG and (r = 0.597, p = 0.008; Figure 5 C). No significant correlations were observed for 

this connection in other groups or with numerosity performance during the passive condition 

(all p > 0.09, Figure S4, Table S7). See SI for other significant correlations in CTRL group.  

 

Control analyses. The same analyses in control numerosity network shifted regions (main 

effect of group F(2,50) = 0.9, p = 0.43; group by connection interaction F(2,250) = 1.2 p=0.31; 

Figure S6), PH-network shifted regions (main effect of group F(2,46) = 0.56, p = 0.57; group by 

connection interaction F(2,634) = 1.3 p=0.11; Figure S7) and in a visual network (main effect 

of group F(2,48) = 1.4, p = 0.24; group by connection interaction F(5,161) = 1.8, p=0.06; Figure 

S8) revealed no significant differences between the tested patient and control groups 
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Figure 5. Alterations in the PH-network functional connectivity in psychotic patients with thought 

insertion (TI+). (A) Abnormal fronto-temporal connections are marked in dashed red line and were 

decreased in TI+ patients versus TI- patients. Yellow connections mark significant changes in TI+ patients 

(dashed line decreased connectivity, straight line increased connectivity) compared to TI- and CTRL groups. 

(B) Functional connectivity between the right posterior middle temporal gyrus (pMTG) and the left inferior 

frontal gyrus (IFG; left plot), the right pMTG and the left pMTG (middle plot), and the left IFG and left ventral 

premotor cortex (vPMC, right plot) depicted for each group (psychotic patients with thought insertion (TI+, 

violet), psychotic patients without thought insertion (TI-, orange), healthy controls (CTRL, green)). Post-hoc 

FDR corrected at threshold of p=0.05. (C) Linear relationship between the left IFG and left vPMC functional 

connectivity and mean numerosity performance during the active (dashed line) and passive conditions 

(straight line) in TI+ patients. *p<0.05 **p<0.01, ***p<0.001. Dots represent individual values of each 

participant.   
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involved in the occurrence of PH. This finding further strengthens the proposition that TI is 

related to cognitive self-monitoring dysfunction. 

Conclusions 

To sum up, we showed a relationship between the altered cognitive functioning and self-

attenuation during numerosity estimations in TI+ patients. We also revealed altered 

functional connectivity in TI+ patients within the areas involved in the attenuation processing 

during numerosity estimations and PH-network related to the alienation aspect of the 

symptom. The observed functional connectivity changes were specific only to the psychotic 

TI+ patients, suggesting the specificity of alterations associated with self-monitoring when the 

self is misattributed to an external entity. These deficits could play a role in blurring the 

attribution of self during cognitive processes, linking TI to the insufficient self-monitoring over 

cognitive processes. 
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Statistical analysis in control shifted PH-network regions showed no significant effect of group 

(F(2,46) = 0.56, p = 0.57; TI+ r_total = 0.08 ± 0.38, CI(95%) = [0.04, 0.13]; TI- r_total = 0.07 ± 

0.34, CI(95%) = [0.02, 0.11]; CTRL r_total = 0.09 ± 0.34, CI(95%) = [0.05, 0.14], Figure S7) nor 

interaction of group and connection (F(2,634) = 1.3 p=0.11). Main effect connections 

(F(14,634) = 79.6, p<0.0001) was significant.  

 

Visual network from resting state fMRI network atlas (Shirer et al., 2012) was analyzed as a 

second control. Statistical analysis in the visual network showed no significant effect of group 

(F(2,48) = 1.4, p = 0.24; TI+ r_total = 0.39 ± 0.43, CI(95%) = [0.31, 0.47]; TI- r_total = 0.33 ± 

0.44, CI(95%) = [0.24, 0.42] ; CTRL r_total = 0.33 ± 0.45, CI(95%) = [0.25, 0.42], Figure S8) and 

group by connection interaction (F(5,161) = 1.8, p=0.06). Main effect connections (F(5,245) = 

312.5, p < 0.001) were significant. 

Supplementary figures 

Figure S1. Correlations between mean numerosity performance and executive function composite score. 

Spearman correlations between the mean numerosity performance during the active (dashed line) and 

passive conditions (straight line) and executive function composite score in (A) psychotic patients without 

thought insertion (TI-, orange), (B) healthy controls (CTRL, green). No significant relationships were 

observed. Dots represent individual values of each participant. 
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Figure S3. Functional connectivity of 15 PH-network connections. IFG - inferior frontal gyrus, pMTG - 
posterior middle temporal gyrus, vPMC - ventral premotor cortex. Post-hoc FDR corrected at threshold of 
p=0.05. *p<0.05 **p<0.01, ***p<0.001. Dots represent individual values of each participant. 
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Figure S4. Correlations between mean numerosity performance and functional connectivity between the 

left IFG and left vPMC. Pearson correlations between the mean numerosity performance during the active 

(dashed line) and passive conditions (straight line) and functional connectivity of PH-network connection 

between the left inferior frontal gyrus (IFG) and the left ventral premotor cortex (vPMC) in (A) psychotic 

patients without thought insertion (TI-, orange), (B) healthy controls (CTRL, green). No significant 

relationships were observed. Dots represent individual values of each participant. 

Figure S5. Correlations between mean numerosity performance and functional connectivity between the 

left pMTG and right pMTG. Pearson correlations between the mean numerosity performance during the 

active (dashed line) and passive conditions (straight line) and functional connectivity of PH-network 

connection between the left and right posterior middle temporal gyrus (pMTG) in (A) psychotic patients 

with thought insertion (TI-, purple), (B) psychotic patients without thought insertion (TI-, orange) (C) healthy 

controls (CTRL, green). No significant relationships were observed. *p<0.05. Dots represent individual values 

of each participant. 
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Figure S7. Functional connectivity of 15 control shifted PH-network region connections. No significant 

differences between the groups were observed. Control regions were derived by shifting PH-network ROIs. 

iMTG - inferior middle temporal gyrus, MFG - middle frontal gyrus, oSFG - orbital superior frontal gyrus. 

Dots represent individual values of each participant.  
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GENERAL DISCUSSION 
 

During my thesis work, I have investigated different aspects related to self-monitoring, which 

is important for a coherent self-representation and orientation in the surroundings. With my 

research, I contributed to a better understanding and provided new insights into mechanisms 

related to self-monitoring, which alterations could account for the manifestation of psychotic 

symptoms such as passivity experiences. 

 

4.1 SUMMARY OF SCIENTIFIC CONTRIBUTIONS AND OUTLOOK 
 

Part I of the thesis combined two articles investigating functional connectivity alterations 

within the specific network related to alienation (PH-network) in psychotic patients with 

passivity experiences and individuals at high risk for psychosis development. In Part II of the 

thesis, which comprises two studies, I have studied a different aspect related to self-

monitoring: self-generated signal attenuation during a higher-level cognitive function of 

numerosity estimations in healthy volunteers and whether it is affected in psychotic patients 

with thought insertion.  

4.1.1 PH-network to study alienation mechanisms in psychotic patients 

Passivity experiences such as thought insertion, auditory verbal hallucinations and somatic 

passivity are frequent symptoms of psychosis. During passivity experiences, self-generated 

actions, thoughts or emotions are perceived as not self-generated but caused by an external 

entity (e.g., alienation). To investigate the alienation aspect of passivity experiences, we used 

a recently described PH-network (see Annexes: Bernasconi et al., 2020). In Study 1, we 

explored whether we could distinguish psychotic patients with versus without passivity 

experiences based on the PH-network functional connectivity. As hypothesized, we have 

observed functional connectivity reduction in psychotic patients with passivity experiences. 

This reduction was between the right pMTG and bilateral IFG within the PH-network. 

Noteworthy, we have found similar alterations specific to psychotic patients with thought 

insertion as compared to the patients without thought insertion (Study 4). In this cohort of 

patients, we have observed functional connectivity reduction between the right pMTG and 
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related to different passivity experiences, allowing for more detailed evaluations of how 

passivity experiences and PH and their respective brain networks are linked in psychosis. It 

would be interesting to dissect the specific alterations within the PH-network and other brain 

areas related to the symptom separately (e.g., auditory verbal hallucinations, somatic 

passivity, etc.) and common features of all passivity experiences. 

 

Regarding the PH-network functional connectivity as a biomarker for the development of 

psychosis, longitudinal studies investigating individuals with 22q11 deletion syndrome should 

be conducted. Tested individuals with 22q11 deletion syndrome were still asymptomatic (no 

psychotic symptoms), but significant differences were already observed within the PH-

network functional connectivity compared to the age-matched healthy controls (Study 2). A 

follow-up study, including individuals with and without psychotic symptoms and assessing the 

occurrence of PH over several time points, would allow an extensive understanding of the 

development of psychotic symptoms and relation to PH. The current ongoing studies 

investigating individuals with 22q11 deletion syndrome are now including the assessment of 

PH with a newly developed questionnaire by our laboratory. Preliminary data, including 76 

patients of the longitudinal cohort, shows that around 20% of the individuals with 22q11 

deletion syndrome experience PH. More data should be collected over several time points 

and combined with the imaging data to explore the developmental impact of PH on the 

manifestation of psychotic symptoms. 

4.1.2 Cognitive self-attenuation 

An important aspect of self-monitoring is the attenuation of self-generated signals. This 

attenuation has been previously described in visual, auditory and somatosensory domains 

(e.g., Benazet et al., 2016; Kilteni and Ehrsson, 2019; Whitford, 2019). It has been extended 

to cognitive processes related to sensory modalities such as motor imagery or inner speech 

(e.g., Kilteni et al., 2018; Whitford et al., 2017). Yet, up to date, it was not investigated whether 

the attenuation of self-generated signals applies to higher-level cognitive processes beyond 

the sensorimotor system. In this thesis (Part II), we have investigated self-attenuation during 

the higher-level cognitive function by comparing numerosity estimations for self- (active 

condition) and externally (passive condition) generated words. We hypothesized to observe 

a bigger underestimation of self-generated words compared to externally generated words. 

For the first time, we have developed a well-controlled paradigm adapted to the fMRI 
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study (Study 3), in this study, all three groups had bigger underestimation (attenuation) during 

the active compared to the passive condition. Despite the hypothesis of reduced self-

attenuation in psychotic patients (Bansal et al., 2018; Ford et al., 2014; Pynn and DeSouza, 

2013; Shergill et al., 2014, 2005), we did not observe significant differences between the 

groups, suggesting that there could be a more complex relationship between cognitive self-

attenuation and other processes related to the thought insertion phenomenon.  

 

Given that the participants in this study were primarily recruited for a larger study cohort, the 

access to rs-fMRI data and neuropsychological assessments was available. This allowed for a 

more in-depth investigation of the relationship between the cognitive self-attenuation and 

the affected executive functioning, as this is one of the main traits of psychotic patients 

(Mesholam-Gately et al., 2009). Indeed, a significant negative correlation between cognitive 

self-attenuation levels and executive function composite score was observed only in psychotic 

patients with thought insertion. In other words, the less self-attenuation (lower 

underestimation) during the active condition, the lower executive functioning was found. No 

significant relationship was observed for control groups or passive condition. It is possible to 

conclude that cognitive self-attenuation is closely related to the executive dysfunction in 

psychotic patients with thought insertion and this observed relationship could partly explain 

the discrepancies contributing to the occurrence of thought insertion. 

 

We have also thus investigated functional connectivity within the network associated with 

the attenuation processing during numerosity estimations (as was found in Study 3) in the rs-

fMRI data of psychotic patients with thought insertion. We have observed increased 

functional connectivity in psychotic patients with compared to without thought insertion 

between the right IPS and the left IPL, suggesting insufficient attenuation at the neural level 

related to the cognitive processes like numerosity estimations. 

Dynamic causal modeling 

The further improvement of the currently performed analyses in Study 3 could be applied to 

investigate the causality of the observed connectivity modulation during the active compared 

to the passive conditions in the network of the right IPS, bilateral SMA, left IPL and left STG. I 

proposed (see above) that the observed functional connectivity between these areas could 

provide a neural signature for the behavioral self-attenuation. However, the current analysis 
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ownership as was shown in previous studies (Bansal et al., 2018; Ford et al., 2014; Pynn and 

DeSouza, 2013; Shergill et al., 2014, 2005) and Study 4 could account for the negative aspect. 

Both of these aspects are related to the self-monitoring but are processed differently. PH is 

linked to global bodily self-monitoring deficits (Blanke et al., 2014; Bernasconi et al., 2020), 

while the loss of sense of agency over actions, thoughts or emotions are more related to the 

affected domain (Bansal et al., 2018; Ford et al., 2014; Pynn and DeSouza, 2013; Shergill et 

al., 2014, 2005). 

4.3 CONCLUSIONS 
To conclude, this work adds to a more comprehensive understanding of the neural and 

behavioral self-monitoring related mechanisms involved in the manifestation of psychotic 

symptoms over different clinical populations. We show that psychotic symptoms, specifically 

passivity experiences, are associated with reduced fronto-temporal functional connectivity 

within the network accounting for an alien entity (PH-network). For the first time, we showed 

that self-attenuation applies to the higher-level cognitive function of numerosity estimations, 

extending previous accounts of self-attenuation regarding sensory processing. It offers a 

promising tool to study clinical cases in which such attenuation may be altered, including 

patients with passivity experiences such as thought insertion. Together, these findings open 

the doors to investigate specific relationships between the PH, cognitive self-attenuation and 

passivity experiences, which could lead to better diagnosis and prognosis of psychosis 

development.  
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ANNEXES 
 

During my thesis, I have been involved in several other projects that are briefly described here 

and part of them are added as additional papers. 

5.1 ONGOING STUDIES 

5.1.1 PH-network investigation in Dementia with Lewy Bodies patients 

I am currently finalizing the clinical imaging study, where I have investigated metabolic 

changes (glucose uptake, PET imaging) within the PH-network in Dementia with Lewy Bodies 

(DLB) with and without symptomatic PH. I have found reduced glucose uptake in the left vPMC 

of the PH-network in DLB patients with PH compared to without. This finding stands in line 

with the disconnection hypothesis for hallucinations and corroborates previous observations 

of reduced metabolic activity in DLB patients. We also have observed that vPMC has distinct 

correlations maps with the whole brain in patients with and without PH. Specifically, DLB 

patients with PH show very minimal correlations between left vPMC and the rest of the brain 

including only the bilateral caudate nucleus and midbrain. Contrary, DLB patients without PH 

show widespread cortical correlations with the left vPMC. Furthermore, a significant negative 

correlation has been observed between glucose uptake levels in the left vPMC and 

presynaptic dopamine levels in the left caudate nucleus in DLB patients with PH.  

5.1.2 A pharmacological longitudinal study in 22q11 deletion syndrome 

In collaboration with the laboratory of Developmental Imaging and Psychopathology directed 

by Professor Stephan Eliez (NCCR-Synapsy project), the ongoing longitudinal study 

investigating the dopaminergic system in individuals with 22q11 deletion syndrome is 

investigated. The specific project where our lab is contributing aims at a more comprehensive 

understanding of the dopaminergic treatment role in multisensory integration and the 

induction of psychosis-like states such as PH and PE. The experimental setup is the same as 

described in the annexed study conducted by Bernasconi, Blondiaux and colleagues, 2020 (see 

in Annexes section). The participants are tested at different time points: before, during, and 

after the treatment. I was involved in the data collection for this project which is still ongoing.  
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associated with sPH of neurological non-parkinsonian origin (33) are also altered in PD 

patients with PH. Moreover, because the brain networks of riPH have never been 

investigated, it is also not known whether the abnormal sensorimotor mechanisms described 

in PD-PH patients (study1) are associated with a disruption of brain networks of riPH. To 

determine the brain mechanisms of PH, we first adapted an MR-compatible robot (45) 

(Supplementary S15) and applied sensorimotor stimulations while recording fMRI during riPH 

in healthy participants and identified the associated brain networks (study2.1). We then 

combined this network with evidence from sPH of neurological non-parkinsonian origin (study 

2.2) and, finally, applied this common network to PD patients (study3). 

 

Brain mechanisms of riPH in healthy participants using MR-compatible robotics (study2.1) 

Based on behavioral pilot data (Supplementary S16-S17, Tab.S5), we exposed 25 healthy 

participants to asynchronous and synchronous robotic stimulation while recording fMRI 

(Fig.2A, Video S2, Supplemental S15, Fig.S3). Our behavioral data replicated previous results 

((33), study1 and pilot study) and we found that asynchronous vs. synchronous robotic 

stimulation induces stronger PH (main effect of Synchrony: permutation p-value=0.0082, 

Fig.2B) and another bodily experience (Tab.S6), but did not modulate control items (all 

permutation p-values>0.08, Supplementary S18, Tab.S6). As for study1.2, riPH were not 

related to movement differences across conditions (permutation p-value=0.99) (Fig.2C), 

confirming that sensorimotor stimulation (and not movement differences) applied with the 

MR-compatible robot modulated PH intensity across conditions.  

 

To identify the neural mechanisms of riPH, we determined brain regions that were (1) more 

activated during the asynchronous vs. synchronous condition (spatio-temporal sensorimotor 

conflict) and (2) activated by either of the sensorimotor conditions (synchronous, 

asynchronous) vs. two control conditions (motor and touch) (conjunction analysis, 

Supplementary S19). Conjunction analysis enabled us to capture the brain regions that reflect 

the spatial sensorimotor conflict between the sensorimotor movement of the hand in front 

space and the feedback in the back (Supplementary Fig.S4), which is independent of the right-

hand movements (motor control), independent of the tactile feedback (touch control), and 

independent of whether asynchronous or synchronous stimulation was carried out. The 

asynchronous vs. synchronous contrast enabled us to detect changes related to the additional 

spatio-temporal contrast between the hand movement and the tactile feedback 
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(Supplementary S20, Fig.S4). Regions more activated during asynchronous vs. synchronous 

sensorimotor stimulation were restricted to cortical regions (Fig.2D, Tab.S7) and included the 

inferior frontal gyrus (IFG), anterior insula, medial prefrontal cortex (mPFC) and the posterior 

part of the middle temporal gyrus (pMTG, bordering on angular gyrus and adjacent occipital 

cortex). Conjunction analysis (between contrast synchronous>motor+touch and contrast 

asynchronous>motor+touch) (Supplementary S20, Fig.S5) revealed a subcortical-cortical 

network in left sensorimotor cortex (contralateral to the hand moving the robot, including 

M1, S1 and adjacent parts of premotor cortex and superior parietal lobule), in bilateral 

supplementary motor area (SMA), right inferior parietal cortex, left putamen, and right 

cerebellum (Fig.2E, Tab.S8).  

 

Collectively, these fMRI results constitute the first delineation of the neural underpinnings of 

riPH in healthy participants that is unrelated to movement differences across conditions and 

distinct from activations in two control conditions, revealing a network of brain regions that 

have been shown to be involved in sensorimotor processing and in agency (such as M1-S1, 

pMTG (46, 47), PMC (48, 49), SMA (47, 50), IPS (51, 52), as well as the cerebellum (46, 53) and 

putamen).  

 

Common PH-network for sPH and riPH (study2.2) 

To determine neural similarities between riPH and sPH and confirm the sensorimotor 

contribution to sPH, we first applied lesion network mapping (Supplementary S21) and 

identified network connectivity mapping in neurological non-parkinsonian patients, in whom 

sPH were caused by focal brain damage (study2.2), and then determined the common 

network (cPH-network) between the riPH and sPH. Lesion network mapping (54) extends 

classical lesion symptom mapping by considering each lesion as a seed (region of interest, 

ROI) and computing its connectivity map (in normative resting state fMRI data, publicly 

available database, 126 healthy participants (55)) (Fig.S6).  

 

This analysis revealed that all lesions had functional connectivity with bilateral posterior 

superior temporal gyrus/temporo-parietal junction (pSTG/TPJ), bilateral middle cingulate 

cortex (MCC), bilateral insula, and right IFG, constituting the sPH-network (Fig.3A, for all 

regions see Tab.S9) and did not overlap with connectivity patterns of a control hallucination 

network, in which the same method was applied to a control group of eleven patients 
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to keep their eyes closed and were exposed to continuous white noise through headphones 

(Supplementary S3). 

 

 

Procedure, design, and analysis (study1.1) 

Participants were asked to insert their index finger in the haptic front-robot and carry out 

repeated poking movements while they received tactile cues on their backs, delivered by the 

back-robot. Thus, sensorimotor stimulation included motor, tactile, and proprioceptive 

signals from the upper limb moving the front-robot and additional tactile signals from the 

back-robot. Stroking was applied either synchronously (0ms delay) or asynchronously (500ms 

delay) (Synchrony: asynchronous vs. synchronous). Additionally, we measured the effect of 

the side of the body (i.e. hand moving the front-robot) that was most strongly affected by PD 

versus the other hand (Side) to investigate if the hemisphere predominantly affected by PD 

influenced riPH (72, 73). The factors (Synchrony; Side) and the order of testing were 

randomized across participants. Each participant randomly started with one Side first, for 

which the two Synchrony conditions (random order) were tested, and then the second Side 

was tested with the two Synchrony conditions (random order). In total, each participant 

performed four sessions (one per condition) lasting two minutes each. At the end of each of 

the four sensorimotor stimulation conditions, all participants filled a questionnaire (see 

below). Each PD-PH, PD-nPH, and HC included in the study was able to perform the entire 

study1.1.  

 

PH and other subjective ratings 

To measure PH and other illusions, we administered a questionnaire (6 questions) that was 

adapted from(33). Participants were asked to indicate on a 7-point Likert scale, how strongly 

they felt the sensation described by each item (from 0 = not at all, to 6 = very strong). For 

questions see Supplementary S5. 

 

Data analysis  

Each question was analyzed with linear mixed effects models (lme4 and lmerTest both R 

packages (74, 75)). Models were performed on the subjective ratings in each of the four 

conditions with Synchrony (synchronous vs. asynchronous), Groups (i.e., PD-PH vs. PD-nPH, 

and PD-PH vs. HC) and Side as fixed effects, and random intercepts for each subject. The 
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TE=30ms, flip angle=90°, in-plane resolution=2.5x2.5mm2, slice thickness=2.5mm using a 64-

channel head-coil) containing 320 volumes for the experimental runs and 160 volumes for the 

localizer runs. For each participant, an anatomical image was recorded using a T1-weighted 

MPRAGE sequence (TR=2.3s, TE=2.32 ms, Inversion time=900ms, flip angle=8°, 0.9mm 

isotropic voxels, 192 slices per slab and FOV=240mm). 

 

fMRI data analysis 

All the fMRI data analysis reported were pre-processed using SPM12 toolbox (Wellcome 

Department of Cognitive Neurology, Institute of Neurology, UCL, London, UK) in Matlab 

(R2016b, Mathworks). Slice timing correction and spatial realignment was applied to 

individual functional images. The anatomical image was then co-registered with the mean 

functional image and segmented into grey matter, white matter and cerebro-spinal fluid (CSF) 

tissue. Finally, the anatomical and the functional images were normalized to the Montreal 

Neurological Institute (MNI) brain template. Functional images were then smoothed with a 

Gaussian kernel with full-width half-maximum of 6mm. Head motion was assessed based on 

framewise displacement (FD) calculation (77). All participants had a mean FD value inferior to 

0.50mm (mean FD=0.12±0.05 mm). The two experimental runs were filtered with a high-pass 

filter at 1/300 Hz to remove low frequency confounds, while the two localizers were filtered 

with a high-pass filter at 1/100 Hz. 

 

Activation contrasts 

The experimental runs and functional localizers were submitted to a general linear model 

(GLM) analysis. In all runs, the periods corresponding to a given robotic stimulation (i.e., 

synchronous, asynchronous, motor task, touch task (Supplementary S19 and Fig.S3)) and the 

periods corresponding to the auditory cues were modelled as separated regressors. The six 

realignment parameters were modelled for each run as regressors of no interest. In order to 

avoid confounding effects due to the amount of movement performed in each trial, the 

quantity of movement of the front robot (synchronous and asynchronous for the 

experimental runs and movement condition for the motor localizer, see above) was included 

as parametric modulators of each condition (see above).  

 

Second-level analyses were performed using the first-level contrasts defined for each subject. 

In order to determine which brain regions were involved in sensorimotor conflicts (spatio-
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temporal conflict and fixed spatial conflict), the following contrasts were computed: 

asynchronous>motor+touch and synchronous>motor+touch. A conjunction between those 

two contrasts was performed to identify the regions involved in the fixed spatial sensorimotor 

conflicts. For the experimental runs, two sample t-tests (asynchronous>synchronous and 

synchronous>asynchronous) were performed to assess brain activations activated during a 

specific sensorimotor conflict. Results were thresholded at p<0.001 at voxel level and only the 

clusters surviving p<0.05 FWE-corrected for multiple comparison were reported as significant. 

The obtained clusters were labelled using the AAL atlas (78) and the Anatomy toolbox(79). 

Lesion network mapping analysis (study2.2) 

 

In order to identify the brain regions functionally connected to each lesion location causing 

PH in neurological patients, we used lesion network mapping analysis (54, 80). Briefly, this 

method uses normative resting state data from 151 healthy subjects obtained from the 

publicly available Enhanced Nathan Kline Institute Rockland Sample (55) and uses the lesion 

locations as seed ROI. The fMRI acquisition parameters are described in the Supplementary 

S21. 

 

Resting state fMRI analysis 

For the pre-processing steps see above and Supplementary S21. The anatomical T1-weighted 

image was segmented into grey and white matter and CSF. Spatial realignment was applied 

to individual functional images. The six realignment parameters and their first-degree 

derivatives were added in addition to the averaged signals of the white matter and cerebro-

spinal fluid. Subjects with the excessive motion were excluded from the analysis, this 

comprised 25 subjects which had a mean FD higher than 0.5mm and where more than 15% 

of scans were affected by movement. In total, 126 subjects were included for the analysis. 

Then, fMRI data was bandpass-filtered in the range of 0.008-0.09Hz. 

 

The resting state data was analyzed using the CONN-fMRI Functional Connectivity toolbox 

(81) (v.18.a, http://www.nitrc.org/projects/conn). The lesion masks were used as seed ROIs 

and their mean time course was extracted and correlated to all other brain voxels. Each lesion-

seed yielded a brain network thresholded at p<0.001(t±3.37) with p<0.05 whole brain FWE 

peak level corrected. The 11 networks were then binarized and overlapped to determine the 

regions of shared positive and negative correlations (Fig.S6). The network overlap was 
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thresholded at 90% (at least 10 cases out of 11) with a minimal cluster extent of 50 voxels. 

This procedure was repeated with the structured visual hallucinations lesions (Supplementary 

S22-S23 for further analyses).  

 

Study 3 

 

Participants (study3.1) 

Data from thirty PD patients were analyzed in this study. All patients were prospectively 

recruited from a sample of outpatients regularly attending to the Movement Disorders Clinic 

at Hospital de la Santa Creu i Sant Pau (Barcelona) based on the fulfilling of MDS new criteria 

for PD. Informed consent to participate in the study was obtained from all participants. The 

study was approved by the local Ethics Committee. Patients were diagnosed by a neurologist 

with expertise in movement disorders. Each patient was interviewed regarding years of 

formal education, disease onset, medication history, current medications, and dosage 

(levodopa daily dose). Motor status and stage of illness were assessed by the MDS-UPDRS-III. 

All participants were on stable doses of dopaminergic drugs during the 4 weeks before 

inclusion. Patients were included if the hallucinations remained stable during the 3 months 

before inclusion in the study. No participant had used or was using antipsychotic medication 

(Supplementary S24). Details of image acquisition and data processing are in Supplementary 

S25. 

 

Regions of interest 

The cPH-network as defined in Study 2 (right posterior middle temporal gyrus (pMTG; x =54, 

y=-54, z=0), the right inferior frontal gyrus (IFG; x=51, y=18, z=29) and the left ventral 

premotor cortex (vPMC; x=-53, y=1, z=37) was transposed bilaterally to ensure that the cPH-

network is not affected by any effects of movement-related laterality of activation observed 

in the riPH-networks (Fig.3B). Clusters were built using FSL (https://fsl.fmrib.ox.ac.uk/fsl/). A 

control network was derived by shifting each region (x±0/20; y+30; z-15) of the cPH-network 

(Fig.S8). This approach allowed controlling for the exact same shape and number of voxels as 

original cPH-network areas. 

 

Whole brain connectivity 
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Figure 4. Functional connectivity in the sensorimotor network. A. Connections showing differences in 

functional connectivity between PD-PH vs. PD-nPH within the cPH-network are shown (yellow). B. Mixed 

effects linear regression between the functional connectivity for PD-PH (purple) and PD-nPH (yellow) 

between left IFG and left pMTG is shown. PD-PH vs. PD-nPH patients have a significantly reduced functional 

connectivity. Error bar represents 95% confidence interval, and the dot represents the mean functional 

connectivity. Dots represent the functional connectivity for each patient. C. Degree of functional 

disconnection is correlated with the cognitive decline (fronto-cortical sub-score of PD-CRS) in PD-PH 

patients. Lower connectivity was correlated with lower frontal cognitive fronto-subcortical abilities. 
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Question Group Synchrony Side Mean 
Standard 
Deviation 

      

PH PD-PH Async Less affected side 1.67 2.31 

PH PD-PH Async Most affected side 2.23 2.17 

PH PD-PH Sync Less affected side 0.42 0.9 

PH PD-PH Sync Most affected side 1.31 1.93 

PH PD-nPH Async Less affected side 0.62 1.56 

PH PD-nPH Async Most affected side 0.23 0.83 

PH PD-nPH Sync Less affected side 0 0 

PH PD-nPH Sync Most affected side 0 0 

PH HC Async Less affected side 1.05 1.96 

PH HC Async Most affected side 1.33 2.15 

PH HC Sync Less affected side 0.52 1.66 

PH HC Sync Most affected side 0.86 1.93 

      

      

Question Group Synchrony Side Mean 
Standard 
Deviation 

      

Loss of agency PD-PH Async Less affected side 1.83 2.25 

Loss of agency PD-PH Async Most affected side 2.25 2.14 

Loss of agency PD-PH Sync Less affected side 1.17 1.7 

Loss of agency PD-PH Sync Most affected side 1.75 1.71 

Loss of agency PD-nPH Async Less affected side 0.85 1.63 

Loss of agency PD-nPH Async Most affected side 0.54 0.97 

Loss of agency PD-nPH Sync Less affected side 0.08 0.28 

Loss of agency PD-nPH Sync Most affected side 0.23 0.6 

Loss of agency HC Async Less affected side 0.48 1.25 

Loss of agency HC Async Most affected side 0.81 1.47 

Loss of agency HC Sync Less affected side 0.24 0.89 

Loss of agency HC Sync Most affected side 0.9 1.7 
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Question Group Synchrony Side Mean 
Standard 
Deviation 

      

Passivity experience PD-PH Async Less affected side 2.33 2.31 

Passivity experience PD-PH Async Most affected side 3.08 2.43 

Passivity experience PD-PH Sync Less affected side 1.25 2.05 

Passivity experience PD-PH Sync Most affected side 2.08 2.14 

Passivity experience PD-nPH Async Less affected side 2.54 2.37 

Passivity experience PD-nPH Async Most affected side 1.77 2.05 

Passivity experience PD-nPH Sync Less affected side 1.54 2.22 

Passivity experience PD-nPH Sync Most affected side 1.38 1.94 

Passivity experience HC Async Less affected side 1.81 2.5 

Passivity experience HC Async Most affected side 3.29 2.31 

Passivity experience HC Sync Less affected side 1.29 2.22 

Passivity experience HC Sync Most affected side 2.33 2.61 

 

Question Group Synchrony Side Mean 
Standard 
Deviation 

      

Self-touch PD-PH Async Less affected side 1.92 2.35 

Self-touch PD-PH Async Most affected side 1.38 1.66 

Self-touch PD-PH Sync Less affected side 2.08 2.27 

Self-touch PD-PH Sync Most affected side 3 2.24 

Self-touch PD-nPH Async Less affected side 0.85 1.57 

Self-touch PD-nPH Async Most affected side 0.85 1.57 

Self-touch PD-nPH Sync Less affected side 1.46 2.37 

Self-touch PD-nPH Sync Most affected side 1.92 2.56 

Self-touch HC Async Less affected side 2.38 2.69 

Self-touch HC Async Most affected side 1.86 2.46 

Self-touch HC Sync Less affected side 2.43 2.84 

Self-touch HC Sync Most affected side 2.81 2.84 
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Question Group Synchrony Side Mean 
Standard 
Deviation 

      

PH front PD-PH Async Less affected side 0 0 

PH front PD-PH Async Most affected side 0 0 

PH front PD-PH Sync Less affected side 0 0 

PH front PD-PH Sync Most affected side 0 0 

PH front PD-nPH Async Less affected side 0 0 

PH front PD-nPH Async Most affected side 0 0 

PH front PD-nPH Sync Less affected side 0 0 

PH front PD-nPH Sync Most affected side 0 0 

PH front HC Async Less affected side 0 0 

PH front HC Async Most affected side 0 0 

PH front HC Sync Less affected side 0 0 

PH front HC Sync Most affected side 0 0 

 

 

     

Question Group Synchrony Side Mean 
Standard 
Deviation 

      

Control PD-PH Async Less affected side 0.25 0.62 

Control PD-PH Async Most affected side 0.54 1.2 

Control PD-PH Sync Less affected side 0.25 0.87 

Control PD-PH Sync Most affected side 0.38 0.96 

Control PD-nPH Async Less affected side 0 0 

Control PD-nPH Async Most affected side 0 0 

Control PD-nPH Sync Less affected side 0 0 

Control PD-nPH Sync Most affected side 0 0 

Control HC Async Less affected side 0.19 0.87 

Control HC Async Most affected side 0.19 0.87 

Control HC Sync Less affected side 0 0 

Control HC Sync Most affected side 0.24 1.09 

Table S3. Mean ratings for all questions, and experimental conditions 
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two-tailed): PD-PH vs. PD-nPH: t(17) = 1.97, p-value = 0.065; PD-PH vs. HC: t(-9) = 0.89, p-value 

= 0.39. 

Supplementary S11  

Degree of sensorimotor conflict modulates riPH 

Study1.2 confirmed that PD-PH patients experienced stronger riPH than PD-nPH patients 

(main effect of group: permutation p-value = 0.016; Fig.1D). Comparing the intensity of riPH 

between PD-PH and HC, we observed that PD-PH patients have a stronger bias in experiencing 

riPH than HC (main effect of group: permutation p-value=0.046t), and that the intensity of 

riPH increased with increasing delays for both groups (main effect of delay: p-value<0.001, 

two-tailed permutation test; Fig. S1). Although PD-PH patients have a stronger bias in riPH, 

there was no significant difference in sensitivity (slope) between these two groups (p-

value=0.6, two-tailed permutation test). On average PD-PH rated the riPH for the delays: 0ms: 

35.1 ± 33.8 (percentage mean ± SD), 100ms: 34.8 ± 33.8, 200ms: 45.7 ± 38, 300ms: 39.8 ± 37, 

400ms: 48.1 ± 39.5, 500ms: 48.4 ± 43.3. PD-nPH rated on average the riPH: 0ms: 6.75 ± 16.1, 

100ms: 5.56 ± 19.2, 200ms: 8.33 ± 25.6, 300ms: 7.41 ± 22.4, 400ms: 8.33 ± 28.9, 500ms: 7.41 

± 25.7. HC rated on average the ri PH: 0ms: 14.3 ± 26.3, 100ms: 14.8 ± 28, 200ms: 15.3 ± 29.1, 

300ms: 15.2 ± 28.3, 400ms: 23.8 ± 38.9, 500ms: 23.5 ± 34.9.    

  

Figure S1. riPH (PD patient & HC). A. Study1.2. riPH were modulated by delay (permutation p-value<0.001) 

and PD-PH vs. HC had a stronger bias in experiencing riPH. The thicker lines indicate the mean of the fitted 

models, the thinner lines indicate the individual fit, and the shaded are indicates the 95% confidence 

interval.  
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The analysis of the movement data of Study1.2 exclude differences in movement patterns 

(neither temporal nor spatial aspects) between the two sub-groups of patients. No difference 

in the inter-poke-interval between PD-PH and PD-nPH (permutation p-value = 0.29). Average 

duration of the inter-poke-interval for PD-PH was 2.06±1.97 seconds (mean ± SD) and 

1.55±2.26 sec for PD-nPH (mean ± SD). The duration of each poke did not differ between PD-

PH and PD-nPH (permutation p-value=1). The average duration of the poke duration for PD-

PH was 0.75±5.24 seconds (mean ± SD) and 0.73±2.82 seconds (mean ± SD) for PD-nPH 

(Fig.S2A-B). Spatial analysis of the movement revealed no difference in the distance between 

the pokes between PD-PH and PD-nPH (permutation p-value = 0.3). Average surface 

explication for PD-PH was 17.83±18.4 mm (mean ± SD) and 23.89±21.05 mm for PD-nPH 

(mean ± SD) PD-PH were not significantly slower in performing poking movement than HC 

(1.57±2.08; mean ± SD) (permutation p-value=0.097). The duration of each poke did not differ 

between PD-PH and HC (permutation p-value=0.076), the average duration of the poke 

duration for HC was 0.49±0.39 seconds (mean ± SD). No differences were observed in the 

spatial aspects of the movement between PD-PH and HC (permutation p-value = 0.067). The 

average surface explored for HC was 29.45±25.78 mm (mean ± SD). 

These movement data show that both PD groups and the elderly HC were well able to carry 

out sensorimotor stimulation during the robotic procedure and, importantly, that movement 

patterns did not differ between both patient groups. 
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Figure S2. Analysis of the movement patterns during the sensorimotor stimulation. A. Mixed effects linear 

regression between the time between pokes for PD-PH (purple) and PD-nPH (yellow). The duration did not 

differ significantly (permutation p-value=0.29) in the time between two pokes (inter-pokes-interval). B. 

Mixed effects linear regression between duration of the pokes. The duration of the pokes did not differ 

significantly (p-value=1). Error bar represent 95% confidence interval.  

Supplementary S14 

riPH are not due to clinical differences between PD-PH and PD-nPH 

All patients were treated with anti-parkinsonian medications, but there was no significant 

difference in medication between both patient groups (Table S1). Although clinical experience 

and research has associated hallucinations with dopaminergic treatment (11, 14), the exact 

role between the dopaminergic system and hallucinations is currently debated (15, 16). Thus, 

PD patients can experience PH before starting any dopaminergic medication (17) and the use 

of levodopa and dopamine agonists was not found to modulate occurrence of PH (15). Motor 

fluctuations have also been linked to PH (18) (for a review (15)) and it is known that PH and 

other hallucinations occur more frequently in advanced stages of PD (16). Thus, the difference 

in riPH between the two PD groups was not related to differences in disease duration, motor 

impairment, motor complications, or to dopaminergic treatment or hyperdopaminergic 

behavior (no significant differences between PD-PH and PD-nPH: all p-values>0.05; two-tailed 

permutation test; Table S1-2). Analyzing several other clinical and demographic variables 

(including motor impairment, dopaminergic treatment, and) that have been associated with 

symptomatic hallucinations in PD (e.g. (18)). We found no evidence for a difference between 

the two sub-groups of patients (all p-values>0.05; Table S1 for demographic of sub-groups).  

Between the two sub-groups of patients with PD, there were no statistically significant 

differences (p-values>0.05) in the performance on the Montreal Cognitive Assessment 

(MoCA), disease duration, dopaminergic treatments (levodopa daily equivalent dosage), 

apathy, hyperdopaminergic behavior (QUIP-RS), motor impairment (MDS-UPDRS-III) and 

motor complications (MDS-UPDRS-IV). Patients that felt the presence as a symptom of the 

disease, PD-PH (vs. PD-nPH), had a higher score on the score for risk of psychosis (PQ-16, part 

1- assessing hallucinations, but not for part 2 - assessing the level of distress associated with 

the occurrence of hallucinations).  
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Control (I felt as if I had no body)  Sync 0.80 1.76 

Control (I felt as if I had two right hands) Async 0.56 1.33 

Control (I felt as if I had two right hands) Sync 0.36 0.76 

Table S6. Mean ratings for all questions of the fMRI questionnaire 

 

Supplementary S19 

riPH-network in healthy subjects 

We also analyzed fMRI data recorded in two control conditions that allowed us to control for 

two aspects of sensorimotor stimulation that are not related to PH and determined the brain 

regions that were commonly activated by either of the sensorimotor conditions (synchronous, 

asynchronous; Fig.S3A-B) vs. the control conditions (motor, touch; Fig.S3C-D). In the motor 

control condition, participants were asked to repeatedly move the front-robot with their right 

hand but did not receive any tactile feedback on their back (Fig.S3C). In the touch control 

condition, participants received touch feedback on their backs, but were not performing any 

movement with their right hand (the back-robot was actuated by a previously recorded 

movement sequence) (Fig.S3D). 
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Figure S4. Sensorimotor conflicts present in the robotic experiment. In the synchronous and in the 

asynchronous condition, a spatial conflict is present between the hand movement and the touch delivered 

on the back of the participants (indicated in grey). In the delayed asynchronous condition an additional 

spatio-temporal conflict is present since the movement performed by the hand is delayed and then 

delivered to the back of the participants. (page 26 Supplemental information). 

Figure S5. Robot-induced PH network. A. Brain regions responding to spatial sensorimotor conflict between 

the right-hand movement and the feedback on the back of the participants. B. Brain regions reflecting the 

spatio-temporal sensorimotor conflict.  

 

Table S7. Spatio-temporal sensorimotor conflict PH regions. Regions activated during the contrast 

asynchronous > synchronous. 
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Table S8. Robotically induced brain activations.  

Study 2.2: Common PH-network for sPH and riPH 

Supplementary S21 

Lesion network mapping analysis  

In order to assess the functional network derived from PH, we applied lesion network 

mapping (23). This method has the advantage of not requiring functional neuroimaging data 

from patients and of accounting for the possibility that symptoms may arise from remote 

brain regions connected to the lesioned brain region rather than the damaged area itself (24, 

25). The PH-lesions reported by Blanke and colleagues (22) were used as seed ROIs except 

one lesion which was covering the whole brain, resulting in eleven lesions for the analysis. 

Briefly, the MR brain scans of the lesions were normalized to a smoothed T1 Montreal 

Neurological Institute space (MNI space) template and lesions were subsequently traced 

manually slice by slice on the normalised brain scan using MRIcron 

(https://www.nitrc.org/projects/mricron) (26). These lesion maps were then co-registered to 

the same MNI space than the healthy subjects from the Enhanced Nathan Kline Institute 

Rockland Sample.  

Peak level Cluster-level
x y z t value p value FWE

Asynchronous > motor + touch 

L. Sensorimotor cortex (primary motor cortex (M1), primary 
somatosensory cortex (SI), supplemental motor area (SMA), 
middle cingulate cortex (MCC), Superior parietal lobe (SPL))

9894 2/3/4/6/40 -26 -16 58 7.93 p<0.001

R. Cerebellum 2840 11 -58 -14 7.99 p<0.001

R. Putamen / Globus pallidum 599 22 3 8 6.33 p<0.01

L. Putamen / Globus pallidum 560 -22 1 5 6.07 p<0.01

R. Inferior parietal lobe/supramarginal gyrus (SMG) 503 2/40 41 -37 47 4.1 p<0.01

R. ventral premotor cortex 357 6 55 8 38 5.58 p<0.05
Synchronous > motor + touch

L. Sensorimotor cortex (primary motor cortex (M1), primary 
somatosensory cortex (SI), supplemental motor area (SMA), 
middle cingulate cortex (MCC), Superior parietal lobe (SPL))

12843 2/3/4/6/40 -25 -18 57 8.85 p<0.001

R. Cerebellum 3057 12 -57 -14 8.17 p<0.001

R. Inferior parietal lobe/supramarginal gyrus (SMG) 600 2/40 40 -34 45 4.8 p<0.01

L. Putamen / Globus pallidum 449 -22 0 5 7.34 p<0.05

R. Superior frontal gyrus / dorsal premotor cortex 385 6 28 -8 65 4.62 p<0.05
Conjunction between the asynchronous > motor + touch and 

synchronous > motor + touch

L. Sensorimotor cortex (primary motor cortex (M1), primary 
somatosensory cortex (SI),  middle cingulate cortex (MCC), 
Superior parietal lobe (SPL))

12026 2/3/4/6/40 -26 -18 57 9.99 p<0.001

Supplemental motor area (SMA) 6 -5 -6 56 8.32 p<0.001

R. Cerebellum 2687 11 -57 -14 9 p<0.001

R. Inferior parietal lobe/supramarginal gyrus (SMG) 593 2/40 40 -34 45 4.59 p<0.01

L. Putamen / Globus pallidum 517 -23 0 4 6.44 p<0.01

Regions Voxels BA MNI coordinates





 
226 

 

Figure S6. Lesion network mapping analysis. The steps of the lesion network mapping analysis are shown: 

first the lesion is mapped to a template brain, then this lesion is used as a seed ROI in a resting state 

functional analysis performed on a normative database. The network obtained for each lesion is 

thresholded at p < 0.001 with peak level corrected FWE (p < 0.05). All the lesions-derived networks are 

binarized and overlap to identify the regions functionally connected to most of the lesions.  

Supplementary S22 

Lesion network mapping: control analysis 

To exclude that these regions are involved in hallucinations more generally, the same method 

was applied to a control group of eleven patients suffering from structured visual 

hallucination (VH) (28). The sPH-network was defined as those PH regions that were not 

overlapping with the visual hallucination derived network.  

In addition, we determine whether the riPH-network was specifically connected to the lesions 

causing PH as opposed to the lesions causing VH. Therefore, for each of the 126 subjects in 

the database, the regionally-averaged resting-state BOLD signal time courses were extracted 

from each PH and VH lesion and riPH-network (Fig.2D-E in the main text) and were pairwise 

correlated (Fisher Z-transformed Pearson correlation) to establish the functional connectivity 

matrix. For each lesion location, we averaged the connectivity measures for the riPH-

networks. Then, we compared statistically the connectivity between the two groups (PH vs. 

VH) using two sample t-test. 
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Supplementary S23 

Results  

Lesion network mapping control analysis 

To exclude that these regions are involved in hallucinations more generally, the same method 

was applied to a control group of eleven patients suffering from structured visual 

hallucination (VH) (28), revealing a VH derived network consisting of mostly distinct regions 

(in bilateral TPJ, dorsal premotor cortex (dPMC), the left middle and superior occipital cortex, 

left thalamus and hippocampus (Table S11), as well as three common regions (bilateral 

posterior to middle STG and adjacent parts of parietal cortex; left PMC). Further analysis 

showed that the brain lesions causing sPH were more strongly connected with the riPH-

network (as defined in healthy participants; study2.1) than the lesions causing visual 

hallucinations (difference between the two groups of lesions: t(18)=2.74, p-value=0.013, 

Fig.S7). A sPH-network was defined as those PH regions that were not overlapping with the 

visual hallucination derived network. 

 

Table S9. Symptomatic PH-derived network. Brain areas that showed positive and negative correlation with 

most of the lesions (100% or 90% of overlap). Regions in the white matter were not reported. 
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Data analysis and standard pre-processing was performed using the functional connectivity 

toolbox CONN (https://www.nitrc.org/projects/conn/) and Statistical Parametrical Mapping 

(SPM 12) (http://www.fil. ion.ucl.ac.uk/spm/) for Matlab.  

All functional MRI scans were normalized to the MNI space in order to be comparable. This 

transformation from native space to MNI space achieves better results when a co-registration 

between the functional scans and the T1-MRI scan is performed. Furthermore, the geometric 

transformation needed to warp the native T1-MRI scan to MNI space is applied to the 

functional scans, allowing to perform normalized voxelwise statistics.  

Functional images were corrected for slice time and motion, co-registered with a high-

resolution anatomical scan, normalised into Montreal Neurological Institute (MNI) space, 

resampled to 2 x 2 x 2 mm3, and smoothed with an 8 mm3 full width at half maximum (FWHM) 

Gaussian kernel for each subject. To estimate the excessive movement, the mean frame-wise 

displacement (FD) during the scanning was estimated with the exclusion threshold of 0.5 mm. 

The groups did not differ by the movement over the scanning period (t = 1.18, p = 0.12 with 

the mean FD of 0.29 ± 0.15 mm and 0.23 ± 0.16 mm for PD-PH and PD-nPH groups 

respectively) and did not reach the excessive movement threshold. Following the standard 

pipeline for confound removal of the CONN toolbox, the individual time courses of the 

segmented white matter and cerebrospinal fluid, the 6 motion parameters with rigid body 

transformations and their first-order derivatives, and global signal time courses were 

extracted and regressed out of the data. Regressions were performed for the entire time-

series. The blood oxygenation level dependent (BOLD) signal data were passed through a band 

filter of 0.01-0.1 Hz. A whole-brain grey matter mask in MNI space restricted data analysis. 

Figure S8. Control regions for the resting state fMRI analysis of PD patients. Bilateral PH-network areas 

(red) shifted forward (green): Inferior frontal gyrus (IFG) x±20 y+30 z-15; ventral premotor cortex (vPMC) 

x±10 y+30 z-15; posterior middle temporal gyrus (pMTG) x y+30 z-15 
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5.3 THOUGHT CONSCIOUSNESS AND SOURCE MONITORING DEPEND ON 

ROBOTICALLY-CONTROLLED SENSORIMOTOR CONFLICTS AND ILLUSORY 

STATES 
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Highlights 

 

 

Thought insertion is an enigmatic and clinically-relevant conscious symptom in psychiatry. We 

report a new robotics-based approach to study though insertion experimentally. 

We used robotic sensorimotor stimulation to induce the feeling of an alien presence, while 

participants performed source monitoring tasks. 

Our results link thought insertion to source monitoring of self-related processing and specific 

sensorimotor processes. 
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Results 

 

Robotically-induced sensorimotor conflicts induce FoP and alter source monitoring 

In Experiment 1, we used a robotic system [18,22] (Fig.S1) and exposed a group of healthy 

participants to repetitive sensorimotor stimulation that induces the FoP in a controlled way 

(see below), while they simultaneously performed a mental source monitoring task 

(Experiment 1). In this paradigm, inducing the so-called self-generation effect (SGE [23]; 

Supplementary Information), the participants were either presented with a list of words 

(passive condition) or they were asked to generate their own words (active condition) within 

a given set of rules. During an encoding phase, participants were asked to memorize both the 

self-generated and the passively heard words. When tested in a subsequent recognition 

phase, participants typically remember more self-generated than externally presented 

(heard) items, i.e. SGE. In order to avoid ceiling and floor effects in the recognition task for 

self-generated words, only the data of participants who generated more than 50% of 

expected associations (at least 18 words) and who performed above chance in the recognition 

task were included into analysis. 

 

Importantly for the present investigation, our participants additionally performed repetitive 

movements to operate the front robot, which was combined with a second robot providing 

tactile feedback to their backs. In two conditions, tactile feedback was delivered either 

synchronously with their movement (synchronous control condition) or with a delay (of 500 

ms; asynchronous condition) that, critically, we previously showed induces the FoP in healthy 

participants. In the first part of Experiment 1, while participants were using our robotic 

system, we asked them to carry out the standard procedure to measure the SGE. Previous 

work on the sense of agency for overt actions (and its link to self or source monitoring 

processes) has typically exposed subjects to different sensorimotor conditions, by varying the 

spatio-temporal contingencies between actions and associated sensory feedback or by 

measuring consequences in terms of sensory attenuation or motor adaptations [8-10,24-26]. 

As indicated above, the SGE is a well-known memory effect, characterized by better 

recognition for words that are self-generated (active condition) versus words that are only 

heard and generated by another person (passive condition [20]) (Fig.1A; Supplementary 

Information). Here, in order to study the relation between thought-related source monitoring 

and sensorimotor processing, we tested whether the magnitude of the SGE (i.e., the 
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