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A - CAMIN team ?

INRIA : National Institute for Research in Digital Science and

Technlogy Gl | —> camin

Based in Montpellier and attached to the Sophia Antipolis center
CAMIN : Dedicated to Neuroprostheses

Axes of research :
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Sensorimotor disabilities

Nervous system
Biomechanics
Modeling
Simulation

Stimulation
Optimal control

K Rehabilitation /

Introduction Domains Marketed Perspectives Beyond

Brain mapping for surgical assistance Functional rehabilitation via peripheral nerve
(brain tumor, epilepsy) electrical stimulation after spinal cord injury

Clinical applications

Simulation

_
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Spinal neural networks identification to boost
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B - Neuroprostheses ?

These devices, connected to the nervous system
and responding to commands from the brain, are called neural or bionic prostheses.

(National Geographic, February 2010)
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B - Neuroprostheses ?
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B - Neuroprostheses ?

Artificial organ that
replaces a living limb/organ

Introduction

Domains Marketed Perspectives Beyond

._‘

Artificial device that acts
on a living limb/organ
(mainly via the nervous system)
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Neuroprostheses # artificial organs... but confusion is easy !

Both neuroprostheses and artificial limb
Aimed at being controlled by the brain

Brain computer interface (BCl) 9
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B - Neuroprostheses ?

.—4

Artificial organ that Artificial device that acts
replaces a living limb/organ on a living limb/organ
(via the nervous system)

Albeit a lot in common:
Mechanics, electronics, microelectronics, computing, mathematics, etc. 0
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C - Neuroprostheses -> Target excitable cells

POTENTIEL DE REPOS DU NEURONE

Action Potentials

' Electrical Stimulation :
Action potential Action potential
\/ +30 |- +30 -
Axon - s s Y
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Dendrltgs P 9 Neuromuscular 3 3 Pra 3
. . o
collect signals X junction 5 [y e F g
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//‘ * WD P s i _ Resting potential g 70 £
rbUSde Phase 3
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Na* K
channels channels
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(a) Three phases of an action potential (b) Permeability changes for Na* and K* during an

action potential

© 2011 Pearson Educaton, Inc
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Membrane potential (mV)
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C - Neuroprostheses -> Target excitable cells

Action Potentials

SODIUM-POTASSIUM PUMP

Na* K* PUMP

(1) Resting Potential
Na*/K* pump
8D
The sodium-potassium The splitting of ATP provides The sodium ions are re- Release of the phosphate
pump binds three sodium energy to change the shape leased to the outside of the allows the channel to revert
{ Il le of ATP. f the 1. The h
(2) Depolarisation ionsand & mokecule of ATF. i e e s the [ srapoalcie e b e
h | allows two potassium ions the inside of the membrane.
Voltage-gated Na* channel 10,bing:
sodium/potassium pump
@ Repolarisation CLOSED g OPEN
—————— Threshold e ® e® °
Voltage-gated K* channel e o, ° © ® 0
Resting potential ®
(@ Resting Potential

N e e ey ey e
1 2 3 4
Time (msec)

Na*/K* pump

Voltage-gated Na+ channel 12
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C - Neuroprostheses -> Target excitable cells

From motor neuron (MN) to muscle fibers (MF)

(a)

Motor Unit

. Activation of a MN with propagation of APs along the axon.

. Release of transmitters at the motor plate.

. Diffusion of ions (incoming Na+) at the semi-permeable membrane of the

MFs (sarcolemma).

. Formation of a motor plate potential in the MFs, followed by membrane  ©

depolarisation (AP).

Membrane Potential { mV)

. Propagation of APs from the motor plate along the fibre, in both directions
(1 to 5 m/s, 110mV).

. Repolarisation, hyperpolarisation and return to resting potential of the MFs. , ; -

13
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C - Neuroprostheses -> Target excitable cells

Biochemical cascade at the neuromuscular junction:

Arrival of PA at the axon terminal.

Ca?* channels open

canaux sodiques
canaux potassiques
canaux calciques

Massive influx of Ca?* into the pre-synaptic element.

Displacement, fusion and release of ACh in the synaptic cleft.
vésicules synaptiques

Binding of ACh to nicotinic receptors. car

canaux calciques

14

canaux calciques

Na+ channels open.
Na+ entry into the post-synaptic element.

Depolarisation of the post-synaptic membrane.

canaux sodiques

Degradation/recycling of Ach. canaux potassiques Na*

© 0o N o a0 k~ WD PE
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C - Neuroprostheses -> Target excitable cells

Ca2+ releases the sites :

1. Myosin is attached to actin: acto-myosin complex.
2. ATP binds to the head of the thick myosin filament:
organisation des myofilaments dans le sarcomére

actin unhooks.

3. The ATPase (enzyme in the myosin head)

hydrolyses the ATP into ADP + Pi (inorganic

phosphate). The myosin head can cling to the

actin. chaines légéres : responsables de I'activité ATPasique.
De cette activité ATPasique dépend la vitesse du cycle de contraction ainsi que la
consommation d'ATP.

4. The ADP is detached from the myosin head.

15
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D - Principle of Electrical Stimulation

(Al

Induice an Action Potential (AP) in both directions

Marketed Perspectives

Beyond
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D - Principle of Electrical Stimulation
Anode Cathode
g =2

- Electrodes

© F.A. Davis Company 2006 www.fadavis.com
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D - Principle of Electrical Stimulation — ct
Direct Current (DC) — Galvanic - Electrodes

Current

)

s /////7// ////' LFat
Hyperpolarization Depolarization
F+e+

Continuous unidirectional flow of charged particles with a _ /
duration of at least 1 second. Skin =
One electrode is always the anode (+) and one is always the gie
cathode (-) for the entire event.

————— “FIEXET -y
e S - e S ~——~— Fliber

© F.A. Davis Company 2006 www.fadavis.com

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

"High Volt", "HVGS", "ESTR", and "lontophoresis" 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

18
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D - Principle of Electrical Stimulation
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

Domains Marketed Perspectives Beyond

Anode Cathode
e =

- Electrodes

Current

© F.A. Davis Company 2006 www.fadavis.com

Most modern stimulators use
* Current controlled stimulation

* Biphasic charge balanced pulses

A Current amplitude

PhW Phasewidth

F Frequency

19
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D - Principle of Electrical Stimulation

Alternating Current (AC) — Biphasic

Domains Marketed Perspectives Beyond

Anode Cathode
= =5

- Electrodes

Current

© 2002 Encyclopadia

Britannica, Inc.

= 7’77‘77/~/~,-13 Fat
arization Depolarizationd

St e

————— G 2 3 2 G D Nerve
S~—— ~— Fiber

© F.A. Davis Company 2006 www.fadavis.com

Most modern stimulators use
* Current controlled stimulation
* Biphasic charge balanced pulses

A Current amplitude
PhW Phasewidth

F Frequency

20
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D - Principle of Electrical Stimulation

Direct Current (DC) VS Alternating Current (AC)

efficacious

AP tissue
initiation  |9@Magde | corrosion
(a) monophasic tf 0
curren 4 s | o [ 2
Eﬂ:IC|ency (b) charge balanced | [N S— - ++ -
biphasic current?
VS (c) charge imbalanced Dt _1 + 2 + +
biphasic current?
i +
Tissue dam age (d) charge balanced 0———- - ks
biphasic with delay Currem*
(e) charge balanced . )
Corrosion o o o\l——————— T
fast reversal currentf
N St IR S + + = +

(f) charge balanced biphasic;
slow reversal

21
From Merrill et al., Journal of Neuroscience Methods. 2004.
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D - Principle of Electrical Stimulation

Impact of stimulation frequency

? ~Average
@ tension
K3 (constant)
stimuli 1 ! 1 % R Ek; RRREXEIEXEXEY)
@ Twitch @ Summation @ :::r:‘?lr‘r;zl:)te tetanus @ gggnezl)ete tetanus

Time (msec)

© 2011 Pearson Education, Inc

Single twitch : ~1Hz Unfused tetanus : ~10Hz Fused contraction : ~40Hz

22
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Areas of application
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Areas of application

# Categories

* Assistive

* Replacing

* Rehabilitation
* Recreational

Introduction Domains Marketed Perspectives Beyond

* Pacemaker (Bradyarrhythmias) & ICD
* Cochlear implants (Deafness & Hearing loss)
* Diaphragm pacing (Central Hypoventilation Syndrome)

(The failure of automatic control of breathing)

* Drop-foot stimulator  (Post Stroke Hemiplegia)

* Bladder control (e.g. Paraplegia)

* Hand grasping control (e.g. Tetraplegia or Post Stroke Hemiplegia )
* Rowing & Cycling (Paraplegia or Tetraplegia)

25
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Areas of application

A - Pacemaker

Dilatation of the right or left heart
Hypertrophy of the heart muscle

Heart rhythm abnormalities: extrasystoles, tachycardias,

bradycardias, etc.

Alrial
lead

Abnormalities of the intracardiac conduction pathways.

The ECG can also be altered by numerous medication

or metabolic conditions...

Right
ventricular lead

Beyond

26
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Areas of application

A - Pacemaker -> Taking pathology into account:

« Development of a 3 (or 5) letter code such as: XXX or XXXXX

« The first letter = chamber driven by stimulation
A (Atrium) / V (Ventricle) / D (Double) / O (None)

. L4
 The second letter = chamber listened to . 2 hN = T3

A (Atrium) / V (Ventricle) / D (Double) / O (None) 7 R o : mm,szz_’ __’g_*(i"@
«  Third | = to detected activit | s e i I
Third letter = response to detected activity s G | e
I (Inhibition) / T (Training) / D (Double Response) / O (None) o 1 nom B i-;!;“;s;c-
30 312 Vref/BIAS- [ :- TIHE
"S326 | EscapE T
* Bonus: The 4th and 5th letters found on some pacemakers: T |
UNIT = [ sav/eay
. pIL : PLXER [y, | L
« The fourth letter = frequency modulation P AT
R (Frequency modulation) / O (None) 1 332 “g{ﬂi“fﬁ”f

« The fifth letter = multisite training for arrhythmia control http://www.questmachine.org/ https://wiki.engr.illinois.edu/

P (training if bradycardia) / S (shock if tachyarrhythmia) / D (dual function) / O (none)
27



Areas of application

B - Cochlear implant

-> Cochlear implants (Deafness & Hearing loss)
~600 000 implants in 2016
Used for more than 40 years

Inward facing
contacts

Scala vestibuli

Scala tympani Silicone carrier
View of how an electrode array is positioned within the scala
tympani of the cochlea, here with the electrode contacts facing
towards the modiolar wall behind which the spiral ganglion cell
bodies are located

Domains

Introduction Marketed Perspectives

The components of a behind the ear (BTE) model of
cochlear implant showing (1) the T-mic placed in the
external ear canal, (2) BTE sound processor, (3) radio
frequency transmitting headpiece, (4) the implant body, (5)
intra-cochlear electrode array and (6) the auditory nerve.

https://www.intechopen.com/books/the-human-auditory-system-basic-features-and-updates-on-audiological-diagnosis-and-therapy/electrical-stimulation-of-the-auditory-system

Beyond

28
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Areas of application

C - Diaphragm Pacemaker

!
a Stimulator >

Source: D. ). Sugarbaker, R. Bueno, Y. L. Colson, M. T. Jaklitsch, M. ). Krasna, S. ). Mentzer,
M. Williams, A. Adams: Adult Chest Surgery, 2nd Edition: www.accesssurgery.com 29
Copyright © McGraw-Hill Education. All rights reserved.

-> Diaphragm pacing (Central Hypoventilation Syndrome) A P B
Acquired & Congenital
Aka : Ondyne syndrome /
Failure of the automatic control of breathing. / < \ .
'T'\/' ~ o r/}’ in diaphragm
P 7 ‘
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ontribulion inconstante

Areas of application

D - Stroke -> Hand Grasping Stimulator

» Partial loss of voluntary control in muscles of the paretic limbs

Muscle long extenseur du poocel

Muscle lkong abducteur du pouce

Myscie court extenseur du pouce

o Apparition of Hypertonia* in some muscles.

Treatment by regular stretching and Botulinum toxin injection

(Often the superficial flexors of the fingers and the thumb, locking the hand in
a closed position)

Nerf interosseux postérieur .
(peolongement de la beanche proforde
du nerf radial av-deld du muscle supinateur)

* A hand which is not functional any more because of the
inability to open and achieve prehension.

» Complex neurological context
(Brain-damaged patients, cognitive abilities sometimes diminished, Aphasia,

agonistic/antagonistic contractions)

“Hypertonia = Permanent increase of muscle tone in a resting muscle.
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Nerf radial (C5 32 C8, 17)

Bra

Areas of application

D - Stroke -> Hand Grasping Stimulator

» Strokes are the N°1 cause of acquired handicap in adults.

» 134 000 hospitalisations for first-case strokes in France in 2012, and
increasing due to the ageing population.

* ~50% of patients retain severe deficiencies due to the stroke.

» ~80% of these patients retain a prehension deficit following the
stroke.

» No therapeutic alternative currently allows significant improvements
in the prehension abilities of these patients.

https:/fwww.inserm.fr/information-en-sante/dossiers-information/accident-vasculaire-cerebral-avc
https://www.irdes.fr/recherche/questions-d-economie-de-la-sante/234-parcours-de-soins-des-personnes-hospitalisees-pour-un-accident-vasculaire-cerebral . pdf

31
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Areas of application

D - Stroke -> Drop Foot Stimulator
-> Drop foot syndrome (Post Stroke Hemiplegia)
Inhibited foot dorsiflexion resulting in lack of propulsion

and raising of the foot supposed to help when clearing the
ground to go to the swing phase.

Creating abnormality in the gait cycle and resulting in
compensative walking patterns inducing body asymetry.

© MAYO FOUNDATION FOR MEDICAL EDUCATION AND RESEARCH. ALL RIGHTS RESERVED.
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Introduction

In a context of spinal cord injuries (SCl)

2
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Niveau : In case of lesion :
Cervical
Level C6
(Tétraplegia)
Thoracic
Lumbar
Level T6
(Paraplegia)
Sacral

Domains Marketed Perspectives Beyond

Brain

Motor information

Afferent information ‘Jt’
Sensory receptor

T10 |
Back ,-:

L» Left,:

Spinal cord
(cross sectional view)

Muscle

Ventral = motor Dorsal = sensory

34



Introduction Domains

A - Electrical Stimulation and SCI

(Al

Induice an Action Potential (AP) in both directions

Marketed Perspectives

Beyond
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Introduction Domains

A - Electrical Stimulation and SCI

Dorsal = sensory

Brain
E Ventral = motor
Afferents signals filered y Supraspinal command
By the spinal cord I n=i
7 "'""'"“'"""""""' nteractions, with n: number of neurons
Level : T10 ! n=2
Back

/ 2 interactions

Spinal cord
(cross-sectional)

36
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A - Electrical Stimulation and SCI

Target <-> Strategies

Periphery: Central Nervous System:
Spinal cord injury L2
L3 ;
- Psoas major [2] Strategy #2:
Muscle paralysis ) due to damages of the neural tissQe Spinal cord
liacus stimulation
-> Direct action on
Strategy #1: Strategy #2: Pectineus the motor command
Direct action Overcomlng.motor Sattoriis
on the effector control failure Complexity:
l / \ Vastus lteralis 1) Less Biomechanical issues
. Spinal d ) -> Intraspinal networks promoting selectivity
> Muscle stimulation -> Per_lphera_l nerve -> Spinal cor Rectus femoris
stimulation stimulation Vastus intermedius B C 2) Many Biomedical challenges
= — DD ““m‘g -Identifying neural networks
\/ s LT | e _f"W\N\rW\MJW\,\ - Improving stimulation selctivity
Expertise of CAMIN team New axis of research Vastus medialis ﬁ‘ﬂ " ;
RH — T o
RTA M_‘_" : - _—
_a AR A A~ e —
[1] RTS —
Neuroscience + Automatic control
ventral + Computational model + signal processing
i 2 lateral
‘ M - < Vastus Intsmediaia > 22t 37
Medial Cutaneous/Saphenous Vastus Medialis
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A - Electrical Stimulation and SCI

Compensating for motor impairment: existing solutions

i

\' ,; /
Yy
L
.. =L

Assistive robotics Auxiliary nurses Assistance dogs
Limitations :
« Lack of independence in everyday life « Action is “delegated”
* Bulky « Stigmatising effect

» Lack of privacy
38
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A - Electrical Stimulation and SCI

atients with tetraplegia from Netherlands Patients with tetraplegia from UK

Context n=134 y n=431 ;
565 patients
g IE
Perceived impact of restoration of various functions on
guality of life in a panel of tetraplegic patients. 1 I |

« Level of independance
* Quality of life

Sexual  Spasm Pressures ctanding  Pain (* HAND
sores

Snoek, Spinal Cord 2004

39
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A - Electrical Stimulation and SCI

I patients with tetraplegia from Netherlands Patients with tetraplegia from UK
Context i o 431
|
u 565 patients
¥ IE
Perceived impact of restoration of various functions on
quality of life in a panel of tetraplegic patients. 1 | |
« Level of independance
* Quality of life
Bowel  Bladder Sexual  Spasm Pressures gianding  Pain\ (" HAND

sores

Snoek, Spinal Cord 2004

40
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Functional Electrical Stimulation and SCI

A - SCI -> Visceral functions Incontinence Micturition
= ="')
Electrical D
stimulator 0

Bladder

..
o/ Tailbone :
.theytreate.co.uk/ http://www.finetech-medical.co.uk/
Nerves Brindley
. Finetech, UK
Interstim ( » UK)

(Medtronic, USA)

Stimulation on the same sites ...

Eon COHABITATION ? 41

(ANS, St Jude, USA) B http;&ww{/_v.‘sjmﬁeuropro.\cfo‘h/w/
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Functional Electrical Stimulation and SCI

A - SCI -> Visceral functions (Interstim implant, Medtronic USA)

Incontinence

Electrical
stimulator )
Interstim

(Medtronic, USA)

Eon
(ANS, St Jude, USA)

http://bristol.theycreate.co.uk/

42
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Functional Electrical Stimulation and SCI

A - SCI -> Visceral functions (Finetech Brindley Bladder Control System)

* External control : Only {electrode + antenna + generator} are implanted

Finetech Brindley Bladder
Control System

-~ .
Ay —

(VOCARE, NeuroControl in USA) Controller
Antenna

_ Iransmitter

FINE TECH MEDNCAL

HODE

Controller
(=) (=)

FineTech-Brindiey
External Controller

tech-medical.co.uk/ 43
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Functional Electrical Stimulation and SCI

A - SCI -> Visceral functions (Finetech Brindley Bladder Control System)

How the F netech-Brindley

Bladder Svstem can help

Beyond

44
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A - Electrical Stimulation and SCI

Target <-> Strategies

Periphery: Central Nervous System:
Spinal cord injury L2
L3 ;
- Psoas major [2] Strategy #2:
Muscle paralysis ) due to damages of the neural tissQe Spinal cord
liacus stimulation
-> Direct action on
Strategy #1: Strategy #2: Pectineus the motor command
Direct action Overcomlng.motor Sattoriis
on the effector control failure Complexity:
l / \ Vastus lteralis 1) Less Biomechanical issues
. Spinal d ) -> Intraspinal networks promoting selectivity
> Muscle stimulation -> Per_lphera_l nerve -> Spinal cor Rectus femoris
stimulation stimulation Vastus intermedius B C 2) Many Biomedical challenges
= — DD ““m‘g -Identifying neural networks
\/ s LT | e _f"W\N\rW\MJW\,\ - Improving stimulation selctivity
Expertise of CAMIN team New axis of research Vastus medialis ﬁ‘ﬂ " ;
RH — T o
RTA M_‘_" : - _—
_a AR A A~ e —
[1] RTS —
Neuroscience + Automatic control
ventral + Computational model + signal processing
i 2 lateral
‘ ! G - < vmmmned:k?"um 45
Medial Cutaneous/Saphenous Vastus Medialis
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Fuctional Electrical Stimulation and SCI

B — Upper limb function: surgery: Tendon transfer
Tendon transfer surgery

Approaches :

« 2 muscles with preserved synergistic action
* Repositioning of the tendon of one of the two
muscles on a new insertion site

Limitations :

« The clamping force is moderate
 Initial synergic movement is impacted
* Not possible for all patients (synergy)

46

New muscle action Tenodesis Effect
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Functional Electrical Stimulation and SCI

B — Upper limb function: SCI -> Hand Grasping

; | PW,
AT

i /

Simple stimulation pattern Arm muscles: External / implanted

Small / In depth stimulation

47



Introduction

Functional Electrical Stimulation and SCI

B — Upper limb function: SCI -> Hand Grasping

Surface electrodes -> Electrode matrix

Domains

Marketed Perspectives

Popovi¢Maneski et al, 2013

Beyond
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Functional Electrical Stimulation and SCI

B — Upper limb function: SCI -> Hand Grasping

Electrodes de surface -> Electrodes implantés

\Varketed Perspectives

v <
R UM R R YRS -
N\ Vst R

Helically wound
multistrand wire

Deinsulated
region

L ET T —
muscu Ia r = Helically wound single

strand of wire

Beyond

49



Functional Electrical Stimulation and SCI

Introduction

Domains

\Varketed Perspectives

Beyond

B — Upper limb function -> Hand Grasping -> FreeHand System (Neurocontrol, USA, out of market)

Specifications :

Up to 12 epimysial and intramuscular electrodes
Human Machine interface: Opposite shoulder
movements

Around 300 patients implanted worldwide

Intervention :

Surgery: 6 Hours (general anaesthetic)
Immobilisation for 3 weeks post-surgery

Kilgore et al. J. Bone Jt. Surg. (1997).

Implanted
reciever
stimulator

Electrode

connectors

Motor
clectrodes

Sensory

Transmitter coil
electrode
\
N\

Shoulder controller

N

ey,

External control unit

50
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Functional Electrical Stimulation and SCI

B — Upper limb function -> Hand Grasping -> FreeHand System (Neurocontrol, USA, out of market)

Xerograms of Implanted
Functional Electrical K ls)hctu'ldcr
Stimulation (FES) Electrodes osition
Hand Grasp System & Sensor

nnnnn

| . ~
Electrode Leads .~

Implanted Stimulator~ % 7

| '\'t_@'ranamitting Coil ~

;Activation

- L

0 :
g &\%

Electrodes

ECU~—EDC

() 1996 Cleveland FES Center Free Hand System (NeuroControl) 5,
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Functional Electrical Stimulation and SCI
B — Upper limb function -> Hand Grasping -> FreeHand System (Neurocontrol, USA, out of market)

Case study :

« Woman

« Traumatic tetraplegia

» Lesional profile: C5 incomplete and C7 complete
* Right Handed

Functional goals (n=4) :

«  Writing

« Facial care and make-up
« Eating and drinking

« Self catheterization
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Functional Electrical Stimulation and SCI

B — Upper limb function -> Hand Grasping -> FreeHand System (Neurocontrol, USA, out of market)

Opposite shoulder movement:
Top / Front / Back / Bottom

External control unit

Sensor position

Inductive link
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Functional Electrical Stimulation and SCI

B — Upper limb function -> Hand Grasping -> FreeHand System (Neurocontrol, USA, out of market)

Without stimulation
SRS o e
: &‘) %M/_‘L\ %j : &M

With stimulation (4 month post-surgery)
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Courtesy of Dr Charles Fattal (Perpignan, France) o4
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Marketed implant to rehabilitate functions after SCI

Sensory
electrode
\

Transmitter coil
/

Implanted
reciever
stimulator

Electrode

connectors

Motor
clectrodes

External control unit

Brindley implant: Around 2500 patients... FreeHand System: 300 patients worldwide...

But decline of implantation But out of market -



canin
/

Implants designed to restore sensorimotor functions

Introduction — Neuroprotheses?
Application domains
Marketed technologies

Research perspectives

Beyond stimulation...
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Thank you for your attention



