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A - CAMIN team ?

INRIA : National Institute for Research in Digital Science and 

Technlogy

Based in Montpellier and attached to the Sophia Antipolis center

CAMIN : Dedicated to Neuroprostheses

Axes of research :
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D - Principle of Electrical Stimulation 
e –
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D - Principle of Electrical Stimulation 
e –

Direct Current (DC) – Galvanic

Continuous unidirectional flow of charged particles with a 

duration of at least 1 second.

One electrode is always the anode (+) and one is always the 

cathode (-) for the entire event.

"High Volt", "HVGS", "ESTR", and "Iontophoresis" are clinical examples of direct current

forms of stimulation

Note : Monophasic also refers to direct current, but it is typically pulsed, so the chemical

effect is minimal

There is a build-up of charge since it is moving in one direction causing a strong chemical

effect on the tissue under the electrode
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D - Principle of Electrical Stimulation 
e –

Alternating Current (AC) – Biphasic

Continuous changing voltage level and direction; direction 

changes at least once per second.

Electrodes continuously alternate their polarity each cycle, 

therefore no build-up of charge under the electrodes

Alternative current "waves" can be symmetrical or 

asymmetrical

"Russian", "NMES", "FES", and "TENS" are clinical

examples of alternating current forms of stimulation
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D - Principle of Electrical Stimulation 
e –

Alternating Current (AC) – Biphasic

𝑽𝒊𝒏𝒕𝟏

𝑽𝒆𝒙𝒕𝟏

𝑽𝒊𝒏𝒕𝟐
𝑽𝒆𝒙𝒕𝟐

anode
cathode

𝑰𝒔𝒕𝒊𝒎
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D - Principle of Electrical Stimulation 
e –

Direct Current (DC) VS Alternating Current (AC)

Efficiency

VS

Tissue damage

VS

Corrosion

From Merrill et al., Journal of Neuroscience Methods. 2004. 
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Areas of application 
e –
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In a context of spinal cord injuries (SCI) 

e –

Level C6
(Tétraplegia)

Level T6
(Paraplegia)

In case of lesion :

Ventral = motor Dorsal = sensory

Sensory receptor

Muscle

Spinal cord
(cross sectional view)

Brain

Afferent information Motor information

Back

Left

T10

Head

Back

Cervical

Thoracic

Lumbar

Sacral

Niveau :

13
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Electrical Stimulation and SCI 

Target <-> Selectivity

[1]

[2]

Periphery: Central Nervous System:

PNS - Promising but selectivity issues



Peripheral Nerve Stimulation
Cuff Electrodes in a context of SCI
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Electrical Stimulation and SCI 

Approach developped in the team – Peripheral Nerve Stimulation

Ability to activate specific fibres within the nerve to target 
specific functions

Spatial selectivity

Selectivity to direction of propagation

Selectivity to fibre diameter

=> Avoid activating undesirable afferent or efferent functions

Femoral nerve cross-section.
Gustafson, Kenneth J., et al. "Fascicular anatomy 
of human femoral nerve: implications for neural 
prostheses using nerve cuff electrodes." Journal 
of rehabilitation research and development 46.7 
(2009): 973.

Muscular distribution of the femoral nerve
Moore& Roy, Rapid Review Gross and Developpement
Anatomy © Elsevier
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Electrical Stimulation and SCI 

Ring configuration

Spatial selectivity -> Case of a cuff electrode

CUFF

Axons

Fascicle

Contact

Istim

Area of activation

18

Approach developped in the team – Peripheral Nerve Stimulation
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Electrical Stimulation and SCI 

Single Cathode configuration

Spatial selectivity

CUFF

Axons

Fascicle

Contact

Istim

Area of activation

Approach developped in the team – Peripheral Nerve Stimulation
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Electrical Stimulation and SCI 

Tripolar Transverse configuration

Spatial selectivity

CUFF

Axons

Fascicle

Contact
Area of activation

Istim
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Approach developped in the team – Peripheral Nerve Stimulation
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Electrical Stimulation and SCI 

Tripolar Transverse configuration

Spatial selectivity

CUFF

Axons

Fascicle

Contact

21

Approach developped in the team – Peripheral Nerve Stimulation
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Electrical Stimulation and SCI 

Selectivity to direction of propagation

22
Orthodromic and antidromic propagation

Approach developped in the team – Peripheral Nerve Stimulation
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Electrical Stimulation and SCI 

Selectivity to direction of propagation

23

Bocked !

Anode

Cathode

AnodeAnode Cathode

Rijkhoff, Nico JM, et al. "Selective 
stimulation of sacral nerve roots for 
bladder control: a study by computer 
modeling." Biomedical Engineering, 
IEEE Transactions on 41.5 (1994): 413-

424.

Nerve

Cuff

Orthodromic and antidromic propagation

Approach developped in the team – Peripheral Nerve Stimulation
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Electrical Stimulation and SCI 

Properties of motor units

Selectivity to fibre diameter
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Approach developped in the team – Peripheral Nerve Stimulation
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Electrical Stimulation and SCI 

Selectivity to fibre diameter

25

Fang, Z. P., & Mortimer, J. T. (1991). Selective activation of small motor 
axons by quasitrapezoidal current pulses. Biomedical Engineering, IEEE 
Transactions on, 38(2), 168-174.

Action potentials of two fibres: fast (120 m/s) and slow 
(40 m/s). 

1mA rectangular pulse: activation of the fast fibre

5mA rectangular pulse: activation of both fibres

Quasitrapezoidal pulse: activation of the slow fibre

Longitudinal section of the CUFF 
electrode, longitudinal tripolar 

configuration

Anode

Cathode

Anode

Fast Fibre

Slow Fibre

Approach developped in the team – Peripheral Nerve Stimulation
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Electrical Stimulation and SCI 

Approach developped in the team – Peripheral Nerve Stimulation

Ability to activate specific fibres within the nerve to target specific functions

Spatial selectivity

Selectivity to direction of propagation

Selectivity to fibre diameter

=> How can we improve the selectivity of Peripheral Nerve Stimulation 

Femoral nerve cross-section.
Gustafson, Kenneth J., et al. "Fascicular anatomy 
of human femoral nerve: implications for neural 
prostheses using nerve cuff electrodes." Journal 
of rehabilitation research and development 46.7 
(2009): 973.

Muscular distribution of the femoral nerve
Moore& Roy, Rapid Review Gross and 
Developpement Anatomy © Elsevier
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Electrical Stimulation and SCI 

Peripheral Nerve Stimulation and modelling
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Calculation of the electric field 
generated by the electrode

Problem equation
Geometric
constraints

Physical 
constraints

Solving

Analytical

Complexité du modèle 

Numerical
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Electrical Stimulation and SCI 

Geometrical constraints

Peripheral Nerve Stimulation and modelling

28

Nerve and electrode to be modelled

epinevre

fascicle

contact

epinevre

fascicle

Finite element model of the 
surrounding tissues
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Electrical Stimulation and SCI 

Physical constraints – Example: Hodgkin Huxley

Peripheral Nerve Stimulation and modelling

29

-50

-30

-10

10

30

50

-80

-60

-40

-20

0

20

40

0 5 10 15 20 25 30 35

c
u

rr
e

n
t 
(u

A
/c

m
²)

m
e

m
b

ra
n

e
 v

o
lt
a

g
e

 (
m

V
) voltage I Na I K Istim

time (ms)

Action 
potential



Introduction    Domains    Marketed    Perspectives Beyond  

Electrical Stimulation and SCI 

Physical constraints – Example: Hodgkin Huxley

Peripheral Nerve Stimulation and modelling
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Electrical Stimulation and SCI 

Physical constraints – Example: Hodgkin Huxley

Peripheral Nerve Stimulation and modelling

31

𝑁𝑜𝑑𝑒 𝑜𝑓 𝑅𝑎𝑛𝑣𝑖𝑒𝑟
Axon
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Electrical Stimulation and SCI 

Physical constraints – Example: MRG

Peripheral Nerve Stimulation and modelling

32



Multi-contact cuff electrode

–> A technological solution to the problems of selectivity and invasiveness

Dali et al, JNE 2018

33

• 3D spatial distribution of stimulation 

currents

• Model-based presets for clinical 

application

Multicontact electrode adjustment by simulation

Dali et al, JNE 2018Guiho et al, NER 2015
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Multi-contact cuff electrode

–> A technological solution to the problems of selectivity and invasiveness

34
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Parametric Identification and validation

Example:

Fascicles

– interindividual variability and No prior knowledge –

Impact of fasciculariaation - cross-section sudy (x and y)



Multi-contact cuff electrode

–> A technological solution to the problems of selectivity and invasiveness

35
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Parametric Identification and validation

Example:

Electrode design

distribution of contacts along the x, y and z axes



Multi-contact cuff electrode

–> A technological solution to the problems of selectivity and invasiveness

36
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Interest of the Model:

-> Testing a large number of configurations in silico

-> Reduce the field of possiblities

-> Compliance with the 3R for the use of animals in research



Multi-contact cuff electrode

–> A technological solution to the problems of selectivity and invasiveness
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Multi-contact cuff electrode

–> A technological solution to the problems of selectivity and invasiveness

Dali et al, JNE 2018
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• 3D spatial distribution of stimulation 

currents

• Model-based presets for clinical 

application

Multicontact electrode adjustment by simulation

Dali et al, JNE 2018Guiho et al, NER 2015
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Assessment of the approach

-> Selective configuration -> Animal experiments

Dali et al, PlosOne 2019



40

Introduction    Domains    Marketed   Perspectives    Beyond  

Assessment of the approach

-> Selective configuration -> Animal experiments

Tigra et al, JNER 2020 ClinicalTrials NCT03721861



Agilis project: Offering an implanted solution for upper limb restoration 
using electrical stimulation 
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Constraints : 

• As less invasive as possible (surgical procedure)

• As efficient as possible (precision of gestures)

• Lessons from FreeHand

Introduction    Domains    Marketed   Perspectives    Beyond  



Context:
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Tétraplegia: Complete lesion of the spinal cord at cervical level, 

resulting in paralysis of all four limbs. 

Aim: Restore wrist and finger movement

• Grip objects independently

• Improved quality of life

Collaboration with start-up Neurinnov

-> Development and marketing of an active implantable medical 

device: Neuroprosthesis

C4 AIS A spinal-cord injured patient
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Neurophysiology of the upper limb - In (very) brief
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Neurophysiology of the upper limb - In (very) brief
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Neurophysiology of the upper limb - In (very) brief
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Caracteristic: 

• Topological and functional organisation

of nerve fibres

Consequence:

• Possibility of reducing the number of 

electrodes…

• While retaining motor selectivity
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Multicontact cuff electrode

–> A technological solution to the problems of selectivity and invasiveness

46
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Selective stimulation approach

–> Multicontact cuff electrode and stimulation device

47

Based on Andreu, Guiraud and Souquet, JNE 2009
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STIMEP software – Architecture & Activities

PC

P
C

 c
o

m
m

u
n

ic
at

io
n

DSU 1

DSU 4

DSU 3

DSU 2

D
SU

 c
o

m
m

u
n

ic
at

io
n

Contact 
check 

Controller

Session

STIMEP

Embedded RTOS

HPC

Sensation 
characterization

Thresholds 
determinatio

n

Therapy
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Agilis project (Phase 1 &2)

Schematic operation of the system
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• The patient controls the stimulator 

using residual movements

• Restoration of hand opening and 

grasping of objects

• 4 Patients
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Agilis project (Phase 1 &2)

A complex sensor and software environment
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Agilis project (Phase 1 &2)

A complex sensor and software environment

51

Agilis 2020 (2 nerves)

The investigated solution:

Implanted multi-contact electrodes

(30 days) 
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Agilis project (Phase 1 &2)

A complex sensor and software environment
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Stimulation device (Neurinnov)

Stimulator connected to electrodes and 

control devices
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Agilis project (Phase 1 &2)

A complex sensor and software environment
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Controlled by the patient :

• Detection of voluntary contractions 

using EMGs

• Voice command 

Agilis 2020 (2 nerves)
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Agilis project (Phase 1 &2)

A complex sensor and software environment
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EMGs to analyse muscle responses :
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Agilis project (Phase 1 &2)

A complex sensor and software environment
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Agilis 2022 (3 nerves)

Motion capture :

Kinematics and dynamics
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Agilis project (Phase 1 &2)

A complex sensor and software environment
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Agilis 2020 (2 nerves)

Motion capture :

Gripping force
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Agilis project – Phase 2

Results (2020)
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Agilis project – Phase 2

Results (2023)
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Agilis project – Phase 2

Results (2023)
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Agilis project -> Future work

Research perspectives
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• Looking for even greater selectivity (3rd nerve, advanced stimulation strategies)

• Automate stimulation according to the objects approached by the patient's hand (camera in hand)

• Automatic selection of stimulating configurations thanks to on-line biomechanical analysis of movements

• Optimum on-line control, computer vision, etc.

Introduction    Domains    Marketed   Perspectives    Beyond  



Agilis project -> Future work

Research perspectives
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• Develop the implant

Introduction    Domains    Marketed   Perspectives    Beyond  

ASIC

http://pacemaker-tpe.e-monsite.com/

Micro-processor

Stimulation parameters

Stim & mesure

https://wiki.engr.illinois.edu/



Agilis project -> Future work

Research perspectives
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Peripheral Nerve Stimulation
Intrafascicular electrodes
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Intrafascicular Electrodes - Phantom limb pain management
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Natural sensory feedback for phantom limb 
modulation and therapy 

Introduction    Domains    Marketed   Perspectives Beyond  



Intrafascicular Electrodes - Phantom limb pain management
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→ Changes in cortical representation

→ Development of neuropathic pain

→ Revert the cortical representation

→ Back to a normal representation

→ Stimulation to replace the sensory
feedback

→ Phantom limb pain reduction

EPIONE: Sensory feedback for phantom limb modulation and therapy

Observation:

- Amputation → Reduction or loss of sensory feedback

Hypothesis:

- Research project



TIME electrode

–> An other technological solution to the problems of selectivity and invasiveness
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Phantom limb pain management
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Phantom limb pain management
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Spinal cord Stimulation
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In a context of SCI



Spinal cord
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Protected by the spine (vf – la colonne vertebrale) 
- Pre-existing neural networks
- First level of signal processing (reflexes etc.)

Its functional unit
- The spinal level (vf – le niveau medullaire) 

-> Dedicated to a specific territory (C4 level for example)
-> Spreads the motor command
-> Gathers sensitive information from the periphery

In case of spinal cord injury
- Communication breakdown between the brain and the periphery
- Motor and sensitive impairments below the lesion 
- Sublesional spinal networks: Intact but loss of supraspinal driving command

-> Spinal cord stimulation for reactivation?



Spinal cord – The spinal level
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Anatomically
- Grey matter 

-> Cell body packed within the cord in a butterfly shape
- White matter

-> Nervous fibres at the periphery gathered in tracts

Functionally
- Dorsal spinal cord and dorsal root -> exclusively sensitive 
- Ventral spinal cord and ventral root -> exclusively motor
- Left side -> left part of the body / Right side -> right part

Spinal cord stimulation
- Promote spinal cord excitability by dorsal stimulation

-> Spectacular results in the past few years in person with SCI
-> Partial functional and volitional recovery



Spinal cord – Multiple interactions
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෍

𝑛=2

𝑛=𝑖

𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠

Brain

Afferents signals filered
By the spinal cord

Afferent signals

Motor signals

Supraspinal command

Ventral = motor

Dorsal = sensory

Spinal cord
(cross-sectional)

Back

Left

Level : T10
෍

𝑛=2

𝑛=𝑖

𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠, 𝑤𝑖𝑡ℎ 𝑛: 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑛𝑒𝑢𝑟𝑜𝑛𝑠



Improvements of motor tasks after spinal cord injuries:   SCS + Training
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–> Transcutaneous stimulation + Training for grip strength 

Training: 
--> Provide  task-specific afferent feedback

Stimulation: 
--> Potentiate spinal cord excitability

- Mechanism of action of SCS -> potentiate afferences 
- Interaction SCS <-> supraspinal input -> Boost plasticity 

–> Epidural stimulation + Intense locomotor treadmill training



Spinal cord stimulation
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DISORDERS IMPACT

PSYCHOLOGICAL

SOCIOPROFESSIONNAL

FAMILY

Spinal Cord Injury In clinic : Spinal cord stimulation

Generally beneficial
but…

Limited Approach…

Limited…      in its current form because empirical…
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Spinal cord stimulation - illustration of the approach
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1) The journal 2) The authors 3) The paper

No keyword section



Spinal cord stimulation - illustration of the approach
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9 Participants: 2 Groups  Clinical study (STIMO): EES Rehab protocol = Closed-loop EES + neurorehab w/ support (4 or 5/week)

Participants Implant Acute phase After 5 months of EES 
Rehab

Group A:
N=6; 
Severe or 
complete
motor
paralysis but 
some degree
of sensation 
in the legs 

Full                                                                                                             
Medtronic

(Pain relief)
+ (DBS) + 

WB (Custom 
Wireless Bridge)

1) « EES 
immediatly
enabled to 
improve or 
regain ability to 
walk while
supported in 
the robotic
interface »
2) « Volitional
control over the 
amplitude of 
their steps w/ 
EES » (except 1 
from Group B)

1) « Weight-bearing
capacities improved
considerably over
time, which enabled
the participants to 
walk outdoors with
𝐸𝐸𝑆𝑂𝑁and an assistive
device for stability »
2) « Participants who
exhibited residual
functions before EES 
displayed an increase
in motor scores » + 
« walking in absence 
of EES in 4 
participants» 

Group B:
N=3;
Complete 
sensorimotor
paralysis

Onward
(Electrode)
Medtronic

(DBS) + WB



Spinal cord stimulation - illustration of the approach
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9 Participants: 2 Groups  Clinical study (STIMO): EES Rehab protocol = Closed-loop EES + neurorehab w/ support (4 or 5/week)

Immediate effect – Acute phase



Thank you for your attention
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