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Summary 
 
Hallucinations in Parkinson’s disease (PD) are one of the most disturbing non-motor 

symptoms, affect half of the patients, and constitute a major risk factor for adverse clinical 

outcomes such as psychosis and dementia. Here we report a robotics-based approach, 

enabling the induction of a specific clinically-relevant hallucination (presence hallucination, 

PH) under controlled experimental conditions and the characterization of a PD subgroup with 

enhanced sensorimotor sensitivity for such robot-induced PH. Using MR-compatible robotics 

in healthy participants and lesion network mapping analysis in neurological non-PD patients, 

we identify a fronto-temporal network that was associated with PH. This common PH-

network was selectively disrupted in a new and independent sample of PD patients and 

predicted the presence of symptomatic PH. These robotics-neuroimaging findings determine 

the behavioral and neural mechanisms of PH and reveal pathological cortical sensorimotor 

processes of PH in PD, identifying a more severe form of PD associated with psychosis and 

cognitive decline.  
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Introduction 
 

The vivid sensation that somebody is nearby when no one is actually present and can 

neither be seen nor heard (i.e. sense of presence or presence hallucination, PH), has been 

reported from time immemorial and found its way into the language and folklore of 

virtually all cultures1–3. Following anecdotal reports of PH by extreme mountaineers4, 

solo-sailors and shipwreck survivors5, PH have also been described in a variety of medical 

conditions including schizophrenia1,6, epilepsy, stroke, brain tumors7–9 and Parkinson's 

disease (PD)10–12. 

 

Whereas PH are rare manifestations in most medical conditions, they are frequent and may 

occur regularly, even on a daily basis, in patients with PD. Hallucinations, including PH, 

are not only frequent, occurring in up to 60% of PD patients, but increase in frequency and 

severity with disease progression and are one of the most disturbing non-motor 

symptoms11–13. Importantly, PH and other hallucinations in PD are associated with major 

negative clinical outcomes such as chronic psychosis, cognitive decline and dementia, as well 

as higher mortality10,11,14–16. PH are generally grouped with so-called minor hallucinations 

and are the most prevalent and earliest type of hallucination in PD11,12, often preceding the 

onset of structured visual hallucinations17, and may even be experienced, by one-third of 

patients, before the onset of first motor symptoms18. Despite their high prevalence and strong 

association with major negative clinical outcome, PH (and other hallucinations) remain 

underdiagnosed12,14,19,20, caused by patients’ reluctance to report hallucinations and 

difficulties to diagnose and classify them21,22.  

 

Past research described changes in visual function, cognitive deficits and related brain 

mechanisms in PD patients with hallucinations, yet these studies focused on patients with 

structured visual hallucinations23. Comparable studies are rare or lacking for PH (or other 

minor hallucinations) and very little is known about the early brain dysfunction of PH in PD 

and how they lead to more severe and disabling structured visual hallucinations and cognitive 

deficits11,24. Early neurological work investigated PH following focal brain damage and 

classified PH among disorders of the body schema, suggesting that they are caused by 

abnormal self-related bodily processes9,25.  

 

More recent data corroborated these early findings and induced PH repeatedly by electrical 
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stimulation of a cortical region involved in sensorimotor processing8. By integrating these 

clinical observations with human neuroscience methods inducing bodily illusions27–30, we 

have designed a method able to robotically induce PH (robot-induced PH or riPH) in healthy 

participants26. This research demonstrated that specific sensorimotor conflicts, including 

bodily signals from the arm and trunk, are sufficient to induce mild to moderate PH in 

healthy participants, linking PH to the misperception of the source and identity of 

sensorimotor signals of one's own body.  

 

Here, we adapted our robotic procedure to PD patients and elicited riPH, allowing us to 

characterize a subgroup of patients that is highly sensitive to the sensorimotor procedure, and 

to identify their aberrant sensorimotor processes (study 1). We next determined the common 

PH-network in frontal and temporal cortex, by combining MR-compatible robotics in healthy 

participants with brain network analysis in neurological non-PD patients with PH (study 2). 

Finally, we recorded resting-state fMRI data in a new and independent sample of PD patients 

and identified pathological functional connectivity patterns within the common PH-network, 

which were predictive for the occurrence of PD-related PH (study 3).  

Results 

riPH in patients with PD (study1.1)  

Based on semi-structured interviews, patients with PD were grouped into those who reported 

symptomatic PH, sPH (PD-PH; n=13), and those without sPH (PD-nPH; n=13) 

(Supplementary S1-2, Tab.S1-2). Patients were asked to actuate a robotic device and were 

exposed to repetitive sensorimotor stimulation that has been shown to induce PH in healthy 

participants in a controlled way26. In study1.1, we assessed whether robotic sensorimotor 

stimulation induces PH in patients with PD and whether such riPH differ between PD-PH and 

PD-nPH, hypothesizing that PD-PH patients are more sensitive to the robotic procedure.  

 

In the robotic sensorimotor paradigm, participants were asked to perform repetitive 

movements to operate a robot placed in front of them, which was combined with a back robot 

providing tactile feedback to participants’ backs (Fig.1A). Based on previous data26,28,31, 

tactile feedback was delivered either synchronously with patients’ movements (synchronous 

control condition, a spatial conflict is present between movement in front and touch on the 

back) or with a 500ms delay (asynchronous condition) associated with an additional spatio-
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temporal sensorimotor conflict shown previously to induce PH26,36 (Supplementary S3).  

 

The robotic procedure was able to induced PHs in patients with PD. Importantly, PD-PH 

patients rated the intensity of riPH higher than PD-nPH patients (main effect of Group: 

permutation p-value=0.01) (Fig.1B). Confirming the general importance of conflicting 

asynchronous sensorimotor stimulation26 for riPH, both sub-groups gave higher PH ratings in 

the asynchronous versus synchronous condition (main effect of Synchrony: permutation p-

value=0.045) (Fig.1C) (Supplementary S4 for additional results). Other robot-induced bodily 

experiences (e.g. illusory self-touch) also confirmed previous findings26 (Supplementary S5) 

and no differences were observed for the control items (all permutation p-values>0.05). 

These results show that PH can be safely induced by the present robotic procedure under 

controlled conditions in patients with PD. Such riPH were modulated by sensorimotor 

stimulation with asynchronous robotic stimulation resulting in higher ratings in all tested 

groups, and, importantly, PD-PH (vs. PD-nPH) reported stronger riPH, linking the patients’ 

usual sPH to experimental riPH and showing that PD-PH patients were more sensitive to our 

robotic procedure.  

 

Post-experiment debriefing revealed 38% of PD-PH patients who reported riPH that were 

comparable (or even stronger) in intensity to the patients’ usual sPH in daily life. One PD-PH 

patient, for example, described his riPH as “an adrenaline rush. Like something or someone 

was behind me, although there is no possibility to have someone behind” (for additional 

reports Supplementary S6). Interestingly, all such instances were reported after asynchronous 

stimulation. Moreover, PD-PH patients often experienced riPH on their side (and not on their 

back, where tactile feedback was applied), revealing a further phenomenological similarity 

between riPH and PD patients’ usual sPH10 and suggesting that we induced a mental state 

that mimics sPH (Supplementary S7-8).  

 

Data from study1.1 reveal that riPH can be safely induced by the present procedure, are 

stronger in patients who report sPH (PD-PH), and that such riPH share phenomenological 

similarities with PD-related sPH. These findings cannot be related to a general response bias 

related to PD, because riPH were absent or weaker in PD-nPH and because the control items 

showed no effects in any of the participant groups.  
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riPH in PD-PH patients depend on sensorimotor delay (study1.2)  

Previous work investigated the effects of systematically varied sensorimotor conflicts (i.e. 

delays) on somatosensory perception, enabling the induction and modulation of different 

somatic experiences and illusions31–33. Sensorimotor processing and the forward model of 

motor control34,35 are prominent models of hallucinations36,37 and it has been proposed that 

deficits in predicting sensory consequences of actions causes abnormal perceptions and 

hallucinations36–38. In study1.2, we assessed whether riPH depend on the degree of conflict 

applied during sensorimotor stimulation, by inserting variable delays between the movements 

of the front robot (capturing movements of the forward-extended arm) and the back robot 

(time of tactile feedback on the back). In each trial, participants (Supplementary S9) were 

exposed to a randomly chosen delay (0-500ms, steps of 100ms). After each trial, participants 

were prompted whether they experienced a riPH or not (yes-no response, Supplementary 

S10). We investigated whether the intensity of riPH increases with increasing delays in PD 

patients (showing that PH are modulated by increasing spatio-temporal conflicts) and 

whether PD-PH have a higher spatio-temporal delay sensitivity than PD-nPH. 

 

As predicted, study1.2 shows that the intensity of riPH increased with increasing spatio-

temporal conflict (main effect of delay: permutation p-value=0.014) and that this delay 

dependency differed between the two patient groups, showing a higher delay sensitivity in 

PD-PH patients (interaction Group*delay: permutation p-value=0.039) (Fig.1D) 

(Supplementary S11, Fig.S1). Control analysis (Supplementary S12) (Fig.1E-F, Fig.S2) 

allowed us to exclude that the observed differences (in riPH ratings between patient groups) 

are due to differences in movements of the arm and related tactile feedback during the robot 

actuation (Supplementary S13). In addition, these differences in riPH between PD-PH and 

PD-nPH cannot be explained by differences in demographic or clinical variables (including 

anti-parkinsonian medication, motor impairment; all permutation p-values>0.05) 

(Supplementary S14, Tab.S1).  

 

Based on previous results using robotics and conflicting sensorimotor stimulation to alter 

somatosensory perception31–33, these data extend those of study1.1 and reveal abnormal 

perceptual processes in PD-PH patients when exposed to different sensorimotor conflicts, 

characterized by experiencing stronger riPH and a higher sensorimotor sensitivity. These 

findings are compatible with an alteration of sensorimotor brain processes associated with the 

forward model and its role in hallucinations in PD-PH patients36,37,39.  
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Brain mechanisms of PH  

Neuroimaging work on sPH and other minor hallucinations in PD patients has described 

structural alterations and aberrant functional connectivity in different cortical regions24,40. 

Despite these clinical neuroimaging findings, it is not known whether the regions associated 

with sPH of neurological non-parkinsonian origin26 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 robot41 (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 (study 3). 

 
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, Supplemental S15, Fig.S3). Our behavioral data replicated previous results (26, 

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) (Supplementary S19, conjunction 
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analysis). 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.S4) 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, 

pMTG42,43, PMC44,45, SMA43,46, IPS47,48 , as well as the cerebellum 42,49 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 mapping50 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 participants51) (Fig.S5).  

 

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 (Supplementary S22-S23, Tab.S10). We then determined the common regions 

between the sPH-network (non-parkinsonian neurological patients) and the riPH network 

(healthy participants). This cPH-network consisted of three regions, including right IFG, right 
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pMTG, and left vPMC (Fig.3B, Supplementary S24) and is the first neuroimaging evidence 

that riPH and sPH recruit similar brain regions, even if both types of PH differ in several 

aspects such as frequency, intensity, trigger mechanism, supporting a link between 

sensorimotor robotics inducing hallucinatory states with neuroimaging in healthy participants 

and in patients. 

 

Disrupted functional connectivity in cPH-network accounts for sPH Parkinson’s disease 
(study3.1) 

To assess the relevance of the cPH-network for PD patients’ usual sPH in daily life, we 

analyzed resting state fMRI data in a new group of PD patients and investigated whether 

functional connectivity of the cPH-network (as defined in study2, projected bilaterally, 

Fig.3C) differed between PD-PH and PD-nPH (new cohort of 30 PD patients) 

(Supplementary S25-26, Tab.S11). Based on the disconnection hypothesis of hallucinations52, 

evidence of decreased connectivity for hallucinations of psychiatric origin37, and aberrant 

functional connectivity in PD patients with minor hallucinations including PH24, we predicted 

that the functional connectivity within the cPH-network differs between both PD patient 

groups and that the connectivity within the cPH-network is reduced in PD-PH vs. PD-nPH 

patients. We found that the functional connectivity within the cPH-network, predicted with 

93.7% accuracy whether a patient was clinically classified as PD-PH (kappa:0.86, 

permutation p-value=0.0042). Moreover, within the cPH-network, the functional connectivity 

between the left IFG and left pMTG contributed mostly to the classification of the two sub-

groups (Tab.S12). PD-PH had reduced IFG-pMTG connectivity (permutation p-

value<0.0001; Fig.4A-B). These changes were selective because (1) the same analysis in a 

control network (Fig.S7) (same size, same number of connections) did not predict the 

occurrence of hallucinations based on the functional connectivity (accuracy:27.7%, kappa:-

0.43, permutation p-value=0.24) and (2) no changes in functional connectivity were observed 

when analyzing whole brain connectivity. These data show that reduced fronto-temporal 

connectivity within the cPH-network distinguishes PD patients with sPH from those without 

hallucinations, in accordance with the disconnection hypothesis of hallucinations52–54. 

 

Functional disconnection within the cPH-network correlates with cognitive decline for 
PD-PH (study3.2). 

It has been suggested that PH (and minor hallucinations) are indicative of a more severe and 
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rapidly advancing form of PD, evolving towards structured visual hallucinations and 

psychosis11,17, as well as faster cognitive deterioration including dementia16,55–57. We 

therefore tested whether functional connectivity between the left IFG and the left pMTG 

within the cPH-network relates to cognitive dysfunction in the present PD-PH patients. 

Results show that stronger decreases in left IFG-pMTG connectivity are associated with 

stronger cognitive decline (PD-CRS58), reflecting differences in frontal-subcortical function 

(p-value=0.01,rho=0.69,Fig.4C), but not on posterior-cortical function (p-value=0.66, rho=-

0.15, the two correlations differed significantly: t=3.87, p-value<0.01). These results reveal 

an association between fronto-subcortical cognitive alterations and specific decreases in 

fronto-temporal connectivity within the cPH-network in PD-PH patients, compatible with a 

more severe form of PD associating PH and cognitive decline.     

 

 

General Discussion 

Having developed a robotic procedure that can induce PH in PD patients under safe and 

controlled sensorimotor conditions, we report that PD patients with sPH are highly sensitive 

to the procedure and reveal abnormal sensorimotor mechanisms leading to PH. Using MR-

compatible robotics in healthy participants combined with lesion network mapping analysis 

in patients with sPH of neurological non-parkinsonian origin, we identify the common 

network associated with PH and show that fronto-temporal connectivity within this cPH-

network is selectively disrupted in a new and independent sample of PD patients. Disruption 

of the cPH-network was only found in PD patients suffering from sPH (PD-PH) and the 

degree of this disruption further predicted the severity of cognitive decline.  

 

The present behavioural findings show that stronger sensorimotor conflicts result in stronger 

riPH, supporting and extending previous evidence in favor of an alteration of self-related 

sensorimotor processing as a fundamental mechanism underlying PH33. Importantly, we show 

that this mechanism is especially vulnerable in PD-PH patients, revealed by their stronger 

bias and sensitivity when exposed to conflicting sensorimotor stimulation. These results 

extend the sensorimotor forward model to hallucinations in PD-PH patients36,37,39 and support 

earlier evidence in neurological non-PD patients that PH are self-related body schema 

disorders associated with altered sensorimotor self-monitoring7–9.  
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By including fMRI data from healthy participants experiencing riPH and from non-

parkinsonian neurological patients with sPH, we mapped common brain structures between 

both types of PH, which we showed to be selectively disrupted in PD patients with sPH. The 

imaging results within this cPH-network further revealed aberrant functional connectivity 

decreases between fronto-temporal regions that have been associated with outcome 

processing of sensorimotor signals and the forward model54,59, further linking PH in PD to the 

fronto-temporal hallucination disconnection model52,54,60. The present account - involving 

sensorimotor mechanisms and brain structures in fronto-temporal cortex rather than posterior 

brain functions and regions - is functionally and conceptually distinct from earlier proposals 

that hallucination in PD are caused by visuo-spatial deficits23 or that sPH are caused by 

abnormal social-cognitive brain mechanisms10 in parietal or occipital cortex23,61,62. Our 

finding that the decreased fronto-temporal connectivity within the cPH-network is associated 

with stronger cognitive decline of PD-PH patients in fronto-subcortical (but not posterior-

cortical, functions) lends support to clinical suggestions about the importance of PH (and 

other minor hallucinations) as a major risk factor not only for the occurrence of structured 

visual hallucinations and psychosis17, but also for a more severe and rapidly advancing form 

of PD11,16,55,57. 

 

Because the phenomenology of riPH resembles those of sPH and PD-PH patients were found 

to be more sensitive to riPH, the present procedure provides researchers and clinicians with 

new objective possibilities to assess the occurrence and intensity of subjective hallucinatory 

phenomena by quantifying delay-sensitivity and the repeated online induction of 

hallucinatory states across controlled conditions in PD patients, as well as the association of 

these measures with cPH-network activity. This is not possible in current clinical practice that 

is based on clinically important, but post-hoc interviews between physician and patient, often 

about hallucinations that have occurred many days or weeks ago, and that many patients 

hesitate to speak about21. The detection of specific behavioural and imaging changes 

associated with specific hallucinatory states that are observed online during the robotic 

procedure will improve the quantification and prediction of a patient’s proneness for 

hallucinations and psychosis and may facilitate targeted pharmacological interventions that 

limit side effects63. 
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Methods 

Study 1  
Participants (study1.1-1.2) 

 All participants provided written informed consent prior to the experiments. The study was 

approved by the Cantonal Ethics Committee of Geneva (Commission Cantonale d'Ethique de 

la Recherche sur l’Être Humain), the Cantonal Ethics Committee of Vaud. Participants of 

study1 consisted of patients with PD (n=26) and age-matched healthy controls (HC, n=21) 

(Supplementary S1-S4). Based on an extensive semi-structured interview (conducted after the 

experimental sessions) about hallucinations (including sPH), PD patients were separated into 

two sub-groups: patients who reported sPH as part of their PD (PD-PH) (n=13) and PD 

patients without sPH (PD-nPH) (n=13). Patients were considered as having sPH if they 

answered affirmatively to the question that previous investigators have used: “do you 

sometimes feel the presence of somebody close by when no-one is there?” The hallucinated 

presence could be located behind, on the side (left or right) of the patient, or in another room 

and was generally not seen (see 2,7,8,10,26). All PD patients, who were included in study1 

presented idiopathic PD diagnosed by trained neurologists. No patient was suffering from a 

neurological disorder other than PD (more details in Supplementary S2).  

General experimental procedure (study1) 

Each PD patient underwent study1 at a similar time (10am), after having received their usual 

anti-parkinsonian medication and were in their “best ON” state. To investigate riPH, we 

adapted the experimental method and device as our previous research26. Briefly, sensorimotor 

stimulation was administered with a robotic system consisting of two robotic components 

(front-robot, back-robot) that has previously been used to induce PH. For each experimental 

session, we applied the following conditions: synchronous sensorimotor stimulation (the 

participants were asked to move the front-robot via either their right or left hand that was 

actuating the movements of the back-robot to apply tactile feedback to their back); 

asynchronous sensorimotor stimulation (same as synchronous stimulation, but with an 

additional temporal delay between the front-robot and the back-robot; see below for details of 

each experiment; Fig.1A). During sensorimotor stimulation, participants were always asked 

to keep their eyes closed and were exposed to continuous white noise through headphones 

(Supplementary S3). 
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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 riPH64,65. 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 from26. 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 

packages66,67). 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 

significance of fixed effects was estimated with a permutation test (5000 iterations; 

predictmeans68 R package).  
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Procedure, design, and analysis (study1.2) 

To complement and extend study1.1, we applied a Yes/No task, following sensorimotor 

stimulation, in which participants were asked to report whether they experienced a PH or not, 

on a trial-by-trial basis. On each sensorimotor stimulation trial, the delay between the 

movement and the stroking on the back was randomly chosen from a delay between 0 and 

500ms (steps of 100m). One trial started with an acoustic signal (400 Hz tone, 100ms 

duration) indicating the beginning of the trial: at this point the participant started with the 

poking movements. Once the number of pokes reached a total of six (automatically counted), 

two consecutive tones (400 Hz, 100ms duration) indicated to the participant to stop the 

movements and to verbally answer with either a “Yes” or a “No” to the PH question, 

(Question: “Did you feel as if someone was standing close by (behind you or on one side)?”). 

The investigators where always placed > 4 meters away and in front from the participants 

during the experiment. Each participant was asked to perform three sessions; each session 

consisted of 18 trials (3 repetitions per delay (9 repetitions in total)). Between each session, 

the participant could take a break according to his/her needs (Supplementary S10).  

 

riPH rating analysis  

First, to investigate how the degree of sensorimotor conflict modulates PH, we analyzed the 

behavioral responses as a function of different delays (i.e., 0-500ms, steps of 100ms) across 

groups (i.e., PD-PH vs. PD-nPH). Here, the data was analyzed with a linear model, fitted for 

each participant independently. We assessed (1) the main effect of the delay (on the intensity 

of riPH) with a permutation test (5000 iterations) between slopes of the individual fit vs. zero; 

(2) the difference between the slopes of PD-PH vs. PD-nPH with a permutation test between 

the slopes of the two subgroups; (3) the main effect of group with a permutation test on the 

intercepts between the two subgroups. 

Study 2 
Participants, ethics, and informed consent (study2.1) 

All healthy participants had no history of neurological or psychiatric disorders. All 

participants provided written informed consent prior to the experiment. The study was 

approved by the Cantonal Ethics Committee of Geneva (Commission Cantonale d'Ethique de 

la Recherche sur l’Être Humain - CCER). Twenty-five healthy participants (10 women, mean 

age±SD: 24.6±3.7 years old; age range: 18-32 years old, Edinburg Handedness Inventory 

mean index: 64.8±23.7 and range: 30-100) took part in study2.1.  
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Experimental procedure (study2.1) 

The experimental procedure was based on a pilot study performed in a mock scanner 

(Supplementary S16). Participants were blindfolded during the task and received auditory 

cues through earphones to start (1 beep) and to stop (2 beeps) the movement. The paradigm 

was implemented using an in-house software (ExpyVR, http://lnco.epfl.ch/expyvr) and 

Visual studio 2013 interface (Microsoft) was used to control the robotic system.  

 

Participants underwent two runs of 12 min each, during which they repeatedly had to move 

the front robot for 30s with their right hand followed by 20s of rest for a total of 16 

repetitions per condition (8 repetitions for the motor and touch control tasks) (Supplementary 

S15-S19 and Fig.S3). Synchronous and the asynchronous conditions were randomized across 

runs. The questionnaire was presented at the end of the scanning session and after a 

randomized repetition of 30s of each condition. The questionnaire was based on the pilot 

study (Supplementary S16-S18) and on a previous study26. 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). 

Questionnaire analysis  

Questionnaire data were analyzed in the same way as in study1.1. Synchrony (synchronous 

and asynchronous) was used as a fixed effect and the subjects as random intercepts.  

fMRI experiment 

fMRI data acquisition  

The imaging data was acquired with a 3T Siemens Magnetom Prisma MR scanner at Campus 

Biotech MR Platform (Geneva). The functional data were acquired using an Echo Planar 

Imaging (EPI) sequence with a full brain coverage (43 continuous slices, FOV=230mm, 

TR=2.5s, 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 
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Departement 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) calculation69. 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-

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 atlas70 and the Anatomy 
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toolbox71. 

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 analysis50,72. Briefly, this 

method uses normative resting state data from 151 healthy subjects obtained from the 

publicly available Enhanced Nathan Kline Institute Rockland Sample51 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 toolbox73 

(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.S5). The network overlap was 

thresholded at 90% (at least 10 cases out of 11) with a minimal cluster extent of 50 voxels. 

This procedure was repeated with the visual hallucinations (VH) 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 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 12, 2020. ; https://doi.org/10.1101/2020.05.11.054619doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.11.054619
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

19 
 

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.S7). This approach allowed controlling for the exact same shape and number of 

voxels as original cPH-network areas. 

 

Statistical analyses 

To assess whether the functional connectivity of the cPH-network predicted if a patient was 

clinically classified PD-PH (or PD-nPH), we conducted a leave one out cross-validation 

procedure with a linear discriminant analysis (LDA) (using Caret R packages81). To ensure 

that the kappa value was above chance-level we conducted a permutation test (5000 

iterations). At each iteration, functional connectivity values were permuted between sub-

groups and the cross-validation procedure was repeated. Post-hoc analyses for the between 

group differences were performed using a permutation tests (5000 iterations) on the 

connection which mostly contributed to the decoding. Connectivity outliers (8.75% of all data 

points) were identified based on 1.5 IQR from the connectivity median value for each 

connection. Spearman 2-tailed correlation analyses were performed between functional 
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connectivity within cPH-network areas and neuropsychological measures of the PD-CRS 

(Parkinson’s disease – Cognitive Rating Scale). Significance between  the two correlations 

was assessed using the Steiger Tests (psych R package76).  

 

Code & Data availability 

Matlab and R code,  behavioral and MRI data of this study are available from the 

corresponding author (Olaf Blanke) upon reasonable request. 

 

Figure Legends 

 
Figure 1. Robot-induced PH (PD patients). A. Setup for study 1. Responses in synchronous 

and asynchronous conditions are shown. During the asynchronous condition, the 

sensorimotor feedback on the participants’ back was delayed by 500 ms (study1.1) or with a 

random delay (0-500ms, steps of 100ms) (study1.2). B. Study1.1. riPH in PD-PH are stronger 

than in PD-nPH. Each dot indicates the individual rating of the intensity of the riPH (PD-PH 

(purple) and PD-nPH (yellow)). The dot with the bar on the left and right side indicate the 

mixed effects linear regression between PD-PH and PD-nPH. Error bar represent 95% 

confidence interval. C. Study1.1. Asynchronous condition induced stronger riPH. Each dot 

indicates the individual rating of the intensity of the riPH. The dot with the bar on the left and 

right side indicate the mixed effects linear regression between Asynchronous (black) and 

Synchronous (gray) sensorimotor stimulation. Error bars represent 95% confidence interval.  

D. Study1.2. riPH were modulated by delay (permutation p-value=0.014) and PD-PH vs. PD-

nPH were more sensitive to the sensorimotor stimulation (slope permutation p-value=0.039, 

intercept p-value=0.016). The thicker line indicates the mean of the fitted models, the shaded 

are indicates the 95% confidence interval, thinner lines indicate single subject fit. E. 

Study1.2. Exemplary movements executed by one patient during sensorimotor stimulation. F. 

Study1.2. Mixed effects linear regression between the Euclidean distance between pokes for 

PD-PH (purple) and PD-nPH (yellow). Error bar represent 95% confidence interval.   

 

Figure 2. Neuroimaging results of robot-induced PH (healthy participants). A. MR-

compatible robotic system is shown. Participants were instructed to move the front robot with 

their right hand and the back robot delivered the touch to the participant’s back either 

synchronously or asynchronous (500ms delay between their movement and the sensory 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 12, 2020. ; https://doi.org/10.1101/2020.05.11.054619doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.11.054619
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

21 
 

feedback received on the back). B. Asynchronous vs. synchronous condition induced stronger 

riPH. Each dot indicates the individual rating of the intensity of the riPH in healthy 

participants. The dot with the bar on the left and right side indicate the mixed effects linear 

regression between asynchronous (black) and synchronous (gray) sensorimotor stimulation. 

Error bar represents 95% confidence interval. C. Movement data from the fMRI experiment: 

no movement differences were found between the two conditions. D. Brain regions sensitive 

to the delay. E. Brain areas present in the conjunction analysis between the contrast 

synchronous>motor+touch and the contrast asynchronous>motor+touch. The coronal slices 

are at Y = -1 and Y = -53. There was no anatomical overlap between both networks (D and 

E). 

 

Figure 3. Symptomatic PH-network and common PH-network. A. sPH network 

connectivity in neurological non-parkinsonian patients. B. Common regions between the 

riPH-network and sPH-network (cPH-network) were found in three regions: left vPMC, right 

IFG and right pMTG. C. Schematic display of the cPH-network projected bilaterally. 

 

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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