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Supplementary Materials and Methods 

 

Patients. Patient 1 is a trans-radial (proximal third of the left forearm) amputee. The amputation 

occurred in 2013, following a car accident. In November 2015, patient 1 received the TIME 

(Transverse Intrafascicular Multichannel Electrode system, see below) [1, 2] neural implants for 

both median and ulnar residual nerves [3]. In the experiments, we used a TIME stimulation, with 

the specific contact at the median nerve, that induced the sensation of a vibration in a circumscribed 

skin region of the index finger (finger 2; Supplementary Figure 1; Supplementary Video 1).  

Patient 2 is a trans-radial (proximal third of the left forearm) amputee. The amputation occurred 

in December 2015, following a traumatic accident at work. In July 2017, patient 2 received the 

same neural implants as patient 1. In the experiments, we used a TIME stimulation, with the 

specific contact at the ulnar nerve, that induced the sensation of a vibration in a skin region of 

finger 5 (Supplementary Figure 1). Both patients reported to perceive the phantom limb shorter 

than the intact limb (i.e. telescoping). 

The experimental procedures were approved by both the Institutional Ethics Committees of 

Policlinic A. Gemelli at Catholic University and the IRCCS S. Raffaele Pisana (Rome). Informed 

consent was obtained from both patients. 

 

General procedure. In order to control over the visual parameters and their synchronization with 

the electrical stimulation and the evoked tactile sensations, we combined electrical stimulation of 

the neural implant with automatized visual stimulation using 3D immersive digital technology (i.e. 

visuo-tactile neural stimulation, hereafter VTNS). Thus, patients saw an on-line video-recording 

of their prosthetic limb on the HMD, filmed by a camera mounted on the HMD. Visual illumination 
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was superimposed on a circumscribed region of the prosthetic hand, corresponding to the 

somatotopic location of touch sensations on the phantom hand, as elicited by TIMEs stimulation. 

The skin region and the temporal pattern of illumination precisely corresponded to the sequence 

of tactile events (sequences of 1000 ms of stimulation and 2000 ms of pause) that the patient 

experienced at that specific skin region as induced by electrical stimulation via TIMEs. Thus, the 

velocity of the moving illumination of the virtual hand mimicked the movement of the tactile 

sensation that the patient felt when receiving electrical stimulation. During the prosthetic 

embodiment tasks, the index finger of the prosthetic on the HMD was chosen to appear as if it was 

20 cm away from the reported perceived position of the phantom index. The position of the 

prosthetic hand, palm down and all the fingers extended, was choose to match the perceived 

position of the phantom hand (Supplementary Figure 1, right inset; Supplementary Video 1). In 

both patients we tested the conditions of synchronous vs. asynchronous VTNS for the prosthetic 

hand. The synchronous stimulation was characterized by a delay smaller than 10 ms between the 

neurally induced tactile sensation and the visual illumination, whereas in the asynchronous 

condition the temporal mismatch between the neural stimulation and the visual illumination was 

randomly selected from a set of 4 different delays (1.5 sec, 1.75, 2.25 or 2.5) on each trial.  

 

Prosthesis embodiment. The questionnaire was adapted based on previous study investigating 

ownership in amputee patients [4-6]. The first three questions were designed to assesses the 

illusion sensations, i.e. sensing touch on the prosthetic hand and the experience that the seen hand 

was part of the patient’s body (Q1- ‘I felt the touch where I saw the flash’; Q2- ‘It seemed as if the 

flash caused the touch sensations that I was feeling’; Q3 –‘I felt as if the hand that I saw was my 

left hand’). The 2 other questions, unrelated with the illusion, served as control for suggestibility 
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(Q4 – ‘I felt as I had three arms’; Q5 – ‘The hand that I saw started to change shape and appearance 

so that it started to (visually) resemble the residual limb’). Each patient was required to rate the 

extent to which these questions did or did not apply to their current experience using an analogue 

scale ranging from 0 (absolutely certain that it did not apply) to 100 (absolutely certain that it did 

apply). Four and nine trials per condition were recorded from patient 1 and patient 2 respectively, 

each after 1 minute of VTNS.  In both patients we tested the conditions of synchronous vs. 

asynchronous VTNS for the prosthetic hand. 

 

Reduction of abnormal phantom limb perception: telescoping task. During the experiment, patients 

saw an on-line video-recording of their prosthetic limb on the HMD, filmed by a camera mounted 

on the HMD, and received VTNS. Visual illumination was superimposed on a circumscribed 

region of the prosthetic hand, corresponding to the somatotopic location of touch sensations on the 

phantom hand, as elicited by TIMEs stimulation (Supplementary Figure 1; Supplementary Video 

2). To measure the patients’ perceived phantom limb length, we placed a metric device with a 

movable cursor to the right of the patients’ amputated arm, that both patients could operate with 

their right hand to indicate the location where they perceived the tip of the phantom third digit 

(Figure 1B). In control trials, both patients were asked to indicate in the same way the perceived 

position of the tip of their elbow. In an intermingled design, the patients received 30 s of VTNS 

and performed the telescoping task 3 times (with randomized finger and elbow assessments) for a 

total of 18 trials (i.e. 30 s of VTNS and 3 phantom limb location judgments, repeated 6 times). The 

procedure lasted approximately 10 minutes. To assess a possible lasting effect of the VTNS, the 

patients were subsequently given a 10-minute break, at the end of which they were again asked to 

perform the limb location task for 5 trials. This sequence was repeated 4 times per condition (in 
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counterbalanced order) in patient 1 and 5 times per condition in patient 2, resulting in a total of 92 

trials per condition during VTNS and 20 trials per condition after 10-minutes break in patient 1, 

and 115 trials per condition during VTNS and 25 trials per condition after 10-minutes break in 

patient 2. VTNS was administered either in synchronous or asynchronous mode, as described 

above, with the only exception that the prosthetic limb was aligned with the perceived location of 

the phantom limb.   

 

Total Stimulation Time. Patient 1 received 4 minutes of VTNS per condition during questionnaire 

trials, and 33 minutes during telescoping trials, for a total of 37 minutes per condition. Patient 2 

received 9 minutes of VTNS per condition during questionnaire trials and 47 minutes during 

telescoping trials, for a total of 56 minutes per condition. 

 

Material 

In both patients, a mixed-reality software platform, RealiSM (Reality Substitution Machine, 

Laboratory of Cognitive Neuroscience, EPFL), was used to generate in real time a monochromatic 

stereoscopic image of the patient's prosthetic hand and display it on a virtual reality HMD. A blue 

glowing animation was triggered on the image over the area in which the patient reported to have 

a tactile sensation (and alternatively presented synchronously or asynchronously with the neural 

stimulation). The illumination was applied directly on the patients’ prosthetic hand (Azzurra Hand, 

Prensilia, Italy). RealiSM was used in combination with the commercially available virtual reality 

headset Oculus Rift Development Kit 2 (DK2; 960 x 1080 pixels resolution per eye, 90° horizontal 

field of view, 75Hz refresh rate; Oculus VR, LLC; Menlo Park, California, United States), for the 

display of the image and the animation. The image was acquired through a stereoscopic infrared 
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camera, DUO MLX (Code Laboratories Inc.; Henderson, Nevada, United States), mounted on the 

front of the DK2 to detect in real-time the prosthetic hand of the patient and 2 infrared plastic 

markers that were used to delimit the area on which the glowing animation should be displayed 

(see Supplementary Figure 1, Supplementary Video 1). A chin rest was used to constraint patient’s 

head movements. Patients’ responses for questionnaires were given with their right hand on a serial 

keypad (Targus Numeric Keypad AKP10US, www.targus.com). A commercial stimulator from 

Multichannel System (8 channel, STG4008 16 mA) was used for the electrical stimulation of the 

TIME active site. Two other stimulators, developed within the TIME (Transverse Intrafascicular 

Multichannel Electrode system; EU Grant CP-FP-INFSO 224012) and EPIONE (Natural sensory 

feedback for phantom limb pain modulation and therapy; EU Grant Health 602547) projects were 

used to search for thresholds, check impedances, and support real-time control of the stimulation 

(Intensity and pulse-width): StimND (12 channels)/STIMEP (56 channels). Both ensure embedded 

safety procedures (limitation to 120nC injected charges) and provide biphasic, balanced charge 

waveform [7]. 

 

Intraneural stimulation 

The ability of the electrodes to elicit sensations by means of electric current stimulation was tested 

day by day before the experimental procedure involving VTNS. To this aim, the single contacts of 

the two electrodes were stimulated with a train of cathodic rectangular biphasic pulses. The 

frequency of the delivered pulses was 50 Hz and the duration of the stimulation train was 1000 ms 

for both patients, for every trial. The injected electric charge was varied within the safety limits 

indicated for the electrodes by the manufacturers and by the ethical committees. Elicited sensations 

reported by the patient (type, location, and strength in a scale from 1, barely perceivable, to 10, 
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painful pressure) were recorded. Every specific amount of charge was injected repeatedly in an 

electrode contact, until the patient assigned it, for three consecutive times, the same value of 

sensation strength.  

The injected charge for patient 1 was 48 nC throughout the experiments. The stimulation was rated 

as 6 and led to a pleasant tactile sensation. Stimulation pulse-width was always 80 µs. 

The injected charge for patient 2 was 15 nC throughout the experiments. The stimulation was rated 

as 5 and led to a pleasant tactile sensation. Stimulation pulse-width was always 50 µs. 

 

Supplementary Results 

Prosthesis Embodiment. In both patients, embodiment ratings based on questionnaires revealed 

significantly higher scores in the synchronous than the asynchronous condition (ps<0.001; Fisher 

test; Figure 1A). As expected, control items were not modulated by the experimental manipulation 

(ps > 0.073). Thus, for patient 1, average ratings for the embodiment questions condition were 

89.2 (SD = 14.6) during the synchronous and 31.6 (35.4) during the asynchronous VTNS 

condition, whereas control items always received a zero score. 

In patient 2, average ratings for the embodiment question condition were 42.6 (SD = 9.5) during 

the synchronous and 14.4 (7.1) during the asynchronous VTNS condition, whereas the control 

questions received an average score of 9.4 (9.1) and 20.5 (13.5) in the synchronous and 

asynchronous VTNS conditions respectively.  

 

Reduction of abnormal phantom limb perception: telescoping. In both patients, we also quantified 

abnormal phantom limb perceptions and tested whether VTNS systematically reduced the 

amputees’ telescoping (i.e., whether VTNS modified the perception of the phantom limb as being 
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longer and more similar in length with respect to the original limb’s and the prosthesis’ physical 

dimensions). During synchronous VTNS, patient 1 perceived fingertip 3 in a more distal position 

as compared to asynchronous stimulation (telescoping data were normally distributed, 

Kolmogorov-Smirnov: p = 0.2, and therefore analyzed with two-tailed unpaired t-tests; t=2.13; 

p<0.01), while there was no change in the perceived elbow position (control) between both 

conditions (p=0.76). Thus, synchronous VTNS induced an increase in the perceived length of his 

phantom hand: the distance between the perceived position of the elbow and the third index finger 

was 40.4 (7.3) cm in the synchronous and 38.1 (6.8) cm in the asynchronous condition (t=2.214; 

p=0.02; Figure 1C; Supplementary Video 2). Interestingly, this reduction of phantom limb 

telescoping persisted and was still present 10 minutes after the end of each block of synchronous 

(40.8 (5.0) cm) as compared to asynchronous (37.5 (5.5) cm) stimulation (t=1.95, p=0.026, one-

tailed) (Figure 1D).  

Patient 2 also reported strong abnormal phantom limb sensations, and as for patient 1, we therefore 

expected that synchronous VTNS would systematically reduce telescoping in patient 2. Thus, 

during synchronous VTNS, patient 2 perceived fingertip 5 in a more distal position as compared 

to asynchronous stimulation (telescoping data were normally distributed, Kolmogorov-Smirnov: 

p > 0.2, and therefore analyzed with two-tailed unpaired t-tests; t=3.6; p<0.001), while there was 

no change in the perceived elbow position (control) between both conditions (p=0.099). Thus, 

synchronous VTNS induced an increase in the perceived length of her phantom hand: the distance 

between the perceived position of the elbow and the third index finger was 15.4 (3.4) cm in the 

synchronous and 11.4 (2.1) cm in the asynchronous condition (t=10.8; p < 0.001; Figure 1C; 

Supplementary Video 2). Interestingly, as in patient 1, this reduction of phantom limb telescoping 

persisted and was still present 10 minutes after the end of each block of synchronous (11.9 (2.8) 
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cm) as compared to asynchronous (10.5 (2.2) cm) stimulation (t=1.94, p=0.029, one-tailed, Figure 

1D). In summary, synchronous VTNS induces both stronger subjective sensations of embodiment 

and an increase in the perceived length of the phantom hand that persists beyond VTNS. 
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Supplementary Figures 
 
 

Supplementary Figure 1. Experimental Setup and Procedure. An illustration of the 

experimental setup is shown. During the experiment, tactile stimulation was coupled with 

automatized visual illumination of a circumscribed skin region on the prosthetic hand, 

corresponding to the somatotopic location of circumscribed touch sensations on the phantom hand, 

as induced by electrical stimulation (i.e. VTNS). The visual stimulus, showed on the HMD, was 

seen as superimposed on the prosthetic limb (Supplementary Video 1).  In both patients, the 

prosthesis was placed in a posture corresponding to the position of the phantom hand/fingers (right 

circular insets). 

 
 


