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effect of Accuracy (F(1, 54.56)=6.01, p=0.017), indicating a negative relationship with overall task accuracy and map occurrence. 
There was a three-way interaction between the effects of Dominant Voice, Conduction and Accuracy (F(1, 44.7)=4.76, p=0.034). To 
investigate the nature of this interaction, we performed a separate analysis for each type of sound conduction. Whereas there 
were no significant effects in bone conduction (all p>0.05), in the trials with air conduction there was a significant interaction be-
tween Dominant Voice and Accuracy (F(2, 40.11)=4.39, p=0.019), indicating a stronger negative relationship between Accuracy and 
Occurrence for self-dominant voice (Figure 18C).  

Mixed-effects regression with Response Times as additional factor similarly revealed the main effect of Response Times (F(1, 
44.7)=4.76, p=0.034), indicating an overall increase in occurrence with the increase in response times. There was a significant inter-
action between Response Times and Dominant Voice (F(1, 36.11)=12.26, p=0.001), indicating a stronger positive relationship be-
tween response times and Map 4 occurrence for self-dominant, compared to other dominant morphs. Response Times did not 
interact with Conduction (F(1, 27.32)=2.09, p=0.159), nor was there a significant three-way interaction between Response Times, 
Conduction and Response Times (F(1, 36.14)=1.69, p=0.202). The effects relating response times to Map 4 occurrence are indicated 
at Figure 18D. 

2.2.4.2.4 Source localization 
The source localization (on the MNI template) associated to Map 4 revealed a network lateralized to the right hemisphere, having 
the maximum of activation in the right (mainly posterior) insula and concomitant activation in the cingulum and right limbic and 
para-limbic structures (hippocampus, parahippocampus; Figure 19). 

Figure 18. Experimental effects on Map 4 occurrence. 
Map 4 occurred more for self-dominant morphs (A) and when stimuli were presented through bone conduction (B). Hori-
zontal lines in boxplots indicate median, whereas dots mean values. Map 4 occurrence was negatively correlated to task 
accuracy (C) and positively to response times (D), specifically for self-dominant stimuli presented through air conduction. 
Shaded areas around linear regressions represent 95% confidence intervals.  
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3.1.4.1.2 Experiment 2 (Loudness, hand vs torso) 
Experiment 2 replicated the loudness effect observed in experiment 1. In the model assessing both the synchrony and location of 
sensorimotor conflicts, the intercepts were again significantly higher in the asynchronous compared to synchronous condition 
(estimate=-0.49, Z=-2.92, p<0.01). The responses differed across stimuli (estimate=0.36, Z=11.22, p<0.001), but there was no signif-
icant effect of Location (hand vs. torso) (estimate=-0.3, Z=-1.65, p=0.1). We observed a significant interaction only between the 
effects of Condition and Stimulus (estimate=0.12, Z=2.51, p=0.01). Interactions between Condition and Location (estimate=0.37, 
Z=1.54, p=0.12), Stimulus and Location (estimate=0.03, Z=0.69, p=0.49) and a three-way interaction between Condition, Location 
and Stimulus (estimate=-0.07, Z=-1.11, p=0.27) were not significant. 

Figure 21. Psychometric curves fitted for the two auditory tasks of experiment 1. 
Psychometric curves fitted for the two auditory tasks of experiment 1. The points indicate the rate at which the corre-
sponding voice was perceived as louder (Loudness task) or more resembling own voice (Self-other task) than the baseline. 
The shaded areas around each curve represent the 95% confidence intervals. Intercept was significantly higher in the asyn-
chronous condition and for the loudness task only, indicating that the quieter voices were perceived as louder. *: p<0.05. 

Figure 22. Psychometric curves for Experiment 2. 
In experiment 2, intercept in the asynchronous condition was significantly higher than in the synchronous and the baseline 
conditions, whereas there was no difference between the synchronous and the baseline conditions. *: p<0.05, **: p<0.01. 
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3.1.7 Supplementary material 

3.1.7.1 Words 

Participants were recorded saying 10 words in French (clou, fouet, hache, lame, lutte, os, rat, sang, scie, ver). The words were cho-
sen from the list of 100 negatively-valenced words, as rated by 20 schizophrenic patients and 97 healthy participants (Jalenques et 
al., 2013). 

3.1.7.2 Experiment 1 (Loudness, Self-other) 

In the loudness task, participants perceived the target voice as louder than the reference in 57.4% of all trials, with an average of 
26.6% for the lowest (-14 dBFS) and 86.2% for the highest stimulus level (-10 dBFS), indicating that we effectively sampled the 
parameter space of the task (main Figure 2, left).  In the self-other task, participants perceived their voice as the dominant one in 
46.9% of trials, with an average of 21.4% for the lowest (15% self-voice present) and 75.1% for the highest stimulus level (85% self-
voice) (main Figure 2, right).   

To further investigate the effect observed in the loudness task, we performed the same mixed effects logistic regression for each 
Stimulus level, allowing us to identify the sound intensity levels driving the difference in loudness perception. Results showed that 
voices were perceived significantly louder in the asynchronous condition only for the lowest sound intensity level (quiet sounds; 
level 1: estimate=-0.5, Z=-2.49, p=0.01), whereas all other stimulus levels did not differ between conditions (2: estimate=-0.11, Z=-
0.62, p=0.53; 3: estimate =-0.13, Z =-0.79, p =0.43; 4: estimate=0, Z=0.03, p=0.98; 5: estimate=0.04, Z=0.19, p=0.85; 6: estimate=-
0.15, Z=-0.6, p=0.55). Thus, quiet voices were perceived as louder in the asynchronous condition, whereas there were no perceptu-
al differences for louder voices between the two experimental conditions (Figure 21, left).  

3.1.7.3 Experiment 2 (Loudness, hand vs torso) 

Participants perceived the target voice as louder than the reference in 57.9% of all trials, with an average of 34.9% for the lowest (-
14 dBFS) and 79.5% for the highest stimulus level (-10 dBFS) (Figure 22). 

Analogously to experiment 1, we performed the same mixed effects logistic regression for each Stimulus level, confirming that the 
difference in loudness perception between the conditions occurred only for the lowest sound intensity level (quiet sounds; level 1: 
estimate=-0.35, Z=-2.66, p<0.01). All other stimulus levels did not differ between both sensorimotor conditions (2: estimate=-0.02, 
Z=-0.18, p=0.86; 3: estimate=-0.06, Z=-0.53, p=0.6; 4: estimate=-0.03, Z=-0.2, p=0.84; 5: estimate=0.11, Z=0.13, p=0.4; 6: esti-
mate=0.14, Z=0.92, p=0.36). 

The model investigating the effects of the sensorimotor coupling, regardless of the location, could be designed in one more way, as 
it is mentioned in the main text. Namely, the main effect of Condition contained four instead of three levels (synchronous, asyn-
chronous, motor-baseline, touch-baseline). In this model the intercept in the asynchronous condition was significantly higher than 
the ones from all other conditions (synchronous: estimate=-0.31, Z=-2.56, p=0.01; motor-baseline: estimate=-0.4, Z=-2.42, p=0.02; 
touch-baseline: estimate=-0.59, Z=-3.57, p<0.001). There were no other significant differences between the intercepts of the other 
three conditions (synchronous and motor-baseline: estimate=-0.09, Z=-0.52, p=0.61; synchronous and touch-baseline: estimate=-
0.28, Z=-1.68, p=0.09; motor-baseline and touch-baseline: estimate=-0.2, Z=-0.1, p=0.32). Thus, this model confirms the findings of 
the model mentioned in the main text. 

3.1.7.4 Reaction times 

For both experiments, a linear mixed-effects regression was also performed with Reaction Times as a dependent variable. The 
model contained the same fixed and random effects as the model with Response as a dependent variable, except that a polynomial 
expansion of Stimulus variable to the power of two was added, to account for the non nonlinear distribution of reaction times 
around the point of subjective equivalence (i.e., reaction times became shorter with more extreme stimulus levels). 

Participants responded to the auditory stimuli on average in 1.23 seconds in the loudness task and in the self-other task in 1.42 
seconds. In experiment 1, there were no significant differences in reaction times between the conditions in any of the tasks (loud-
ness: estimate = 0, t(30) = 0.26, p = 0.8; self-other: estimate = 0, t(29.7) = -0.12, p = 0.9). There was a main effect of Stimulus in both 
tasks (loudness: estimate = -3.21, t(3462) = -5.86, p < 0.001; self-other: estimate = -3.36, t(3414) = -5.41, p < 0.001), without signifi-
cantly interacting with the conditions (loudness: estimate = 0.96, t(3462) = 1.29, p = 0.2; self-other: estimate = -1.34, t(3414) = -
1.53, p = 0.13). 
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To summarize, we demonstrate (1) a relationship between breathing and self-other voice discrimination, which is (2) dependent on 
sensorimotor integration and (3) related to feelings of otherness in the form of somatic passivity. From the two tested interocep-
tive functions, only respiration, but not cardiac, phase affected self-voice perception. Breathing is fundamentally related to speech 
and voice production (thus to the sound of our own voice) (Von Euler, 2011) and with voluntary action (H. Park et al., 2020). We 
argue that the present findings about the coupling between breathing and self-other voice discrimination may reflect that voice 
perception and the voluntary action of speaking are coupled with the basic physiological function of breathing, which are absent (or 
less pronounced) for cardiac physiology. We also did not observe cardiac-dependent differences in reaction times as it has been 
reported for self-face perception (Ambrosini et al., 2019), arguing that different physiological signals (e.g. respiration and heart-
beat) affect self-related processes differently, depending on their intrinsic cyclic differences, their specific functional associations, 
and likely the investigated sensory modality. Our data shed new light on the interactions between interoception, BSC and self-voice 
perception and as such extend previous findings on breathing-dependent cognition to self-related processing. 
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3.3.3.4.2 Illusory effects 
Ratings in questionnaire items were assessed by a mixed-effects linear regression containing a fixed effect of Stimulation (synchro-
nous, asynchronous) and by-subject random intercepts. As the direction of the effect on each illusion is known from our previous 
work (Blanke et al., 2014; Salomon et al., 2020), we applied one-tailed tests.  

3.3.3.4.3 Vocal false alarms and illusory effects 
For the questionnaire items that significantly differed between the two sensorimotor stimulations (synchronous, asynchronous), 
we additionally explored whether the illusion assessed by the corresponding questionnaire item affected false alarm rate in the 
voice detection task. Specifically, to the mixed-effect binomial regression described above (with Response as a dependent variable) 
we added an additional fixed effect Illusion, with values represented as Likert-scale ratings (0-6) given for the corresponding ques-
tionnaire item and sensorimotor stimulation. The effect of Illusion was related with an interaction term with the effect of Condi-
tion. Similarly, we explored the effects of delusional ideation on false alarm rate, by adding PDI score as a covariate to the equiva-
lent mixed-effect binomial regression, and forming a two-way interaction together with the effect of Condition.  

 

3.3.4 Results 

3.3.4.1 Vocal false alarms 

In Study 1, a mixed-effects binomial regression revealed a main effect of Stimulation (estimate=-0.56, Z=-2.06, p=0.04), indicating a 
higher false alarm rate during asynchronous stimulation. We further observed a main effect of Gender (estimate=-2.4, Z=-1.99, 
p=0.046), revealing more false alarms in female participants. The effect of Voice was not significant (estimate=-0.36, Z=-1.3, 
p=0.193), however, it significantly interacted with the effect of Stimulation (estimate=0.97, Z=2.5, p=0.013). Further analysis of this 
interaction indicated that during the blocks containing other-voice stimuli, false alarm rate was increased with asynchronous stimu-
lation (estimate=-0.52, Z=-1.95, p=0.051), whereas during self-voice blocks, false alarm rate increased with synchronous stimulation 
(estimate=0.57, Z=1.9, p=0.058) (Figure 34, left). 

Figure 34. Vocal false alarms. 
Vocal false alarm rates observed in Study 1 (left) and Study 2 (right). Height of bar plots indicates mean rate, and error bars 
95% confidence intervals. In both studies, asynchronous stimulation increased false alarm rate in blocks containing other-
voice stimuli, whereas synchronous stimulation increased false alarms in self-voice blocks.  
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3.3.4.3 Vocal false alarms and illusory effects 

In Study 1, binomial mixed-effects analysis with the Response as dependent variable and Condition and Illusion as fixed effects, 
indicated a significant interaction between Somatic Passivity and Condition (estimate=-0.54, Z=-4.07, p<0.001). This effect, howev-
er, was not replicated in Study 2 (estimate=-0.04, Z=-0.35, p=0.724). Self-touch and Presence Hallucination did not have any effects 
on false alarms in either study (all p>0.05). 

3.3.4.4 Delusional ideation 

Contrary to the effects of robotically-induced illusions on vocal false alarms, the effect of delusional ideation was consistent in both 
studies. Thus, in both studies, we observed an interaction between Stimulation and PDI (Study 1: estimate=-0.17, Z=-2.1, p=0.036; 
Study 2: estimate=-0.1, Z=-1.9, p=0.058). Further investigation of these interactions revealed the main effects of PDI only for false 
alarms occurring during asynchronous stimulation (Study 1: estimate=0.32, Z=1.98, p=0.048; Study 2: estimate=0.32, Z=1.68, 
p=0.062). PDI was not related to false alarms that occurred during synchronous stimulation (Study 1: estimate=0.14, Z=0.69, 
p=0.494; Study 2: estimate=0.26, Z=1.23, p=0.22). Moreover, there was the main effect of PDI in both studies (Study 1: esti-
mate=0.33, Z=1.96, p=0.049; Study 2: estimate=0.33, Z=2.15, p=0.032). Together, these effects indicate that the higher participants 
scored on delusional ideation inventory, the more false alarms they made during the auditory task and, moreover, that this in-
crease was steeper during asynchronous stimulation (Figure 36). 

3.3.4.5 Hit rate 

There were no significant effects of sensorimotor stimulation and voice identity in both studies. In Study 1, binomial mixed-effects 
on yes-voice trials revealed a tendency for the main effect of Stimulation (estimate=-0.17, Z=-1.87, p=0.061), showing a higher hit 
rate during asynchronous stimulation. Hit rates were unaffected by Voice (estimate=-0.01, Z=-0.13, p=0.897) and Gender (esti-
mate=-0.14, Z=-0.41, p=0.679). The interaction between Voice and Stimulation also indicated a tendency towards significance 
(estimate=0.24, Z=1.83, p=0.067). In Study 2, none of the borderlining effects proved significant. There was no main effect of Stimu-
lation (estimate=-0.06, Z=-0.65, p=0.517), nor it interacted with Voice (estimate=0.12, Z=0.89, p=0.376). There were no significant 
effects of Gender (estimate=-0.71, Z=-1.74, p=0.081) nor Voice (estimate=-0.09, Z=-0.97, p=0.331). 

Figure 36. Delusional ideation and false alarms. 
Increase in delusional ideation score was related to an increase in vocal false alarms rate in both studies. Shaded areas 
around each curve represent 95% confidence intervals. 
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Abbreviations 
 

 

AVH  Auditory-verbal hallucinations 

BSC Bodily self-consciousness 

ECG Electrocardiogram 

EDA Electrodermal activity 

EEG Electroencephalography 

FA False alarm 

fMRI Functional magnetic resonance imaging 

FOVD Familiar-other voice discrimination 

GEV Global Explained Variance 

GFP Global Explained Power 

IFG Inferior frontal gyrus 

PET Positron emission tomography 

SCR Skin conductance response 

SoA Sense of agency 

SOVD Self-other voice discrimination 
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Abstract 47 

Spinal cord stimulation (SCS) is an approved treatment for truncal and limb neuropathic pain. 48 

However, pain relief is often suboptimal and SCS efficacy may reduce over time, sometimes 49 

requiring addition of other pain therapies, stimulator revision, or even explantation. We 50 

designed and tested a new procedure by combining SCS with immersive virtual reality (VR) 51 

to enable analgesia in patients with chronic leg pain. We coupled SCS and VR by linking 52 

SCS-induced paresthesia with personalized visual bodily feedback that was provided by VR 53 

and matched to the spatio-temporal patterns of SCS-induced paresthesia. Here we show the 54 

efficacy of neuromodulation-enhanced VR for the treatment of chronic pain by showing that 55 

congruent SCS-VR reduced pain ratings on average by 44%.  SCS-VR analgesia was stronger 56 

than in two control conditions, kept increasing over successive stimulations, and persisted  57 

after SCS-VR had stopped. Linking latest VR technology with recent insights from the 58 

neuroscience of body perception and SCS-neuromodulation, our personalized new SCS-VR 59 

platform highlights the impact of immersive digiceutical therapies for chronic pain.   60 

 61 

Registration: clinicaltrials.gov Identifier: NCT02970006 62 

 63 
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Introduction  68 

Chronic pain is a major health care problem affecting an estimated 20% of people worldwide, 69 

accounting for approximately 40% of all medical visits, and costing more than $600 billion 70 

annually in the United States alone1. Although several pharmacological treatments exist for 71 

acute pain such as acetaminophen, nonsteroidal anti-inflammatory drugs (NSAIDS) and 72 

opioids2, current pharmacological treatments for chronic pain are often inadequate and are in 73 

some cases associated with serious side effects such as physical dependence, tolerance, and 74 

respiratory depression3. Accordingly, medical interventions such as physical or psychological 75 

therapies, neurorehabilitation programs, or neuromodulation procedures (e.g. spinal cord or 76 

brain stimulation, transcranial magnetic stimulation)  have been developed to address 77 

patients’ needs and the enormous societal burden caused by chronic pain.  78 

 79 

In particular, spinal cord stimulation (SCS) is widely used for the treatment for mixed 80 

neuropathic-nociceptive and neuropathic-radicular pain from conditions such as failed back 81 

surgery syndrome (FBSS) and complex regional pain syndrome (CRPS)4. SCS-induced 82 

analgesia is mediated by several mechanisms5, but generally linked with SCS-induced 83 

paresthesias that arise from the electrical stimulation of A�� fibers masking painful sensations 84 

by more comfortable tingling sensations6. SCS substantially reduces pain in about half of the 85 

patients, but even when efficient, rarely eliminates pain completely7. In addition, the 86 

analgesic effects of SCS-induced parasthesias have been reported to decrease over time4, 87 

requiring revision and explantation of the implanted electrode array in approximately 25% of 88 

cases8. Additional oral medications have not shown additional and persistent benefits on SCS 89 

outcomes9, except add-on therapy with intrathecal analgesic delivery or subcutaneous 90 

stimulation, which have been proposed to overcome some of these limitations and boost the 91 

analgesic effects of SCS10,11.  92 
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 93 

Next to pharmacological and neuromodulation pain therapy, there has been a major upsurge 94 

in digital technologies that were initially developed for very different fields such as media, 95 

entertainment, and research and have recently been adapted as non-invasive treatments for 96 

chronic pain. Following early work of Hoffman and colleagues12, gaming elements have been 97 

inserted into immersive virtual reality (VR) environments and demonstrated to have analgesic 98 

properties based on cognitive-distractive effects in patients with severe skin burns13. More 99 

recent work inspired by research in the cognitive neuroscience of embodiment, integrated the 100 

patient’s body or avatar into the virtual scene (shown on a head-mounted display, HMD) and 101 

further leveraged VR to provide personalized and automatized multisensory bodily inputs. 102 

Tapping into central body representations and inducing a range of well-controlled illusory 103 

bodily experiences, these authors induced illusory perceptions of the hand14, leg15, face16, and 104 

body-torso17. Thus, in the virtual leg illusion15 participants feel illusory touch and ownership 105 

over virtual legs that they observe in VR, where these legs are seen as being touched at the 106 

same time and place as their own physical legs. Importantly, such multisensory stimulations 107 

have demonstrated analgesic properties by showing that visuo-tactile18 or visuo-motor19 108 

stimulation (applied manually) can relieve patients’ chronic pain.  109 

 110 

However, the delivery of visuo-tactile and visuo-motor stimulation are not always possible 111 

and may be counterproductive, because in many patients with chronic pain movement and 112 

even gentle touch to the affected limb may increase or induce pain (i.e. allodynia). Moreover, 113 

classical multisensory approaches are not automatized and require the patient’s (or 114 

therapist’s) active participation reducing the possibility of prolonged and/or home-based 115 

treatment. To overcome these limitations, we have recently designed fully automatized 116 

stimulation techniques that are integrated into our digiceutical VR platform and based on 117 
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either additional interoceptive cues such as the heartbeat20–22, based on additional peripheral 118 

nerve stimulation (inducing paresthesia), or transcranial magnetic stimulation23–25 with 119 

analgesic efficacy in chronic pain20,24. 120 

 121 

We here extended our digiceutical platform by combining two distinct pain therapies, 122 

adapting them for the first time to 15 patients suffering from severe chronic leg pain with a 123 

spinal cord implant, and investigated its analgesic effects. In this novel SCS-VR solution, 124 

epidural SCS provides neurotactile stimulation leading to paresthesia in the painful body part 125 

while the VR environment is programmed to add personalized visual feedback to 126 

superimpose a virtual pattern in the location where the patient feels the SCS-induced 127 

paresthesias. Thus, our digiceutical platform allowed us to tailor the procedure to each 128 

patient’s pain characteristics, providing multisensory bodily stimulation with specific spatio-129 

temporal stimulation patterns, while avoiding the application of potentially harmful physical 130 

touch cues (i.e. avoiding allodynia) to the affected body part. In the present report, we 131 

describe the method and procedure for the first time and test the hypothesis that our SCS-VR 132 

digiceutical method boosts analgesia (versus incongruent SCS-VR and VR alone control 133 

conditions; see below). Our new immersive VR platform allowed us to record and immerse 134 

patients in any 360° stereoscopic video environment (Fig. 1A & 1B) and to use real-time 135 

integration of the patient’s own body in the 360° scene, as if seen from their first-person 136 

perspective via a head-mounted display (HMD) (Fig. 1C). In three different conditions we 137 

provided online visual illumination of a circumscribed skin region on the patients’ legs seen 138 

in VR corresponding to the onset and somatotopic location of circumscribed touch sensations 139 

on the patient’s leg as elicited by SCS (Fig. 1D).  140 

 141 
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 142 

Figure 1 VR enhanced SCS: (A) The experimental virtual scenario was created by capturing a real 143 

environment using a panoramic and stereoscopic device composed of 14 go-pro cameras and 8 144 

microphones located inside ear-shaped silicon molds. (B) Patients were immersed in this pre-145 

recorded environment using a VR headset (Oculus Rift CV1; 2160 x 1200 per eye, 110° FOV) and 146 

RealiSM software (http://lnco.epfl.ch/realism). (C) Infrared stereoscopic camera, placed on the 147 

head-mounted display (HMD), captured patient’s own body in real time, which was merged in the 148 

prerecorded scene. (D) The SCS-VR platform allowed to integrate and visualize SCS-induced 149 

paresthesia.  150 

 151 

We measured analgesic effects of SCS-VR (i.e. Congruent SCS-VR condition) in all 15 152 

patients and tested immediate analgesic effects (several times during SCS-VR exposure) and 153 

carry over effects (10 minutes after SCS-VR had ended). These data were compared to those 154 

from two well-matched control conditions designed to control for (1) potential analgesic 155 

effects of seeing one’s own body in VR without SCS stimulation (VR alone) and for (2) 156 

spatio-temporal congruency between the visual illumination and the SCS-induced tactile 157 

sensations (Incongruent SCS-VR condition; i.e. same VR and SCS stimulation but misaligned 158 

in space) (Fig. 2). 159 
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 160 

Figure 2 Experimental condition: Each implanted SCS patients underwent three different experimental 161 

conditions. During Congruent SCS-VR condition, visual VR feedback was superimposed at the 162 

location where each patient felt SCS-induced paresthesias on his/her body (as defined during prior 163 

personalization session), as seen from a first-person visual perspective (Red). In the Incongruent 164 

SCS-VR condition, the same visual feedback was applied but the virtual body and legs were tilted 165 

by 90° thereby inducing spatial misalignment between visual VR feedback and SCS-induced 166 

paresthesia (Green). During the VR alone condition patients observed visual illumination of their 167 

body (as seen during Congruent SCS-VR condition) but in absence of SCS-induced paresthesia 168 

(i.e. stimulator switched off) (Blue). 169 

 170 

Results 171 

All participants tolerated the entire procedure well and none reported adverse effects related 172 

to the experiment. 173 

 174 

Group-level SCS-VR analgesia 175 
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Figure 3A reports the evolution of pain ratings from baseline during stimulation for the three 176 

experimental conditions and shows significant pain reduction following Congruent SCS-VR 177 

(i.e. pain rating at the end of the stimulation significantly different from baseline) (t(14)=-178 

4.11, p=0.001) and a pain reduction approaching significance following Incongruent SCS-VR 179 

condition (t(14)=-1.989, p=0.067). Conversely, no significant analgesia was observed 180 

following the VR alone condition (t(14)=0.26, p=0.798). Further statistical analysis (linear 181 

mixed effects model; fixed effect of visual feedback, time and their interaction, random 182 

intercepts for subjects as well as by-subject random slope for the effect of condition) revealed 183 

a significant interaction between time and experimental condition (F (2, 270) = 11.10, p < 184 

0.001). As predicted, post-hoc pairwise comparisons of the post-stimulation pain values 185 

revealed a significantly larger analgesic effect during the Congruent SCS-VR condition than 186 

the two control conditions (i.e. VR alone: t(14)=3.56, p=0.003; Incongruent SCS-VR: 187 

t(14)=3.74, p=0.002). In addition, a difference approaching significance between Incongruent 188 

SCS-VR and VR alone was observed (t(14)=1.97, p=0.071). Differences in baseline pain 189 

ratings (i.e. pain rating before SCS-VR was started) were not significantly different between 190 

the three conditions (F(2)=0.636, p=0.537). Collectively, these results support the idea that 191 

SCS-VR enhances SCS-induced analgesia when the multisensory signals are congruently 192 

presented, that is when the tactile sensations provided through SCS and the illuminated skin 193 

regions are aligned in space. 194 
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 195 

Figure 3 Analgesic effects: (A) Pain ratings during and (B) 10 minutes after SCS-VR had ended are 196 

shown in the Congruent SCS-VR (Red), the Incongruent SCS-VR (Green) and the VR alone 197 

conditions (Blue). *p < 0.05. 198 

 199 

 200 

Effect size of SCS-VR  analgesia 201 

On average, pain levels were reduced by 2.72 (95% CI 4.15 to 1.31) (from a maximum rating 202 

of 10 on the VAS) during the Congruent SCS-VR condition, which represents a reduction of 203 

44% (95% CI -60 to -30) from the baseline pain value (average baseline pain rating = 6.2, 204 

95% CI 4.8 to 7.6).  This reduction during congruent SCS-VR was on average 1.8 times 205 

larger in magnitude than analgesia reported when SCS and visual feedback were misaligned 206 

(i.e. Incongruent SCS-VR, 23% pain reduction, 95% CI -46 to -0.3)) and even more 207 

compared to VR alone (3% pain reduction, 95% CI -24 to 17). Modelling the pain ratings in 208 

the Congruent SCS-VR condition as function of time, we found a significant negative slope 209 

for pain rating over time (F(7.4)=-2.63, p=0.01), estimating the pain reduction per minute at 210 
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0.07 out of 10 (SEM = 0.006). No such effects of slope were observed in the other two 211 

conditions (Incongruent SCS-VR: F(7.4)=-0.49, p=0.62, VR alone: F(7.4)=1.23, p=0.21), 212 

suggesting that the more often congruent SCS-VR was applied, but not congruent SCS-VR or 213 

VR alone, the larger was its analgesic effect.  214 

 215 

Analysis of individual data 216 

Investigating analgesia for individual patients, we found that SCS-VR led in 14 out of the 217 

tested 15 participants to a pain reduction with respect to baseline in the Congruent SCS-VR 218 

condition (i.e. negative baseline corrected values at the end of the stimulation). Moreover, the 219 

same number of patients had stronger analgesia during the Congruent SCS-VR condition 220 

compared to Incongruent SCS-VR condition. A binomial test indicated that the proportion of 221 

patients with stronger analgesic during SCS-VR compared to control conditions was larger 222 

than chance level (p < .001, 2-sided). Of note, four patients, differently from the rest of the 223 

group, received a high-frequency stimulation pattern (Table 1), which provides paresthesia-224 

free pain relief. Pain relief was equivalent in patients with high frequency and conventional 225 

SCS, suggesting that SCS-VR can be used with either conventional (40-60 Hz) or high 226 

frequency protocols (800-1000 Hz). Although the high frequency stimulation does not induce 227 

conscious tactile perceptions (paresthesias), the stimulation is programmed with electrodes 228 

‘covering’ the sensory fibers of the specific body region where the patient experiences pain. 229 

 230 

Persisting analgesia 231 

Figure 3B shows the pain ratings for the three different conditions, measured 10 minutes after 232 

SCS-VR  had ended. Analgesia was only observed after Congruent SCS-VR condition (one 233 

sample t-test t(14)=-3.02, p=0.009), whereas no such lasting effect was observed following 234 
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the Incongruent SCS-VR condition (one sample t-test t(14)=-0.95, p=0.36, ) or the VR alone 235 

condition (one sample t-test t(14)=1.34, p=0.19). 236 

 237 

Embodiment  238 

Embodiment as assessed through questionnaire ratings is shown in Figure 4. The first two 239 

questions investigated each patient’s subjective sensation related to the SCS-VR, that is 240 

ownership for the virtual legs (the feeling that the seen legs were part of their body) and 241 

illusory touch (the feeling that the illumination caused the SCS-induced paresthesia), while a 242 

third question, unrelated to the illusion, served as control for suggestibility. As predicted, we 243 

observed a main effect of questions (F(2)=19.93, p=0.0004) and post-hoc pairwise 244 

comparisons revealed a significant difference between ownership and illusory touch versus 245 

the control item (illusory touch vs. control: (t(14)=-2.60, p=0.02);  (ownership vs. control: 246 

(t(14)=-6.11, p<0.001), confirming that VR-SCS induced changes in leg embodiment. No 247 

other effects were significant (all p > 0.56).      248 

 249 

Figure 4 :  Embodiment: 3-items questionnaire investigating self-identification and referred touch shows 250 

that VR-SCS induced changes in leg embodiment (see main text for details) 251 

 252 
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Discussion  253 

We describe and apply a new digiceutical method for chronic pain, SCS-VR, that combines 254 

neuromodulation, VR, and latest research from cognitive neuroscience of multisensory 255 

integration into a single therapeutic solution. Based on a recently described digiceutical 256 

technique that integrates VR-based visual stimulation with neural stimulation of 257 

intrafascicular implants for research in upper limb amputees24, we here used a similar concept 258 

and integrated VR-based visual stimulation with neural stimulation of spinal cord implants, 259 

which is a widely used treatment in patients with chronic leg/back pain, a frequent pain 260 

disorder. Compared to existing other add-on therapies for SCS such as intrathecal anaelgesic 261 

delivery or subcutaneous stimulation10,11, SCS-VR boosts SCS-related effects in a completely 262 

non-invasive fashion and avoids the risk of allodynia that many chronic pain patients report 263 

even during the therapeutic application of mild touch cues or limb movements during 264 

physical therapy. The present SCS-VR protocol may thereby facilitate the application of 265 

prolonged and more frequent therapy sessions in more patients suffering from chronic pain.  266 

 267 

SCS-VR had a stronger analgesic effect than VR alone, which was a condition that consisted 268 

of congruent VR, but without any SCS. Thus, any potential distractive effects of VR per se or 269 

any analgesic effects due to the mere viewing of a body in VR34 cannot explain the present 270 

SCS-VR pain relief. Similarly, analgesia observed during SCS-VR cannot be attributed to 271 

SCS alone, as the effect in the Congruent SCS-VR condition was 1.8 times stronger than in 272 

the Incongruent SCS-VR condition, when VR and SCS stimulations were both present, but 273 

not aligned in space. Thus, it is not sufficient to expose patients to VR or to add a view of a 274 

patient’s legs or body in VR to SCS: the observed SCS-VR  analgesic effect is due to the 275 

combination of SCS-induced paresthesia and congruent illumination of the circumscribed 276 

skin region on the patient’s virtual leg that corresponds to the somatotopic location of SCS-277 
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induced paresthesia. Therefore, this study shows, for the first time, that it is possible to 278 

integrate immersive and multisensory VR with spinal neuromodulation to increase the 279 

analgesic effects of SCS. Despite evidence for several mechanisms underlying SCS-induced 280 

analgesia5, the main hypothesis posits that noxious afferent activity is successfully masked or 281 

inhibited by non-noxious paresthesias that are induced by the stimulation of the dorsal 282 

column of the lumbar spinal cord segment6. This link between tactile processing and SCS-283 

induced analgesia and the present SCS-VR effects are also supported by clinical observations 284 

revealing that the level of overlap between the patient’s location of pain and the location of 285 

SCS-induced paresthesia is an important predictor of SCS therapeutic outcome35. 286 

Accordingly, we propose that the analgesic effects of our novel SCS-VR setup is likely based 287 

on enhanced masking of nociceptive information through congruent visual and tactile signals. 288 

The present data, and, in particular, the significant differential analgesic effects in the 289 

congruent SCS-VR versus incongruent SCS-VR conditions lend further support to this 290 

proposal and add the novel finding that such bodily overlap should not only involve the site 291 

of pain and paraesthesia, but also visual bodily cues in VR. Further supported by data from 292 

our two carefully designed control conditions, we suggest that SCS-VR anagelsia is primarily 293 

based on cortical effects that subsequently modulate subcortical and spinal pain processing  294 

 295 

In the four patients, receiving high-frequency SCS that did not induce paresthesias, we 296 

observed pain relief that was equivalent to patients receiving conventional SCS. This suggests 297 

that SCS-VR can be used with either conventional (40-60 Hz) or high frequency protocols 298 

(800-1000 Hz) and in the latter case without exposing the patient to conscious tactile 299 

perceptions (paresthesias). Importantly, basic research in multisensory perception has shown 300 

that visuo-tactile integration occurs even when external or body-related stimuli are presented 301 

without conscious perception (e.g.36,37), and multisensory interactions may even be stronger 302 
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in conditions with lower (vs. higher) multisensory stimulations38,39. Thus, it is reasonable to 303 

argue that SCS-VR enhances cortical-spinal somatosensory processing even when not 304 

consciously perceived and therefore can be equally efficient to boost analgesia in high-305 

frequency SCS protocols and may facilitate the application of more frequent SCS-VR dosage. 306 

However, this has to be regarded with caution, as these data need to be confirmed in a larger 307 

cohort of patients. 308 

 309 

 310 

Limitations  311 

We note that, although we carefully controlled the multisensory and SCS aspects of SCS-VR, 312 

the three experimental conditions were easily distinguishable and therefore a blinded design 313 

was not feasible (even though all patients were naïve about the aim of the different 314 

experimental condition). Another limitation was our inability to fully randomize the 315 

experimental conditions; indeed, in order to ensure the absence of any persisting SCS 316 

analgesic effects during the VR alone condition, each patient was asked to switch off his/her 317 

stimulator the day before the experimental session (wash out) and we always started with the 318 

VR alone condition (see method section). However, the order of the two key VR conditions 319 

to be compared, the Congruent and Incongruent SCS-VR conditions, were carefully 320 

counterbalanced between participants, excluding an effect due to order of conditions.  321 

 322 

Clinical relevance  323 

Pain reduction was selective and reliable - as patients repeatedly experienced less pain during 324 

Congruent SCS-VR stimulation and this reduction increased over time and all different short 325 

therapy sessions. This suggests that longer and more repeated stimulation increases SCS-VR 326 
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analgesia, indicating its potential clinical relevance. Moreover, SCS-VR reduced chronic leg 327 

pain in 14 out of 15 patients with an average of 44% pain reduction after only 7.5 minutes of 328 

stimulation. According to IMMPACT recommendations40, this corresponds to clinically 329 

meaningful analgesia, although the applied SCS-VR exposure was much shorter than other 330 

pain therapies(4)5. Finally, the analgesic effect outlasted SCS-VR, persisting at least ten 331 

minutes after the end of SCS. No such lasting analgesia was observed in any control 332 

condition suggesting that SCS-VR may have more enduring effects than conventional 333 

approaches.  334 

 335 

In conclusion, we achieved SCS-VR analgesic effects through a fully automatized stimulation 336 

that avoids the application of potentially painful bodily cues, while minimizing the active 337 

involvement of patient and therapist. We argue that the strength of the effect, its selectivity, 338 

its ease of application, and consistent increase across sessions and long-term analgesia will 339 

facilitate the application of prolonged and more frequent therapy doses in future SCS-VR 340 

studies, likely further boosting the described effects. Another advantage of the present 341 

digiceutical platform is the possibility to personalize and to gamify the SCS-VR therapy as 342 

well as translate the SCS-VR setting to the home of patients which may improve patients’ 343 

motivation and compliance with the treatment, thus potentially counteracting the reduction of 344 

SCS effectiveness over time4 and the need of explanting the electrodes9.  345 

 346 

Materials and Methods 347 

Study Design 348 

This study was registered at ClinicalTrials.gov (NCT02970006) and was designed to test the 349 

hypothesis that SCS-induced analgesia could be enhanced with an immersive digital system 350 
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enabling visual representation of SCS-induced paresthesia. To this aim, we developed an 351 

immersive VR platform and exposed SCS implanted patients suffering from chronic leg pain 352 

with a patient-tailored virtual scenario where they observed a visual illumination pattern 353 

corresponding to the sensations experienced on their real legs as induced by SCS. We 354 

assessed pain rating as primary outcome and embodiment (assessed through questionnaire) as 355 

secondary measure (see below). Based on Pozeg and collaborators18 we estimated that a 356 

sample size of 15 patients was needed to observe a significant analgesic effect considering a 357 

power of test = 90% and a significant level =0.05. Patient recruitment stopped when 15 358 

patients were included.  359 

 360 

Participants 361 

21 patients with spinal cord stimulator implant for chronic leg pain were screened and 362 

consented from the Center for Neuromodulation at The Ohio State University Wexner 363 

Medical Center between October 1, 2017 and January 31, 2019. 15 patients (5 women, mean 364 

age: 47.7 years; SD: ±9.56 range: 33–61 years, mean time since surgery: 5.3 months SD: 365 

±2.2) fulfilled inclusion criteria (Table 2) and accepted to participate in our study. All patients 366 

had normal or corrected to normal vision and were naïve about the manipulation (control-367 

experimental conditions). Approval for this study was obtained from the Ohio State 368 

University Medical Center Institutional Review Board (Columbus, Ohio). All patients 369 

completed an informed consent process before their participation in the study. Patient’s 370 

demographic and clinical characteristics are listed in Table 1.  371 

 372 

Procedure 373 

The experiment included two sessions occurring at 24 hours interval. 374 
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1) Clinical assessment and VR setting session 375 

Initial clinical assessment included medical interview concerning the patient’s history, the 376 

underlying pain diagnosis and the impact of pain on patient’s daily activities scored with the 377 

Oswestry Disability Index 26. Then, visual illumination of a circumscribed skin region on the 378 

patient’s virtual legs was personalized individually to correspond to the tactile sensations 379 

induced by the SCS . To this aim, patients were asked to look at their own body while 380 

wearing the VR headset. First, the experimenter, guided by the patient’s feedback, indicated 381 

the area of the body where tactile sensation (or pain for patients with high-frequency settings) 382 

was experienced. Then, the defined region was illuminated by manipulating visual parameters 383 

such as color intensity, size of the visual pattern and frequency of illumination until it best-384 

matched patient’s subjective feeling. At each step, patients gave direct feedback on the VR 385 

parameters. Once defined, the optimal illumination parameter tailored for each patient was 386 

stored and reloaded during the experimental session. For patients with high-frequency 387 

settings, standard parameters were used based on the pilot experiment. This first session 388 

lasted approximately 1.5 hours. 389 

 390 

2) Experimental session  391 

Patients were instructed to switch their stimulator off the night before coming for the second 392 

session for wash out of SCS related pain relief. Each patient started with the VR alone 393 

condition (to ensure the absence of potential long-lasting effect of SCS) during which patients 394 

observed visual illumination of their body (as defined during the first session) but in the 395 

absence of SCS-induced paresthesia (i.e. stimulator switched off). Then, each patient 396 

underwent the other two conditions (randomized across participant) where the stimulator was 397 

switched on. During Congruent SCS-VR stimulation, visual feedback was provided on 398 
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patient body, as seen from   a first-person perspective. In the Incongruent SCS-VR condition, 399 

the body was tilted by 90° to induce a misalignment between the visual feedback and SCS-400 

induced paresthesia (Figure 2). Each condition started outside the virtual environment with 401 

the current subjective pain measure. Then the subject was assisted in putting on the VR 402 

headset (adjusted and calibrated for stereoscopic vision for each participant) and instructed to 403 

look at his own legs, seen through the head mounted display (HMD). Stimulation (VR 404 

illumination and/or SCS) lasted for 7’30’’ intermingled with pain ratings every 90 seconds 405 

(see below). At the end of the stimulation, VR headset was removed and/or SCS switched off 406 

and patients answered to a questionnaire. 10 minutes after the end of the simulation, patients 407 

were asked again to assess their ongoing pain (long-term value). Between conditions, subjects 408 

had a 15 minutes break. This entire experimental session lasted approximately 2 hours.  409 

 410 

 411 

Immersive digital platform 412 

To test the hypothesis that a visual representation of SCS-induced paresthesia would boost 413 

SCS-induced analgesia, we developed an immersive digital scenario with an in-house 414 

software developed at the Blanke Lab. This technology (the RealiSM software, Reality 415 

Substitution Machine, http://lnco.epfl.ch/realism) constitutes a new approach to virtual reality 416 

immersion, body integration and stimulus presentation for cognitive neurosciences. The 417 

experimental scene was built as follows. First, we captured a real environment using a 418 

panoramic and stereoscopic device composed of 14 go-pro cameras (GoPro Hero3+). 419 

Binaural Sound from the environment was also recorded by 8 microphones located inside ear-420 

shaped silicon molds (Figure 1A).  421 
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Using this technology, we recorded for the present study a neutral environment 422 

(physiotherapy room) where patients were immersed using an Oculus Rift VR headset (2160 423 

x 1200 display resolution; 110° field of view, refreshing rate 90Hz, head orientation tracking 424 

through accelerometer, gyroscope, magnetometer and Constellation tracking camera) (Figure 425 

1B). Infrared stereoscopic camera (DUO MLX R2, http://duo3d.com/docs/articles/duo-mlx), 426 

placed on the Oculus headset allowed body extraction (in black and white) which was 427 

integrated in real time within the previously recorded environments using the RealiSM 428 

platform. An additional webcam (Logitech HD Webcam C310 960-000588) was attached to 429 

the Oculus to extract the color of patient's body and integrated into the stereoscopic image of 430 

the body obtained with the infrared camera (Figure 1C). Thus, a real-time color video of the 431 

subject’s body was merged with pre-recorded, tridimensional environment creating a high 432 

degree of immersion through instant visual feedback of patient’s body movements.  433 

This technology also allowed us to provide additional visual feedback through highly 434 

controlled and realistic experimental manipulations of the virtual scenes. Linking for the first 435 

time neuromodulation and VR, we illuminated the online recorded real legs of the 436 

participants accordingly to the sensations they experienced as induced by the SCS (Figure 437 

1D). Illumination was created alternating 10 different textures composed of dots of various 438 

blue intensity. The frequency of texture presentation, dots’ size and color intensity was 439 

adapted during the first session based on patients’ report to correspond to the tactile sensation 440 

elicited by the SCS stimulation. 441 

 442 

Measurements 443 

Analgesic effects 444 
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Subjective pain perception was measured before starting each condition (i.e. baseline 445 

measure), every 90 sec during neuro-visual stimulation, at the end of the stimulation (7.5 446 

minutes), and 10 minutes after stimulation (long-term). We asked participants to place a mark 447 

at the point that represents their actual pain intensity using a vertical visual continuous analog 448 

scale (VAS), ranging from “no pain” (bottom of scale) to “the worst imaginable pain” (top of 449 

scale). During stimulation, the vertical visual scale was presented virtually and patients 450 

moved a marker using a wireless mouse. Difference between each rating and the baseline pain 451 

measure was used for data analysis (baseline correction).  452 

 453 

Questionnaire  454 

After each condition, we administered a 3-items questionnaire adapted from Pozeg and 455 

collaborators18 to investigate ownership («I had the impression that the legs I was looking at 456 

were my real legs») and illusory touch («I had the impression that the illumination was 457 

causing the tingling sensation») and a control item («I had the impression that my legs 458 

disappeared»). Participants were asked to indicate how much they agreed with each item 459 

using a 7-point colored vertical Likert scale ranging from 0 (complete disagreement, the 460 

bottom extreme, red point) to +6 (complete agreement, the top extreme, green point)  461 

 462 

Statistical analysis 463 

Analysis was performed with the software R (R Development Core Team, 2013) including 464 

the “lme4” package27. We analyzed pain VAS using mixed model and minimization of 465 

Bayesian Information Criterion (BIC)28 was used for model selection (selected model: fixed 466 

effect of visual feedback, time and their interaction, random intercepts for subjects as well as 467 
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by-subject random slope for the effect of condition). P-values were obtained by likelihood 468 

ratio tests, and degrees of freedom were estimated with Satterthwaite approximation 29.  469 

Questionnaire ratings (which were not normally distributed) underwent an intra-subject 470 

standardization by means of an ipsatization procedure leading to normally distributed Z-471 

scores values allowing the use of parametric tests 30–33. We then conducted 3 x 3 repeated 472 

measures ANOVA with the factors questions (3 items), conditions (3 conditions). 473 

 474 

Data availability 475 

Raw data and the custom-developed VR software will be made available by materials transfer 476 

agreement upon reasonable request to OB. 477 
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Table and figure legends 602 

 603 
 604 
Table 1: Patients clinical characteristics 605 
 606 

Gender Age Diagnostic Months since 
SCS implant 

Pulse width 
[us] 

Amplitude 
[volt] 

Frequency 
[Hz] 

Illumination 
area (VR) 

Pain 
laterality 

Oswe�•try 
index 

male 49 FBSS 9 180 7.60 40 both legs both 31 

female 45 FBSS 7 390 3.40 40 half leg left 15 

female 33 FBSS 4 300 3.30 60 1 leg left 15 

male 51 FBSS 4 320 4.60 70 half leg right 21 

male 40 FBSS 4 360 3.00 50 half leg right 25 

male 37 CRPS 8 300 2.00 95 1 leg left 34 

female 35 CRPS 10 450 4.10 80 1 leg right 25 

male 55 FBSS 3 130 6.30 40 both legs  both 20 

male 52 CRPS 5 90 1.85 1000* 1 leg right 31 

male 61 FBSS 4 90 1.40 1000* both feet both 27 

male 58 FBSS 5 90 3.20 1000* both legs both 20 

male 34 CRPS 3 300 2.80 60 1 leg left 11 

male 55 CRPS 3.5 450 2.10 40 1 leg left 5 
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female 53 FBSS 6 550 2.80 60 1 leg left 17 

female 57 FBSS 4 90 2.30 1000* both legs both 19 

*SCS high frequency (paresthesia-free) pattern 607 
 608 
 609 
 610 
 611 
 612 
 613 
 614 
 615 
 616 
 617 
 618 
 619 
 620 
 621 
 622 
 623 
 624 
 625 
 626 
 627 
 628 
 629 
 630 
 631 
 632 
 633 
Table 2: Inclusion and exclusion criteria 634 

 635 

Inclusion Criteria: 636 

1. Age 18-and older at the time of enrollment 637 

2. Patients carrying a diagnosis of CPRS or chronic refractory neuropathic leg pain 638 
following FBSS 639 

3. Patients who have implanted epidural SCS 640 

4. The SCS implantation for at least three months prior to enrollment 641 

5. Patients willing and able to provide informed consent 642 

Exclusion Criteria: 643 

1. Patients who are unable to effectively or efficiently communicate for example patients 644 
suffering from speech deficits (dysarthria, aphasia) or are non-English speaking. 645 

2. Patients with history of prior cranial surgery, significant brain lesions for example 646 
intracranial tumors, strokes etc. 647 

3. Evidence of untreated psychiatric disorders or drugs/alcohol abuse. 648 

4. History of seizures 649 
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Curriculum Vitae 
 

   

  

Personal information  

  First name / Last name    �3�D�Y�R���2�U�H�S�L�ý 
 Home Address   Rue Dr César-Roux 9, 1005 Lausanne, Switzerland 

E-mail pavo.orepic@gmail.com   

Nationality Croatian   

Date of birth 28th March 1993   

Gender Male 

E-mail pavo.orepic@gmail.com 

Phone +41 (0)76 721 17 44 

OrcID 0000-0001-6965-7578  

  

Education  

  November 2016 �² December 2020 PhD in Neuroscience  

Thesis Dissecting self-voice perception: From bone conduction to robotically-induced self-other voice 
misattribution in healthy listeners 

PhD advisor Prof. Olaf Blanke 

Date of the defense December 11th 2020 

Institution Swiss Federal Institute of Technology Lausanne (EPFL), Switzerland 

  September 2014 �² September 2016 Master of Science in Computer Science 

Thesis Augmented virtuality through body detection and integration used in neuroscience research 

Thesis advisor Prof. Stephanie Speidel  

Institution Karlsruhe Institute of Technology (KIT), Germany  

  September 2011 �² July 2014 Bachelor of Science in Computer Science 

Thesis Data encryption with ultra-low power consumption in wireless transmission 

Thesis advisor Assist. Prof. Martin �ä�D�J�D�U 

Institution Faculty of Electrical Engineering and Computing (FER), University of Zagreb, Croatia 

 
Work experience 

 

  November 2016 �² December 2020 PhD student 

Advisor Prof. Olaf Blanke 

Institution Laboratory of Cognitive Neuroscience, Swiss Federal Institute of Technology Lausanne, Switzerland 

Main activities Designing and conducting behavioral and neuroimaging (EEG) experiments  
Analysis of behavioral, physiological (respiration, ECG, EDA) and EEG data 
Teaching assistance at university courses (total 312 hours) and supervision of student projects 

November 2016 �² May 2017 Visiting scholar 

Advisor Dr. Ali Rezai 

Institution Center for Neuromodulation, Department of Neurosurgery, The Ohio State University (OSU), USA 

Main activity Development of RealiSM, a virtual reality (VR) platform used in neurosurgery research  

  October 2015 �² April 2016 Research assistant 

Advisor Prof. Rüdiger Dillmann 

Institution Humanoids and Intelligence Systems Lab, Karlsruhe Institute of Technology (KIT), Germany 

http://orcid.org/0000-0001-6965-7578
https://2019.javacro.hr/content/download/20004/423783/file/313+-+Presentation_Martin+Zagar.pdf
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Main activity Development of surgical assistance systems 

  June 2015 �² March 2016 Research assistant 

Advisor Prof. Wolfgang Rosenstiel 

Institution The FZI Research Center for Information Technology, Karlsruhe Institute of Technology, Germany 

Main activity Optimization of automotive electronics 

  

Supervision and mentoring  

  February 2020 �± present Master Thesis Project of Dorian F. A. Garin 

March 2019 �± April 2019 �0�D�V�W�H�U���´�/�D�E���L�P�P�H�U�V�L�R�Q�µ���3�U�R�Mect of Arthur Barakat 

July 2019 �± August 2019 Bachelor Thesis Project of Melissa Faggella  

  

Teaching activities  

  February 2019 �± June 2019 Neuroscience III, Swiss Federal Institute of Technology Lausanne (EPFL), Switzerland  
          Preparation and supervision of exercise classes and examination 

February 2019 �± June 2019   
February 2018 �± June 2018 

Genomics and Bioinformatics, Swiss Federal Institute of Technology Lausanne (EPFL), Switzerland 
          Preparation and supervision of exercise classes and examination 

September 2017 �± January 2018 Sensorimotor Neuroprosthetics, Swiss Federal Institute of Technology Lausanne, Switzerland 
          Preparation and supervision of exercise classes and examination 

March 2014�± July 2014 Computer Aided Design of Electronic Systems, University of Zagreb, Croatia 
          Laboratory assistant 

September 2011 �± February 2012 Digital Logic, University of Zagreb, Croatia 
          Laboratory assistant 

  

Conference talks  

  September 2019 �´�6�H�Q�V�R�U�L�P�R�W�R�U���F�R�Q�I�O�L�F�W�V���O�R�X�G�H�Q���T�X�L�H�W���Y�R�L�F�H�V���L�Q���K�H�D�O�W�K�\���O�L�V�W�H�Q�H�U�V�µ 
          Early Career Hallucination Research (ECHR), Durham, The United Kingdom 

  

Poster presentations  

  February 2020 �´�+�R�Z���D���U�R�E�R�W���F�D�Q���P�D�N�H���\�R�X���K�H�D�U���Y�R�L�F�H�V�����6�H�Q�V�R�U�L�P�R�W�R�U���F�R�Q�I�O�L�F�W�V���D�O�W�H�U���V�H�O�I-voice perception in 
�K�H�D�O�W�K�\���O�L�V�W�H�Q�H�U�V�µ 
          The Swiss Society for Neuroscience (SSN), Bern, Switzerland 

June 2019 �´�6�H�Q�V�R�U�L�P�R�W�R�U���F�R�Q�I�O�L�Fts related to somatic passivity experiences louden quiet voices in 
�K�H�D�O�W�K�\���O�L�V�W�H�Q�H�U�V�µ 
          The Association for the Scientific Study of Consciousness (ASSC), London, Ontario, Canada 

February 2019 �´�6�H�Q�V�R�U�L�P�R�W�R�U���F�R�Q�I�O�L�F�W�V���U�H�O�D�W�H�G���W�R���V�R�P�D�W�L�F���S�D�V�V�L�Y�L�W�\���H�[�S�H�U�L�H�Q�F�H�V���O�R�X�G�H�Q���T�X�L�H�W���Y�R�L�F�H�V���L�Q��
�K�H�D�O�W�K�\���O�L�V�W�H�Q�H�U�V�µ 
          The Swiss Society for Neuroscience (SSN), Geneva, Switzerland 

  

Memberships in scientific 
societies 

 

  February 2019 �± present Swiss Society for Neuroscience (SSN) 

March 2018 - present National Center of Competence in Research (NCCR) Synapsy 

  

Awards and fellowships  

  March 2020 �)�L�Q�D�O�V���R�I���(�3�)�/�¶�V���³�0�\���7�K�H�V�L�V���L�Q�����������V�H�F�R�Q�G�V�´���F�R�P�S�H�W�L�W�L�R�Q����Audience award 

September 2019 Early Career Hallucination Research (ECHR) Travel Bursary, Fellowship 
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June 2019 Swiss Society for Neuroscience (SSN) Travel Fellowship, Fellowship 

March 2018 Best oral presentation at the Doctoral Students in Life Sciences (ADSV) retreat, Audience award 

April 2016 Swiss-European Mobility Programme, Scholarship 

September 2014 ERASMUS scholarship, Scholarship 

September 2012, September 2013 University of Zagreb Excellence Scholarship for top 10% talented students, Scholarship 

  

Outreach activities  

  March 2020 �´�+�R�Z���D���U�R�E�R�W���F�D�Q���P�D�N�H���\�R�X���K�H�D�U���Y�R�L�F�H�V�����6�H�Q�V�R�U�L�P�R�W�R�U���F�R�Q�I�O�L�F�W�V���D�O�W�H�U���V�H�O�I-voce perception in 
�K�H�D�O�W�K�\���O�L�V�W�H�Q�H�U�V�µ 
          My thesis in 180 seconds (MT180) competition, Lausanne, Switzerland (video)   

March 2018 �´�9�R�L�F�H�V���D�Q�G���5�R�E�R�W�V�µ 
          Association of Doctoral Students in Life Sciences (ADSV) retreat, Ovronnaz, Switzerland        

April 2017 �´�1�H�X�U�R�V�F�L�H�Q�W�L�I�L�F���3�H�U�V�S�H�F�W�L�Y�H�V���R�Q��Apparitions, Out-of-body experiences and Self-�K�H�D�O�L�Q�J�µ 
          Invited talk, Parapsychological Association, Columbus, Ohio, USA (video) 

  

Extracurricular Activities  

  January 2018 �² January 2020 President of the Social Campus Biotech Association (SCBA) 

Institution Campus Biotech, Geneva, Switzerland 

Main activity Managing social activities at Campus Biotech  

  July 2018 �² June 2019 Board member of the Association of Doctoral Students in Life Sciences (ADSV) 

Institution Swiss Federal Institute of Technology Lausanne (EPFL), Switzerland 

Main activities Managing communication and fostering scientific exchange between two EPFL campuses  
Co-organization of the 2nd PhD scientific retreat, May 2019, Ovronnaz, Switzerland 

September 2013 �² July 2014 Member of eSTUDENT association 

Institution University of Zagreb, Croatia 

Main activities Co-organization of �&�U�R�D�W�L�D�¶�V���E�L�J�J�H�V�W���V�W�X�G�H�Q�W���,�7���F�R�P�S�H�W�L�W�L�R�Q 

July 2011 �² July 2014 Organizer of Lions Summer Youth Exchange Camps 

Institutions Lions Clubs of Croatia 

Main activity Co-organization of a 2-week-long leisure camp for international students 

  

Personal skills  

  Language skills Croatian (mother tongue), English (C2), German (C2), Spanish (C1), French (B1) 

  Computer skills  

Programming Languages C, CSS, C++, HTML, Java, JavaScript, MATLAB, PHP, Python, R, SQL, VHDL, XML, XSL 

EEG analysis FieldTrip, Cartool 

Design of Application Specific 
Instruction Processors  

DLX assembly language 
Tools: DLXsim, ASIP Meister, ModelSim, Xilinx ISE, CoSy compiler 

Microcontroller programming NXP LPC2103 with Keil MDK-ARM Version 5 IDE, TriCore 

Printed Circuit Board (PCB) design Altium Designer EDA 

Gesture control devices Myo, Kinect, Leap Motion 

Product Lifecycle Management (PLM) SolidWorks 

Computer-aided Design (CAD)  SolidWorks 

Computer Graphics OpenGL, GLSL, Qt Framework 

Virtual Reality platform RealiSM 

Other skills and competences Karate master (black-belt) 1.st DAN, June 2010 
 

https://www.youtube.com/watch?v=A1RI42_miSQ
https://www.dropbox.com/s/tsy1krq4nxw8m7x/Pavo%20Orepic%20at%20UAS.mp4?dl=0



