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A METHODS 

Patient inclusion criteria 

We recruited patients with chronic spinal cord injury (SCI) older than 18 years, who were 

affected by the injury at least three months prior to their participation in the study. We 

included patients who had complete or partial loss of sensory and motor functions at upper 

dorsal part of the legs, and spared all sensory and motor functions in arms and hands (in 

order to be able to maintain a balance on a wheelchair and respond in writing). Thus, we 

included patients with AIS A, B, C, and the level of SCI injury ranging between T2 and L2.   

We did not include patients who had SCI due to progressive disease, who had other 

neurological disorder or psychiatric condition, epilepsy, or cognitive deficits. An exclusion 

criterion was also a known intolerance for video games and exposure to TV and computer 

screens. 

 

Statistical analyses: Questionnaire ratings 

Due to the ordinal type of the questionnaire data, the ratings of the VLI and FBI illusion were 

first ipsatized.  Ipsatization is a form of within-subjects score standardization by subtracting 

the participant’s average value of all his ratings on the questionnaire from individual rating 

value (y’ = x – Mindividual)1. The transformed score denotes the relative position of the 



individual’s rating in relation to his other responses, and it is as such supposed to control for 

biased or acquiescence responding1,2.   

For the VLI questionnaire, two items referring to the illusory touch and 5 control items were 

first averaged and then entered into the analysis (for questionnaire items see Table e-2). 

Similarly, for the FBI questionnaire, the average of two item ratings referring to illusory 

touch, the rating of ownership and the average of four control items were entered into the 

analysis. The ipsatized scores of the VLI questionnaire were analyzed with a mixed 

ANOVA, where 2 factors: synchrony (synchronous, asynchronous) and back location (lower 

back, upper back) were used as within-subjects factors and group (SCI, HC) as a between-

subjects factor. The FBI questionnaire scores were analyzed with a mixed design ANOVA, 

using synchrony (synchronous, asynchronous) as a within-subjects and group (SCI, HC) as a 

between-subjects factor. The significance (alpha) level used was 0.05.  

 

Subgroup analyses 

We performed additional analyses to compare differences between subgroup of patients in 

their experiences of the VLI and the FBI. We compared the SCI participants with preserved 

tactile sensitivity in the dorsal part of upper legs (PTS, N =11) with the SCI patients without 

any PTS (N = 9) to infer whether differences in the illusory experiences exist between them. 

The PTS was defined as any tactile perception at the upper dorsal part of legs (dermatomes 

L1, L2, and L3) based on the prior medical examination performed by a neurologist (testing 

light touch and pin prick sensation) and through the interview with the patient. 

For the VLI, mixed ANOVAs were performed on the illusory and control items ratings, with 

two within-subjects factors: synchrony (synchronous, asynchronous) and back location 

(lower back, upper back), and leg PTS (PTS, no-PTS) as a between-subjects factor. For the 

FBI, mixed ANOVAs were performed for the illusory and control items ratings, with 



synchrony (synchronous, asynchronous) as a within-subjects, and leg PTS (PTS, no-PTS) as 

a between-subjects factor. In a similar fashion, subgroup analyses were performed for the 

differences between patients with neuropathic pain (pain, N = 11) and without neuropathic 

pain (no-pain, N = 9), and for patients with complete SCI (AIS A, N = 15) and incomplete 

SCI (AIS B and C, N = 5). The significance (alpha) level used was 0.05. 

 

Due to a restricted and small area of tactile sensitivity on the back of one T2 SCI participant, 

applying separate tactile stimulation to lower and upper back was not possible. For this 

reason the tactile stimulation applied near the lesion level was considered as lower-back 

condition, and no stimulation was performed for upper-back conditions. The data of this 

participant and his/her age and gender-matched control were not included in the ANOVA of 

the VLI questionnaire and pain data.   

 

B RESULTS 

Excluding non-traumatic SCI patients 

We have re-run our statistical analyses to verify whether exclusion of two patients with non-

traumatic SCI would modify the main findings of the present study. This was not the case: 

this new analysis showed that exclusion of these 2 participants and their age-matched healthy 

controls does not alter the statistical significance of the full sample results for the FBI or the 

VLI. It also does not change the significant relationship between illusory ownership and time 

since lesion (p = 0.013), or the pain reduction in the lower back-synchronous condition in the 

VLI (p = 0.039). However, it did affect the relationship between the ratings of referred touch 

and lesion time (p = 0.070) and decreased the p-values of the pain reduction in both FBI 

conditions (synchronous: p = 0.029, asynchronous: p = 0.052). Future virtual reality (VR) 

research should include a larger cohort of SCI and only test patients with traumatic SCI. 



C VIRTUAL REALITY AND NEUROREHABILITATION 

In the last two decades, researchers and clinicians have been increasingly using modified 

visual feedback in neurorehabilitation protocols for several neurologically induced pain 

conditions3. For example, in the mirror therapy4, used to treat neuropathic pain in limb 

amputees, chronic regional pain syndrome (CRPS) and stroke hemiparesis3,5, the patient 

inserts his hands in a box divided by a mirror panel, and performs hand movements with his 

intact hand. The mirror reflection (the visual feedback) of the intact hand is superimposed 

over the missing (or impaired) hand, providing illusory visual information that the missing 

(or impaired) hand is moving.  Such manipulation reduces the discrepancy between visual, 

proprioceptive and motor signals, and alleviates pain as reported by numerous studies (for 

review see 3,5). 

Another manipulation of sensory correspondence between vision, touch and proprioception 

has been investigated in the rubber hand illusion paradigm6. In this paradigm, the participant 

watches a rubber hand placed in front of him, while his real hands are occluded from his 

view. The experimenter repeatedly strokes the rubber hand and the participant’s hand in 

synchrony. Due to the usually dominant role of vision in multisensory integration, such 

manipulation results in misattribution of tactile sensations to the rubber hand, illusory 

ownership over the rubber hand, and perception that the real stroked hand is located closer to 

the rubber hand6,7.  Some authors reported changes in pain perception during the rubber hand 

illusion (including healthy participants)8–11, whereas others failed to demonstrate any 

analgesic effects12,13. Immersive VR has in recent years become widely used in the cognitive 

neurosciences and experimental psychology. Immersive VR technology allows exposing 

participants to highly controllable environments, either replicating a natural environment or 

creating experimental settings, which do not usually occur in a natural environment.  

Moreover, such environments may include the user’s body, as an integrated part of the 



environment. As such, it enables to also present multisensory information regarding the 

user’s body (i.e. virtual body in the virtual world), aiming to investigate and modify the 

perception of the user’s own body14,15.  Integrated with haptic and robotic technology this 

multidisciplinary approach has an immense application potential, not only for basic research 

and diagnostics, but also for the potential development of therapies aiming to improve altered 

body perceptions, movement control, and pain in neurological disease. For example, several 

authors have used VR as an alternative to mirror therapy3, by overcoming some of its 

limitation, by automating the procedure and enabling the presentation of well-controlled 

images of virtual limbs during therapy16–19. Other studies have revealed positive effect of 

VR-based treatment for lower or upper extremity motor rehabilitation in patients with SCI, 

CRPS, and limb amputation16,17,19,20.  Our approach using multisensory stimulation via 

immersive VR can also be applied to medical conditions with chronic and acute pain. The 

present VLI could be directly applied to patients with diabetic neuropathy and phantom leg 

pain, whereas CRPS and phantom hand pain would have to be adapted to the related rubber 

hand illusion procedure within an immersive virtual reality scenario10,19.  Currently, more 

work in different patient populations and healthy participants is necessary to fully translate 

VR into an efficient therapy.  
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E TABLES 
 

Table e-1. Demographic and clinical information of the SCI participants 

ID 
AGE 

(y) 
G 

SCI 

DUR (y) 

sNLI 
AIS CMP ETI SP 

PAIN 

0 - 10 

PTS 

LEGS L R 

1 30 M 0.8 L1 L2 C In T + 7 + 

2 54 M 12 T8 T8 A Cm Ch + 8 + 

3 42 F 3 T2 T2 A Cm T + 6 - 

4 48 M 2.5 T7 T7 A Cm T + 6-10 - 

5 34 M 0.3 T10 T10 A Cm T + 4-5 + 

6 28 M 0.3 T10 T10 A Cm T - 5-6 + 

7 47 M 8 T10 T11 C In T + 6-7 + 

8 40 M 7 T5 T5 A Cm T - 1 - 

9 61 M 27 T8 T8 A Cm T + - - 

10 47 M 21 L1/L2 L2 B In T - - + 

11 60 M 21 T6 T6 A Cm T + - - 

12 23 M 4 T3 T3 A Cm T + - - 

13 52 M 22 T7 T6 A Cm T + - - 

14 52 M 32 T3 T4 B In T + - + 

15 57 M 39 T12 T12 B In T - - + 

16 49 M 25 L1 L1 A Cm T + - + 

17 48 M 4 T4 T5 A Cm T + 8 - 

18 58 M 38 T8 T8 A Cm T + 7 + 

19 71 F 71 L1 T12 A Cm Co - 8 + 

20 44 M 4 T4 T4 A Cm T + - - 

Demographic and clinical data of the participants with SCI. G = gender; SCI DUR = duration 



of the spinal cord injury in years, i.e. time elapsed between the injury and the experimental 

session; sNLI = sensory neurological level of injury for the left and right side; AIS = Asia 

Impairment Scale; CMP = completeness of SCI: complete (Cm), incomplete (In); ETI = 

etiology of the SCI: traumatic (T), chemically induced (Ch), congenital (Co); PAIN = 

neuropathic pain, rated on 0 (no pain) to 10 (very intense pain), – marks the absence of 

neuropathic pain; SP = spasms:  (+) or  (–) marks the presence or absence of spasms; PTS 

LEGS = any preserved tactile sensation in legs: present (+) or  absent (–). 

 

 



Table e-2. Questionnaire items used to assess the experience of the FBI and VLI. 
 

Questionnaire items in the FBI21  

1 It seemed as if I was feeling the touch of the stick at the location where I 

saw the virtual body being touched. 

Illusory touch 

2 It seemed as though the touch I felt was caused by the stick touching the 

virtual body. 

Illusory touch 

3 I felt as if the virtual body was my body. Ownership 

4 I felt as if the virtual body was drifting towards my body. Control 

5 It seemed as if I might have more than one body. Control 

6 It seemed as if the touch I was feeling came from somewhere between 

my own body and the virtual body. 

Control 

7 It appeared (visually) as if the virtual body was drifting backwards 

(towards my body). 

Control 

Questionnaire items in the VLI, adapted from21,22,6   

1 I had the impression that the legs, which I was looking at were my 

real legs. 

Ownership 

2 I had the impression as if the touch I saw was applied to my legs. Illusory touch 

3 I had the impression that the experimenter was touching my legs. Illusory touch 

4 I had the impression that the touch I felt (on the back) was caused by 

the stick touching the legs. 

Referred 

touch 

5 I had the impression that my legs were drifting towards my trunk. Control 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

6 I had the impression that my legs were in the place of my trunk. Control 

7 I had the impression that my trunk was drifting towards my legs. Control 

8 I had the impression that the touch I felt came from somewhere 

between my legs and my back. 

Control 

9 I had the impression that my legs had changed position. Control 



Table e-3. Correlations between the illusory ratings in VLI and FBI and the time since 
lesion and lesion level. 

VLI 

Correlations 

linear  exponential 

R2  df β t p 
 

R2 df β t p 

Ownership            

Lback-Sync – 

Lesion time  0.18 1, 18 -0.43 -2.00 0.060 

 

0.28 1, 18 -0.53 -2.67 0.016 

Uback-Sync – 

Lesion time 0.05 1, 17 -0.22 -0.95 0.357 

 

0.11 1, 17 -0.33 -1.42 0.173 

Lback-Sync – 

SCI level 0.09 1, 18 -0.10 -0.41 0.690 

 

0.04 1, 18 -0.20 -0.88 0.391 

Uback-Sync – 

SCI level  0.13 1,17 0.36 1.61 0.125 

 

0.09 1, 17 0.30 1.28 0.219 

Illusory touch    
 

 
    

Lback-Sync – 

Lesion time  0.10 1, 18 -0.31 -1.39 0.181 

 

0.16 1, 18 -0.40 -1.85 0.081 

Uback-Sync – 

Lesion time  0.02 1, 17 -0.14 -0.59 0.565 

 

0.05 1, 17 -0.21 -0.89 0.385 

Lback-Sync – 

SCI level  <0.01 1, 18 0.05 0.22 0.826 

 

0.00 1, 18 -0.01 -0.06 0.953 

Uback-Sync – 

SCI level  0.12 1, 17 0.34 1.50 0.153 

 

0.08 1, 17 0.29 1.25 0.228 

Referred touch    
 

     



 

Lback-Sync – 

Lesion time  0.17 1, 18 -0.42 -1.94 0.068 

 

0.22 1, 18 -0.47 -2.27 0.036 

Uback-Sync – 

Lesion time  0.05 1, 17  -0.23 -0.95 0.355 

 

0.09 1, 17 -0.31 -1.33 0.202 

Lback-Sync – 

SCI level  0.09 1, 18 0.30 1.34 0.198 

 

0.04 1, 18 0.21 0.90 0.381 

Uback-Sync – 

SCI level  0.02 1, 17 0.14 0.60 0.560 

 

0.01 1, 17 0.09 0.38 0.711 

FBI 

Correlations 

linear  exponential 

R2 df β t p 
 

R2 df β t p 

Ownership      
 

     

Sync- Lesion 

time 0.01 1, 18 -0.08 -0.35 0.733 

 

<0.01 1, 18 -0.04 -0.16 0.872 

Sync – SCI 

level 0.05 1, 18 -0.22 -0.95 0.353  0.04 1, 18 -0.20 -0.84 0.410 

Illusory touch    
 

     

Sync- Lesion 

time <0.01 1, 18 -0.04 -0.15 0.883 

 

0.00 1, 18 0.02 0.08 0.941 

Sync – SCI 

level 0.19 1, 18 -0.44 -2.08 0.052 

 

0.15 1, 18 -0.39 -1.80 0.088 



Table e-4. ANOVA results of differences between SCI patients with and without 
preserved tactile sensation (PTS) in legs for the VLI and FBI.  

VLI: PTS vs. no-PTS       

 

 M (SEM) 95% CI F(1, 17) p ηp2 

Ownership       

PTS PTS+ 0.41 (0.22) -0.04, 0.87 0.77 0.394 0.043 

 PTS- 0.12 (0.22) -0.42, 0.66    

Synchrony x  PTS    0.02 0.885 0.001 

Back l. x  PTS    1.65 0.216 0.089 

Synchrony x Back l. x  PTS   3.11 0.096 0.154 

Illusory touch    

   PTS PTS+ 0.19 (0.19) -0.22, 0.60 0.48 0.499 0.027 

 

PTS- -0.02 (0.23) -0.50, 0.46 

   Synchrony x  PTS    0.03 0.858 0.002 

Back l. x  PTS    2.76 0.115 0.140 

Synchrony x Back l. x  PTS   2.90 0.107 0.146 

Referred touch       

PTS PTS+ 0.85 (0.32) 0.17, 1.52 0.50 0.488 0.029 

 

PTS- 0.50 ((0.38) -0.29, 1.29 

   Synchrony x  PTS    < 0.01 > 0.999 < 0.001 

Back l. x  PTS    0.79 0.388 0.044 

Synchrony x Back l. x  PTS   0.43 0.522 0.025 

Control items    

   PTS PTS+ -0.33 (0.14) -0.62, -0.03 0.94 0.345 0.053 

 

PTS- -0.12 (0.17) -0.46, 0.23 

   



 
 
 
 
 
 
 
 
 
 
 
 

Synchrony x  PTS    < 0.01 0.979 < 0.001 

Back l. x  PTS    3.10 0.096 0.154 

Synchrony x Back l. x  PTS   0.28 0.604 0.016 

      

FBI: PTS vs. no-PTS      

 M (SEM) 95% CI F(1, 18) p ηp2 

Ownership       

PTS PTS+ 1.70 (0.37) 0.93, 2.47 0.52 0.481 0.028 

 PTS- 1.31 (0.40) 0.46, 2.16    

Synchrony x PTS    0.12 0.731 0.007 

Illusory touch       

PTS PTS+ 1.59 (0.37) 0.82, 2.36 < 0.01 0.999 < 0.001 

 PTS- 1.59 (0.40) 0.74, 2.44    

Synchrony x PTS    0.36 0.557 0.020 

Control items       

PTS PTS+ -1.22 (0.26) -1.77, -0.67 0.06 0.805 0.003 

 PTS- -1.12 (0.29) -1.73, -0.51    

Synchrony x PTS    0.02 0.886 0.001 

       



Table e-5. ANOVA results of differences between SCI patients with and without 
neuropathic pain for the VLI and FBI.  

VLI: Pain vs. No-Pain     

 

 M (SEM) 95% CI F(1, 17) p ηp2 

Ownership       

Pain P+ 0.44 (0.23) -0.04, 0.92 0.90 0.357 0.050 

 P- 0.69 (0.31) 0.04, 1.34    

Synchrony x  Pain    0.79 0.385 0.045 

Back l. x  Pain    < 0.01 0.984 < 0.001 

Synchrony x Back l. x  Pain  3.59 0.075 0.174 

Illusory touch    

   Pain P+ 0.25 (0.20) -0.17, 0.67 1.22 0.284 0.067 

 P- -0.07 (0.21) -0.51, 0.37    

Synchrony x  Pain    2.18 0.158 0.114 

Back l. x  Pain    0.49 0.495 0.028 

Synchrony x Back l. x  Pain  1.65 0.216 0.088 

Referred touch    

   Pain P+ 1.01 (0.32) 0.34, 1.69 2.03 0.173 0.106 

 P- 0.35 (0.34) -0.37, 1.06    

Synchrony x  Pain    0.08 0.787 0.004 

Back l. x  Pain    2.63 0.124 0.134 

Synchrony x Back l. x  Pain  1.39 0.255 0.075 

Control items    

   Pain P+ -0.39 (0.14) -0.69, -0.09 2.46 0.135 0.126 

 P- -0.07 (0.15) -0.38, 0.25    



 
 
 
 
 
 
 
 
 
 
 
 
 
 

Synchrony x  Pain    0.17 0.682 0.010 

Back l. x  Pain    1.87 0.189 0.099 

Synchrony x Back l. x  Pain 2.73 0.117 0.138 

 

   

   FBI: Pain vs. No-Pain     

  M (SEM) 95% CI F(1, 17) p ηp2 

Ownership       

Pain P+ 1.47 (0.37) 0.69, 2.25 0.05 0.820 0.003 

 P- 1.60 (0.41) 0.74, 2.46    

Synchrony x Pain    0.79 0.386 0.042 

Illusory touch       

Pain P+ 1.49 (0.36) 0.73, 2.25 0.16 0.695 0.009 

 P- 1.71 (0.40) 0.86, 2.55    

Synchrony x Pain    0.17 0.688 0.009 

Control items       

Pain P+ -1.11 (0.26) -1.66, -0.56 0.13 0.725 0.007 

 P- -1.25 (0.29) -1.86, -0.64    

Synchrony x Pain    0.99 0.332 0.052 



Table e-6. ANOVA results of differences between SCI patients with complete and 
incomplete SCI for the VLI and FBI.  
 
VLI: Complete vs. Incomplete injury      

 

 M (SEM) 95% CI F(1, 17) p ηp2 

Ownership       

Injury Cm 0.15 (0.19) -0.24, 0.54 2.25 0.152 0.117 

 In 0.69 (0.31) 0.04, 1.34    

Synchrony x  Injury    0.03 0.862 0.002 

Back l. x  Injury    0.77 0.391 0.044 

Synchrony x Back l. x  Injury  1.76 0.203 0.094 

Illusory touch    

   Injury Cm -0.04 (0.16) -0.38, 0.30 2.82 0.111 0.142 

 In 0.49 (0.27) -0.08, 1.06    

Synchrony x  Injury    1.77 0.201 0.094 

Back l. x  Injury    0.06 0.813 0.003 

Synchrony x Back l. x  Injury  0.42 0.526 0.024 

Referred touch    

   Injury Cm 0.60 (0.28) -0.00, 1.19 0.51 0.486 0.029 

 In 0.99 (0.47) -0.01, 1.99    

Synchrony x  Injury    1.69 0.211 0.090 

Back l. x  Injury    0.08 0.784 0.005 

Synchrony x Back l. x  Injury  2.93 0.105 0.147 

Control items    

   Injury Cm -0.13 (0.12) -0.38, 0.12 2.98 0.103 0.149 

 In -0.53 (0.20) -0.95, -0.11    



Synchrony x  Injury    1.70 0.210 0.091 

Back l. x  Injury    0.26 0.614 0.015 

Synchrony x Back l. x  Injury  0.18 0.676 0.011 

       

FBI: Complete vs. Incomplete injury     

  M (SEM) 95% CI F(1, 17) p ηp2 

Ownership    

   Injury Cm 1.34 (0.31) 0.70, 1.96 1.42 0.249 0.073 

 In 2.07 (0.53) 0.96, 3.18    

Synchrony x Injury    0.37 0.552 0.020 

Illusory touch       

Injury Cm 1.58 (0.31) 0.92, 2.23 0.01 0.943 <0.001 

 In 1.62 (0.54) 0.48, 2.76    

Synchrony x Injury    0.12 0.730 0.007 

Control items       

Injury Cm -1.12 (0.22) -1.60, -0.65 0.21 0.654 0.011 

 In -1.33 (0.39) -2.15, -0.51    

Synchrony x Injury    2.01 0.173 0.101 

 



 
Table e-7. Mann-Whitney U test for the differences between the SCI and HC on the 
Cambridge Depersonalization Scale23.  

 

CDS 

 

M (SEM) 95% CI Z p 

Total SCI 25.0 (5.44) 13.62, 36.38 -1.13 0.260 

 HC 17.2 (3.67) 9.47, 24.83   

ABE subscale SCI 6.65 (2.05) 2.37, 10.93 -0.87 0.383 

 

HC 3.8 (0.97) 1.77, 5.83 
  

Parts of my body feel as if they did 

not belong to me. 
SCI 2.6 (0.78) 0.97, 4.23 -2.20 0.028 

 HC 0.55 (0.22) 0.08, 1.02   

I have to touch myself to make sure 

that I have a body or a real 

existence 

SCI 1.10 (0.50) 0.06, 2.14 -2.61 0.009 

 

HC 0.0 (0.0) 0.0, 0.0  
  


