







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature Medicine]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	nature medicine

	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 09 September 2019



                    Sensory feedback restoration in leg amputees improves walking speed, metabolic cost and phantom pain

                    	Francesco Maria Petrini1,2,3 na1, 
	Marko Bumbasirevic4,5 na1, 
	Giacomo Valle 
            ORCID: orcid.org/0000-0002-2637-80073,6 na1, 
	Vladimir Ilic7, 
	Pavle Mijović8, 
	Paul Čvančara9, 
	Federica Barberi2,3,6, 
	Natalija Katic10, 
	Dario Bortolotti2, 
	David Andreu11, 
	Knut Lechler 
            ORCID: orcid.org/0000-0002-9337-682912, 
	Aleksandar Lesic4,5, 
	Sanja Mazic13, 
	Bogdan Mijović8, 
	David Guiraud11, 
	Thomas Stieglitz 
            ORCID: orcid.org/0000-0002-7349-42549,14,15, 
	Asgeir Alexandersson 
            ORCID: orcid.org/0000-0003-1723-499X12, 
	Silvestro Micera3,6 na2 & 
	…
	Stanisa Raspopovic 
            ORCID: orcid.org/0000-0003-0567-90511,2 na2 

Show authors

                    

                    
                        
    Nature Medicine

                        volume 25, pages 1356–1363 (2019)Cite this article
                    

                    
        
            	
                        10k Accesses

                    
	
                        159 Citations

                    
	
                            542 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Chronic pain
	Somatic system
	Touch receptors
	Translational research


    


                
    
    

    
    

                
            


        
            Abstract
Conventional leg prostheses do not convey sensory information about motion or interaction with the ground to above-knee amputees, thereby reducing confidence and walking speed in the users that is associated with high mental and physical fatigue1,2,3,4. The lack of physiological feedback from the remaining extremity to the brain also contributes to the generation of phantom limb pain from the missing leg5,6. To determine whether neural sensory feedback restoration addresses these issues, we conducted a study with two transfemoral amputees, implanted with four intraneural stimulation electrodes7 in the remaining tibial nerve (ClinicalTrials.gov identifier NCT03350061). Participants were evaluated while using a neuroprosthetic device consisting of a prosthetic leg equipped with foot and knee sensors. These sensors drive neural stimulation, which elicits sensations of knee motion and the sole of the foot touching the ground. We found that walking speed and self-reported confidence increased while mental and physical fatigue decreased for both participants during neural sensory feedback compared to the no stimulation trials. Furthermore, participants exhibited reduced phantom limb pain with neural sensory feedback. The results from these proof-of-concept cases provide the rationale for larger population studies investigating the clinical utility of neuroprostheses that restore sensory feedback.
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                    Fig. 1: Neuroprosthesis.[image: ]


Fig. 2: Walking speed, confidence and mental effort assessment.[image: ]


Fig. 3: Metabolic consumption assessment.[image: ]


Fig. 4: Pain treatments: NPSI measurement.[image: ]
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Extended data

Extended Data Fig. 1 Surgical implantation of the neural interfaces.
After the nerve dissection from the surrounding tissues, a small window is opened on the nerve epineurium, exposing different fascicles, which can be visualized. The implants are placed by carefully pulling the guiding needle, which is connected to the electrodes. The implants are positioned to cross the majority of fascicles in a very close (longitudinal) space. Cables are fixed by flap preparation from the fascia tissue. The electrode cables are tunneled through the thigh and pulled out of the leg through small incisions (for each cable, a small skin incision is made) just a few centimeters below the iliac crest, to enable transcutaneous connection with the neurostimulator. Electrode positioning is shown in the X-ray pictures taken before explantation (bottom right).


Extended Data Fig. 2 Sensation characterization.
The sensation characterization process is implemented to determine the response of the individual to the stimulation. a, Distribution of tactile sensations over the foot elicited by the stimulation of the four electrodes (color-coded). The number of electrode sites evoking a sensation in the foot is reported. b, Distribution of sensations over the lower leg (A, gastrocnemius caput medialis; B, gastrocnemius caput lateralis; C, soleus; D, posterior ankle). The number of active sites eliciting sensations is also reported. c, The percentage of sensation types reported during the trial for each participant is shown. d, The evoked sensation extension according to the minimum and maximum perceived intensity is displayed. Data are reported for three different days and two active sites in both participants. e, The proportional relationship between the amplitude of the injected pulses and the normalized perceived sensation intensity for participant 2 is shown. Pulse width and stimulation frequency are displayed. The points indicate the mean ratings (n = 6 ramps of stimulation amplitudes); the error bars denote the s.d.; the faded line is the line of best fit. The coefficient of determination R2 and P = 5.7 × 10−7 obtained from the Pearson correlation coefficient calculation (to test if the corresponding correlation R is considered significant) are reported.


Extended Data Fig. 3 Pain treatments: cumulative VAS measurement.
a–h, A pain treatment session consisted of 10 min of stimulation. Before and after the session, participants completed the cumulative VAS questionnaire. The cumulative VAS was also recorded over time before and after the implant/explant. The VAS score during the sessions with frequency-invariant and frequency-variant stimulation treatments, and the control are shown for participants 1 (a) and 2 (e). A comparison between the cumulative VAS score before and after the different treatments is shown for participants 1 (b) and 2 (f). The cumulative VAS evolution over the weeks is shown in participants 1 (c), and 2 (g). A comparison of pain treatments for participants 1 (d) and 2 (h) is shown. In each box plot, the thick horizontal line denotes the median, the lower and upper hinges correspond to the first and third quartiles, the whiskers extend from the hinge to the most extreme value no further than 1.5 × interquartile range from the hinge and the dots beyond the whiskers are outliers. Statistical evaluations were performed using the Kruskal–Wallis test with Tukey–Kramer correction for multigroup comparison. *P < 0.05. For participant 1, the average reduction of VAS from before to after the treatments was significant for frequency-invariant stimulation (VAS: n = 7 stimulation sessions, d.f. = 1, P = 0.03, χ2 = 4.52) and frequency-variant stimulation (n = 7 stimulation sessions, d.f. = 1, P = 0.04, χ2 = 4.22) as was the case for participant 2 (for frequency-invariant stimulation, n = 10, d.f. = 1, P = 0.0002, χ2 = 13.82; for frequency-variant stimulation, n = 10, d.f. = 1, P = 0.009, χ2 = 6.7). In d, Pfrequency-invariant-frequency-variant = 0.89, Pfrequency-invariant-control = 0.0014, Pfrequency-variant-control = 0.0067, d.f. = 2, χ2frequency-invariant-frequency-variant= 8.9, χ2frequency-invariant-control = 18.76, χ2frequency-variant-control = 17.33; in h, Pfrequency-invariant-frequency-variant = 0.41, Pfrequency-invariant-control = 0.000085, Pfrequency-variant-control = 0.0098, d.f. = 2, χ2frequency-invariant-frequency-variant = 13.7, χ2frequency-invariant-control = 24.81, χ2frequency-variant-control = 20.01.


Extended Data Fig. 4 Gait analysis during the outdoor sand task.
a, Vertical ground reaction force (vGRF) mean value (n = 43 steps) for the healthy leg for participant 1 (left), and vGRF mean value (n = 47 steps) for participant 2 (right). The integrals of vGRF (as function of time; figure insets) are statistically different (ANOVA, P < 0.05), showing that higher work is applied on the ground when the feedback (sensory feedback) is provided with regard to the no feedback condition. b, vGRF mean value for the prosthetic leg for participants 1 (left) (n = 62 steps) and 2 (right) (n = 42 steps).The integrals of vGRF are not statistically different. n.u., normalized units with respect to the maximum force applied by both feet. In each box plot, the thick horizontal line denotes the median, the lower and upper hinges correspond to the first and third quartiles, the whiskers extend from the hinge to the most extreme value no further than 1.5× interquartile range from the hinge and the dots beyond the whiskers are outliers. Statistical evaluations were performed using ANOVA. *P < 0.0001. Healthy leg, participant 1, d.f. = 1, P = 2.89 × 10−8, F = 37.44. Prosthetic leg, participant 1: d.f. = 1, P = 0.98, F = 0. Healthy leg, participant 2, d.f. = 1, P = 2.87 × 10−37, F = 451.93. Prosthetic leg, participant 2, d.f. = 1, P = 0.07, F = 3.34. c, Limb Symmetry Index1 between healthy leg and prosthesis calculated using the mean values of the integrals of vGRF (a,b). When artificial sensory feedback is provided, the Limb Symmetry Index is closer to 0 than during the no feedback condition. That means that participants are walking more symmetrically, that is, more similarly to how healthy individuals walk.


Extended Data Fig. 5 Pain treatment: frequency-invariant and frequency-variant stimulation. 
The stimulation strategies used to treat phantom limb pain are reported. Frequency-invariant stimulation consists of 10-min neural stimulation characterized by constant pulse width, amplitude and frequency (50 Hz). Frequency-variant stimulation is generated using a Poisson noise added at the carrier frequency (50 Hz). The effect is a 10-min pulse train where the inter-pulse interval varies.
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Supplementary Video 1
Neural sensory feedback is intuitively integrated during walking.


Supplementary Video 2
Neuroprosthesis increases walking speed.
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