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"We are at the very beginning of time for the human race. It is not unreasonable that we grapple with

problems. There are tens of thousands of years in the future. Our responsibility is to do what we can, learn

what we can, improve the solutions and pass them on. It is our responsibility to leave the men of the future

a free hand. In the impetuous youth of humanity, we can make grave errors that can stunt our growth for a

long time. This we will do if we say we have the answers now, so young and ignorant; if we suppress all

discussion, all criticism, saying, ‘This is it, boys, man is saved!’ and thus doom man for a long time to the

chains of authority, confined to the limits of our present imagination. It has been done so many times

before. It is our responsibility as scientists, knowing the great progress and great value of a satisfactory

philosophy of ignorance, the great progress that is the fruit of freedom of thought, to proclaim the value of

this freedom, to teach how doubt is not to be feared but welcomed and discussed, and to demand this

freedom as our duty to all coming generations."

— Richard Feynman, Public address to the National Academy of Science, 1955
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Abstract
Spinal cord injury (SCI) disrupts the communication between the brain and the spinal circuits responsible

for movement, thereby causing severe motor deficits. Current strategies to restore function to paralyzed

limbs have separately investigated electrical stimulation of the spinal cord or of the peripheral neuromus-

cular system. Various neuromodulation strategies, for instance electrical epidural stimulation (EES) of

the spinal cord, reactivate spinal circuits below the lesion and enable the generation of locomotor activity.

EES targets muscle synergies rather than specific muscles or joints, and can therefore be limited by low

selectivity. Accessing distal muscles individually is key to restore refined movement. Peripheral nerve

stimulation (PNS) offers this possibility by selectively recruiting fibers innervating distinct muscles. Here, I

developed a hybrid electrical stimulation paradigm, concomitantly targeting the spinal cord and the pe-

ripheral nerves for a global activation of coordinated multi-joint leg movements and a selective activation

of distal muscles respectively. This approach combines two highly complementary stimulation paradigms

into one refined neuroprosthetic system that could improve functional restoration after paralysis.

The first part of this work addressed the validation of intraneural electrodes for selective and stable PNS.

Albeit highly promising, incomplete characterization of long-term usability and biocompatibility has

so far restricted their widespread use. To bridge this gap, I conducted a longitudinal assessment and

comprehensively characterized their functional properties in light of their bio-integration in rats. Results

showed that i) stimulation thresholds increased moderately during one month after implantation and

then stabilized, ii) these changes correlated with progressive implant encapsulation, and iii) selectivity

in muscle recruitment was retained in spite of the encapsulation, permitting precise control over ankle

kinematics in anesthetized experiments. Overall, these results demonstrated the potential for long-term

usability of intraneural implants.

In the second part of this work, I developed and characterized a hybrid PNS-EES paradigm that con-

comitantly stimulated the spinal cord and the sciatic nerves in rat models of severe SCI, and validated

it in a pilot study with a human SCI. I showed that i) muscle recruitment obtained by EES and PNS was

highly complementary, ii) PNS enabled controllable adjustments in leg movements during locomotion,

and iii) the hybrid PNS-EES paradigm permitted refined movements that increased functionality during

locomotion in rats and a human pilot subject.

This thesis provides evidence about the long-term functionality of intraneural implants and demonstrates

their potential for stable interfacing with peripheral nerves. The hybrid PNS-EES paradigm reveals how the

complementarity of both strategies effectively improved functional outcomes for paralyzed lower limbs.

These findings open promising perspectives for the development of hybrid neuroprosthetic systems to

restore functional and refined movements to paralyzed limbs.

Key words: peripheral nerve stimulation, intraneural electrodes, bio-integration, epidural spinal cord

stimulation, movement restoration after paralysis, personalized neuroprostheses
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Résumé
Une lésion de la moelle épinière (LME) interrompt la communication entre le cerveau et les circuits

spinaux responsables du mouvement, causant ainsi de graves déficits moteurs. Les stratégies actuelles

pour restaurer la fonction des membres paralysés ont séparément étudié la stimulation électrique de

la moelle épinière ou du système neuromusculaire périphérique. Par exemple, la stimulation épidurale

électrique (EES) de la moelle épinière réactive les circuits spinaux au-dessous de la lésion et permet

la génération de l’activité locomotrice. L’EES cible les synergies musculaires plutôt que les muscles ou

articulations spécifiques, et peut donc être limité par une faible sélectivité. Un accès individuel aux muscles

distaux est clé pour restaurer un mouvement raffiné. La stimulation du nerf périphérique (PNS) offre cette

possibilité en recrutant sélectivement des fibres innervant des muscles distincts. Ici, j’ai développé un

paradigme de stimulation électrique hybride, ciblant à la fois la moelle épinière et les nerfs périphériques

pour une activation globale des mouvements locomoteurs et une activation sélective des muscles distaux

respectivement. Cette approche combine deux paradigmes complémentaires en une neuroprothèse raffiné

qui pourrait considérablement améliorer la restauration fonctionnelle.

La première partie de ce travail portait sur la validation des électrodes intraneurales pour une PNS sélective

et stable. Jusqu’ici, une caractérisation incomplète de l’utilisation à long terme et de la biocompatibilité a

limité leur usage. Pour combler cette lacune, j’ai effectué une évaluation longitudinale et caractérisé leurs

propriétés fonctionnelles à la lumière de leur bio-intégration chez le rat. Les résultats ont montré que i) les

seuils de stimulation augmentaient modérément après l’implantation et se stabilisaient après un mois,

ii) ces changements étaient corrélés avec l’encapsulation progressive des implants, et iii) la sélectivité

du recrutement musculaire était conservée malgré l’encapsulation, permettant un contrôle précis du

mouvement de la cheville lors d’expériences anesthésiées. Dans l’ensemble, ces résultats ont démontré

leur potentiel d’utilité à long terme.

Dans la seconde partie de ce travail, j’ai développé et caractérisé un paradigme hybride PNS-EES chez

des rats atteints de LME, et l’ai validé dans une étude pilote avec un sujet humain atteint de LME. J’ai

montré que i) le recrutement musculaire obtenu par EES et PNS était complémentaire, ii) PNS a permis

des ajustements contrôlables dans les mouvements des jambes pendant la locomotion, et iii) le paradigme

hybride PNS-EES a permis d’augmenter la fonctionnalité chez les rats et le sujet humain pilote. Cette thèse

fournit un ensemble de preuves sur la fonctionnalité chronique des implants intraneuraux et démontre

leur potentiel d’interface stable. Le paradigme hybride PNS-EES révèle comment la complémentarité

des deux stratégies améliore efficacement les résultats fonctionnels pour les membres inférieurs paraly-

sés. Les résultats ouvrent des perspectives prometteuses pour le développement de systèmes hybrides

neurprosthétiques pour restaurer des mouvements fonctionnels et précis aux membres paralysés.

Mots clés : stimulation des nerfs périphériques, implant intraneural, bio-intégration, stimulation épidurale

de la moelle épinière, recupération du movement après paralysie, neuroprothèses personnalisées
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1 Introduction

In 2008, the "Global Burden of Disease" study, an initiative of the World Health Organization (WHO), the

World Bank, and Harvard School of Public Health, has risen awareness about the global health impact

of neurological disorders [1]. Paralysis as the result of neurological injury or disease is a major physical

disability and psychological burden for the impaired person. The direct consequences range from impaired

neural control of movement and sensation to severe deterioration of bladder, bowel, and sexual functions.

As a result, the afflicted suffer from a dramatic decrease in mobility and independence, which coupled

to the indirect consequences that accompany the disease, severely acts on their quality of life. The

Christopher Reeve Foundation estimates that 5.5 million Americans are living with a form of paralysis,

stroke (33.7%), spinal cord injury (SCI) (27.3%), and multiple sclerosis (18.6%) being among the main

origins of this debilitating state [2].

The causes and the consequences of paralysis are numerous and diverse, and patients and their bodies

are affected in different ways, depending greatly on the level and the extent of the injury. Consequently,

approaches aiming at recovery from paralysis need to be tailored to patient-specific needs. Several studies

have been conducted to understand the priorities of paralyzed people in the framework of improving their

quality of life. Immediate and full functional recovery being far out of reach, incremental restoration of

independence, with a particular emphasis on mobility was voiced as among the top priorities [3, 4].

Returning a certain amount of independence to paralyzed persons can be achieved through communica-

tion, assistance, and functional restoration. For instance, patients can be aided by helping them to regain

an intuitive and fast way to communicate with others via email or on the phone. Alternatively, they could

regain independence by using assistive devices, such as a wheelchair or an exoskeleton. In both cases,

advanced machine learning algorithms transform the user input (for instance residual movements [5, 6]

or brain signals [7]) into a control command for steering a wheelchair or moving a cursor on a screen [8].

While these approaches show the subtle advances in decoding and encoding biological and kinematic

signals, at last they provide only a limited amount of functionality to the end users and may be demanding

when physiologically unrelated to the natural movement.

Another strategy for recovering independence consists in restoring function to the paralyzed body itself,

for instance by means of electrical stimulation. In fact, despite the great advances in human-machine

interfaces with intuitive control paradigms of assistive technology, individuals affected by SCI prefer to

restore function to their own limbs rather than augment function with external hardware [9].

The last decades have seen tremendous advances in developing and refining electrical stimulation systems

and technologies that allow to restore movement after paralysis [10]. Neuromodulation of the peripheral
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Chapter 1. Introduction

or the central nervous system are being investigated as means of using the remaining capabilities of nerves,

muscles, or spinal cord to generate multi-joint yet precise, powerful yet fatigue-resisting coordinated

movements that allow useful mobility and restore independence. The opportunities are as numerous as

the unmet clinical needs, and efforts need to be made in bridging gaps between technology and physiology,

to promote translation beyond translational research and bring solutions, even if incremental, to the

potential end-user.

1.1 Spinal cord injury

In the United States, more than five million people live with upper or lower limb paralysis, with spinal

cord injury, only second to stroke, among the major causes [11]. The severity of spinal cord injuries can be

defined by the "completeness" of the lesion. The American Spinal Cord Injury Association (ASIA) classifies

the impairment resulting from spinal cord injury in five categories (Table 1.1).

Table 1.1 – ASIA Impairment scale of spinal cord injury severity, adapted from [12]

ASIA scale Impairment Definition

ASIA A Complete No sensory and motor function preserved

ASIA B Incomplete Sensory but no motor function preserved

ASIA C Incomplete Some sensory and motor function preserved, more than

50% of key muscles largely impaired

ASIA D Incomplete Useful motor function, at least 50% of key muscles

largely unimpaired

ASIA E Normal No impairment

A spinal injury at one of the cervical levels results in tetraplegia (paralysis of arms, torso, and legs), while

an injury at the thoracic level or lower causes paraplegia (paralysis of torso and legs). Which body parts

are affected by the injury depends on the neurological level of the injury along the spinal cord (Fig. 1.1).

In most cases of paralysis, the spinal cord below the lesion as well as the peripheral nerves and muscles

remain intact. Due to the lesion however, the access to those structures is interrupted and consequently

the individual has lost the direct control over his movement via normal activation pathways.

To this date, SCI is incurable. The costs associated with the care of SCI individuals are extremely high, and

the personal expenses are immeasurable. Advances in understanding the pathophysiology of SCI and its

impact on the body have progressively permitted to address the secondary complications arising from the

trauma. Restoring useful function and mobility however remains an enormous challenge.

1.2 Restorative neurology for recovering lower limb motor control

Severe SCI interrupts the flow of information between supraspinal control centres and spinal circuits

recruiting distal nerves and muscles, thereby causing paralysis of the affected body parts. Albeit cut-off

from descending commands, these circuits and the distal neuromuscular system below the lesion remain

largely intact [13]. The spinal circuits retain the ability to generate complex motor patterns when stimulated

and the peripheral nerves remain capable of conducting action potentials and activating the musculature.
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1.2. Restorative neurology for recovering lower limb motor control

Figure 1.1 – Level of spinal cord injury determines extent of paralysis

The voluntary control of movement however is lost, severely impeding on the mobility and independence

of the afflicted. Restorative neurology and neuromodulation in particular, modulate the activity of the

remaining intact neural system to enhance functional recovery and help regain independence [14].

1.2.1 Electrical stimulation of the spinal cord

Electrical stimulation of the spinal cord has been historically developed for the treatment of intractable pain

in the late 1960s [15] but was found to be alleviating a variety of symptoms that appeared in movement

disorders such as multiple sclerosis (MS) [16] but also SCI, cerebral palsy or stroke [17]. While these

initial findings were rather coincidental, spinal cord physiology research carried out in parallel during

the twentieth century demonstrated the existence of so-called pattern generators in the lumbar spinal

segments of mammals that were capable of producing locomotor-like activity after complete interruption

of brain input [18, 19, 20, 21].

These findings raised awareness in the community about the potential of exploiting these powerful and

convenient properties for restoring function after paralysis. In parallel, increased understanding of the

spinal networks involved in locomotion produced evidence about the role of afferent sensory feedback in

the control of coordinated locomotor activity [22, 23, 20, 24, 25, 26, 27]. In this framework, computational

[28, 29] and experimental [30, 31] studies have demonstrated that electrical epidural stimulation (EES) of

the spinal cord primarily recruits large diameter afferent fibers carrying proprioceptive information and

entering the spinal cord via the dorsal roots. During EES, the electrically activated spinal circuits filter the

modulating effects of EES in accordance with the natural activity from muscle spindle feedback circuits

engaged in locomotion to produce the appropriate motor output [32]. This has enabled adaptive and

weight bearing locomotion in severely paralyzed rats [32, 33, 34, 35, 36] (Fig. 1.2).
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Figure 1.2 – Electrochemical neuromodulation enabled locomotion after severe SCI in rats, adapted from [33]

Increasing evidence from human studies shows that EES can similarly reactivate the lumbar motor circuits

and enable locomotor-like activity after severe SCI [19, 37, 38]. For instance, EES promoted enhanced

rhythmic muscle activity associated with locomotion when applied during passive, body-weight supported,

manually assisted treadmill locomotion in individuals with motor complete spinal cord injury [37]. Those

studies suggest that after paralysis in humans and animals alike, epidural spinal cord stimulation provides

the missing neural drive to change the state of the dormant spinal circuitry into a functional one, capable

of integrating sensory feedback from standing and stepping movements into the control and execution

of those same tasks. Harkema and colleagues provided the first evidence that the results obtained from

studies in animal models could be translated to a human being with motor complete SCI (ASIA B) [39].

More specifically, EES applied over the lumbosacral spinal segments of this individual provided bilateral

load-bearing proprioceptive input and enabled full weight-bearing standing with assistance only for

balance. In addition, the patient was able to voluntary control joint-specific muscle activation in the supine

position when EES was delivered. Later, Angeli and colleagues showed how EES permitted individuals with

chronic complete motor paralysis (ASIA A or B) to voluntarily generate graded muscle contractions and

induce movements in their legs [40]. EES applied during manually assisted treadmill locomotion enabled

volitional enhancement of cyclic leg muscle activity.

Non-withstanding those encouraging results, it was not possible to generate actual stepping, highlighting

the leap that is yet to take for bridging animal experimentation and clinical application. It is indeed not

anticipated that the experimental findings from rodent models will translate directly to human patients

and restore adaptive and skilled weight-bearing stepping after severe SCI [41, 42, 43]. A variety of reasons

may account for this. First, the control of human locomotion is more elaborate than the one of rodents

and the human body’s anatomical configuration requires interventions beyond whole leg flexion and

extension to be functional. To complement multi-joint movements, local control such as foot rotation or

ankle flexion are key to a functional gait. Data from human studies seem to suggest that such specificity,

for instance through selective recruitment of the tibilais anterior muscle, may hardly be achieved with

epidural spinal cord stimulation in human patients [40, 44, 38], among others because distal agonist and
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antagonist muscles seem to be partially innervated by the same spinal segments [45]. Second, anatomical

and neurophysiological differences between rodents and humans will weigh on the translatability of EES

paradigms [41, 46]. For instance, the natural firing rate of rodent afferent fibers is about four to five times

higher than the one of humans ([47, 48, 49] and [50, 51, 52] respectively). This difference could heavily

impact the interaction between EES and the naturally evoked muscle spindle feedback circuits during

locomotion. Similarly, the anatomical location, organization, and to some extent the function of spinal

fiber tracts differs between humans and rats [53, 54], which needs to be considered when experimental

spinal cord lesions and electrical stimulation protocols are designed. Additionally, the scale difference

between rodent and human spinal cords have to be taken into account. For instance, the lumbosacral

enlargement extends from L2 to L6 in rodents and from L2 to S2 in humans [54]. Third, in the referred

animal studies, the spinal cord was electrochemically enhanced with serotonin agonists, which is known to

enhance the responsiveness to spinal stimulation. In humans however, such neuromodulation is currently

not permitted, which may in part explain a lower responsiveness to the applied electrical stimulation when

comparing with the studies in rodents.

1.2.2 Functional electrical stimulation of peripheral nerves and muscles

A more direct approach to restoring movement after paralysis consists in the clinically widely accepted

functional electrical stimulation (FES) of the distal neuromuscular system. FES uses the persisting capacity

of the peripheral nerves to conduct electricity and takes advantage of the persisting contractile properties

of the muscles to produce artificial muscle contractions by means of electrical stimulation and return

function to limbs whose motor control was impaired by upper motor neuron disorder. FES induces muscle

contractions with timed sequences of bursts of electrical pulses in either of two ways:

• Direct muscle activation: localized muscle recruitment via stimulation of i) efferent fibers in the

nerve terminals on the motor endplate of the target muscle (transcutaneous or epimysial) or ii) the

muscle directly (intramuscular electrodes) [55]

• Indirect muscle activation: spinal reflex response via stimulation of afferent fibers in the peripheral

nerve [56, 57]

In restorative neurology for the recovery of lower limb motor control, FES is employed for two applications:

to alleviate foot drop by facilitating ankle dorsiflexion in people affected by hemiplegia (Fig. 1.3) or

to generate standing and enable ambulation in SCI individuals. An example of an FDA-approved and

commercially available FES system using transcutaneous stimulation for alleviating foot drop is the

WalkAid System (Innovative Neurotronics, Inc., Austin, TX [58]). An implanted FES system targeting the

same symptom but with increased functionality (dorsi- and plantar-flexion of the ankle as well as foot

eversion and inversion) is the ActiGait system (Neurodan A/S, Alborg, Denmark [59]). The ActiGait system

is currently in phase II clinical trial and improves walking speed and distance walked during 4 minutes

walking tests [60]. Generally, these systems are used to facilitate the swing phase during locomotion in

incomplete SCI individuals [61].

Unfortunately, patients suffering from severe SCI lack sufficient trunk stability and knee and hip extension

to benefit from such a local intervention. To re-establish functional walking in these patients using FES,

multi-site systems need to target agonist and antagonist muscles at multiple joints and provide sufficient

contraction strengths to produce whole-leg movements. To date, rather simple bi- or tri-site FES systems

have been developed, targeting quadriceps and gluteal muscles additionally to the peroneal nerve to

generate limb extension during stance phase while triggering foot clearance at swing onset [62, 63, 64].
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Figure 1.3 – Example of FES to alleviate foot drop. In this example, ankle plantar-flexion is triggered upon detection of
heel rise (for instance using tilt sensors or pressure sensors in the shoe). Stimulation is stopped when the foot touches
the ground to permit the execution of the stance phase.

To provide additional functionality, more elaborate, implantable FES systems have been developed, for

instance with 14 epimysial and 2 intramuscular electrodes targeting 8 muscles [65, 66]. Either system can

generate standing and short-distance ambulation although under high energy expenditure and mostly

with the aid of external hardware for the initiation of forward movement and additional stability.

A variety of issues have hindered the translation of multi-site FES systems into a clinically accepted and

useful motor neuroprosthesis. For instance, epimysial or surface electrodes require very high currents

to electrically excite muscles, which can produce discomfort [67]. Surface electrodes may cause skin

irritations or even localized burns [68]. Neither surface, epimysial, and intramuscular electrodes are

capable of selectively activating different motor units distributed within in the same muscle, thereby

limiting the use due to fast generation of fatigue [69]. Other physiological (insufficient muscle quality,

poor proprioception, lack of balance, high energy expenditure, and slow, unnatural ambulation) and

practical (cumbersome hardware, high power demands imposing heavy batteries, reproducibility issues

with electrode placement) reasons have limited their use to the clinical environment for exercising, where

they provide a variety of secondary benefits other than mobility [70, 71, 72].

To address some of those issues, targeting the peripheral nerves instead of the distal muscles has been

proposed as alternative. The currents needed are at least an order of magnitude smaller than those needed

to activate motor units. Motor neuroprostheses based on peripheral nerve cuff electrodes have been

developed. The cuffs wrap around the nerve and bring the electrodes on their inner surface in close

contact with the nerve outer surface [73, 74, 75]. Those systems offer a solution to the drawbacks of surface

stimulation in terms of electrode placement, skin irritation or discomforting sensation and enable a more

efficient recruitment of motor units. However, the selectivity in recruiting distinct populations of fibers

residing deeply inside the nerve or within the same fascicle is relatively low, due to stimulation from the

surface. Nevertheless, such epineural electrodes have been used clinically to generate movement in the

upper [76, 77] and lower limbs [60, 58]. Yet none of those systems are widely used today. None are able to

return sustained, functional, and weight-bearing movements to paralyzed persons.

The development of a successful and widely accepted FES-based motor neuroprosthesis for paralyzed

individuals has been hampered by difficulties to simultaneously but selectively generate and control
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graded activation of several muscles. FES suffers mainly from two main shortcomings. First, current FES

applications to generate standing and walking are technically complicated and cumbersome to set up.

They display limited functional benefits with respect to the i) effort that is needed to put them in place,

and ii) the relatively low efficiency in permitting functional walking. The generation of coordinated multi-

joint movements required for functional and weight-bearing locomotion would involve the simultaneous

and graded control of FES of a very large number of muscles, which seems extremely challenging if not

unrealistic. Second, FES induces fast muscle-fatigue, which reduces considerably its usability if the entire

movement depends on it.

It will thus be of crucial importance to i) simplify the current way of interfacing multiple muscles and ii) to

increase the efficiency of FES-based motor neuroprostheses. In spite of those challenges, targeting the dis-

tal neuromuscular system for selectively controlling distal muscle activation should not be underestimated

for restoring controllable and precise movements.

1.3 Interfaces with the Peripheral Nervous System

An alternative to targeting the musculature consists in activating the peripheral nerves, which in turn

conduct the stimuli to the distal muscles. Electrical interfaces with the peripheral nervous system allow

for electrical communication between biological (neural tissue) and engineered (electrical conductor)

systems.

1.3.1 Anatomical organization of the Somatic Peripheral Nervous System

The somatic peripheral nervous system relates to voluntary motor control and conscious sensation and

contains afferent (sensory) and efferent (motor) fibers for the transfer of information from or to the

periphery (Fig. 1.4 (a)). In the somatic peripheral nervous system, axons travel directly between the spinal

cord and the target organ. The cell body of motor neurons is located within the spinal cord ventral horn

along a well-organized somatotopy. Similarly, sensory neurons have their cell bodies residing in the dorsal

root ganglia that are distributed along the spinal rostro-caudal axis. The axons of both types of neurons are

bundled together into fascicles (separated or mixed) within the peripheral nerves (Fig. 1.4 (b)).

(a) Schematic cross-section of the spinal cord (b) Structure of the peripheral nerve

Figure 1.4 – Anatomical organization of peripheral nervous system

The larger fibers in the somatic peripheral nervous system are myelinated by Schwann cells. The myelin
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sheath consists in a multi-layered, insulating membrane that permits high action potential conduction

speed through regeneration of the action potential at the gaps in the myelin sheath between two Schwann

cells (nodes of Ranvier, approximatively every 1 mm [78]). The nodes of Ranvier are highly enriched in

voltage-gated sodium and potassium channels, permitting the increased exchange of ions required to

regenerate the action potential, propagating it thus rapidly from node to node (saltatory). Unmyelinated

axons are found alone or grouped and can be enclosed by non-myelinating Schwann cells and conduct

action potentials by passive propagation (as opposed to saltatory conduction in myelinated fibers).

The types of sensory and motor fibers can be differentiated with respect to their diameter, function, and

conduction velocities (Table 1.2).

Table 1.2 – Types of sensory and motor fibers in the human peripheral nerve [79]

Group Myelin Diameter

(μm)

Conduction

velocity (m/s)

Fiber types

Aα Yes 12 - 20 70 - 120 Sensory: Group Ia and Ib afferents (propriocep-

tion), Motor: α motor neurons

Aβ Yes 5 - 10 30 - 70 Sensory: Group II afferents (touch, pressure)

Aγ Yes 3 - 6 15 - 30 Motor (to muscle spindle): γ motor neurons

Aδ Thinly < 3 12 - 30 Sensory: Group III afferents (fast pain, cold,

touch, pressure)

C No 0.1 - 2 0.5 - 4 Sensory: Group IV afferents (C fibers) (slow pain,

temperature)

Peripheral nerves are composed of three main tissues that confer both structure and flexibility [80]. Each

fascicle is enclosed by the perineurium, a strong collagenous membrane conferring mechanical stability.

The space within the fascicles is called the endoneurium and contains myelinated and unmyelinated axons,

Schwann cells, blood vessels, fibroblasts, collagen fibrils, and some resident macrophages [81]. Fascicles

are enveloped by the epineurium, a thick and elastic structure made of collagen fibrils and adipose tissue

[80] to form the peripheral nerve trunk (Fig. 1.4 (b)).

Interfaces with the peripheral nervous system interact with axons only. The selectivity of the intervention

depends strongly on the location of the electrode within or around the nerve as the mechanism of excitation

of fibers is dependent on the proximity between the source of excitation and the target fiber.

1.3.2 Mechanisms of excitation of peripheral nerves

The nature of the excitation of the nerves and enclosed fibers using extracellular stimulating electrodes has

been described using axon cable models that model the axon as a segmented cylinder with capacitances

(lipid bilayer in the axonal membrane) and resistances (axoplasm) combined in parallel [82]. The activation

of axons depends on their distance from the current source and on their diameter as well as on the resistivity

of the various tissues between the target axons and the current source [82, 83].

Influence of distance between current source and target axons Changes in the transmembrane poten-

tial due to electrical excitation are greatest in fibers that are closest to the source because the induced

extracellular potential Ve decreases in amplitude with the distance r from the source (for a monopolar
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spherical electrode in an isotropic medium):

Ve = ρe I
4πr ,

where, ρe is the resistivity of the external medium and I is the current flowing from the electrode [82]. The

recruitment of potential target fibers can be qualitatively described using the activating function, which is

proportional to the second spatial derivative of the extracellular potential Ve along the axon nodes [83].

The activating function is inversely proportional to the distance between the electrode and the target axon.

Consequently, axons closest to the electrode require the least current to get activated.

Influence of axon diameter If the target population of axons is far from the electrode, greater currents

are required for their activation, but can result in the co-activation of other, unwanted axons. An important

concept to consider here is fiber diameter selectivity. Fibers with larger diameters have larger inter-nodal

distances and experience thus greater changes in transmembrane potential due to electrical excitation

[82, 83]. At a certain distance from the current source the recruitment of axons is thus biased towards the

activation of large diameter fibers [84]. This is the inverse of the physiological order of fiber recruitment,

and in the case of motor nerves responsible for the early signs of muscle fatigue in applications using

surface FES, since activating large motor fibers innervating fast-fatiguing motor units first.

While this holds for electrical stimulation applied outside of a nerve (transcutaneous or extraneural),

Gaunt and colleagues found that microstimulation of the dorsal root ganglia (DRG) at spinal level L7 using

penetrating microelectrode arrays allowed to selectively recruit smaller diameter fibers at low stimulation

thresholds without activating the larger diameter fibers [85, 86]. He and others showed experimentally

[87, 88] and computationally [89, 90] that the impact of the distance between the current source and

the axons becomes negligible when stimulating intraneurally at low amplitudes and that the order of

recruitment of axons was not biased towards large diameter fibers in this case. Similar results were obtained

with thin-film intrafascicular electrodes [91]. Taken together, these results suggest that a neutralization

of the recruitment order is possible when the distance between the stimulating source and the target

fibers is small. The probabilities of recruiting fibers with different diameters are further influenced by the

number of fibers of a given size that are likely to be present in the volume of tissue reached by the induced

extracellular potential and by the likelihood of a fiber having a node of Ranvier in that volume. Indeed, the

internodal distance in myelinated axons is proportional to their diameter [92], suggesting that large fibers

are less likely to have a node of Ranvier in the volume of tissue that would be activated by a current source.

Influence of tissue resisitivity Peripheral nerves are mainly composed by the three main tissues en-

doneurium, perineurium, and epineurium that envelop the axons in several organized layers. The en-

doneurium is anisotropic, with a transversal and longitudinal conductivity of 0.0826 S/m and 0.571 S/m

respectively [93]. The perineurium has a relatively low conductivity (0.0021 S/m, [94]). The conductivity of

the endoneurium has not been experimentally determined but is often approximated to the transverse

conductivity of the endoneurium for their high similarity in structure [95]. These tissues considerably

influence the distribution of current flow inside the nerve. For instance, the perineurium largely atten-

uates current flow and makes its distribution more homogeneous inside a fascicle, thus increasing the

difficulty of recruiting a small sub-population of fibers selectively using extraneural electrodes. In contrast,

intra-fascicular electrodes could be capable of selectively activating small axon populations within the

fascicle in specific conditions.
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1.3.3 Trade-off between selectivity and invasiveness of nerve interfaces

The excitation of axons in peripheral nerves crucially depends on the chosen interface. While the con-

siderations on selectivity in recruiting a given population of axons (for instance to avoid the perpetual

recruitment of large diameter motor fibers causing rapid muscle fatigue) are crucial, the choice of neural

interface also depends on the invasive nature of the device. In fact, the invasiveness and associated risks

weigh heavily on user acceptance rate and the demonstration of safety, stability and good bio-integration

is thus key for a successful interface with the peripheral nervous system.

Typically, a given neural interface is chosen based on a trade-off between invasiveness, selectivity, and

reliability [96, 97]. Extraneural electrodes, for instance CUFF electrodes (Fig. 1.5 left), are placed around

the nerve and stimulate the axons extraneurally [73]. The are relatively safe and have been successfully

used in numerous clinical applications in humans, for instance to treat incontinence [98, 99]. While

this type of interface is suitable when a relatively simple control of function is required, more advanced

functional restoration has to target specific fiber bundles within the nerve in order to modulate their

recruitment selectively in real-time using application-specific control strategies. Durand and colleagues

have developed a modified version of the CUFF electrode that reshapes the nerve and flattens it for gaining

access to the deeper fascicles within the nerve [75]. The large-to-small recruitment order may remain a

concern with this extraneural stimulation strategy.

Figure 1.5 – Trade-off between selectivity and invasiveness for choosing an interface with the peripheral nervous
system. From least invasive and least selective (left) to most invasive and most selective (right). Tripolar cuff elec-
trode made of polyimide with three contacts surrounding the nerve, for instance [100, 74], transversally inserted
intrafascicular multi-contact electrode with one or more contacts per fascicle ([101], and silicone-based penetrating
multielectrode arrays [102] with tens of tips inserted per fascicle.

On the other side, silicone-based penetrating slanted multi-electrode arrays (Fig. 1.5 right) permit very

high selectivity through a three-dimensional configuration of hundreds of stimulating tips within the nerve

[102, 103, 104, 105]. Chronic and acute studies in animal models have shown the possibility of selectively

stimulating efferent and afferent fibers within the peripheral nerves. Their impact on nerve conduction
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was assessed in acute preparations [106] and suggested limited acute damage by comparing recorded

compound action potentials before and after insertion. Histology revealed however a compression zone of

axons up to hundred micrometer below the electrode tips. Chronic implantation of functional or passive

devices with different containment systems revealed an accumulation of connective tissue below the base

of the array that pushed the tips out of the fascicles in many cases [103]. In some animals, the implant

impeded the walking ability of the animals although in other animals little or no deficits in walking were

observed. In the long term, the tips of the array were encapsulated by a connective tissue layer of about

thirty micrometers. Stimulation capability was conserved at the chronic stage. A third study specifically

and comprehensively assessed the foreign body reaction to slanted electrode arrays encapsulated in a

silicone cuff implanted in cat sciatic nerves [107]. No functional impairment was observed but all arrays

displayed accumulation of connective tissue beneath the array and signs of ongoing neuroinflammation

inside the fascicles. Stimulation or recording capabilities were not assessed. Taken together, the results

suggest that penetrating multi-electrode arrays have a relatively strong impact on the nerve. They are

markedly more invasive than epineural electrodes. The substrate and the shafts are rigid and impose a

strenuous mechanical stress on the nerve in a chronic, tethered implantation.

Poylimide-based intraneural multichannel electrodes (Fig. 1.5 middle) offer a great trade-off between

selectivity and invasiveness as they penetrate the fascicles, thereby permitting high selectivity, while

imposing a limited amount of stress to the nerve through thin-film technology and flexible substrates

[101, 108, 109]. In addition, intrafascicular active sites are in close proximity with the axons, thereby

neutralizing the recruitment order, which is of cardinal importance to potential applications in restorative

neurology. Several limiting factors have so far prevented the deployment of intraneural implants in

clinical applications. For instance, the reaction of the nerve to i) the immediate penetration and ii)

long term implantation has been solely characterized on passive implants without cabled connections

[110, 109]. On the other hand, while selective recruitment properties have been demonstrated in acute

animal preparations, little is known about the stability of the selectivity of intra-neural implants to enable

functional applications over extended time.

Given these considerations, I argue that thin-film intra-fascicular multichannel implants would be excellent

candidates for peripheral nerve stimulation in the framework of restorative neurology. They provide a very

acceptable trade-off between selectivity and invasiveness. A longitudinal study assessing the relationship

between electrode functionality and bio-integration over time is however necessary to promote this

peripheral interface to clinical applications.

1.4 Considerations for clinically accepted neuroprostheses

Over the last decades, implantable technologies have emerged as treatment method to restore function

to a disabled person. A neuroprosthesis is defined as a system that delivers electrical current to the

neuromuscular system and/or records electrical signals from the neuromuscular system with the purpose

of restoring or replacing lost function due to trauma or disease [76]. Among the most successful and

clinically accepted neuroprostheses are the cochlear implant or the cardiac pacemaker, which are both

routinely implanted in millions of patients worldwide.

Nonetheless, the idea of implanting multiple electrodes within the body is greeted with reticence among

the target population and despite incredible technological developments, the fear of additional injury,

loss, or complications is often bigger than the anticipated benefits. These are key considerations for the

usefulness and applicability of neuroprosthetic technology. The success of a neuroprosthesis does not

solely depend on the technological development that engendered it. Safety, stability, bio-integration,
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customization to individual users, and related to all of these - user acceptance - are cornerstones for the

success of the devices we are developing.

For potential end-users, areas of high concern regarding neuroprostheses are reversibility of interventions

and cosmetics of the devices [111]. While implantable technology would favor the idea of "invisibility" of

the neuroprosthesis, it is in my opinion of utmost importance to understand the impact of an implantation

and also the removal of the implant from the body. In addition, improved surgical techniques and

miniaturization of both the implantable technology and surgical tools will hopefully drive acceptance

of neuroprostheses beyond the areas in which they are seen as a last resort. It seems likely that as

neuroprosthetic interventions become more accepted as a form of medical treatment, they will be used to

treat “simpler” conditions in addition to the more complex and involved interventions they are frequently

targeted for today.

1.5 Thesis outline

This introduction provides a general overview on electrical stimulation paradigms in the context of

restorative neurology for the recovery of lower limb motor function after paralysis and establishes the

conceptual and methodological framework for the work I carried out during my thesis.

Spinal cord stimulation, and more precisely epidural electrical stimulation (EES) of the spinal cord,

provides a way to exploit the spinal networks to accomplish simultaneous and coordinated activation

of multiple muscles and permits to leverage the capacity of the spinal circuits to integrate and process

sensory feedback, resulting in the restoration of coordinated and stereotyped movement patterns. EES

enabled weight-bearing locomotion in animal models and also promoted locomotor-like activity in

severely paralyzed human subjects, permitting a return of volitional control over the activation of otherwise

paralyzed muscles. In spite of these encouraging results, it was not possible to actually generate stepping,

indicating a translational gap between rodent experimentation and clinical studies. Major anatomical

and neurophysiological differences between the two species account for this discrepancy. In addition,

the human locomotor apparatus is characterized by high dexterity and functionality when compared to

rodents, and requires thus interventions beyond leg flexion and extension to recover usable movements

after paralysis. It is not clear to what extent EES will enable to selectively activate the distal neuromuscular

system, crucial though for refining movement execution and permitting functional recovery.

FES systems provide an immediate functional benefit during stimulation, even though their usability

depends on the user’s muscle quality. Direct muscle stimulation may cause rapid fatigue while reflex

responses can quickly destabilize the ambulating individual. Especially in severe SCI individuals, the

sole use of FES, be it multi-site, will hardly increase mobility and independence to a satisfactory level.

Current strategies prevent access to deep muscles and have an overall limited selectivity. The complex

and cumbersome set-ups are likely unrealistic for clinical applications because of the complexity that

is involved in providing closed-loop control strategies for the simultaneous and smooth modulation of

numerous muscle activation. Intraneural peripheral nerve stimulation (PNS) could address a number of

these issues by i) neutralizing the physiological recruitment order, thereby potentially reducing fast fatigue,

ii) allowing to selectively target multiple and deep muscles at once, and iii) avoiding cumbersome and

non-reproducible donning and doffing. However, PNS does not alleviate the complexity of controlling the

precisely-timed, coordinated, and graded activation of multiple muscles in real time and would hardly be

able to generate functional and weight-bearing movements over time.

In this thesis, I argue that PNS and EES are complementary and that a hybrid neuromodulation paradigm
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targeting both the peripheral nerves and the spinal cord can provide a novel and highly promising oppor-

tunity to recover a high degree of functionality after paralysis. EES promotes the generation of multi-joint

movements, providing the basic building block for locomotion. Precisely-timed and spatially selective

PNS permits local interventions to refine movement execution and restore precise, local, and cardinal

functions for locomotion. In chapter 2, I demonstrate the potential of intraneural, thin-film, multi-channel

electrodes to interface the peripheral nerves in a sustainable, highly functional, and stable way. In chapter

3, I exploit these properties by developing a hybrid neuromodulation paradigm, concomitantly engaging

the spinal cord and the peripheral nerves in severely paralyzed rats. I demonstrate that hybrid PNS-EES

neuromodulation permits selective and graded control over the distal musculature during locomotion,

which refined movement execution and increased functionality in rats and also in a human individual

affected by a spinal cord injury.

These developments might have important implications in addressing functional restoration after neu-

romotor disorder and could represent a paradigm-shift towards personalizing neuroprosthetics. The

hybrid peripheral-spinal approach provides an unprecedented comprehensiveness in neuromodulation

by exploiting the complementary properties of the peripheral and the central nervous systems. These

properties could significantly impact movement restoration after paralysis of lower and also of upper limbs.

In this framework, and stemming from the developments of this thesis work, we are now investigating the

feasibility of generating controllable and selective muscle activation in the arm and hand via intraneural

stimulation of the upper limb peripheral nerves.
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2 Chronic assessment of functionality
and bio-integration of intraneural elec-
trodes

Intraneural implants have the capacity to selectively activate a number of different muscles and integrate

well within the nerve as passive implants. To anticipate clinical acceptance and permit successful transla-

tion, I believe that it is crucial to demonstrate safety and stability within the tissue alongside functionality

in actively used implants. In this work, I assessed the long-term bio-integration of polyimide-based intra-

neural stimulating electrodes in light of their functionality. I show that the implant electrical properties

evolve with the developing implant encapsulation during the first month post-implantation, after which

both stabilize. The selectivity is conserved, permitting to achieve graded control over ankle movements

months after implantation. With this work, I provide a large body of evidence highlighting the potential of

intraneural, thin-film, multi-channel electrodes to interface the peripheral nerves in a sustainable, highly

functional, and stable way.

The content of this chapter is adapted from the manuscript Wurth et al., “Long-term functionality and bio-

integration of polyimide-based intraneural stimulating electrodes” published in the journal Biomaterials,

Volume 122, April 2017, Pages 114 - 129.

Personal contributions: Responsible for the project. Conceived the study and designed the experiments,

performed animal-related procedures and experiments, acquired and analyzed the electrophysiology

data, processed tissue, performed stainings, acquired and analyzed the images obtained from histology,

prepared the figures, wrote the manuscript.
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Long term functionality and bio-integration of polyimide-based intra-

neural stimulating electrodes
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2.1 Abstract

Stimulation of peripheral nerves has transiently restored lost sensation and has the potential to alleviate

motor deficits. However, incomplete characterization of the long-term usability and bio-integration of

intraneural implants has restricted their use for clinical applications. Here, we conducted a longitudinal

assessment of the selectivity, stability, functionality, and biocompatibility of polyimide-based intraneural

implants that were inserted in the sciatic nerve of twenty-eight healthy adult rats for up to six months. We

found that the stimulation threshold and impedance of the electrodes increased moderately during the first

four weeks after implantation, and then remained stable over the following five months. The time course

of these adaptations correlated with the progressive development of a fibrotic capsule around the implants.

The selectivity of the electrodes enabled the preferential recruitment of extensor and flexor muscles of

the ankle. Despite the foreign body reaction, this selectivity remained stable over time. These functional

properties supported the development of control algorithms that modulated the forces produced by ankle

extensor and flexor muscles with high precision. The comprehensive characterization of the implant

encapsulation revealed hyper-cellularity, increased microvascular density, Wallerian degeneration, and

infiltration of macrophages within the endoneurial space early after implantation. Over time, the amount

of macrophages markedly decreased, and a layer of multinucleated giant cells surrounded by a capsule

of fibrotic tissue developed around the implant, causing an enlargement of the diameter of the nerve.

However, the density of nerve fibers above and below the inserted implant remained unaffected. Upon

removal of the implant, we did not detect alteration of skilled leg movements and only observed mild

tissue reaction. Our study characterized the interplay between the development of foreign body responses

and changes in the electrical properties of actively used intraneural electrodes, highlighting functional

stability of polyimide-based implants over more than six months. These results are essential for refining

and validating these implants and open a realistic pathway for long-term clinical applications in humans.
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2.2. Introduction

2.2 Introduction

The ability to communicate bi-directionally with the peripheral nervous system has opened promising

perspectives to control neuroprostheses, restore lost sensation, and alleviate motor deficits resulting from

neurological disorders [96, 112]. For example, peripheral nerve stimulation has been successfully used

in humans to alleviate foot drop after neuromotor disorders [113, 114, 115, 116, 117], to treat bladder

dysfunction [98, 99], and to reanimate paralyzed muscles after spinal cord injury [118, 119, 77, 120].

In all these applications, the stimulation was applied using an epineural cuff electrode [100]. While

this type of interface is suitable when a simple and non-selective control of the stimulation is required,

more advanced neuroprostheses rely on the ability to target specific fiber bundles within the nerve

in order to modulate their recruitment in real-time using application-specific control strategies. In

general, for a desired outcome, the type of neural interface is chosen based on the trade-off between

invasiveness, selectivity, and reliability [96, 97]. To this respect, intraneural electrodes are the most

appropriate implants since they provide superior selectivity of recording and stimulation, increased signal-

to-noise ratio of recordings, and lower threshold of activation than extra-neural implants [121, 122]. For

instance, intraneural stimulation of the median and ulnar nerves re-established graded sensory feedback

that improved the control of a hand prosthesis after amputation in humans [123, 105]. Despite this success,

clinical studies using intraneural implants have remained investigational and restricted to short-term

implantation periods.

Several limiting factors have prevented the deployment of intraneural implants for extended durations in

human patients. First, these implants are markedly more invasive compared to epineural cuffs [74, 124, 75,

73]. Second, the anatomical and functional consequences of the immediate penetration into and long term

implantation within the host tissue have been solely characterized on passive implants without cabled

connections [110, 109]. Third, little is known about the stability and selectivity of intraneural implants to

enable functional applications over extended time.

To remedy these limitations, we evaluated the selectivity, stability, functionality, and biocompatibility

of a polyimide-based intraneural implant over a period of 6 months. Polyimide is a common material

used in thin film technology for in vivo applications that allows versatile micro-fabrication of electrode

implants with varying shape and geometry [25-27]. Polyimide-based intraneural implants have emerged as

a viable alternative to rigid silicon-based penetrating microelectrode arrays [105, 125, 126, 102] for clinical

applications.

Previous studies in acute animal preparations showed that polyimide-based intraneural implants enable

the preferential activation of specific groups of muscles that are innervated by different branches of the

same stimulated nerve [122, 109, 101, 127]. However, the long-term stability of this selectivity has not been

investigated. Independently, the foreign body response to polyimide-based intraneural implants has been

evaluated using passive, untethered implants over periods of up to 3 months [110, 109, 108, 128]. Taken

together, these studies described the formation of a mild fibrotic encapsulation around the implant that

developed in parallel to inflammatory responses, but had no sustained impact on the density of nerve

fibers, axonal conduction velocity, or locomotor capacities of the implanted animals.

While these studies have provided critical information that supported preliminary clinical applications,

the results have all been obtained in different groups of animals, focusing on specific modalities, and at

discrete time-points. Therefore, the interactions and inter-dependencies between foreign body reactions

and electrical properties over time have not been studied systematically and conjointly in longitudinal

studies. To date, no chronic and realistic studies on intraneural thin-film electrodes have been carried
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out that would allow to understand the impact of cabled implants and regular stimulation on electrode

function and implant bio-integration.

Here, we studied the selectivity, stability, functionality, and biocompatibility of the SELINE polyimide-

based intraneural implant [129, 109] that was inserted into the sciatic nerve of 28 healthy rats for durations

of up to 6 months. After a period of adaptation that approximatively lasted one-month, the electrodes

exhibited stable and selective responses to charge delivery that persisted over the remaining duration

of the experiments. This selectivity supported the development of real-time stimulation paradigms that

precisely controlled the forces produced at the ankle. In the same rats, we characterized the development

of foreign body reaction over time, and showed that they tightly correlated with concomitant changes

in the electrical properties of the electrodes. The removal of the implant did not cause detectable motor

impairments and did not further harm the tissue. These results uncover relationships between actively

used implants and neural tissue responses in rats and demonstrate the stability of intraneural electrodes

for reliable long-term interfacing with the peripheral nervous system. Our study assessed for the first time

intraneural thin-film electrode performance and in vivo biocompatibility in a chronic rat model. These

unprecedented findings obtained in ecological settings provide a framework for the safe and long-term

implantation of polyimide-based intraneural electrodes in clinical applications.

2.3 Materials and methods

2.3.1 Animals

All animal procedures and experiments were approved by the Veterinarian Offices of the Cantons of Vaud

and Geneva, Switzerland. A total of 28 adult female Lewis rats (LEW-ORlj, Charles River Laboratories,

France) with initial weight of ~200 g were implanted with a SELINE electrode [109] into their left sciatic

nerve (Fig. 2.1), with different indwelling times ranging from 0 days to up to 6 months (Table 2.1).

Figure 2.1 – Chronic experimental setup for the chronic assessment of functional polyimide-based intraneural
implants.

The self-opening intraneural polyimide-based multi-channel electrodes were implanted into the rat sciatic

nerve proximal to the separation of the different fascicles. The connector of the implant was embedded in
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a percutaneous 3D-printed pedestal (back-plug) that was sutured to the muscles on the back at the sacral

spinal cord level (Fig. 2.1. EMG activity of ankle muscles (via percutaneous connector mounted on the

head (head-plug)) and kinematics of hind-limb movements (via a motion capture system with reflective

markers) were recorded during different experimental protocols. Three groups of animals were implanted

during 28 days: we differentiated i) active from ii) passive implants to investigate the impact of electrical

stimulation on the foreign body reaction and iii) removed the implanted in the third group to assess the

impact of explantation on nerve function and morphology. All animals were housed three by three on a

12-hour light-dark cycle with food and water ad libitum and were given social time three times a week.

Table 2.1 – Demographics of animals participating in the study

Group n Implant dura-

tion (days)

Stimulation protocol Additional experiment

1 - Acute 3 0 In surgery no

2 - Sub-acute 3 1.5 In surgery no

3 - Early 3 7 In surgery, weekly no

4 - Mid 3 17 In surgery, weekly no

5 - Late 3 28 In surgery, weekly Locomotor task

6 - Late 3 28 never (passive) Locomotor task

7 - Late 5 30 never (passive) Locomotor task, implant re-

moval at 30 days

8 - Chronic 5 165 In surgery, weekly Force control task

2.3.2 Chronic experimental model

The experimental model is graphically summarized in Fig. 2.1. All surgical interventions were performed

under aseptic conditions and full anaesthesia with isoflurane in oxygen enriched air (1 - 2 %). Animals were

placed on a heating pad to prevent hypothermia during surgery. Analgesic medication (Buprenorphine

(Temgesic), ESSEX Chemie AG, 0.01-0.05 mg per kg, subcutaneous) and antibiotics (Amoxicillin (Clamoxyl),

Pfizer AG, 0.5 ml/kg, subcutaneous) were administered during 5 days post-surgery.

Intraneural electrode implantation with connector on backstage

The detailed implantation procedure for the SELINE electrode has been described previously [109]. Briefly,

two longitudinal skin incisions of about 2 cm were made over the lower lumbar spine for the fixation

of the backstage and at the level of the mid-thigh for access to the sciatic nerve. The sciatic nerve was

carefully exposed and freed from surrounding tissues. Then, the 3D printed pedestal was sutured via its

five suture-holes to the fascia of the back-muscles (multifidus muscle and gluteus superficialis) through

a 2x2 cm piece of surgical mesh (Mersilene mesh, Ethicon Inc., NJ) to favour the stabilization by fibrotic

healing. The wires (CZ1187, Cooner Wire Corp. CA), leading from the nano-strip connector (NPD-18-

DD-GS, Omnetics Connector Corp, MN) incorporated in the pedestal to the printed circuit board (PBC),

were passed subcutaneously and under the gluteus maximus muscle with a plastic tunnel guide until the

opening leading to the sciatic nerve. From here, the needle was obliquely inserted into the sciatic nerve

about 0.5 cm above bifurcation of tibial and peroneal branches (fig. 2.2). The wires were subcutaneously

placed in a stress-release loop to allow for leg movements without pulling on the implant via the cables.
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Figure 2.2 – Implantation of the SELINE electrode in the rat sciatic nerve

Intramuscular electrodes implantation with connector on head-stage

To record electromyography (EMG) activity, bipolar electrodes were implanted into the following four

muscles of the left hindlimb: tibialis anterior (TA), soleus (SOL), gastrocnemius medialis (GM), plantaris

(PL). Recording electrodes were fabricated by exposing a 0.5 mm notch in the insulation of the implanted

Teflon-coated stainless steel wires (AS632, Cooner Wire Corp., CA). A common ground electrode was

created by removing 1 cm of insulation at the distal extremity of one wire, which was then subcutaneously

placed over the left shoulder. All wires were subcutaneously tunnelled to a single percutaneous amphenol

connector (Omnetics Connector Corp., MN) that was fixated with dental cement to the skull of the rat.

Surgical interventions were identical for all animals, except for the acute group, which did not receive

intramuscular electrodes and whose animals were euthanized immediately after testing the stimulation

performance of the electrodes. After surgery, all rats were placed in an incubator until full recovery

from anaesthesia. An additional recovery period of minimum five days was given before the start of the

experiments. From there, both percutaneous interfaces at the back and at the head were cleaned regularly

with saline or antiseptic spray (Bepanthen Plus, Bayer, Germany) as preventive treatment for infections.

2.3.3 Chronic electrode characterization

Weekly muscle recruitment curves were performed by injecting increasing amounts of charge into each of

the channels of the intraneural implants while recording the obtained compound muscle action potential

(CMAP) from each of the implanted muscles (Fig. 2.3 (a)). The schematic in Fig. 2.3 (a) shows the electrode

insertion in tibial and peroneal fascicles of the rat sciatic nerve and how selective muscle recruitment

of tibialis anterior (TA), gastrocnemius medialis (GM), soleus (SOL), or plantaris (PL) could be achieved.

Two representative examples of compound muscle action potentials (CMAPs) recorded from TA and SOL

muscles of the same rat upon stimulation of the nerve with two different channels are also shown in Fig.

2.3 (a).

A custom-made stimulation protocol (Matlab, The MathWorks Inc, MA) prompted a stimulator unit

(IZ2H, Tucker Davis Technologies, FL) to deliver biphasic cathodic-first current pulses (1 Hz) of 40 to 80

μs duration and increasing current intensities ranging from sub-threshold to a saturation value of the

recorded CMAPs for the channel being tested. The EMG activity was amplified (1000x, Differential AC

amplifier, AM systems, WA), filtered (10 - 2000 Hz bandpass) and acquired into the TDT RZ2 system (Tucker
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Davis Technologies, FL) at 25 kHz for offline analysis.

(a) Schematic of experiment and examples of recorded CMAPs (b) Examples of muscle recruitment curves and channel
selectivity

Figure 2.3 – Assessment of muscle recruitment by intraneural stimulation. (a) Top: Schematic of muscle recruitment
and implanted muscles. Bottom: Examples of CMAPs recorded from tibialis anterior (TA) and soleus (SOL) muscles.
(b) Examples of muscle recruitment curves and channel selectivity for two different channels in the same rat.

For every channel, three repetitions of each current step were performed and the average peak-to-peak

amplitude of the evoked CMAP of each muscle was used to analyse the relationship between stimulation-

evoked muscle activity and stimulation intensity via the computation of muscle recruitment curves (Fig.

2.3 (b)). In this animal, one channel (chan 2) elicited selective flexion (specific activation of TA vs. other

muscles), while the other channel (chan 1) elicited selective extension (specific activation of SOL, and

marginally PL, both ankle extensor muscles). At the end of the experiment, the recorded CMAPs were

normalized to their maximal amplitude obtained throughout the duration of the experiment (up to 6

months). These data were then used to assess the stability of the selectivity in muscle recruitment for every

channel, as well as the stability of the electrical properties of the implants over time.

Selectivity for every muscle was assessed by calculating a selectivity index (SI) as the ratio between the

normalized CMAP of a target muscle i, and the sum of the normalized CMAPs elicited in all muscles

recorded [122, 130]:

SIi = C M APi∑n
j=i C M AP j

,

For a given channel, the SI for muscle i was comprised between 0 and 1, with 0 indicating absence of

selectivity and 1 demonstrating exclusive activation of muscle i without activating other muscles. A channel

was considered selective for one of the tested muscles when the SI for this muscle was higher than 0.6. In

the rat sciatic nerve, SOL, GM, and PL muscles are innervated by the tibial fascicle, while the TA muscle is

innervated by the peroneal fascicle (Fig. 2.3 (a)). As such, inter-fascicular selectivity (tibial vs. peroneal

nerve stimulation) and intra-fascicular selectivity (SOL vs. PL vs. GM activation) could be assessed in this

experimental setup.
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To assess the stability of the implant in terms of electrical properties, for each channel, the threshold

charge, defined as the amount of charge necessary to elicit 10% of a maximal muscle activation, was

used to assess changes in stimulation efficiency from week to week. Further, impedance between each

channel (intraneural) and the implant’s ground (extra-neural) was measured at 1 kHz in vivo on a weekly

basis. The stability over time in both metrics was assessed via pair-wise comparisons between all weeks

(Kruskal-Wallis test) and further underlined by fitting an exponential decay function to the median time

derivatives of each metric. Finally, we counted the number of functional channels per implant according

whether muscle activity was elicited within the charge injection limits defined by cyclic voltammetry

[101, 131].

2.3.4 Modulation of movement amplitude

We assessed the possibility of functionally exploiting the obtained selectivity and performed amplitude and

frequency modulations of the stimulation for selective channels. Rats were lightly sedated with Dormitor

(Dorbene, Graeub, DE, 0.0025 - 0.005 ml/kg) to isolate the effect of the stimulation protocol from possible

movements artifacts, and were then placed at the edge of a small table with the legs hanging. The tail

was pulled up with a string and fixated to an artificial ceiling in order to maintain the lower trunk straight

and to ensure that legs were free from movement constraints. Joint kinematics of the left hind-limb were

recorded using the high speed motion capture system Vicon (Vicon Motion Systems Ltd., UK) combining

12 infrared cameras (200Hz). Small reflective markers were positioned on the left hind-limb joints iliac

(crest), greater trochanter (hip), lateral condyle (knee), lateral malleolus (ankle), and the distal end of the

fifth metatarsal (MTP). The kinematic data (200 Hz) and EMG signals (2 kHz) were recorded simultaneously

during stimulation protocols of either increasing amplitude (pulse width at 40 μs and frequency at 1Hz) or

increasing frequency (pulse width at 40 μs and amplitude at value with highest SI obtained). For each step

during either modulation, we computed the ankle joint angle using the cosinus law

Θ= cos−1 A•B
‖A‖×‖B‖ × 180

Π ,

where A and B are equal to the length of the segment between the knee and ankle markers and the ankle

and foot markers respectively.

2.3.5 Closed-loop control of movement-evoked traction force

To assess the controllability of the observed modulation of movement amplitude with stimulation fre-

quency, we built a proportional-integral controller (PI) that adjusted the stimulation frequency in closed

loop based on real-time recordings of the traction force that was produced by the ankle movement upon

stimulation through one channel (Fig. 2.12 (a)). The real time control platform was implemented in a

multi-threaded C++ code (Visual Studio 2012, Microsoft, WA) as an adaptation from a real-time control

structure previously developed [132].

Electrical stimulation was delivered with an IZ2H stimulator (Tucker Davis Technologies, FL) and real-

time readouts of the evoked traction force were recorded through the Vicon system via a force plate (2

kHz, HE6X6, AMTI, MA). The data flow was imported into the C++ environment via Ethernet using the

DataStream SDK software. The recorded force signal was filtered online using least mean squares adaptive

filters and compared to a defined target force (either constant step function, for the characterization of the

controller, or a sinusoidal function to assess controllability). The rat foot tip was attached with a string

to the three-dimensional force plate while verifying no initial pulling was exerted from the leg hanging
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position over the string to the force plate. The controller adjusted the frequency of stimulation based on

the error between the evoked traction force and the target force as follows:

ft+1 = ft +kp et +ki
∫t

t−20 et d t ,

where ft is the frequency of stimulation at frame t, kp and ki the coefficients for the proportional and

integral parts respectively of the controller, and et the error between the produced force and the target

force at frame t.

Characterization

We characterized the controller in a series of experiments, during which we put step functions of height 0.2

N and width 3.5 s as target force and varied the coefficients for the proportional and integral parts of the

controller. The nerve was stimulated through an active site and consequent muscle recruitment produced

a movement that was translated into force due to the attached string on the rat foot tip (Fig. 2.12 (a)). The

produced force was then compared to a target force (step function). Metrics such as initial overshoot (% of

target force), rise time (s), and sum of squared error (SSE) between target force and evoked traction force

were assessed for each couple of proportional and integral coefficients to adapt the controller output (Fig.

2.12 (b)).

Control of stimulation frequency

We performed an additional set of experiments, to demonstrate the controllability of the produced muscle

activations in real time. In each trial, the stimulation frequency was updated continuously based on

the difference between recorded and target force, which in this case was a sinus function (wavelength 3

seconds, evaluated on 3 repetitions). Values for the proportional (kp ) and the integral (ki ) corrections

of the controller were obtained from the characterization experiment, and were kept constant during

each trial. To measure performance, we assessed correlation between the evoked and the target force

throughout the three repetitions. We further computed the sum of squared errors between evoked and

target signal and analysed the distributions of frequencies used to reproduce the target force during each

repetition of the sinus function.

2.3.6 Impact assessment of implantation and implant removal

Previously obtained electrophysiological and walking track data has shown that the implantation of

polyimide based implants does not alter nerve conduction velocities or stepping patterns [109, 108]. To

complement this data, 5 rats were trained daily during two weeks to perform a skilled locomotor task,

consisting in walking over a horizontal ladder with irregularly spaced rungs. Rats were tested prior to

surgery, and every five days post-surgery during one month.

After this period, we explanted the implant from the nerve and tested leg motor control capacities of these

rats on the ladder task during an additional month. Each session consisted in high-resolution kinematic

recording (Vicon system) of five trials (runs). Performance per animal was computed as the percentage of

missed steps across these five runs. A Kruskal-Wallis test was used to assess differences in performance

between the different evaluations time-points before and after the implantation. One month after the

removal, all rats were euthanized, perfused and their sciatic nerves were dissected for histological analyses

to further assess the impact of the explant surgery on the nerves.
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2.3.7 Perfusion and tissue handling

At the end of each experimental procedure, rats were terminally anaesthetized with an overdose of pen-

tobarbital and trans-cardially perfused with Ringer’ s solution containing 100000 IU/L heparin and 0.25

% N aNO2 followed by 4% phosphate buffered paraformaldehyde (pH 7.3) containing 5% sucrose. The

implanted sciatic nerve was harvested alongside with the contralateral control nerve and fixed overnight

in the same fixative solution.

The nerves were washed in PBS 0.1M, routinely processed, embedded in paraffin blocks, and each sample

was entirely sectioned (transversal cross sections) on a microtome (Hyrax M25, Microm, DE) at 4 μm

thickness. Three tissue sections in a ribbon of ten were selected and mounted 3 by 3 onto coated glass

slides (Superfrost Ultra Plus, Thermo Fisher Scientific, MA), yielding tissue slices of approximatively every

40 μm between glass slides. Mounted tissue samples were dried overnight at 37°C and then stored at +4°C

until use.

Unless otherwise stated, the tissue reaction to the implants was assessed at the level of the implant

(due to the oblique insertion, we selected slices with the implant visible in the tibial fascicle to ensure

comparability between animals) and compared to tissue samples proximal and distal to the implant

(approximatively 0.75 mm above and below entry/exit of electrode into the nerve) as well as to control

tissue (intact contralateral nerve). The tissue at implant level of two animals (one in group P0 and one in

group P165) could not be used for histology or immunohistochemistry as cutting on microtome resulted

in torn tissue slices that were improper for analysis.

2.3.8 Histology and immunohistochemistry

Hematoxylin and Eosin (H&E) and Sirius red (SR) staining were performed with the automatic Tissue-Tek

Prisma & Coverslipper HQplus machine (Sakura, NE). For immunohistochemistry, slides were dewaxed

and placed 20 minutes in a citrate buffer bath (pH 6) at 95°C for antigen retrieval, followed by 1h blocking

of non specific sites in bovine serum albumin (BSA 1% diluted in PBS 0.1M). Selected sections were

then processed for immunohistochemical labelling against myelin (myelin basic protein MBP, 1:200,

Abcam), axons (anti-beta III tubuline TUJ1, 1:200 Abcam), macrophages (anti protein CD68 1:400 Serotec),

DNA/RNA of cells (4’, 6-diamino-2-phenylindole DAPI, 1.5 μg/mL, Vector), and fibroblasts (fibroblast

specific protein FSP1/S100A4, 1:200, MerckMillipore). The following secondary antibodies were used:

goat anti-rabbit IgG Alexa488, goat anti-rat IgG Alexa555, goat anti-mouse IgG Alexa555 (ThermoFisher

Scientific). Briefly, after blocking, sections were incubated overnight in a primary antibody solution at 4°C,

followed by rinses in PBS 0.1M. Sections were then incubated once more for 1h in a solution of appropriate

secondary antibody (Life Technologies) diluted 1:400 in PBS 0.1M and BSA 1%, followed by additional

rinses. Slides for fluorescence microscopy were mounted with a DAPI-containing medium (Vectashield,

Vector Laboratories). All stained slides were cover-slipped for microscopy.

2.3.9 Image acquisition, selection, and processing

Images of slices stained with H&E and SR were acquired with an optical microscope at 20x magnification

(Olympus slide scanner VS120-L100, Olympus Corp., EU) while immunohistochemically stained tissue

was imaged with a fluorescence microscope at 40x magnification (Leica TCS SPE, Leica Microsystems,

DE). Determination of cross sectional area of i) nerve fascicles, ii) capsule, and iii) the foreign body

giant cells layer carried manually out on H&E or SR sections using open source software Fiji for the area

measurements (ImageJ, NIH, MD). Blood vessels were also counted manually on H&E sections in the
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entire tibial fascicle. All manual quantifications were performed twice to ensure robustness.

Collagen deposition was quantified on SR stained sections (see section 2.3.11) and the number of cell nuclei

in the nerve fascicles was determined on H&E sections (see section 2.3.11), both with custom-written

routines in Fiji-ImageJ, detailed in the supplementary material.

3D reconstructions of fascicles, capsule, and the implant were performed by manually contouring the

different components on the images obtained from H&E stained serial sections (400 μm between sections)

and subsequently aligning them in Neurolucida software (MBF Bioscience, Williston, VT, USA) for 3D

reconstruction.

Macrophage presence in the different compartments of the nerve cross-section (extra-fascicular space,

local endoneurial environment, and distant endoneurial environment) as well as the fiber density and

their distance to the implant were quantified with two other custom written routines in Fiji (see section

2.3.11).

For the quantification of any metric in images obtained from immunohistochemistry, 3 consecutive

sections per animal were analysed. Due to the oblique insertion, at the implant level, we selected slices

with the implant visible in the tibial fascicle to ensure comparability between animals. This fascicle was

then referred to as local endoneurial environment, as opposed to distant endoneurial environment for

fascicles in which the implant was not present in the cross-section being analysed.

2.3.10 Statistical analyses

To determine time-dependent impact of the implant on the host tissue, we conducted Spearman’s correla-

tion analysis between all the metrics that were quantified across groups.

2.3.11 Supplementary methods for image processing

Quantification of collagen deposition around implant

Collagen deposition around the implant was quantified using a custom Fiji-ImageJ process chain. First,

ImageJ built-in colour deconvolution plugin was applied on the original image (Fig. 2.4A) using the color

vector FastRed-FastBlue-DAB to keep only the coral colour (stained collagen Fig. 2.4B a)). In parallel, a

copy of the original image was transformed from RGB components to Hue-Saturation-Brightness (HSB)

components (ImageJ built-in function HSB stack) and the saturation component was extracted to allow

differentiation of stained tissue from non-stained tissue (Fig. 2.4C a)). The transformed images were then

thresholded using ImageJ built in thresholding algorithm Yen (Fig. 2.4B b)), and Huang (Fig. 2.4C b))

and corresponding areas were measured in previously drawn regions of interest. For visual inspection, a

merged image with both components was saved (Fig. 2.4D). Final quantification in manually drawn regions

of interest (for instance the local endoneurial environment) was expressed as ratio of collagen-stained

tissue over all the tissue in each region.

Quantification of cellularity

The level of cellularity within the nerve fascicle was determined on H&E stained sections (Fig. 2.5A). For

this, the ImageJ in-built function color deconvolution was applied using the H&E color vector, to select

the dark blue staining (Fig. 2.5B). This transformed image was then thresholded using ImageJ built in
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Figure 2.4 – Image processing for quantification of collagen deposition on SR stained sections. A) Original image and
inset. B a) Coral color component of A (collagen), b) thresholded version of a). C a) Saturation component of A (other
tissue), b) thresholded version of a). D) Merge of B b) and C b) for visual inspection.

thresholding algorithm Yen (Fig. 2.5C). Final quantification was computed in manually drawn regions of

interest (for instance the local endoneurial environment (green)) and expressed as ratio of the area of the

hematoxylin-stained tissue over the area of the region of interest (excluding the area of the electrodes) (Fig.

2.5D).

Quantification of inflammation

The spatio-temporal dynamics of the inflammatory response were quantified on images obtained from

immunohistochemistry against macrophage marker CD68. For this, we first delimited each cross-section

into three areas of interest extra-fascicular space (e) in light grey, local endoneurial environment (le) in

middle grey, and distant endoneurial environment (de) in dark grey (Fig. 2.6B). Then, we created a distance

map from the electrodes regions of interest (manually drawn), using ImageJ built-in plugin geometry to

distance map (Fig. 2.6C). On the channel representing the staining against CD68 (Fig. 2.6D b)), ImageJ
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Figure 2.5 – Image processing for quantification of cellularity on H&E stained sections. A) Original image with drawn
region of interest (green) and inset. B) Blue color component of A. C) Thresholded version of B. D) Measurement of
thresholded area in drawn region of interest.

built-in threshold function Triangle was applied and yielded particles of different sizes and forms as

function of the staining (Fig. 2.6E). For each particle, area and distance to the electrode from the distance

map was measured. Presence of macrophages was computed as total area of fluorescence over area in the

compartment of interest to avoid counting bias.

Quantification of fiber density

In order to quantify the number of axons in the fascicles manually drawn on images of stained nerve cross

sections (Fig. 2.7A), an automated work-flow was used on image channel containing the staining against
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Figure 2.6 – Image processing for quantification of inflammation on sections immunohistochemically labeled against
CD68. a) Original image with drawn regions of interest (white dashed lines). B) Extraction of regions of interest. C)
Distance map from electrodes. D a) Inset of original image. D b) Select channel containing staining for CD68. E)
Thresholded version of D b).

axons (Tuj1). The work-flow included the following steps: i) a whole image background measurement (Fig.

2.7B b)), ii) the detection of the local maxima on a multi-Difference of Gaussian (multi-DoG) image (Fig.

2.7C), iii) an intensity measurement of the local maxima (Fig. 2.7B a)) before their comparison to a cutoff

value, and iv) the measurement of their distance from the electrode (Fig. 2.7B c)). Each of these steps is

detailed below:

With this work-flow, we estimated the quantity of axons in the entire nerve cross section based on the
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Figure 2.7 – Image processing for quantification of fiber density. A) Original image. B a)) Delimitation into regions
“endoneurial space” (grey) and “electrode” (black). B b)) Inverse of “endoneurial space” region. B c)) Distance map
from “electrodes region”. C a)) Inset from A. C b)) Channel 2 of the composite image (Tuj1 staining). C c)) Multiple
Difference of Gaussians (DoG) of the previous image. (C d)) Detection of local maxima in the multi-DoG image. C
e)) Projection of local maxima on original channel. C f)) Comparison with background noise (real axons (crosses) vs.
staining artifacts/maxima out of the drawn regions (dots, evidenced with the arrows in the inset)).

immunohistochemical labeling against Tuj1. The original image was obtained from staining against Myelin

(MBP), axons (Tuj1), and Dapi and acquired with a fluorescence microscope (Leica) at 40x (Fig. 2.7 A). On
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every image, we manually drew contours of fascicles and electrodes. The tiled image of the stained nerve

section contained between 15000 and 20000 axons per image (Fig. 2.7 A, magnified in C a)), distributed in

different Regions Of Interest (ROIs) (i.e. “endoneurial space” in grey and “electrode” in black) to define the

area in which axons will be counted (Fig. 2.7 B a)).

The “endoneurial space” regions were inverted to create a background region (black) and measure the

average intensity of the staining in the background (Fig. 2.7 B b)). This value was multiplied by a factor 3

and served as cutoff in the automated work-flow for deciding whether a local maximum was an axon or

background noise).

From the “electrode” regions, a binary image was created and a distance map was computed (ImageJ Fiji

Geometry to distance map) to later measure the distance of a detected axon from the electrode (Fig. 2.7 B

c)).

To accurately detect the many local maxima, we generated a multiple difference of Gaussians (multi-DoG)

image and detected on the result the local maxima in the staining with the “find maxima” function of

ImageJ using a noise tolerance of 20. The size and density of the axons could vary a lot and this method

appeared to be much more efficient than using a single Gaussian blur or a classic DoG as processing step

before identifying the local maxima. The DoG image was generated by subtracting an image that was

convoluted with a Gaussian of variance σ2 to an image that was convoluted with a Gaussian of narrower

variance (i.e. σ2 > σ1, here σ2 = 1.6 x σ1 [133]). The multi-DoG image was obtained by creating a series

of classic DoG images starting with σ1 = 1, incremental step of 0.5, 10 iterations and each obtained DoG

image was normalized by their standard deviation [134].

The resulting multi-DoG image was then obtained by stacking the image series and projecting minimum

(light blobs on dark background). For each identified point, a circle with 2 pixels radius was used to

measure intensity and the point was counted as an axon if the value was above the cutoff found from

the background measurement. Finally, for axons, the same circle was used to measure the value on the

distance map. Individual measurements and a summary per fascicles were generated.

2.4 Results

A SELINE implant was inserted into the sciatic nerve of five rats for a duration of six months. We performed

weekly measurements and functional experiments in order to assess the functional stability of the implants

for chronic applications and to determine their bio-integration within the implanted nerve. In addition,

six groups of rats (n = 3 rats per group) underwent the same surgical procedures, but were sacrificed at

earlier time-points in order to evaluate the relationships between the developing foreign body reaction

and the electrical properties of the electrodes during the first month after implantation (Fig. 2.1 and Table

2.1). One of those groups of rats (Group 6 - 28 days of implantation, passive implants) was not stimulated,

while the other groups received the same stimulation protocols as the rats implanted for 6 months. In

one additional group of rats (Group 7, n=5 - 30 days of implantation, passive implants), we explanted the

electrodes after 28 days to assess the impact of implant removal on leg motor control and on the tissue.

2.4.1 Stability and selectivity of polyimide-based intraneural implants

Post-mortem dissection revealed that all the implants had remained secured within the sciatic nerve

over the entire duration of the experiment. None of the rats had to be terminated prematurely. During
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intra-operative testing, all the channels of all implants elicited movement. Weekly evaluations showed

that 60% of channels were functional at 3-month post-implantation, and that 25 out of 100 channels were

functional at 6-month post-implantation (Fig. 2.8), corresponding to about 12 years in humans [135].

A channel was considered “lost” when a maximum charge injection of 100 nC did not elicit a threshold

response response (visual muscle twitch or evoked CMAP in EMG signal).

Figure 2.8 – Channel longevity. Grey lines refer to individual animals, black line represents sum of all channels.
Turquoise line shows that 50 % of the channels remained at 14 weeks post implantation.

To characterize the selectivity of implants, we conducted weekly measurements of the relationships

between the amount of injected charge in each channel of the implant and the amplitude of compound

muscle action potentials (CMAPs) elicited into flexor and extensor muscles of the ankle (Fig. 2.3 (a)). We

thus obtained recruitment curves, which are illustrated for two representative channels in Fig. 2.3 (b). To

quantify the selectivity of muscle activation, we calculated a selectivity index (SI), which expressed the

relative activation of a given muscle compared to all the recorded muscles. Immediately post-implantation,

approximately 80% of all channels exhibited a selectivity index above 0.6 (Fig. 2.9 (a)). 20% were not

selective after implantation (located between fascicles for instance). Channels classified as non-selective

(SI < 0.6) were likely located between fascicles in the extra-fascicular space. About 30% of the selective

channels activated a single extensor muscle, thus displaying intra-fascicular selectivity. The selectivity

index of channels engaging extensor versus flexor muscles remained stable over time, even at 6-month

post-implantation (Fig. 2.9 (b)).

(a) Selectivity index of channels post
implantation

(b) Stability of selectivity for flexion and
extension

Figure 2.9 – Selectivity of intraneural stimulation

To evaluate the stability of electrical properties, we measured the stimulation threshold charge and

impedance of all channels over the entire course of the experiment. We found that both electrical properties

progressively increased during the first month post-implantation and then remained stable over the
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subsequent months.(Fig. 2.10). More precisely, threshold charge stabilized around 20nC after 4 weeks of

moderate increase (green line) and a similar trend was observed for impedance measurements (stabilizing

around 200 kΩ). No statistically significant differences between values from week to week were observed

after this time in both metrics (Kruskal Wallis, p<0.05). Stability over time in both metrics was further

underlined by fitting an exponential decay function (f(x) in green) to the median time derivatives of

threshold charge (ΔQ, Fig. 2.10 (a)) and impedance (ΔZ, Fig. 2.10 (b)).

(a) Evolution of impedance over time

(b) Evolution of threshold charge over time

Figure 2.10 – Stability of electrical properties is achieved around four weeks post-implantation. (a) Impedance. (b)
Threshold charge.

2.4.2 Functionality of polyimide-based intraneural implants

Amplitude and frequency modulation of intraneural stimulation

We then exploited the selective channels to evaluate the usability of the implant for functional applications.

Rats were lightly sedated and then positioned with the legs in the air (Fig. 2.11 (a)). We measured the

changes in leg kinematics and muscle activity when applying stimulation of increasing amplitude or

frequency through the channels (Fig. 2.11 (b) and (c)).

Stimulation at low amplitude elicited a dorsiflexion or a plantarflexion of the ankle, depending on the

selectivity of the selected channel. Increase in stimulation amplitude resulted in co-contraction of ankle

flexors and extensors, which blocked the foot in a fixed position and would prevented the modulation of

ankle joint movement (Fig. 2.11 (b)). On the contrary, we found a robust linear relationship between the

stimulation frequency and the movement of the ankle in dorsiflexion and plantarflexion (Fig. 2.11 (c)).

This result suggested that the stimulation frequency but not stimulation amplitude could be exploited to

control the movement of the ankle.
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(a) Schematic of experimental setup (b) Effect of amplitude (top) and frequency (bottom) modulation on
kinematics

Figure 2.11 – Characterization of amplitude and frequency modulation of intraneural stimulation. (a) Experimental
setup for intraneural stimulation with varying amplitudes or frequencies. Hind-limb kinematics and EMG signals
were recorded. (b) Top: modulation of stimulation amplitude. Bottom; modulation of stimulation frequency.

Characterization of PI control of stimulation frequency

To test this possibility, we built a proportional-integral (PI) controller that adjusted the stimulation fre-

quency in order to minimize the discrepancy between the traction force produced by the movements of

the foot and a desired force (Fig. 2.12).

Rats were lightly sedated and then positioned on the edge of a table, with the leg to be stimulated attached

to one side of a string, while the other side of the string was attached to a tri-axial force plate that measured

the traction force in real time (Fig. 2.12 (a)).

We used a step function (3.5 sec, 0.2 N) to calibrate the proportional and integral coefficients of the

controller (kp and ki respectively) for the control loop feedback mechanism. Example responses produced

by purely proportional controller (kp = 1, ki = 0), enhanced proportional (kp = 10, ki = 0) and proportional-

integral controller show overdamped, underdamped and optimal responses (Fig. 2.12 (b)). A Kruskal-Wallis

test was used to assess differences between the variants across rats and channels. We found significant

differences between the diverse couples, and found one consistent compromise of low error, fast response,

and acceptable overshoot across animals that was used for the closed-loop control task (kp = 10, ki = 25)

(Fig. 2.12 (c)).

High-precision control of movement-evoked traction force

We then used these coefficients to adjust the stimulation frequency in closed-loop in order to control the

traction force produced by intraneural stimulation in real-time. The controller was able to reproduce a

sinusoidal force with high fidelity (Fig. 2.13 (a) top, R2 = 0.85, n = 4 rats with 2 or 3 channels tested per rat).

We binned the frequencies used during the first, second, and third sinus (example from one animal in Fig.
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(a) Experimental setup for the characteriza-
tion of the PI control

(b) Example responses for different controller
coefficients

(c) Reaction time, overshoot, and er-
ror obtained for different couples of
PI coefficients

Figure 2.12 – Characterization of PI-controller over step function. (a) Experimental setup. (b) Example responses. (c)
Quantification of performance with different controller coefficients.

2.13 (a) bottom). To maintain a minimal error between the desired and recorded traction forces, the PI

controller gradually increased the range of stimulation frequencies (Fig. 2.13 (b)).

(a) Closed-loop control of stimulation frequency to match sinu-
soidal target force

(b) Constant performance
through increased range of
frequencies used

Figure 2.13 – High fidelity closed-loop control of traction force. (a) Produced force matched target force with high
precision. (b) Error remains low while range of frequencies increases with duration of trial. (n=4)
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2.4.3 Assessment of the developing foreign body response

We conducted a series of macroscopic and microscopic evaluations on the explanted nerves in order to

assess the physical and biological consequences of the implant on the sciatic nerve.

Macroscopic observations

Dissection of the implanted nerves revealed the presence of extra-neural hemorrhages in the acute group,

which were due to the interruption of superficial blood vessels on the nerve surface during implantation

(Fig. 2.14).

Figure 2.14 – Macroscopic observations of implanted nerves at dissections for different time-points. Dashed line
shows the path of the implant.

With the exception of the acute and short term groups (up to 7 days post-implantation), all the explanted

nerves displayed an excess of connective tissue at the entry and exit sites of the implant in the nerve.

The overall shape of the nerves remained preserved, although chronically implanted nerves (6 months)

displayed an enlargement around the site of implantation.

Encapsulation of polyimide-based intraneural implants

We stained serial cross-sections of the implanted nerves with H&E in order to assess the general morphology

of the nerve. Comparison of acutely (Fig. 2.15 (a)) and chronically (Fig. 2.15 (b)) implanted nerves revealed

that the size of the nerve increased in the region surrounding the implant (note the same scale bar between

(a) and (b) in Fig. 2.15).

No hemorrhage was found inside the nerve of the acutely implanted animals, suggesting that during

insertion, the fibers bend around the entering implant. The local enlargement derived from a highly

cellularized capsule (Fig. 2.16 (a)) that enveloped the implant and was consistently observed across

animals in the chronic group. Many of these cells were identified as fibroblasts (DAB revealed FSP1 positive

nuclei), macrophages (Fast-blue revealed CD68 positive) or myofibroblasts (DAB revealed αSMA(Fig. 2.16

(a)).

To quantify the observed enlargement, we measured the diameter of the nerve along its length, the cross-

sectional area of each fascicle, and the area of the capsule surrounding the implant in each group of

animals. We found that the local enlargement of the nerve was primarily due to the progressive growth

of this capsule around the implant (Spearman’s R = 1, p<0.0001, Fig. 2.16 (b)). The capsule developed

during the first 3 to 4 weeks after implantation, and then remained stable during the subsequent months
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(a) Acute implant (0 days)

(b) Chronic implant (165 days)

Figure 2.15 – Comparison of general nerve morphology for (a) acute and (b) chronic implants on H&E stained sections.

post-implantation. 3D reconstructions of the fascicles, the implant and the surrounding capsule illustrated

the important contribution of the fibrotic capsule to the enlargement of the nerve in one representative

animal (Fig. 2.16) (c)).

We then quantified the components of the capsule and of the local endoneurial environment. For this, we

stained nerve cross-section with Sirius Red in order to measure the area of the tight encapsulating layer

of multi-nucleated giant cells around the implants, and the density of collagen in the local endoneurial

environment. Insets of Sirius Red stained sections for different time-points show the appearance of an

epithelioid layer of foreign body giant cells tightly around the implant that was quantified across animals

(Fig. 2.17 (a)). We found aggregates of multi-nucleated giant cells around and in direct contact with the

surface of the implant as early as seven days post-implantation. This layer increased gradually during

the first four weeks post-implantation. At the chronic time-point, the size of this layer was considerably

reduced.

Quantification of different components in the local endoneurial environment revealed increased collagen

deposition at the chronic stage, a substantial increase in cellularity, and a gradual densification of mi-

crovasculature over the first four weeks post-implantation (Fig. 2.17 (b)). The amount of collagen relative

to the cross-sectional area of the local endoneurial environment did not increase during the first four

weeks post-implantation. While the size of neither nerve nor capsule changed between 4 weeks and 6
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(a) Identified cell types inside capsule at 165 days post-implantation.

(b) Relationship between nerve enlarge-
ment and capsule development

(c) 3D reconstructions of fascicles, im-
plant, and surrounding capsule

Figure 2.16 – Highly cellular capsule progressively enlarges nerve. (a) At the chronic stage, fibroblasts, myofibroblasts,
and macrophages can be found within the capsule. (b) The capsule developped mainly during the first month, causing
an enlargement of the nerve. (c) This enlargement was consistently observed at the implant location in the chronic
group.

(a) Epithelioid layer of foreign body giant cells. Dashed line: delimitates layer, *: multi-nucleate giant cells, full arrow: implant
active site.

(b) Collagen, cellularity, and microvascular density

Figure 2.17 – Quantification of capsule components as function of duration of implantation.
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months post- implantation, the density of collagen was increased at the chronic stage. The cellularity in the

local endoneurial environment increased considerably, starting at 7 days post implantation. In turn, the

endoneurial microvascular density increased as early as 1.5 days post-implantation. Both cellularity and

microvascular density remained elevated at the chronic stage. Spearman’s correlation analysis revealed

that the growth of the capsule was significantly correlated with the amounts of vasculature (R = 1, p<0.0001),

collagen (R = 0.997, p<0.0001), and cellularity (R = 0.78, p<0.0001) measured over time.

Inflammatory response to polyimide-based intraneural implants

The insertion of the implant into the nerve triggered an inflammatory response that aimed to eliminate

the debris caused by the penetration and to engage repair mechanisms. To visualize the spatiotemporal

dynamics of this inflammation, we stained nerve cross-sections against the monocyte/macrophage marker

CD68 and quantified the staining in the different nerve compartments at all time-points (Fig. 2.18).

Macrophages migrated from the vascular system, and infiltrated the extra-fascicular space early after

(a) Acute (0 days) (b) Mid-term (17 days)

(c) Chronic (165 days)

Figure 2.18 – Observation of inflammatory response to the implant by immuno-histochemical labelling against
macrophage marker CD68. (a) Acute (2 hours), (b) mid (17 days), and (c) chronic (165 days) stage of implantation.
Scale bar on insets is 25 μm. Legend: le - local endoneurial environment, de – distant endoneurial environment, e -
extra-fascicular space, bv - blood vessel, p.c. - posterior cutaneous branch.

implantation (Fig. 2.18 (a)). Evaluations at 17 days post implantation showed that both the local and the

distant endoneurial environments were densely populated with macrophages (Fig. 2.18 (b)), indicating
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a multifocal infiltration throughout the endoneurial environment. While inflammatory cells were still

present in the chronic stage, their distribution was restricted to the local endoneurial environment (Fig.

2.18 (c)). To measure these inflammatory responses, we quantified CD68+ objects in the different nerve

compartments by objectively expressing its presence as area of fluorescence normalized to the analysed

area of the respective nerve compartment.

Figure 2.19 – Quantification of the inflammatory response in the extrafascicular space (left), the local endoneurial
environment (middle), and the distant endoneurial environment (right).

We quantitatively confirmed that the infiltration of macrophages started from the extra-fascicular space

and residing blood vessels (Fig. 2.19 (left)) as soon as 36h post implantation. The macrophages were

then first recruited to the site of injury in the local endoneurial environment (Fig. 2.19 (middle)), before

generalizing their presence throughout the fascicles (Fig. 2.19 (right)). In the chronic stage, their presence

was restricted to the local endoneurial environment. To visualize this spatio-temporal pattern in the local

endoneurial environment, we analyzed the area of each detected fluorescent particle as a function of its

distance from the implant (Fig. 2.20). This analysis revealed a progressive accumulation of small particles

into large clusters in the early phase of inflammation. Although macrophages persisted at the chronic

stage, they were less distributed and did not appear as big clusters.

Figure 2.20 – Spatio-temporal dynamics of inflammatory response. The red line differentiates qualitatively particles
from clusters based on the average surface area of detected macrophages (+- 80 μm).

Impact of the implant on fiber density

We assessed the impact of the implant on fiber density and organization around the implant. For this, we

stained nerve cross-sections with antibodies against axons (TUJ1) and myelin (MBP) (Figs. 2.21 and 2.22).
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(a) Acute (2h post implantation)

(b) Sub-acute (36 hours post implantation)

(c) Early (7 days post implantation)

Figure 2.21 – Observation of implant impact on axons and myelination during the first week of implantation. Large
scale bar: 250 μm, small scale bar: 25 μm. Staining against axons (Tuj1, red), myelin basic protein (MBP, green), cell
nuclei (dapi, blue).
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(a) Mid (17 days post implantation)

(b) Long (28 days post implantation)

(c) Chronic (165 days post implantation)

Figure 2.22 – Observation of implant impact on axons and myelination after the first week of implantation. Large
scale bar: 250 μm, small scale bar: 25 μm. Staining against axons (Tuj1, red), myelin basic protein (MBP, green), cell
nuclei (dapi, blue).
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The penetration of the implant induced an immediate change in the morphology of the fibers (Fig. 2.21).

Close inspection showed that the axons adopted a bended shape indicating that the fibers had moved

aside from the implant during the insertion. Indeed, we did not detect intraneural hemorrhage, suggesting

that the fibers were not severed during implantation (Fig. 2.21 (a)). In the sub-acute stage, the nerve

cross-sections exhibited swollen axons and spheroid formation in close vicinity of the implant (Fig. 2.21

(b)), indicating a breakdown of axons as consequence of the insertion. At one week post-implantation,

a zone void of axons appeared around the electrode, which corresponded to the ongoing formation of a

capsule (Fig. 2.21 (c)).

From this time point to the chronic stage, this zone progressively expanded (Fig. 2.22 (d) - (f)). During this

process, mainly unmyelinated axons started to populate the capsule. In the chronic stage, some of these

axons appeared to carry some myelin, although thin when compared to myelinated axons further away

from the electrode. Some axons were as close as 30 to 50 μm from the implant.

We developed a semi-automatic algorithm to estimate the density of myelinated fibers in the entire nerve

cross-section both proximal and distal to the implant (Section 2.3.11), and normalized the measured

density also to contralateral control counts obtained from non-implanted nerves (Fig. 2.23 (a)). At

each time point examined, the ratios of proximal to distal measurements as well as distal to control

measurements were close to one, suggesting that no substantial change in number of myelinated fibers

had occurred after implantation. Despite the development of the capsule, we consistently observed an

increase in detected axons at the implant level that was highest at 4 weeks post implantation, and had

remained substantially increased in the chronic stage (Fig. 2.23 (b)).

(a) Proximal-distal and distal-control ratios in fiber
density

(b) Increased fiber counts around
the implant

Figure 2.23 – Quantification of implant impact on fiber density. Dotted line indicates reference lines (in (a) and (b) a
ratio of 1, in (c) the values from the control group (0 days post implantation).

We further measured the distance between the implant and the closest 20% of axons and myelin (Fig. 2.24).

Both axons and myelin moved away from the implant during the first month post-implantation. Albeit in

the chronic group the mean distance of the closest 20% of fibers resembled the distance from the implant

in the acute group, the myelin had not moved closer, suggesting that most of the regenerating axons did

not bear myelin.
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Figure 2.24 – Distance of closest 20 % of fibers from implant.

.

Electrical stimulating does not exacerbate the foreign body reaction

Previous studies have been looking at passive and untethered intraneural electrodes to assess the induced

foreign body reaction of such implants. To evaluate the potential impact of providing stimulation to the

nerve, we had created an additional control group that was implanted with a tethered implant and EMG

electrodes but through which no stimulation was provided. Even though the number of animals per group

did not allow us to statistically assess whether such differences were present, we obtained very similar

results in all metrics examined for the animals in the groups 28a (active) and 28p (passive).

2.4.4 Impact of implantation and implant removal on fine motor control

We assessed the impact of the implant insertion and also implant removal on leg motor control capacities.

For this, we conducted kinematic analyses during locomotion along the irregularly spaced rungs of a

horizontal ladder in 5 animals (Fig. 2.25 (a)). We calculated the percent of missed steps of the leg with the

implant during evaluations conducted before implantation, at regular intervals after implantation, and

during one month after the removal of the implant.

We did not detect significant alteration of locomotor performance (measured by the percent of missed

steps during five consecutive trials) after insertion or removal of the intraneural implant at any of the test

time-points (p>0.05, Kruskal-Wallis test) (Fig. 2.25 (b)).

(a) Ladder task to assess leg motor control (b) Quantification of missed steps

Figure 2.25 – Impact of implantation and implant removal on leg motor control. (a) Experimental setup. (b) Perfor-
mance was measured before and after implantation and after explantation as the percent of missed steps during trials
of quadrupedal locomotion along a ladder with unequally spaced rugs.

Evaluation of the nerve tissue one month after removal showed expected signs of scarring, mainly reflected
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by enhanced collagen deposition and increased cellularity at the passage site of the implant (Fig. 2.26 (a)).

This was found consistently across animals. Immunohistochemical labelling against macrophage/mono-

cyte marker CD68 revealed the presence of macrophages along the passage site of the implant (Fig. 2.26

(b)). No significant CD68 positive staining was found in the extrafascicular space. The observed signs of

inflammation were extremely weak when comparing with the presence of inflammatory cells in the nerves

that were implanted during one month and in which the implant was not removed (groups 28a and 28p).

(a) Tissue reaction to implant removal

(b) Inflammation quantification after implant removal

Figure 2.26 – Impact of implant removal on nerve tissue

2.5 Discussion

We studied the selectivity, stability, functionality and biocompatibility of polyimide-based intraneural

implants that were inserted into the sciatic nerve of rats for extensive durations. We found that after a

period of approximatively one month during which a foreign body reaction developed around the implant,

the electrodes maintained stable and selective responses to charge delivery that enabled the precise

control of ankle movements in anesthetized rats. We discuss these results with a particular emphasis

on the stability and usability of polyimide-based intraneural implants, the implication of the acute and

chronic biological responses to the implant insertion, and the potential of this technology for long-term

44



2.5. Discussion

clinical applications.

2.5.1 Stability and usability of polyimide-based intraneural implants

We found that the SELINE electrodes exhibit remarkably stable responses to charge delivery that supported

robust stimulation selectivity over extended periods of time notwithstanding the development of an

encapsulating layer around the implant, in particular during the first month after insertion. Encapsulation

of intra-cortical implants has been linked to the decline of recording electrode functionality [136, 137, 138].

Likewise, experimental and modelling studies showed that the accumulation of multi-nucleated giant cells

around the implant alter the path of current flow [139, 140]. We confirmed these findings in the context of

peripheral nerve stimulation. We found a tight relationship between the thickness of the encapsulating

layer around the implant and the graded increases in stimulation thresholds and electrode impedance (Fig.

2.27). Spearman’s correlation analysis revealed that the growth of the capsule was significantly correlated

with the amounts of vasculature (R = 1, p<0.0001), collagen (R = 0.997, p< 0.0001), and cellularity (R = 0.78,

p<0.0001) measured over time. Both changes from week to week in impedance and threshold charge were

highly anti-correlated to fascicle size (R = -1), capsule size (R = -1), microvascular density (R = -0.997), and

cellularity (R = -0.78) (p > 0.0001).

Figure 2.27 – Schematic summary of observations

The biological response to the insertion of the implant was particularly pronounced during the first month

after implantation. During this period, the electrodes displayed a logical increase in impedance, which

led to an augmentation of stimulation thresholds for the majority of the electrodes, stabilizing around

20nC. Such thresholds have been hown to be extremely usable in human applications [123] and are about

one magnitude lower than epineural electrodes in similar applications [141]. Further, we were able to

exploit the implants for long-term functional applications. Two factors contributed to maintaining implant

functionality. First, inter-fascicular selectivity was preserved under a certain range of stimulation currents.

Second, we were able to leverage this selectivity through the modulation of stimulation frequency. Indeed,

we found a linear relationship between the stimulation frequency and hind-limb kinematics, which we

used to control a range of forces with high precision in anesthetized rats. Previous studies similarly showed

that the stimulation frequency was the most reliable control parameter to modulate limb kinematics or

sensory information using intraneural or epidural spinal cord stimulation protocols [123, 142, 143, 144, 35].

This high degree of controllability over extended durations opens a realistic pathway to utilize intraneural

implants to alleviate motor deficits and restore graded sensation for a range of clinical applications.
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2.5.2 Immediate and chronic biological responses to the implant insertion

The characterization of the immediate mechanical consequence and long-term biological response to

implant insertions plays an important role in optimizing implant design and validating their usability for

clinical applications [145]. Here, we conducted comprehensive anatomical evaluations to characterize the

mechanical impact, inflammation and foreign body reaction following insertion of the SELINE implant,

and propose methods to mitigate these detrimental responses.

We observed a succession of inter-connected changes over the course of the implantation. During the

first hours after insertion, the nerve fibers displayed minimal mechanical displacements in the immediate

vicinity of the implant, but without noticeable signs of damage. As early as one day after the insertion,

axonal swelling and myelin breakdown became apparent. Previous studies linked these changes to

Wallerian degeneration [146, 147]. We found that during the first week after implantation, the macrophages

emerging from the extra-fascicular space had migrated into the endoneurial space. The role of these

macrophages is to scavenge and remove myelin and axonal debris [146, 147, 148, 149]. During the same

period, a capsule developed around the implant, forming an approximately 100 μm broad zone of enhanced

cellularity, mainly composed of monocytes and fibroblasts. This capsule increased in size until one month

post-implantation, consistent with the one-month period of adjustments in the electrical properties of

the implants (Fig. 2.27). Threshold charge increased at the capsule progressively increased the distance

between axons and the implant active sites. Similarly, impedance, measured between each active site

and the extra-neural reference site, increased as the capsule developed. At extended time-points post-

implantation, the capsule combined two adherent layers. The first layer consisted of an accumulation of

densely packed multinucleated giant cells in close vicinity of the implant (approximatively 25 μm thickness).

The second layer (about 100-150 μm thickness) was composed of a fibrotic network surrounding the

multinucleated giant cells (Fig. 2.28).

Figure 2.28 – Illustration of possible mechanisms contributing to the implant bio-integration

The size and structure of this capsule was comparable to the capsule that forms around implants inserted

into the cerebral cortex [138]. Despite the persistence of inflammatory signs in the chronic stage, the

amount of macrophages was substantially reduced compared to early time-points, and remained con-

fined to the proximity of the implant. The evolution of this inflammatory process replicates Wallerian

degeneration associated responses that have been described previously [150, 149, 151, 152, 153, 154].

The astroglial foreign body reaction that spontaneously forms around the tip of electrodes inserted in the

brain repels nerve fibers, thus preventing central axons from sprouting into the capsule [155]. For this
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reason, the capsule has been termed the dead zone [136]. In contrast, we found the presence of small

diameter unmyelinated fibers scattered throughout the second layer of the capsule, starting a few weeks

post-implantation. These results suggest that the fibrotic network and sustained foreign body reaction

triggered by the implant do not prevent regenerative sprouting of peripheral nerve axons. These axons may

arise from two mechanisms. First, these thin axons may represent ongoing attempts of damaged axons to

regenerate through the capsule. Second, this local sprouting may result from the continuing micro-motion

of the tethered implant, which may trigger a recurrent cycle of inflammatory reaction and regenerative

sprouting.

We detected an increased microvascular density and the presence of potentially pro-regenerative macrophages

that have both been linked to regeneration in the peripheral nervous system [156, 157, 158, 159, 160, 161].

These biological responses led to an increase in impedance of the electrodes and in threshold charges

during the first month post-implantation in all the tested rats. These pathophysiological reactions may

be linked to the mechanical insult due to the insertion of the implant, to the foreign body response, the

repeated delivery of current, or a mixture of all these mechanisms. To estimate the role of charge delivery,

we conducted anatomical evaluations in a group of rats that never received electrical stimulation through

the implant. This group of rats exhibited identical biological responses compared to rats that received

stimulation, suggesting that electrical stimulation is not a major contributor in the development of the

foreign body reaction. Consequently, we propose that the foreign body reaction was primarily linked to the

insertion-associated trauma together with the mechanical and chemical mismatch between the implant

and the nerve.

Many strategies may mitigate the mechanical impact of the implant insertion. First, computational

modelling may help identifying optimal conditions for surgical insertion of the implants. Second, the

geometry of the implant plays a significant role in defining the amount of damage during insertion. Here,

we have exploited computational modelling of tissue deformation to various geometries of the entering

implant tip [162] to design implants that minimize penetration damage. The limited damage observed

a few hours after implantation confirmed that minimal mechanical damage resulted from the insertion.

Shape memory alloys that change properties with temperature may provide an alternative material to

design implants minimizing penetration damage [163]. Third, various strategies are explored to reduce the

chemical and mechanical mismatches between tissue and implant, which both play a significant role in

triggering foreign body reaction responses [164]. Chemically, surface modification of substrate materials

[137, 165] and organic materials [166] may aid reducing the inflammation and granulomatous reaction,

respectively. Mechanically, previous studies showed that reducing the mechanical mismatch between the

neural structures and the implants minimize foreign body reaction. For example, soft spinal implants

that matched the mechanical properties of the targeted tissue showed remarkable bio-integration in the

central nervous system [167].

2.5.3 Potential for long-term clinical applications

The limited understanding of the dynamic interactions between neural tissue and implant functionality

has hindered the dissemination of penetrating peripheral nerve implants in clinical applications. Despite

the diversity of intraneural implants with various levels of selectivity, these implants have only been used

for research studies in humans. Here, we conducted a comprehensive characterization of polyimide-based

implants to quantify the potential of these electrodes for clinical applications. Based on our results in rats,

we anticipate that this type of implants has the potential to remain functional for extended periods of time

in humans. Indeed, the size mismatch between the implant and the targeted nerve is substantially larger in

rats compared to humans. Consequently, the impact of motion and tethering forces are substantially larger
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in rats compared to humans, adding challenges for the resistance of the electrodes, wires, and connectors,

which are often among the reasons for the loss of functional channels over the time of implantation.

Moreover, rats exhibit more pronounced inflammatory responses and fibrotic reactions compared to

humans [168].

The present results cannot be directly extrapolated to the nerve environment of humans. Yet, the milder

foreign body reaction and lower impedance of intraneural electrodes reported in larger animal models

and humans suggest that the electrode stability observed in rats over 6 months could translate into

implants that remain functional and selective for periods ranging from years to decades in humans [135].

Moreover, we show that the removal of the implant from the nerve in the chronic stage did not cause

detectable alteration of fine motor control capacities in our rats. Indeed, anatomical examination revealed

that the removal of implant did not damage the neural tissue beyond an expected but non-impairing

scar formation. The possibility to remove and exchange non-functional implants is critical for clinical

settings. The present results open realistic perspectives for long-term clinical applications, including

motor prostheses to alleviate motor deficits of the upper and lower limbs as well as sensory prostheses to

restore lost sensation.

2.6 Conclusion

We characterized the electrical and functional properties of polyimide-based intraneural implants and

their bio-integration in the peripheral nerve environment over extended durations in rodents. These

parallel assessments provided a comprehensive and integrated understanding of the interplay between

the properties of the implant and the biological responses to the chronic implantation. This knowledge

is essential to refine and validate implants for long-term human applications. We showed that despite

the unavoidable foreign body reaction, the electrodes remained functional and selective for the entire

duration of the experiments, supporting high-precision control over ankle movements. Our results provide

a comprehensive assessment of polyimide-based intraneural electrode functionality, stability, and bio-

integration and open a realistic pathway to refine and disseminate such implants in clinical applications

in humans.

General conclusion

In the work presented in this chapter, I provide an ensemble of neurophysiological and histological data

that show, for the first time, the relationship between the stimulation properties of actively-used intraneural

implants and their bio-integration within the host-tissue. I demonstrate that intraneural peripheral nerve

stimulation can provide high-fidelity control of selective ankle kinematics after months of implantation.

I show that the developing capsule does not hinder functionality, and may actually confer additional

mechanical stability within the nerve. Those results underline the stability of such implants in the long

term in spite of the strenuous experimental model combining multiple intramuscular EMG electrodes

and an intraneural implant in healthy and freely moving rats over six months. This work was extremely

important to demonstrate the possibility of long-term functionality and provides a solid backbone for

the work carried out during my thesis but also for future work related to intraneural thin-film stimulating

electrodes.
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3 Combining peripheral nerve and spinal
cord stimulation in a hybrid neuro-
prosthesis

Severe spinal cord injury interrupts the flow of information between the brain and the limbs, thereby

causing paralysis of the affected body parts. Electrical epidural stimulation (EES) of the spinal cord

reactivates the spinal cord below the lesion and is capable of generating locomotor activity. In humans the

controllability of the produced movements may however be limited by difficulties in selectively recruiting

and modulating distal muscle activation. In the first part of this thesis (chapter 2), I showed that intraneural

peripheral nerve stimulation (PNS) selectively recruits distal muscles and permits high-fidelity control of

their respective activation in real-time. However, this high specificity is a bottleneck to generate multi-joint,

coordinated movements and control the involved muscles simultaneously. In this context, I propose that

PNS and EES are complementary strategies and can be combined into a single and refined neuroprosthetic

system. I developed and characterized a hybrid PNS-EES paradigm targeting the sciatic nerves and

the spinal cord concomitantly in rat models of severe spinal cord injury. The hybrid PNS-EES strategy

enabled highly controllable refinements of locomotion pattern in rodents during treadmill and overground

locomotion. These developments had important implications for functional restoration in a humans.

Indeed, the hybrid PNS-EES paradigm similarly permitted refined locomotion in a pilot experiment with

an individual with spinal cord injury.

The content of the chapter is adapted from the manuscript Wurth et al., “Hybrid peripheral-spinal neuro-

modulation paradigm for refined movement restoration after paralysis” in preparation.

Personal contributions: Responsible for the project. Conceived the study (animal) and designed the

experiments (animal sand human), performed animal-related procedures and experiments, acquired and

analyzed the data, processed the tissue and performed the stainings, acquired and analyzed the images

obtained from histology, prepared the figures, wrote the manuscript. The real-time control of PNS delivery

during EES-mediated locomotion was implemented in C++ by J Gandar, the second author of the work.
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Hybrid peripheral-spinal neuromodulation paradigm for refined move-

ment restoration after paralysis

S Wurth1,2, J Gandar2, M Capogrosso1,3, A Cutrone4, N Pavlova2,5, P Shkorbatova2, E D’Anna1, Q Barraud2,

S Raspopovic1,4, F Wagner2, K Minassian2, S Micera1,4∗, G Courtine2∗

1 Bertarelli Foundation Chair in Translational Neuroengineering, Center for Neuroprosthetics and Institute of Bioengi-

neering, École Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland
2 International Paraplegic Foundation Chair in Spinal Cord Repair, Center for Neuroprosthetics and Brain Mind

Institute, École Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland
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3.1 Abstract

Neuromodulation of the lumbar spinal cord enabled extensor and flexor activity in muscles of paralyzed

legs after spinal cord injury (SCI), both in animal models and humans. However, EES-mediated neuromod-

ulation is not selective enough to modulate the distal musculature independently and efficiently, impeding

a refined movement execution. Peripheral nerve stimulation selectively activates passing axons, which

allowed precise control over agonist and antagonist muscles of the ankle in animal models. These results

suggest that combined electrical stimulation of both spinal cord and peripheral nerves may provide a

global and local control over leg movements, respectively. To evaluate this complementarity, we developed

a hybrid peripheral-spinal neuroprosthetic system that electrically stimulated the spinal cord epidurally

and both sciatic nerves intraneurally in rat models of leg paralysis. Real-time control of peripheral nerve

stimulation within the hybrid peripheral-spinal stimulation paradigm allowed the selective and graded

tuning of distal leg movements, permitting high controllability of leg movements during locomotion in

rats. Preliminary results in humans suggest similar synergies between spinal cord and peripheral nerve

stimulation, enabling refined locomotion mediated by peripheral control over distal muscle activation. Our

findings define a novel approach to restoring dexterous movements after paralysis through a personalized

and comprehensive electrical stimulation paradigm.
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3.2 Introduction

Severe SCI interrupts communication between supraspinal control centres and spinal circuits associated

with distal nerves and muscles, thereby causing paresis or paralysis of the affected body parts. Despite the

disrupted connections, the spinal circuits and the distal neuromuscular system below the lesion remain

largely intact [13]. The voluntary control of movement however is lost, severely impeding the mobility and

independence of the afflicted.

Restorative neurology targets the residual, yet altered neural system to enhance recovery from injury

[169]. One form, termed Functional Electrical Stimulation (FES), uses the persisting capacity of the

peripheral nerves to conduct electricity and recruit muscles. FES can induce a direct muscle contraction

by stimulating the nerve terminals on the motor endplate of the target muscle [55], or indirectly, via a

multi-joint spinal reflex response that is triggered by stimulation of the nerve afferents [56, 57]. In people

with incomplete SCI, the control over the distal musculature is often the most severely affected and FES can

be utilized to facilitate foot clearance at the onset of the swing phase. Examples of commercially available

systems are Fepa [170] or WalkAid [171]. Individuals suffering from severe SCI however lack sufficient

trunk stability and knee and hip extension to benefit from such a local intervention. To address these

issues, multi-site FES systems using transcutaneous stimulation [172, 62, 63, 64] or implanted electrodes

[66] have been developed and target multiple muscles at once. Those systems can generate standing

and short-distance ambulation under high energy expenditure using crutches or a walker for stability.

Their setup however is relatively cumbersome, requires extremely high power consumption, the generated

movements are slow, abrupt, and unnatural, and the systems suffers from the poor muscle quality of SCI

individuals. Accordingly, their use is rather found in a clinical environment for exercising, where they

provide a variety of secondary benefits other than mobility [71, 72].

An alternative approach of restorative neurology for the recovery of lower limb function consists in

targeting the spinal networks involved in locomotion instead of the peripheral nerves or muscles. Electrical

stimulation of the spinal cord recruits motorneurons transsynaptically, which consists in a more natural

activation of motor neurons when compared to FES. Experimental studies in animal models have shown

the possibility of recovering locomotor-like activity by recruiting these networks pharmacologically [173,

174, 175, 176], electrically [177, 178, 179, 180, 181, 182] or by means of or in combination with afferent

feedback induced in the legs by a moving treadmill belt on which the animal was positioned [183, 184].

These experiments have endorsed the role of afferent sensory feedback in the control of coordinated

locomotor activity and have promoted the idea that after SCI it was possible to raise the excitability of the

spinal networks artificially to enable the sensory feedback to retake this role of regulator and re-establish

locomotor output. For instance, epidural electrical stimulation (EES) of the lumbosacral spinal cord

restored adaptive and weight bearing locomotion in severely paralyzed rats [33, 34, 35, 36, 32].

Increasing evidence from human studies shows that EES can similarly reactivate the lumbar motor circuits

and modulate muscle activity after severe SCI [19, 185, 186, 37, 44, 38, 187]. Furthermore, EES applied

during manually assisted treadmill stepping in complete spinal cord injured persons increased the ex-

citability of the lumbar spinal networks and enhanced stepping-like muscle activity [37, 39, 40]. In spite of

these encouraging results, it was not possible to actually generate stepping, indicating a clear translational

gap between rodent experimentation and clinical studies [41, 42, 43]. Among others, anatomical (scale)

and neurophysiological differences between rodents and humans will weigh on the translatability of EES

paradigms [41, 46]. For instance, the natural firing rate of rodent afferent fibers is about four to five times

higher than the one of humans ([47, 48, 49] and [50, 51, 52] respectively). This difference could heavily

impact the interaction between EES and the naturally evoked muscle spindle feedback circuits during

locomotion. Finally, in the referred animal studies, the spinal cord excitability was electrochemically
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enhanced with serotonin agonists, which is known to enhance the responsiveness to stimulation. In

humans however, the administration of such neuromodulators is not approved. Those reasons may in

part explain the lower success of the applied electrical stimulation when compared to the animal studies.

Furthermore, human locomotion and human motor control are immensely more elaborate and skilled

when compared to rodents. The human lower limb "dexterity" complements multi-joint movements

(motor primitives) with precise, local control such as foot rotation or ankle dorsi-flexion. However, data

from human studies seem to suggest that such specificity, for instance through selective recruitment of the

tibilais anterior (TA) muscle, could be difficult to achieve with epidural spinal cord stimulation [40, 44, 38],

among others because distal agonist and antagonist muscles seem to be partially innervated by the same

spinal segments [45]. Consequently, EES paradigms for functional restoration of locomotion could be

limited in humans by a lower selectivity in distal muscle activation.

I argue that in the context of restorative neurology, targeting the spinal cord and the peripheral nerves

concomitantly is complementary and highly beneficial for providing both a global activation of locomotor

networks and a peripheral refinement for increased functionality through selective activation of distal

musculature. EES allows for a natural recruitment of synergistic muscle groups, leading to naturally

coordinated movements through transynaptic activation of motorneurons, thereby retaining the natural

recruitment order of fibers and avoiding to cause rapid fatigue. On the other hand, we have recently shown

that intra-neural polyimide based multi-channel implants provide good functional selectivity, integrate

well within the host tissue, and have chronically stable electrical properties. Using these electrodes,

selective and high-fidelity control over agonist and antagonist muscles of the ankle could be achieved.

Those findings suggest that combined electrical stimulation of both spinal cord and peripheral nerves may

provide a comprehensive approach to restoring control over leg movements. Here, I developed a hybrid

neuroprosthetic system that targeted the spinal cord with EES and the sciatic nerves with intra-neural

PNS in rat models of leg paralysis. Real-time control of PNS allowed the selective and graded tuning of

distal leg movements, which enabled refined locomotion in paralyzed rats. The combined stimulation

strategy allowed them to sustain over-ground locomotion and to climb a staircase. Preliminary results

in humans suggested similar synergies between spinal cord stimulation and PNS. These findings open

promising perspectives for the development of hybrid neuroprosthetic systems in which EES acts as a

general approach for paralysis, while being complemented by PNS to address patient-specific remaining

deficits to restore refined, functional movements after SCI, and potentially other neurological disorders.

3.3 Materials and methods

3.3.1 Acute electrophysiology for functional mapping of PNS and EES

Animal model. To assess the complementarity of PNS and EES induced muscle recruitment, we performed

terminal electrophysiology on four rats. Animals were anesthetized using urethane (1 g/kg, i.p., Sigma-

Aldrich). Intramuscular bipolar electrodes were implanted in the following muscles (proximal to distal) of

the right leg: gluteus medius (GLU), vastus lateralis (VL), iliopsoas (IL), semitendinosis (ST), gastrocnemius

medialis (GM), tibialis anterioris (TA), extensor digitorum longus (EDL), flexor hallucis longus (FHL).

Recording electrodes were fabricated as described previously (section 2.3.2). We implanted an epidural

stimulating wire electrode on spinal level S1. Stimulating electrodes were similarly created by making

a notch ( 1mm) in the insulation of Teflon-coated stainless steel wires (AS632, Cooner wire). A partial

laminectomy was performed around T8 vertebra to expose the spinal cord. The wire electrode was then

inserted below the vertebrae and secured at the mid-line overlying spinal level S1 by suturing the wire to

the dura. A ground electrode was created by removing 1 cm of insulation at the distal extremity of another
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wire from the same plug, which was subcutaneously placed over the right shoulder. At last, we inserted

an intraneural polyimide-based multichannel electrode into the right sciatic nerve (cf. section 2.3.2 for a

detailed description of the implantation).

Data collection. We assessed the selectivity in muscle recruitment obtained by peripheral and spinal

electrical stimulation respectively. For this, a custom-made stimulation protocol (Matlab, The MathWorks

Inc, MA) prompted a stimulator unit (IZ2H, Tucker Davis Technologies, FL) to deliver biphasic cathodic-

first current pulses (0.5 Hz) of increasing current intensities through the electrode being tested. EMG

signals (24.414 kHz) were amplified (x1000), filtered (10 – 2000 Hz band-pass), and acquired into the

TDT RZ2 system (Tucker Davis Technologies, FL) for offline analysis. We hypothesized that intraneural

peripheral implants retain the capacity to selectively modulate distal muscle activation during epidural

stimulation. To test this, we chose two selective channels from the intraneural implants that recruited

ankle flexors and ankle extensors respectively. We then re-performed muscle recruitment curves with

those channels while simultaneously sending pulses at constant intensity through the spinal epidural

electrode.

Quantification. We measured the peak to peak value of each muscle’s compound muscle action potential

(CMAP) obtained by stimulating with peripheral and spinal electrodes respectively. For each muscle, we

then compared the amount of normalized activation obtained with 50% of the maximal charge delivered

through. For distal flexor (TA, EDL) and extensor (GM, FHL) muscles, data points obtained by stimulating

through peroneal and tibial electrodes respectively were retained.

3.3.2 Chronic animal model and surgical procedures

A total of thirteen female Lewis rats (LEW-ORIj, Charles River Laboratories, France) with initial body weight

of 200 g participated in the chronic experiments. The time-line of the different experimental paradigms

and involved animal groups is graphically summarized in Fig. 3.1.

First surgery: EMG electrodes, EES electrodes, and SCI. To record chronic muscle activity, we implanted

EMG wires electrodes into left and right GM and TA muscles. The electrodes were prepared as described

previously (section 2.3.2). We implanted an epidural stimulating wire electrode on spinal levels L2 and S1.

Stimulating electrodes were similarly created as described for the acute implantation (section 3.3.1). A

ground electrode was created by removing 1 cm of insulation at the distal extremity of another wire. All

wires from EMG electrodes and EES electrodes were routed to the same amphenol connector that was

secured on the skull of the animal using dental cement. All animals received a severe spinal cord injury

injury (complete transection n=4, severe contusion n=9) at a mid-thoracic level (T8). A dorsal mid-line

skin incision was made from T5 to L2 and the muscles covering the dorsal vertebral column from T6 to T13

were removed. A partial laminectomy was performed from T7 to T9 in which the spinous processes and

the dorsal and lateral aspects of the vertebral column were removed to expose the spinal cord. The dura

was opened along the mid-line of the spinal cord. For contusive injuries, the animal wa then fitted in the

Infinite Horizons Impactor (Precision Systems Instruments LCC) with special clamps attached to vertebrae

T6 and T10. The spinal cord was then impacted by a metal probe (250 kDyn force) with a standard rat tip

(2.5 mm diameter). For complete transections, the spinal cord was cut at the same level and discontinuity

was verified by passing the surgical tool from below.

Second surgery: Bilateral intra-neural electrode implantation in left and right sciatic nerve. In a

second surgery about four to five weeks after the first one, animals were bilaterally implanted with intra-

neural polyimide-based multichannel electrodes into the right and left sciatic nerve (Fig. 3.2). For each
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Figure 3.1 – Experimental time-line for the development and assessment of the hybrid peripheral-spinal neuromod-
ulation paradigm in chronic rat model of SCI. All animals underwent the same preparation phase during the first
six weeks (top row). Two groups of animals participated in the experiments for the characterization of the hybrid
PNS-EES neuromodulation paradigm (n=4 with complete transection and n=4 with severe contusion respectively of
the mid-thoracic spinal cord). A third group of contused animals (n=5) participated in the experiments on functional
applications of the experimental paradigm.

leg, a longitudinal skin incision was made at the level of the mid-thigh. The sciatic nerve was carefully

exposed and free from adhering tissues. Next, an approximatively 2 cm long incision was made over the

lower lumbar spine. The backplug structure containing the single connector (NPD-18-DD-GS, Omnetics

Connector Corp, MN) to which both implants were connected towards opposing directions using copper

Cooner wires (CZ1187, Cooner Wire Corp. CA) was positioned onto this opening and fixed to the lower

back muscles by sutures through four small holes on its core. To protect the implants during implantation,

we inserted them into plastic tunnel guides that permitted manipulation without touching the active part.

For each side, this construct was then passed from the back under the skin and muscles towards the sciatic

nerve. We then removed the tunnel distally and inserted the guiding needle into the sciatic nerve above

the bifurcation level separating peroneal from tibial fascicle. The extra-neural part was then sutured to the

epineurium and the wires positioned in a stress-releasing loop under the skin to allow for leg movements
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without pulling on the implant.

(a) Bilateral implant construct (b) Implantation using tunnel guides for electrode protec-
tion

Figure 3.2 – Bilateral implantation of intraneural electrodes in sciatic nerves. (a) Construct routing two SELINE
electrodes [109] to a common connector in a 3D printed pedestal. (b) Use of tunnel guides to protect implants during
surgery.

All surgical procedures related to the chronic experimental model were performed under sterile conditions

and general anesthesia (Isoflurane (1-3 %) in oxygen-enriched air). The animals were placed on heating

pads to prevent hypothermia during the surgery. Analgesia (Buprenorphine (temgesic), ESSEX Chemie

AG, 0.01-0.05 mg per kg, subcutaneous, twice per day) and antibiotics (Baytril 2.5%, Bayer Health Care

AG, 5–10mg per kg, subcutaneous, once per day) were administered during 5 days post-surgery. Animals

were housed on a 12h light-dark cycle with food and water ad libitum. Animal care, including manual

bladder voiding, was performed twice per day throughout the injury period. Post-surgery, animals were

housed individually but received daily social time with the other animals five times per week. All animal

procedures were authorized by the Veterinarian office of the Canton of Geneva, Switzerland.

3.3.3 Neurorehabilitation procedure after SCI

Animals were trained in bipedal locomotion on a treadmill in sessions of twenty to thirty minutes five

days a week. The detailed procedure for the neurorehabilitation was previously described [35]. Daily

locomotion training started 10 days after the first surgery. Wearing custom made Velcro-fitted jackets,

the animals were attached to the backplate of a body weight support (BWS) system that was connected

to a motorized treadmill. To promote the excitation of the spinal cord below the lesion, we systemically

administered the 5-HT2A receptor agonist quipazine (0.2–0.3 mg per kg, intraperitoneal) and the 5-HT1A,7

receptor agonist 8-OHDPAT (0.05–0.3 mg per kg, subcutaneous) [188]. We delivered monopolar electrical

stimulation (0.2 ms, 100 - 300 μA) through L2 and S1 electrodes at 40 Hz. All animals were trained during

two to three weeks until able to sustain 20 minutes of locomotion supporting at least 60 % of their own

body weight. Treadmill speed was at 11 cm/s.
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3.3.4 Multi-system recording platform

We recorded locomotion on the treadmill and over-ground to assess the impact of hybrid PNS-EES on gait

patterns. During all recording sessions, 3D joint kinematics of the left and right hind-limbs were recorded

using the high speed motion capture system Vicon (Vicon Motion Systems Ltd., UK) combining two high-

definition and twelve infrared cameras. Small reflective markers were positioned on the following left and

right hind-limb joints: iliac (crest), greater trochanter (hip), lateral condyle (knee), lateral malleolus (ankle),

and metatarsophalangeal (MTP), building a 10 marker model of bilateral hind-limb joint kinematics. The

kinematic data (200 Hz), EMG signals (2 kHz), and ground reaction forces via a force plate (2 kHz, HE6X6,

AMTI, MA) were simultaneously recorded into the Vicon system.

3.3.5 Control architecture for phasic PNS based on monitoring of gait kinematics

Real-time environment. We aimed at delivering PNS at precise timings based on real-time feedback from

gait kinematics. To this end, we implemented a PNS controller within a multi-threaded C++ code (Visual

Studio 2012, Microsoft) running on a quad-core Microsoft Windows 7 computer. The basis of this platform

has been previously described [132]. Briefly, gait patterns were monitored with the Vicon motion capture

system that records 3D kinematic positions in real-time for each joint at a frequency of 200 Hz. These data

were imported into the C++ environment in real time via Ethernet using the DataStream SDK software,

where they were processed and filtered (adaptive least mean squares filters) for the generation of the

triggering logic. Based on this triggering logic, PNS was delivered via an RZ2 processing unit connected to

an IZ2H Stimulus Isolator (both Tucker-Davis Technologies, USA). An illustration of the system is presented

in Fig. 3.3.

Figure 3.3 – Experimental setup for the characterization of the hybrid PNS-EES paradigm. Bilateral hind-limb joint
kinematics are read in real-time through the 3D infrared motion capture system Vicon. The current phase of the gait
is predicted in real time using Gaussian mixture models, based on which selective PNS for extension or flexion is
delivered at varying frequencies.

Ensuring detection robustness. Since PNS was based on precise gait events defined by leg kinematics,

we needed to ensure continuous and flawless detection of the concerned markers, which is challenging in

a behavioural animal experiment environment. This was achieved through the development of a custom
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algorithm for the online extrapolation of missing markers through triangulation. Based on the 10-marker

model for bilateral hind-limb joint kinematics (see section 3.3.4), correct labelling of each marker with

respect to the appropriate joint landmark was continuously verified online [36].

Gaussian mixture model to provide model of foot trajectory during locomotion. We used Gaussian

mixture models to provide a model of the rodent’s gait, according to which stimulation could be delivered.

The model was built offline using kinematic data from baseline recordings during treadmill locomotion

(60 steps/animal, n=5 animals). A total of eight features were selected that represented best the phase ϕ of

the gait cycle, namely velocity and position components of the MTP marker (foot) in the sagittal plane.

These parameters were normalized to gait cycle duration. A K-means clustering method was used to split

this 8-dimensional baseline data-set into nine clusters. The mean of each cluster defined the center of a

Gaussian. The variance of each Gaussian was determined via the distance between the center and each

of the elements of the cluster. Gaussians were then sorted and linked together as function of the mean

path trajectory of all step cycles, yielding a generalized model of the foot trajectory throughout a gait

cycle [189]. The phase of the gait cycle was then defined as ϕ ranging monotonically from 0 to 100 %. By

definition, ϕ= 100% (end of one gait cycle), equals ϕ= 0% (the beginning of the next gait cycle). To avoid

discontinuity of the gait phase when jumping from 100% to 0% (and thus prevent resulting edge effects in

the triggering logic at the beginning or at the end of a gait cycle), we further split the phase into two cyclic

parameters, namely cos(ϕ) and si n(ϕ). The procedure is graphically summarized in Fig. 3.4, only three

parameters out of eight are shown for the sake of clarity of the figure.

Figure 3.4 – Gaussian Mixture Model for the prediction of foot trajectories in real time. This example illustrates
the concept using 3 parameters (8 were used). GMM creation to model foot trajectory for a given experimental
paradigm follows the following steps: a) off-line extraction of kinematic parameters, b) normalization of parameters,
decomposition into gait cycle, and computation of the phase, c) data clustering (K-means), d) computation of Gaussian
around each mean, e) connection of Gaussians according to the path of the foot trajectory. Determination of gait phase
in real time based on kinematics. f) Real-time recording of kinematics allows to represent the current path according
to current parameters value, g) distance computation between current parameters values and each Gaussian and
determination of most likely Gaussian to represent the current phase of the gait cycle, h) extraction of the most likely
phase for each parameter, and i) combination of each individual probability into the final phase estimation.

Gaussian mixture regression to predict foot position in real time. During recording, Y and Z position

and velocity coordinates of the foot marker were fed in real time into the Gaussian Mixture model as eight

dimensional vector. For each time step, probabilities for the most likely Gaussian were computed for each

dimension, based on distance between the current values of each dimension and each of the Gaussians

defining the gait cycle. The final estimation of the current phase was computed as conditional probability
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knowing the individual probabilities of the most likely Gaussians for each dimension (Bayes theorem) and

predicted the current phase of the gait cycle of the rat.

Stimulation logic for the phasic delivery of selective PNS. Bilateral PNS was delivered based on the phase

of the gait cycle of each leg. The control logic could trigger the start of individual electrodes simultaneously.

PNS duration was kept constant to minimize the effect of detection errors to the onset of stimulation only

as opposed to detecting and triggering the end of stimulation as well. As such, the activation timing of

each electrode was triggered when the computed phase ϕ crossed a user-defined threshold between (0

and 100). These thresholds (timings) for flexion and extension were first roughly determined based on

EMG activation of ankle flexor and extensor muscles in offline recordings, and then optimized manually in

a calibration trial for each rat.

3.3.6 Characterization of hybrid PNS-EES neuromodulation paradigm during tread-
mill locomotion

To understand the impact of hybrid peripheral-spinal neuromodulation on gait, we systematically char-

acterized the combination of PNS and EES in paralyzed rats. Two groups of animals participated in this

experimental paradigm (n=4 with complete transection of the spinal cord and n=4 with severe contusion

of the spinal cord). For this, we first electrochemically enabled treadmill locomotion in paralyzed animals

(cf. section 3.3.3), which served as baseline condition for the characterization experiments, referred to as

“EES only”. This baseline condition was recorded for every rat in every session. We had previously shown

that the effects of selective intraneural PNS on lower leg kinematics were linearly adjustable by varying

the frequency of stimulation in anesthetized animals for both ankle flexion and extension [190]. To verify

this during locomotion, we characterized the effect of adding selective PNS with varying frequencies to

the electrochemically enabled gait pattern on the treadmill. Intraneural PNS for extension and flexion

were triggered at mid stance phase and at the onset of the swing phase respectively (cf. section 3.3.5). Ten

steps in each condition (EES only, and hybrid PNS-EES with PNS at 30 Hz, 40 Hz, 50 Hz, 60 Hz, 70 Hz,

and 80 Hz respectively) were recorded as described in section 3.3.4 and stored for offline analysis. During

each experimental paradigm, we recorded the 3D coordinates of bilateral hind-limb joint markers. These

data were used to compute a total of 110 parameters characterizing gait, kinematics, and ground reaction

forces (Appendix A.1). We then used principal component analysis (PCA) to capture the set of parameters

that best discriminated the gait patterns obtained in the different conditions. Factor loading on the first

principal component (PC1) permitted to extract the kinematic variables most affected in response to the

different stimulation conditions [33, 188].

3.3.7 Functional impact of hybrid PNS-EES neuromodulation during treadmill and
over-ground locomotion

We evaluated the functional benefits of the hybrid peripheral-spinal neuromodulation paradigm during

locomotion in a third group of animals (n=5) who had also received a severe spinal cord contusion at

mid-thoracic level. In a first application, we used the hybrid PNS-EES paradigm to reduce foot dragging

in real time during treadmill locomotion. A foot dragging event was defined by a combination of the

velocity components of the MTP marker in the sagittal plane (YZ directions). We compared the amount of

foot drag for each step between EES only and the hybrid PNS-EES conditions. We further assessed the

efficiency of the hybrid PNS-EES to reduce dragging when it was detected and measured the amount of

time stimulation was active in ten consecutive steps, comparing the strategy of stimulation when drag was

detected with a stimulation paradigm employed during the characterization experiments (stimulation
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at every step). In a second application, we used PNS to selectively and bilaterally reinforce extension at

the end of a training session on the treadmill. We hypothesized that collapse due to exhaustion could

be remedied by selectively activating ankle extension at the end of each stance phase, thereby providing

additional assistance to push the legs off the ground.

Over-ground locomotion was permitted with the aid of a robotic neurorehabilitation framework developed

by our group [191, 192]. Briefly, this robotic interface provides adjustable trunk support in the three

Cartesian directions as well as in rotation around the vertical axis. Rats are attached with their back to

the trunk support plate in a bipedal posture. To provide additional stability in the horizontal plane, we

restricted the movement of the robot to the sagittal plane (no sidewards movements). Movement was

only possible when animals were advancing (no forward force was applied to help the animals advance).

To start stepping, the animals needed to initiate a forward movement and then continue to push step by

step, as opposed to the treadmill locomotion during which the running belt is responsible for the sensory

feedback initiating locomotion. Animals were trained in this experimental paradigm for a minimum of

ten days. We then compared locomotion performance between baseline (EES only) and hybrid PNS-EES

stimulation paradigm by measuring walking speed in addition to step height and foot drag on the runway.

Finally, we put stairs on the runway and compared the performance of the rodents (pass, tumble against,

or fail the stairs) under both conditions (EES only vs hybrid PNS-EES).

3.3.8 Tissue processing and histology procedures

At the end of the experiment, animals were transcardially perfused with Ringer’s solution containing

100’000 IU-L heparin followed by paraformaldehyde (PFA) 4%. The spinal cord and sciatic nerves were

carefully dissected and post-fixated in the same fixative solution overnight.

Quantification of spinal cord injury. Spinal cords were carefully dissected and visually inspected to

identify the lesion through an accumulation of connective tissue. After postfixation, the spinal cords

were transferred to phosphate-buffered sucrose 30% for cryoprotection. After two days, the spinal cord

segments were embedded in optimal cutting temperature compound (Tissue-Tek®, Sakura, Finetek, USA)

for cutting at the cryostat. Serial coronal (contused spinal cords) or longitudinal (transected spinal cords)

sections of 40 μm thickness were cut along the entire segment and mounted onto gelatin-coated glass

slides. Sections were immunohistochemically labeled against glial fibrillary acid protein (GFAP, 1:1000,

Dako Z0334, USA) to reveal reactive astrocytic activity in the tissue spared by the lesion. Immunoreactions

were visualized with an appropriate secondary antibody labeled with Alexa fluor 488. Sections were

mounted using anti–fade fluorescent mounting medium before being cover-slipped for microscopy. All

slices were imaged at 20x magnification using a slide scanner (Olympus VS-120, Olympus Corp., EU). The

percent of spared tissue at the lesion epicenter was calculated as the ratio between the remaining tissue at

the lesion epicenter and the estimated cross-section of the spinal cord without lesion at the same level.

The former was determined by measuring the area of remaining tissue on two representative slices stained

by GFAP. The latter was determined by selecting two representative slices rostral and caudal to the lesion

epicenter respectively and calculating their average cross-sectional area, approximating the estimated

cross-sectional area at the spinal level of the lesion before the contusion injury. The results from assessing

the amount of spared tissue in the lesion epicenter are presented in Appendix 2 (A.2).

Quantification of intraneural implant bio-integration. The nerves were processed for embedding

in paraffin blocks and then transversally sectioned on a microtome (Hyrax M25, Microm, DE) at 4 μm

thickness. Three tissue sections in a ribbon of ten were selected and mounted 3 by 3 onto coated glass slides

(Superfrost Ultra Plus, Thermo Fisher Scientific, MA), yielding tissue slices of approximatively every 40 μm
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between glass slides. Mounted tissue samples were dried overnight at 37°C and then stored at +4°C until

use. We selected slices at the level of the implantation to assess the tissue reaction to the implant that was

implanted for 8 weeks and actively used on a daily basis. Consecutive slices were stained with Hematoxylin

& Eosin and Sirius Red respectively using the automatic Tissue-Tek Prisma & Coverslipper HQpl us machine

(Sakura, NE). In addition, we immunohistochemically labelled sections against macrophage and monocyte

marker CD68 (anti protein CD68 1:400 Serotec) to quantify inflammation. Briefly, slides were dewaxed and

underwent antigen retrieval, followed by 1h blocking of non specific sites in bovine serum albumin (BSA

1% diluted in PBS 0.1M). Selected sections were then incubated overnight in primary antibody solution

at 4°C. After washes in PBS, sections were incubated for 1h in secondary antibody solution (Alex fluor

488, Life Technologies, 1:400). Slides for fluorescence microscopy were mounted with a DAPI-containing

medium (Vectashield, Vector Laboratories) and cover-slipped for microscopy.

All images of nerve sections were acquired at 20x magnification (optical and fluorescence, Olympus slide

scanner VS120-L100, Olympus Corp., EU). We measured the cross sectional area of the nerve fascicles,

the capsule around the implant, and the layer of foreign body giant cells manually out on H&E or SR

sections using open source software Fiji for the area measurements (ImageJ, NIH, MD). Inflammation was

quantified as described in chapter 2, section 2.3.11.

3.3.9 Pilot study investigating hybrid PNS-EES neuromodulation in an individual
with SCI

Context. Our group runs a clinical feasibility study investigating the potential of EES in individuals with

sensory and motor incomplete SCI classified as C or D according to the ASIA impairment scale (Table

1.1) in collaboration with the Centre Hospitalier Universitaire Vaudois (CHUV) in Lausanne and Balgrist

Hospital in Zurich. In this study, electrical stimulation of the spinal cord is delivered through 16 contacts

of an electrode array (Specify 5-6-5 surgical lead ™, Medtronic, USA) that is positioned epidurally over

lumbar spinal cord segments. The stimulation strategy aims to mimic the spatio-temporal dynamics of

motor-neuron activation in the lumbosacral spinal cord, stimulating spinal circuits underlying flexor and

extensor movements or synergies (via different contacts on the array) at appropriate time-points during

the gait cycle (swing vs. stance) [36]. Kinematics are monitored in real-time using the Vicon system and

serve as triggering logic for these spatio-temporal stimulation profiles.

In the framework of this study, we had the possibility of testing the potential of the hybrid PNS-EES

stimulation paradigm in a patient (patient A) participating in the clinical trial (Fig. 3.5 (a)). Patient A is a

28-year old man, who had severe paralysis of the lower limbs, especially the left one, due to a gymnastic

accident. He was diagnosed with a spinal cord injury at the C7 cervical level and was evaluated as ASIA D

with motor scores of 0 on his left leg at the time of his enrolment in the clinical study (Fig. 3.5 (b)). He was

implanted with an epidural multi-electrode array over spinal segments of L2 to S1 (Fig. 3.5 (a), CT scan). He

participated in rehabilitation sessions four times a week for a total of 80 sessions and was supported during

locomotion with a multi-directional gravity-assist robotic assistive framework that provided adjustable

forces in multiple directions for optimized trunk support [193]. Despite spatio-temporal stimulation

patterns, EES was not able to selectively recruit the distal ankle muscles and and appropriately facilitate

ankle dorsi-flexion during the swing phase. In this pilot study, I aimed to enhance the swing phase of the

left leg during EES-mediated locomotion by applying the hybrid PNS-EES stimulation paradigm using

transcutaneous PNS (Fig. 3.5 (a)).

Experimental setup. PNS was applied using surface stimulation through self-adhesive hydrogel stimula-

tion electrodes attached to the skin. Stimulation was delivered using a commercially available CE marked
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FES device (RehaStim stimulator, Hasomed, DE). We positioned two surface electrodes on his lateral lower

leg (Fig. 3.5) to stimulate the peroneal nerve for elicitation of a flexion reflex. For this, we placed the

cathode at the fibular head and the anode about 2cm more distal and anterior to the cathode (Fig. 3.5) and

delivered rectangular, bi-phasic and charge balanced pulses with 0.5 msec pulse width [194]. Throughout

the entire session amplitude, pulse width, and frequency were kept constant unless specified otherwise.

The pulse train duration was 500 msec, and its start was locked to the onset of the EES-stimulation profile

for flexion on the left leg.

(a) Experimental setup (b) Motor score of patient A

Figure 3.5 – Experimental setup for hybrid PNS-EES paradigm in human SCI subject. (a) Hybrid PNS-EES with electrical
stimulation of epidural spinal cord (top left) and the peroneal nerve (bottom left) via 5-6-5 Specify™electrode array
over spinal segments L2-S1 and adhesive surface electrodes over the common peroneal nerve respectively. Right:
Robotic system provides multi-directional assistance during locomotion. Lower limb kinematics and muscle activity
are recorded to measure performance. (b) Leg motor scores of patient A at the time of his enrolment into the study.

Control architecture. In order to precisely control the timing of the delivered stimulation pulses and

to synchronize PNS with the EES neuromodulation and the different phases of gait, we developed a

real-time control over the RehaStim stimulator. The control was performed by a single-board computer

(RaspberryPi), running a custom, multi-threaded C++ software. The communication between the single-

board computer and the RehaStim was ensured via USB using a virtual serial interface (FTDI). The custom

software triggered each stimulation pulse individually, thus imposing the overall stimulation frequency and

allowing precise temporal control. PNS stimulation was synchronized with the EES stimulation protocol

promoting flexion of the left leg, at the initiation of the swing phase, which was detected in real time on

the main computer using the kinematic information provided by the Vicon software. The single-board

computer was connected to the main computer wirelessly over Bluetooth. This link was used to send

triggers from the main computer to the single-board computer, in order to turn stimulation ON and OFF

at appropriate moments during the gait cycle. A dedicated thread read symbols from the virtual COM port

established over Bluetooth, and triggered the stimulation accordingly. The dedicated thread structure

allowed minimal delays by ensuring that the software was always ready to receive ON or OFF commands,

even while stimulation was ongoing.

Experimental paradigm. In this pilot experiment, we assessed the direct functional benefits of the hybrid

peripheral-spinal neuromodulation paradigm on locomotion. We tested walking under the conditions
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EES only, PNS only, and hybrid PNS-EES while recording bilateral leg kinematics from hip, knee, ankle,

and foot joints, as well as EMG activity from left and right tibialis anterior, peroneus longus, vastus lateralis

and semitendinosus. EMG signals from distal muscles (peroneus longus, tibilis anterior) could not be

analyzed because of signal corruption by stimulus artifacts. Ten steps in each condition were recorded. The

assistive forces of the multi-directional gravity assistance were adjusted for optimal support during EES

only (normal rehabilitation situation for the subject), and were then kept constant between conditions.

3.3.10 Statistical analysis

All data is presented as mean +- standard error of the mean (sem) unless otherwise specified. Group

differences (> than 2 groups, at least 5 animals/group) were assessed using matched observations ANOVA

with Bonferroni’s post-hoc test to evaluate pairwise differences ad hoc. Comparisons between two groups

only (at least 5 data point) were assessed using paired t-tests. Between group differences for single subject

data (10 steps/condition) were assessed using unpaired observations ANOVA with Bonferroni’s post-hoc

test to evaluate pairwise differences ad hoc. Statistical significance was considered at p < 0.05.
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3.4 Results

We developed a hybrid spinal-peripheral neuromodulation paradigm that we characterized and validated

in a rat model of severe SCI. To this end, we first verified the complementarity of PNS and EES on muscle

recruitment in acute electrophysiology experiments. Then, we conducted chronic experiments, for which

we implanted stimulating electrodes on the epidural spinal cord and bilaterally into the sciatic nerves of

severely paralyzed rats. Here, we characterized the effect of the hybrid neuromodulation by varying PNS

frequency and investigated the impact of the different conditions on locomotion patterns. We then used

the optimal hybrid neuromodulation to provide selective control over leg kinematics when assistance was

needed. The bio-integration of the intraneural implants is in line with our previous results on thin-film

intraneural electrodes (Chapter 2). Results from a pilot experiment with a human spinal cord injured

individual enrolled in a clinical feasibility study conducted by our group suggest that similar synergies

between EES and PNS can provide additional control over leg movements and increase functional outcome

in humans.

3.4.1 PNS elicits selective sensory-motor responses

The analysis of motor evoked potentials elicited by intraneural PNS confirmed the ability to selectively

recruit fibers related to flexor vs. extensor muscles and revealed that the evoked responses recorded in the

EMG signals were mostly mixed, having neither a pure motor nor a pure sensory origin. This discrimination

was based on i) the shape and width of the evoked potential and ii) the latency of the evoked CMAP in

each muscle. For instance, the CMAP of ankle extensor GM muscle had a latency of 1.439 +- 0.184 (mean +-

std) when evoked by PNS, while the latency was 2.536 +- 0.166 when evoked by EES (mean +- standard

deviation, n = 4 animals). Fig. 3.6 illustrates the difference in latency obtained in GM CMAP for PNS

(light grey) vs. EES (dark grey) stimulation in one representative animal. A pure sensory response through

mono-synaptic excitation of motor fibers via Ia afferents would have a latency that was at least 3.5 msec

[181, 30].

Figure 3.6 – Gastrocnemius Medialis compound muscle action potential (GM CMAP) obtained by PNS and EES exhibit
different latencies.

The occurrence of PNS-induced mixed responses was confirmed when delivering pulse trains at 40 Hz

(as opposed to single pulse stimulation when carrying out muscle recruitment curves). In anesthetized

experiments, we had observed the generation of both local movements restricted to the ankle joint and leg

movements affecting multiple joints (unpublished data obtained during experiments performed in the
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framework of assessing chronic functionality of intraneural stimulating electrodes, [190] and chapter 2).

A direct, selective recruitment of motor fibers relating to ankle flexor and extensor muscles had resulted

in precise ankle flexion and extension respectively (Fig. 3.7 top). Concomitant recruitment of afferent

Figure 3.7 – PNS evokes mixed sensory-motor responses, leading to single-joint (top row) and multi-joint (bottom row)
movements. For each case (flexion and extension, resulting in direct or reflex responses), the CMAP in SOL muscle (for
extension) and TA muscle (for flexion) is shown as obtained by a single pulse with the indicated channel and charge.

fibers was ascertained by observing evoked extension and flexion reflex responses acting at several joints

(Fig. 3.7 bottom). Indeed, afferent fibers activate not only homonymous motor neurons but branch onto

heteronymous but synergistic motorneurons, thereby being capable of activating specific muscles at

different joints [195]. Despite the position of the rat on the edge of a small table preventing the observation

of hip flexion, reflex responses show an enlarged range of motion both in extension and flexion trials (Fig.

3.8). The range of motion (ROM) refers to the amplitude of angular excursion during the trial.

(a) Amplitude of PNS-evoked extensor responses (b) Amplitude of PNS-evoked flexor responses

Figure 3.8 – Range of motion obtained by direct and reflex responses during extension and flexion. Reflex responses
increase leg range of motion, direct responses provide more localized effect. Data are normalized to resting position
(black circle) for each case. (n=2)
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3.4.2 Complementary peripheral and spinal muscle recruitment

To demonstrate the complementary recruitment of leg muscles by peripheral and spinal electrical stim-

ulation (PNS and EES respectively), we implanted flexor and extensor muscles acting on proximal and

distal joints of the leg, and recorded EMG activity in each of those muscles upon peripheral and spinal

stimulation respectively. Fig. 3.9 A illustrates the recruitment obtained by intraneural PNS (targeting either

the peroneal or the tibial branch for selective activation of respectively flexor or extensor muscles), by

EES at spinal level S1, and by conjointly delivering EES at S1 and PNS with either of the tibial or peroneal

channels of the intraneural electrodes (residing in peroneal and tibial fascicles respectively).

Figure 3.9 – (A) Sketch of rat hind-limbs illustrates the muscles that were implanted for this experiment in the left
leg (distributed over the two legs for clarity of the figure). Peripheral, spinal, and combined evoked CMAPs from one
representative animal. (B) Quantification of muscle recruitment by peripheral (white) and spinal (black) stimulation
(n=4). (C) PNS allows to selectively modulate distal muscle activation during tonic epidural stimulation at S1 (same
representative rat as in A).
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Typically, at 50% of charge injection producing maximal activity in the target muscles, single pulse PNS

did not induce much activity in any of the proximal muscles (IL, GLU, VL, ST), while selectively recruiting

distal extensor and flexor muscles with tibial and peroneal channels respectively (GM, EDL, TA, FHL).

Spinal stimulation always recruited proximal muscles and sometimes also activated distal muscles at 50%

of maximal charge injection. Simultaneous delivery of peripheral and spinal stimulation allowed to recruit

both distal and proximal muscles (Fig. 3.9 B). We confirmed that PNS retained its ability to selectively

modulate distal muscle recruitment by performing recruitment curves stimulating conjointly the spinal

cord at constant charge while increasing the delivered stimulus intensity via PNS (Fig. 3.9 C).

3.4.3 Characterization of hybrid PNS-EES neuromodulation paradigm

We hypothesized that the specificity of PNS, combined with the capacity of remaining exploitable (allowing

modulation) during EES, would considerably increase functionality during neurorehabilitation after severe

SCI. To test this hypothesis, we developed a hybrid PNS-EES neuromodulation paradigm and assessed

its impact on locomotor performance in severely paralyzed rats during partial body-weight-supported

treadmill locomotion enabled by electrochemical neuromodulation (here-after referred to as EES). We have

previously shown that amplitude modulation of PNS can result in co-contraction of agonist and antagonist

muscles, while PNS frequency achieved high-fidelity closed-loop control of evoked traction force (Chapter

2, section 2.4.2). Consequently, we characterized the impact of PNS frequency for flexion and extension on

gait patterns obtained with the hybrid PNS-EES paradigm, and compared the performances to EES-enabled

locomotion.

Initially four animals with complete spinal cord transection and four animals with severe spinal contusion

injury should have participated in the characterization experiment. However, two animals with complete

transection were excluded from all experiments when we realized that bilateral intraneural electrodes had

been pulled from the nerve (no stimulation effect or stimulation artifact during stimulation, verified post-

mortem). Of the remaining animals, we had selectivity for ankle flexion in five animals (two transected

and three contused animals) and selectivity in ankle extension in five animals (one transected and four

contused animals) at three weeks after implantation when experiments started. The data from both injury

types is presented together as the modulation of leg kinematics was not affected by the injury type. For

clarity, the data from transected animals is highlighted in bright color. Contused animals had a mean of

20.79 +- 26.69 % spared tissue at the lesion epicenter (Appendix A.2, Group 1).

Impact of PNS frequency evoking flexion responses during hybrid PNS-EES

In flexion trials, increments in PNS frequency permitted a gradual adjustments of gait patterns across

animals (n=5). These gradual effects were obtained for responses localized at the ankle joint as well as

for more global responses affecting multiple joints (Fig. 3.10 (a) and (b) respectively). Depending on the

locomotion pattern of each animal in the EES only condition, it was not always clear from kinematics

whether a reflex response or a direct response was elicited during hybrid PNS-EES mediated locomotion.

Nevertheless, from EMG signals in the TA muscles, we could infer whether a direct or reflex response had

been elicited, as direct ankle flexion induced increased activity in the TA muscle (Fig. 3.10 (a)), which was

not necessarily the case during a reflex activation (Fig. 3.10 (b)), which had more pronounced flexion at

hip and knee joints rather than the ankle. However, we did not record proximal EMG activity. In both cases,

the signature obtained by the reconstruction of recorded joint kinematics and the foot trajectories in the

sagittal plane illustrate the progressive changes obtained by direct and reflex responses (Fig. 3.10 (a) and

Fig. 3.10 (b), top rows). The reflex response appeared to be modulated to a lesser extent (bigger difference
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between EES only (baseline) vs. all hybrid PNS-EES conditions than within hybrid PNS-EES conditions in

reflex responses 3.10 (b)).

(a) Local response

(b) Reflex response

Figure 3.10 – Characterization of hybrid PNS-EES paradigm with direct and reflex flexion responses. (a) Direct response
(animal with complete spinal cord transection). (b) Reflex response (animal with severe spinal cord contusion). For
(a) and (b): Left, from top to bottom row: unilateral hind-limb kinematics during two representative steps, trajectory
of MTP marker over 10 steps, TA EMG signal, ground reaction forces, PNS signal. Right, top: PCA applied over 110
gait variables from 10 successive gait cycles during each condition (EES only vs hybrid PNS-EES with PNS frequency
ranging from 30 to 80 Hz with a 10 Hz increment; grey to dark blue). Right, bottom: Score of each condition (mean +-
sem) along the axis of PC1.

For each animal, the linearity of the responses with respect to increases in PNS frequency were well
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captured by projecting the data onto the axis defined by the first principal component (Fig. 3.11, left,

normalized to baseline EES only, n=5). We obtained a mean R2 of 0.8642 +- 0.0564 (mean +- standard

deviation) when fitting a line to the data of each animal. Across animals, factor loading on PC1 revealed

that the foot elevation angle and ankle joint angle were robustly modulated as function of PNS frequency

during flexion trials (Fig. 3.11 middle and right respectively). The differences between group medians were

significant (matched observation ANOVA, p < 0.0001). We used Bonferroni’s multiple comparison ad-hoc

test to perform pairwise comparisons between groups (Fig. 3.11).

Figure 3.11 – Hybrid PNS-EES paradigm gradually adjusts distal kinematics (n=5). Left: Projections onto axis defined
by PC1 after PCA. Middle: Foot elevation angle. Right: Ankle joint angle. Data presented as mean + sem as well as
individual data points per animal (each data point represents the mean value of this variable over 10 consecutive
steps). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 for pairwise comparisons using Bonferroni’s ad hoc test.

Impact of PNS frequency evoking extension responses during hybrid PNS-EES

We similarly characterized the impact of hybrid PNS-EES neuromodulation using PNS evoking extensor

movements during the last third of the stance phase. For each animal, we observed gradual effects of

PNS frequency on specific variables defining gait patterns. Fig. 3.12 shows how leg kinematics and foot

trajectories were gradually modulated as PNS frequency increased.

We captured the trend for gradual adjustments with PNS frequency across animals (n=5) in the projections

of the data from each animal onto their respective PC1 (Fig. 3.13). The linearity of the data was confirmed

by linear regression (mean R2 across animals 0.8074 +- 0.099). Group medians were significantly different

(p < 0.001) and Bonferroni’s post-hoc multiple comparison’s test was used to assess pairwise differences

between all conditions (Fig. 3.13).

Despite the linearity obtained as function of the PNS frequency and thus, the controllability of PNS

enhancing extension (Fig. 3.13), the affected variables differed from animal to animal as extensions

that were elicited produced different effects (for instance ankle extension, distal toe plantar flexion or

foot inversion). In some animals we observed an increased step-height on the stimulated leg that was

modulated with PNS frequency, while in other animals the frequency modulated foot velocity, stepping

path, or foot elevation angle. Representative kinematic variables affected for each animal are shown in

Appendix A.3.
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Figure 3.12 – Characterization of hybrid PNS-EES paradigm with extension responses. Left, from top to bottom row:
unilateral hind-limb kinematics during two representative steps, trajectory of MTP marker over 10 steps, ground
reaction forces, PNS signal. Right, top: PCA applied over 110 related gait variables from 10 successive gait cycles in
each condition (EES only vs hybrid PNS-EES with PNS frequency ranging from 40 to 80 Hz (10 Hz increment); grey to
dark green). Right, bottom: Score of each condition along the axis of PC1. Data presented as mean +- sem over 10
consecutive steps.

Figure 3.13 – Hybrid PNS-EES paradigm adjusts kinematics through enhanced extension. Differences are captured by
projecting the data from each animal per condition (mean over 10 consecutive steps) onto their respective PC1 axis. *
p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, Bonferroni’s multiple comparison test. n=5. Light grey circles indicate
completely transected, black severely contused animals.

3.4.4 Refined locomotion during treadmill and over-ground stepping using the hy-
brid PNS-EES neuroprosthesis

We used the hybrid PNS-EES paradigm to address specific gait features with the aim of increasing func-

tionality. The second group of severely contused animals participated in these functional experiments

(mean of 14.6 +- 4.46 % spared tissue at the lesion epicenter (Appendix A.2, Group 2)) and were trained for

treadmill and over-ground locomotion (n=5). We leveraged the capacity to locally adjust leg kinematics to

refine locomotor patterns by reducing foot dragging, to surpass obstacles by increasing step height, or to

provide bilateral assistance during the stance phase to sustain locomotion and avoid collapse.
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Refined locomotion through reduced foot dragging

The control over ankle and foot kinematics using PNS eliciting flexion had the potential to refine loco-

motion by reducing foot dragging at the onset of the swing phase. To assess this functionality, we built a

control policy that controlled the delivery of PNS for flexion based on the detection of foot dragging in real

time (Fig. 3.14 top). The experiment was performed during treadmill locomotion and PNS was delivered at

a frequency of 60 Hz to all animals.

Figure 3.14 – Hybrid PNS-EES paradigm reduces foot dragging in real-time. Top: Control policies were based on the
position and velocity components of the MTP marker in Y and Z directions. Bottom: Example of foot trajectories
during EES only vs. hybrid PNS-EES stimulation paradigm. The stimulation strategy significantly reduced dragging in
all animals and required significantly less stimulation time than stimulating at every step. * p<0.05, paired t-test.

This strategy significantly reduced dragging across animals (p < 0.05, paired t-test). Furthermore, it proved

to be a significantly more ecological stimulation strategy when compared to stimulating at every step (n =

5, p < 0.05 (paired t-test) across animals), despite the fact that in one animal the amount of stimulation

was not reduced because this animal was dragging at every step and thus needed assistance at every step.

Assisting locomotion over-ground

To illustrate that refined locomotion also benefits over-ground locomotion, we positioned the animals in a

robotic interface that accompanied them during bipedal over-ground walking while providing assistance

in the the vertical direction for body weight support. In this paradigm, hybrid PNS-EES stimulation

enhancing flexion enabled an increased step height and walking speed, while reducing foot drag (n =

3 animals, Fig. 3.15, top). We then leveraged the increased functionality and used the hybrid PNS-EES

neuroprosthetic system to facilitate surpassing obstacles. For this, we triggered PNS eliciting flexion when

the target foot was within a distance of one to two cm from a stair (Fig. 3.15, bottom). We quantified the
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rate of successful, tumbling and failing steps in the EES only vs. the hybrid PNS-EES condition. The hybrid

PNS-EES paradigm enabled higher success rate across animals.

(a) Over-ground locomotion

(b) Stair climbing

Figure 3.15 – Hybrid PNS-EES paradigm enhances function over-ground. (a) Increased step height and walking speed
and decreased foot dragging during locomotion over-ground through the hybrid PNS-EES paradigm (n=3). (b) Example
trial of hybrid PNS-EES mediating stair climbing. Reduced falling and tumbling rate and increased success-rate with
the hybrid PNS-EES when compared to EES only (n=3).

Sustaining locomotion to avoid collapse

To illustrate how enhanced extension could assist sustaining locomotion, we pursued a treadmill training

session until an animal was close to collapsing (45 minutes). We then used the hybrid PNS-EES paradigm

to provide assistance during the end of the stance phase by facilitating bilateral extension to push the feet

from the ground.

The reconstructed kinematics illustrate how consistent and clean stepping patterns could be recovered

immediately (Fig. 3.16 (a)). When the hybrid PNS-EES paradigm was switched off, the animal was not

able to sustain its body weight anymore and collapsed after a few steps. During hybrid PNS-EES, the foot

trajectories were consistent (Fig. 3.16 (b) top) and permitted higher steps without dragging (Fig. 3.16 (b)

bottom).
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(a) Stick diagram of left and right hind limbs illustrate collapse avoidance through hybrid PNS-EES

(b) Foot trajectories, step height, and dragging

Figure 3.16 – Hybrid PNS-EES enhancing bilateral extension maintains locomotion performance and avoids collaps-
ing. (a) Reconstructed left (top) and right (bottom) hind-limb kinematics. (b) Hybrid PNS-EES permits increased
step height and reduced dragging (ANOVA, followed by pairwise comparisons using Bonferroni’s post-hoc test.
*p<0.05,**p<0.01,***p<0.001,****p<0.0001).

3.4.5 Bio-integration of stimulating intraneural implants

To assess bio-integration we stained nerve sections from the contused animals that had participated in the

chronic experiments with Hematoxylin & Eosin, Sirius Red, and immunohistochemically labelled against

macrophage marker CD68. Albeit different experimental paradigms, and histology procedures performed
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at different time-points, we present this quantification alongside the data we had obtained in chapter 2 to

provide a reference for interpretation.

Implant encapsulation On Sirius Red and Hematoxylin & Eosin stained sections, we observed a layer of

multi-nucleated giant cells tightly adhering to the implant within the nerve (Fig. 3.17 top and inset, yellow,

multi-nucelated layer around implant).

(a) Cross-section of implanted nerve stained with Sirius Red and Hematoxylin & Eosin (inset).

(b) Quantification of layer of giant cells and capsule size.

Figure 3.17 – Bio-integration of stimulating intraneural implants. (a) Implanted sciatic nerve cross-section stained
with Sirius Red with the tibial fascicle containing the implant. Dashed line marks capsule. Inset shows layer of
epitheliod giant cells adhering to the polyimide (yellow cytoplasmic structure). Inset from Hematoxylin & Eosin from
adjacent section visualizes accumulation of cell nuclei. Scale bar on small insets is 25 μm. (b) Quantification of the
extent of the layer of multi-nucleated giant cells (left) and the capsule (right) that formed around the implant. Red
square indicates data from this study.

Around the implant and this layer, we observed an enlarged capsule (Fig. 3.17, indicated by black dotted

line) that had a different aspect than adjacent tissue populated by fibers, mainly through longitudinally
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arranged fibrils (presumably collagen) and high amounts of cell nuclei. We measured the extent of the

layer as well as the extent of the capsule and compared it to the results we had obtained in our previous

study (Chapter 2). Two months post implantation (56 days) the layer of multi-nucleated giant cells was

considerably reduced when compared to a month earlier (28 days). The size of the capsule around the

implant had an average size similar to the one at one month post-implantation (Fig. 3.17 bottom).

Inflammatory response We measured the inflammatory response to daily and intensely used intraneural

stimulating implants on nerve cross-sections immunohistochemically labelled against macrophage marker

CD68 (Fig. 3.18 (a)).

(a) Presence of inflammation at 56 days post implantation, daily used implant (left) and at 28 days post implantation, passive implant
(right)

(b) Quantification of inflammatory response in nerve compartments of interest

Figure 3.18 – Inflammatory response to stimulating intraneural implants. (a) Left: Section from nerve implanted
with an actively used electrode during 56 days. Right: For comparison, section from nerve implanted with a passive
electrode during 28 days (unpublished image from the group P28p in Chapter 2). (b) Quantification of the presence of
stained tissue in different nerve compartments. Red square indicates data from this study.

The inflammation was quantified in three nerve compartments of interest, namely the extra-fascicular

space, the local endoneurial environment (fascicle in which the implant is visible on section used for

quantification), and the distant endoneurial environment (other fascicles) (Fig. 3.18, bottom). At 56

days post-implantation of actively used implants, we found very little presence of inflammation in the
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extra-fascicular space as well as in the distant endoneurial environment. The presence of macrophages

in the local endoneurial environment was substantially higher. Marked presence of CD68 positive tissue

was found in close contact with the implant, locally coinciding with cell nuclei (revealed with dapi). This

accumulation of CD68 positive tissue and cell nuclei confirm the cluster of multi-nucleated giant cells

observed on sections stained with Sirius Red (yellow layer). For comparison, Fig. 3.18 (a) shows a nerve

section of a completely passive implant that was implanted for one month and equally labelled with CD68

and dapi (unpublished image, data belonging to group P28p (passive) of the study presented in Chapter

2). Both the accumulation of cell nuclei around the implant and the macrophages dispersed through the

fascicle resembled the response to actively used electrodes implanted during two months (Fig 3.18, top

left).

3.4.6 Hybrid peripheral-spinal neuroprosthesis refines gait in individual with SCI

We assessed the direct functional benefits of the hybrid peripheral-spinal neuromodulation in a human SCI

ASIA-C subject. To facilitate the left swing phase during locomotion, we positioned two surface electrodes

on his the lateral lower leg. A spinal reflex (hip, knee, and ankle flexion) was obtained by a pulse train with

pulses of 36 mA (six times threshold) and 0.5 msec pulse width at 100 Hz.

Hybrid PNS-EES refined locomotion on the treadmill

On the treadmill, the subject had 40% of body weight support in the vertical direction and 4 kg were applied

in the forward direction for optimal locomotion. He was wearing ankle sneakers to provide ankle stability.

One representative step in each condition is illustrated by the sequences of snapshots extracted from video

recordings (Fig. 3.19).

(a) Sequence of snapshots during one step with PNS only

(b) Sequence of snapshots during one step with EES only

(c) Sequence of snapshots during one step with hybrid PNS-EES

Figure 3.19 – Snapshots extracted from video recordings showing a sequence of leg movements during (a) PNS only,
(b) EES only, and (c) hybrid PNS-EES.

Using PNS only, the subject was not able to sustain locomotion and had to provide additional support with
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his arms on the side-racks of the treadmill. During the EES only condition, the subject touched the left

side bar during the onset of the left swing phase. During the hybrid PNS-EES condition, the subject walked

freely without holding the side-racks.

Figure 3.20 – Gait pattern of human subject under conditions PNS only (top row, light blue), EES only (middle row,
dark blue), and hybrid PNS-EES (bottom row, flash blue). All scale bars represent 10 cm, unless otherwise specified on
the figure. Shaded grey areas overlaid to the foot trajectories of left and right legs (right) represent the time during
which PNS was delivered.

In spite of those differences in using additional support, the reconstruction of leg kinematics and foot

trajectories clearly differentiated the three conditions (Fig. 3.20). The hybrid PNS-EES strategy restored

symmetrical, consistent leg movements at high stepping amplitudes. This was verified by measuring

proximal muscle activity (distal muscle signals were completely corrupted by the PNS stimulation artifact)

as well as joint and limb angles, and by computing step height and foot drag as means to evaluate the gait

(Fig. 3.21). In particular, muscle activity in left and right vastus lateralis (knee extensor) and semitendinosus

(knee flexor and hip extensor) was lowest in the PNS condition and highest in the hybrid PNS-EES condition

(p<0.0001, ANOVA and Bonferroni’s post hoc test, (Fig. 3.21, left).

We observed similar trends in left (top row) and right (bottom row) joint and limb angles (Fig. 3.21, middle).
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More precisely, on the left leg, PNS only strongly modulated the ankle joint angle through the induced

flexion (light blue trace, Fig. 3.21, “Left ankle joint angle”). At the same time it caused a strong outward

rotation during the swing phase (negative deflection in bright blue trace, Fig. 3.21, “Left foot rotation

angle”). EES only did not modulate the left ankle joint angle (relatively flat dark blue trace in Fig. 3.21, “Left

ankle joint angle”) and caused an inward rotation of the left foot during lift-off (upwards excursion in the

dark blue trace in Fig. 3.21, “Left foot rotation angle”). The hybrid PNS-EES paradigm (flash blue traces)

modulated the left ankle joint angle as well as the foot rotation but to a more moderate (less exaggerated)

extent, and without offset, when compared to the PNS only condition (light blue).

Figure 3.21 – Hybrid PNS-EES refines locomotion in human SCI subject on the treadmill. PNS was applied on the
left leg. Left: EMG activity in Left (top) and right (bottom) vastus lateralis and semitensinosus muscles. Middle: Left
(top) and right (bottom) ankle joint and foot elevation angles. Right: Step height and foot dragging measure benefits
obtained with the hybrid PNS-EES stimulation paradigm. Right: Evolution of ankle joint angle and foot rotation angle
during gait cycle shows refined angular excursions through PNS. Points represent data for individual steps (n=10
per condition). Bars are mean +- sem across the 10 steps for each condition. ** p<0.01, *** p<0.001, ****p<0.0001,
Bonferroni’s post-hoc test for pairwise comparisons between all groups.

As anticipated, on the right leg (bottom row), PNS only (light blue traces) produced very minimal mod-

ulation in ankle joint and foot rotation angles as the stimulation was delivered on the left leg. Similarly

to muscle activity in the right leg, the hybrid PNS-EES also seemed to enhance right ankle flexion when

compared to EES only (flash blue trace, Fig. 3.21, “Left ankle joint angle”) , and similarly caused a right

foot rotation in the opposite direction than during EES only (flash blue trace, Fig. 3.21, “Left foot rotation

angle”). The functional impact of those modulations was measured by computing step height and foot

dragging in both legs (Fig. 3.21, right). We found that on both legs, the PNS only condition generated

the lowest step height while there was no significant difference between the step heights in the EES vs.

the hybrid PNS-EES condition. Foot dragging on the left (stimulated leg) was significantly higher in the

EES-only condition when compared to PNS only and hybrid PNS-EES. On the right (non-stimulated) leg,

there was a significantly smaller amount of foot dragging in the hybrid PNS-EES condition than in the

EES only or in the PNS only condition. These results show the striking impact on the targeted leg and

demonstrate the advantage of combining PNS and EES into a common stimulation strategy, leveraging the
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benefits of both EES and PNS (here shown by increased step height and reduced foot dragging).

Hybrid PNS-EES refined locomotion over-ground

During over-ground locomotion between parallel bars, the subject had 10 % of body weight support in the

vertical direction and no force was applied in forward or backward direction. The subject was wearing

normal sports shoes that did not provide any stability to the ankle. In this very challenging condition, he

kept his hands on the bars during every condition, both for stabilization and for compensation.

Figure 3.22 – Gait pattern of human subject under conditions PNS only (top row, light blue), EES only (middle row,
dark blue), and hybrid PNS-EES (bottom row, flash blue). Shaded grey areas overlaid to the foot trajectories of left and
right legs during 10 steps represent the time during which PNS was delivered.

This constraint biased muscle activation (less load) and foot drag (no drag in either condition due to

uplifting of the body with the arms). Nevertheless, clear differences were observed from the measured foot
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trajectories between the three conditions on the left (stimulated) leg (Fig. 3.22). The right (non stimulated)

leg seemed unaffected.

More precisely, we observed modulation of the left ankle joint angle during conditions PNS only and

hybrid PNS-EES, but not during EES only (Fig. 3.23, left). Similarly as in on the treadmill, hybrid PNS-EES

prevented the inward foot rotation that was visible during EES only at lift-off. On the right side, during

the PNS only condition, the ankle joint angle was even modulated to a lesser extent than during both

conditions containing EES, but as before, this was expected since no stimulation occurred at all on the

right leg during the PNS only. Foot rotation was not affected on the right side. Functionally, this translated

into an significantly increased step height during the hybrid PNS-EES condition on the left leg (Fig. 3.23,

right).

Figure 3.23 – Hybrid PNS-EES refines locomotion in human SCI subject during over-ground stepping. Left: Evolution
of ankle joint angle and foot rotation angle during gait cycle shows refined angular excursions through PNS. Right:
Step height measures benefits obtained with the hybrid PNS-EES stimulation paradigm. Points represent data for
individual steps (n=10 per condition). Bars represent mean +- sem across the 10 steps for each condition. ****p<0.0001,
Bonferroni’s post-hoc test for pairwise comparisons between all groups.

3.5 Discussion

Several studies have reviewed and compared electrical stimulation strategies targeting the peripheral

neuromuscular system vs. the spinal cord in the framework of restorative neurology after paralysis

[196, 197, 198, 10]. The complementarity of the two strategies however has not been inferred. Here,

we developed and characterized a hybrid neuromodulation paradigm that electrically stimulated the

spinal cord and the peripheral nerves after severe SCI in rats. We demonstrated complementary muscle

recruitment with the hybrid PNS-EES stimulation paradigm that permitted highly controllable refinement

of locomotion patterns. We confirmed the hybrid PNS-EES mediated increased functionality in a pilot
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experiment with a human spinal cord injured subject using surface PNS and showed similar improvements

in leg movements during locomotion. We critically discuss our findings with respect to functional impact,

neurophysiological considerations, and importance for clinical applications.

3.5.1 Direct and reflex responses evoked by intraneural PNS

We observed the generation of selective single-joint movements as well as multi-joint reflex movements

when stimulating the sciatic nerve intra-neurally, both during light sedation at rest (Dorbene, Graeub, DE,

0.0025 - 0.005 ml/kg, animals remained responsive to noise and touch but didn’t move) as well as during

electrochemically enabled locomotion, putting the spinal cord into a highly alert state. The intraneural

implant was inserted 3 to 5 mm above the separation of peroneal and tibial fascicles. At this level, only

fibers relating to the distal ankle and foot muscles remain, while fibers innervating more proximal muscles

branched off [199]. The generation of knee and hip flexion during the reflex response can thus have two

possible origins. One possibility could be that intraneural PNS elicits the flexor withdrawal reflex, a multi-

joint response already described by Sherrington in 1910 [18]. Flexor withdrawal reflexes can be generated

by noxious stimuli that are carried to the spinal cord via Aδ or C-type fibers carrying both information

about pain. Both C-type fibers and Aδ fibers have small diameters (< 3 μm), Aδ fibers are thinly myelinated

while C-type fibers carry no myelin. In light of these considerations, the electrical excitation of these fibers

via intraneural stimulation would require large amounts of current that would i) very certainly recruit a

vast amount of motor and other sensory fibers along, and ii) be painful. We did not observe reactions

to pain in our animals, neither in the lightly sedated state, nor during locomotion. In the experiments

under light sedation, albeit light and leaving animals responsive, the sedation used could have impacted

their sensation. In paralyzed animals, the SCI should have prevented the conscious sensation of such

a pain. Consequently, even though unlikely to electrically recruit pain fibers intra-neurally, we cannot

completely exclude the nociceptive withdrawal reflex being the origin. An alternative explanation could

be that the evoked reflex activates heteronymous but close synergist muscles [195, 200, 201, 202, 203].

These reflexes are mediated by group Ia proprioceptive afferents, which are much more likely to be

excited electrically than Aδ or C-type fibers. Albeit different conduction velocities, the small size of the rat

model makes a differentiation between response latencies unlikely. While the exact determination of the

origin of those reflex responses was out of the scope of the present work, its investigation would provide

valuable information for understanding precisely the interaction between peripheral and spinal electrical

stimulation.

3.5.2 PNS permits selective and controllable activation of distal muscles during lo-
comotion

A number of studies have demonstrated the selectivity of intraneural PNS to provide control over spe-

cific muscle activation in anesthetized animal models [204, 101, 122, 143, 205, 190]. Here, we show the

controllability of selective movements (extension and flexion) across response types (direct or reflex)

during EES-mediated locomotion of otherwise paralyzed rats. Extension- and flexion-mediated gradual

adjustments in hind-limb kinematics were obtained through the modulation of stimulation frequency

when stimulating the sciatic nerve through active sites located in the tibial and peroneal branches respec-

tively. Both extension and flexion enhanced the leg movements enabled through EES. While the impact of

flexion and its modulation by frequency were consistent across animals, extension affected different gait

characteristics in each animal because the induced movements varied to a larger extent than in flexion

and could not be captured by unique gait features such as step height or ankle joint angle. The tibial
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fascicle (extensor muscles) of the sciatic nerve is populated by fibers from more muscles than the peroneal

fascicle (flexor muscles) and the ratio of their respective diameter is about 2:1 [199]. The exact position

of the active sites of the intra-fascicular implant inside the tibial fascicle is thus of higher importance

than in the peroneal fascicle to target a given muscle. We did not control the exact position of active sites

inside the fascicles in this study and would anticipate difficulties in trying to achieve this precision in vivo,

since the exact location of all fiber species (relating to different muscles) cannot be known with certainty

before interacting electrically with the nerve. Functional mapping, using for instance microneurography

needles, could potentially identify the target fibers. However, even if the intraneural electrode could be

positioned to have an active site nearby, the developing capsule around the implant may push the target

fibers away. Nevertheless, ankle extension could be generated across animals. In spite of the variability

in the obtained movements, the linearity of the kinematic changes in response to extension frequency

modulation were captured across animals (Fig. 3.13), demonstrating the controllability of intraneural PNS.

In several experimental paradigms, we were able to show the functional benefits during locomotion that

were obtained using PNS in combination with EES, either enhancing flexion or extension movements.

3.5.3 Synergistic interactions between PNS and EES

The combination of PNS and EES did not disrupt gait patterns or cause destabilization. On the contrary,

locomotion patterns appeared more consistent using the hybrid PNS-EES paradigm, both in the rat and

in the human experiments (for instance Figs. 3.12, 3.14, 3.20, and 3.22). This suggests that the effect of

PNS was not only tolerated by the spinal system generating locomotion but got integrated into those

networks. PNS induced single or multi-joint movements mediated by enhanced muscle contractions. In

response to muscle contraction induced by PNS, the corresponding afferent fibers sent information about

changes in muscle stretch and elongation back into the spinal networks. Simultaneously, EES recruited

those proprioceptive afferents among many others at their entry into the spinal cord (dorsal roots) [29].

The integration of both types of information produced a coordinated and refined movement. Similarly,

during PNS-evoked reflex responses, afferent information was sent into the spinal networks that in turn

generated a reflex response, in accordance with the motor output generated via EES. While we do not

know the precise nature of the afferent information that we induced, nor the exact mechanisms by which

the spinal locomotor networks deal with this additional information on top of the general excitation

provided by EES, it appeared that the well-timed and functionally appropriate PNS seemed to refine

synergistic movements rather than impede them. Studies investigating the effect of flexor or extensor

afferent stimulation timing on swing and stance phases during MLR-evoked fictive locomotion in cats

have shown that stimulation of ankle flexor afferents during the stance phase of locomotion produced

a resetting of the gait cycle, while the same stimulation during swing phase could enhance ankle flexor

activity but did not alter the gait cycle [203, 206, 207]. Similarly, stimulation of ankle extensor afferents

during stance phase produced an enhanced extensor activity, while stimulation during the swing phase

terminated ongoing flexor activity [207, 208]. Our results are in line with these findings, even though we

did not investigate whether inappropriately timed or functionally opposed PNS would permit to reproduce

the results obtained during fictive locomotion.

3.5.4 Towards clinical applications

One of the major limitations of FES consists in a rapid generation of muscle fatigue. While we did not

directly measure muscle fatigue at this stage, the hybrid PNS-EES paradigm has a very high potential to

address this bottle neck. First, EES naturally recruits the muscles via Ia afferents, thus providing a strong

and fatigue resistant backbone generating the locomotion [29]. Second, intraneural PNS permits the
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neutralization of the recruitment order of fibers with different diameters [89, 87, 90, 91] and could thus

potentially induce less fatigue than FES. Third, if used phasically (instead of tonically), and with the aim of

refining a movement rather than to produce it integrally, PNS would rather compensate for early signs of

weaknesses through a complementary recruitment of muscle fibers instead of creating additional fatigue.

Our group has recently shown that employing spatio-temporal stimulation profiles through an electrode

array (instead of two wire electrodes) with the aim of targeting functional hot-spots (leg flexion vs. exten-

sion) in a timely appropriate manner (swing vs. stance phase of each leg), increased functionality could be

obtained in rats [36] and non-human primates [209] after severe and partial spinal cord injury respectively.

In the present study, we characterized the effect of a hybrid PNS-EES strategy on locomotion in rodents

using tonic 40 Hz EES applied over the mid-line of L2 and S1 spinal. We aimed at explicitly investigating

the effect of PNS on EES-enabled gait patterns that did not need to be optimal. Projecting to human

individuals with severe spinal cord injury, it is likely that locomotion patterns will not be as optimal as the

ones obtained in severely paralyzed rats using such strategies [36]. Among others, EES will hardly achieve

selective and individual control over the most distal muscles or joints, which are key to return dexterous

control of movement after paralysis.

Large differences exist between rodents and humans, for instance rodents do not naturally walk bipedally

and their limbs have limited functionality compared to humans. Despite this simpler model of locomotion,

we were able to gradually adjust gait patterns through modulation of stimulation frequency targeting

functionally distinct branches of the sciatic nerve of the rat. In the rat model, we used an intraneural

implant to provide selectivity between ankle extensor and flexor muscles using a single interface. Implanted

neuroprostheses require good bio-integration within the host tissue to allow for a successful translation

into the clinics. We have previously investigated the bio-integration of active (stimulating) polyimide-

based intraneural implants over extended durations in freely moving animals (Chapter 2). However, the

duration of stimulation in that experiment did not necessarily reflect daily functional use (minutes to

hours per day at high frequency) and consequently could not necessarily inform on the bio-integration

of implants that are used daily at high stimulation frequency. It was hence of utmost importance to

assess the encapsulation and inflammatory reaction of the current implants under the daily stimulating

conditions. We show that the bio-integration of these implants seems to be in line with bio-integration

of sporadically-used intraneural implants (Figs. 3.17 and 3.18), which is extremely encouraging for their

translation towards use in clinical applications.

In the human pilot experiment, we tested the hybrid PNS-EES stimulation paradigm using surface elec-

trodes for PNS and were able to reproduce results obtained in rats. For instance, ankle joint angle and

step height were similarly affected using the hybrid PNS-EES stimulation paradigm when compared to

EES. Furthermore, the induced reflex did not destabilize the subject during EES-mediated walking on

the treadmill, but rather acted synergistically with EES and positively impacted the contralateral side,

even though this needs to be confirmed with further subjects. Whether implanted or not, the functional

benefits of combining spinal and peripheral electrical stimulation are extremely encouraging. EES is the

elementary unit addressing paralysis and is complemented by PNS to address patient-specific remaining

deficits and reduce imprecision to restore refined, functional movements after SCI. This work promotes a

novel approach to returning functional movement after paralysis and has the potential to address other

neuromotor disorders in which global and local control over movements could be beneficial.
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3.5. Discussion

General conclusion

Through the work presented in this chapter of my thesis, I propose a novel approach for restoring refined

function to paralyzed limbs by leveraging the inherent advantages of both spinal cord stimulation and

peripheral nerve stimulation into a single and refined neuroprosthetic system. I developed and com-

prehensively characterized the effect of the hybrid neuroprosthesis on gait patterns during treadmill

locomotion in rat models of severe spinal cord injury. I confirmed the controllability of PNS obtained

in anesthetized animals (cf. chapter 2) by demonstrating gradual adjustments in leg kinematics during

EES-mediated locomotion. Similar results in a human pilot experiment suggest that the hybrid peripheral

spinal stimulation paradigm is translatable and could have importance for functional restoration after

paralysis. My findings demonstrate the feasibility and the potential of hybrid peripheral-spinal stimulation

paradigms and could represent a paradigm shift towards personalizing motor-neuroprosthetic interven-

tions. The hybrid approach is an unprecedented comprehensiveness in neuromodulation through the

exploitation of the complementary properties of the peripheral and the central nervous systems. I advocate

that this approach could significantly impact movement restoration after paralysis for lower limbs but also

for upper limbs, where restoring the dexterity of the hand will require even more precision and selectivity.
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4 Perspectives on functional restoration
for lower and upper limb movements

The work presented in this thesis provides a solid basis for the deployment of hybrid peripheral-spinal

neurprosthetic interventions for functional restoration after paralyzing injury. While epidural spinal arrays

have been implanted in human patients since the 1960s [15], intraneural peripheral nerve interfaces

have not yet surpassed the clinical investigation stage. I believe that the ensemble of data presented in

thesis will inform the community about the stability and long-term usability of intraneural implants and

raise the awareness about the potential of stimulating the peripheral nervous system to selectively refine

movements in an efficient yet simple way. In this last chapter, I first discuss a few opportunities that could

further ameliorate the developed hybrid neuroprosthesis in terms of bio-integration, closed-loop control

of PNS, and personalization of the strategy (section 4.1). I end by projecting the results of my thesis onto

functional restoration after upper limb paralysis.

4.1 Opportunities for refinement of the lower limb hybrid PNS-EES

neuroprosthesis

Implantable neurotechnology and bio-integration

I have shown that thin-film polyimide-based intraneural implants integrate well within the nerve and

that they remain functional over extended periods of time in spite of a developing tissue response that

encapsulated the implant (Chapter 2). While increased stimulation activity did not exacerbate this response

(Chapters 2 and 3), there is still room for improvement in terms of reducing the extent of the capsule as

well as the the triggered inflammation.

Two main factors contribute to this observed response beyond the fact that any implantation or surgical

intervention is accompanied by an inflammatory response as part of the normal physiological response

to this intervention. First, the insertion associated injury traumatizes the nerve, even though we did not

observe severed blood vessels inside the fascicles immediately after insertion. The trauma may be reduced

by smart designs of the tip of the device that initiates the insertion [162] or by further miniaturization

of the device, but can most probably not be avoided completely with penetrating intraneural implants.

Second, there is a large mechanical mismatch between the implant and its surrounding tissue, which is

further exacerbated by the tethering and related micro-motion during movement and thus continuously

induces inflammatory responses [210, 211, 212].
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Soft intraneural interfaces. Several strategies may mitigate the mechanical mismatch between tissue

and intraneural implants [164, 213]. Polyimide (the substrate of the implants that were used in this work)

is a relatively stiff substrate and does not easily conform to the movements and changes in elongation of

the nerve during movement. A softer implant would induce less damage as the effect of micro-motion will

be less insulting to the nerve. For instance, PDMS (polydimethylsiloxane), a soft silicone rubber used in

implant technology, shown improved bio-integration and reduced mechanical impact on spinal tissue

when implanted epidurally in rats [167]. However, PDMS-based implants have a larger footprint than

implants based on thin-film technology that is likely to exceed the dimensions for intrafascicular implants.

On the other hand, very thin and soft substrates cannot penetrate soft neural tissue or may be damaged

during insertion into nerves. Such implants may be inserted with the aid of stiff insertion vectors that

are subsequently removed from the tissue (for instance as in [214]). Alternatively, mechanically-adaptive

materials could be used that are stiff during insertion but then change their properties when in contact with

physiological conditions [215, 216]. Soft at five minutes post-implantation, those implants demonstrated a

substantially reduced neuroinflammatory response when implanted intracortically in rats. These concepts

have traditionally been developed for interfaces with the central nervous system. To date, such techniques

have not been investigated to interface the peripheral nervous system intraneurally.

Anti-inflammatory and antioxidant coatings. A possibly complementary strategy could be to introduce

an antioxidant or anti-inflammatory coatings onto the intraneural implant. For instance, cerium oxide

nanoparticles (nanoceria) form a powerful antioxidant nanomaterial with great potential in biomedicine

and tissue engineering fields through a self-regenerating capability as reactive oxygen species scavengers

[217, 218]. Reactive oxygen species are signalling molecules that playing a key role in the progression of

inflammatory responses. Their accumulation during inflammation can lead to oxidative stress, damaging

cells and disrupting neural function. Nanoceria was shown to have a neuroprotective effect in models

of Alzheimer’s disease [219] and ischemia [220] and could have a beneficial impact on inflammation

when coating the implant. Likewise, anti-inflammatory coatings of neural probes have elicited a reduced

inflammatory response when compared to un-coated implants [221]. For instance, dexametasone, an

anti-inflammatory corticosteroid, reduced reactive astrocytes and microglia in vitro [222] and in vivo

[223, 214]. Also this type of research has historically concentrated on interfaces with the brain, but could

certainly benefit peripheral nerve interfaces in similar ways.

Closed-loop control strategies for PNS in hybrid PNS-EES neuromodulation

Typical FES based neuroprostheses are based on either open loop or finite state controls and use move-

ments of non-affected body areas, residual EMG activity recorded from wrist or forearm muscles or manual

switches as input signals to the control structure [224]. However, acceptance rate among users has been

hampered by the poorly intuitive nature of such control strategies and low marginal benefits in light of

a complex and cumbersome setups. In the combined PNS-EES paradigm presented in this thesis, EES

generates natural movements that are refined by PNS, but the refinement should come when needed and

can therefore not be triggered by the user if a seamless and intuitive control is desired.

In the work presented in this thesis, the delivery of PNS was locked to events detected during gait cycles on

the basis of kinematic information recorded through a motion capture system (Vicon ltd), while EES was

tonically delivered without feedback loop. This may suit well for research and even clinical environments,

but it can hardly comply with daily life. Recently, our group has shown how closed-loop control of EES

alleviated gait deficits in rhesus macaques by decoding neural signals from leg motor cortex into toe off

and foot strike events [209]. Additional signals can be used to control the onset of PNS [225], which in the

paradigm presented in this thesis work should be based on a assist if needed strategy. Depending on the
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application, inertial measurement units or accelerometers could be fitted to the shoes of patients to inform

about the phase of the gait (swing vs. stance) [226, 227, 228]. Likewise, those signals could potentially be

used to inform about ankle joint angle excursions if ankle sneakers would be used (three sensing points

necessary) and detect the need for assistance in real time.

Alternatively, and to avoid some of the disadvantages associated with external sensors [229], muscle or

nerve activity can inform about the state of activation of target muscles in real time and trigger PNS based

on user-specific thresholds to complement the activation up to the required level. For EMG activity sensing,

this could be implemented as wearable surface EMG over distal muscles (for instance in knee-high socks).

More robust, yet more invasive, similar control signal could be derived from neural recordings [230, 231],

or even from the dorsal roots, providing sensory-only information about the state of muscle activation

[232, 233, 234, 235]. Independent of the control signal, the idea would be to match the current activity to

the natural and healthy activation of muscles or joint movements during movement.

Personalizing neuroprosthetics in clinical settings

Personalized neuroprosthetics strategies may become a breakthrough in restoring function to paralyzed

individuals. One of the key advantages in the proposed hybrid PNS-EES paradigm is the high degree of

modularity that it presents, being thus prone to individualized approaches for restoring function after

paralysis.

In the hybrid peripheral-spinal neuroprosthetic system, through the multiple contacts in the epidural

array, a myriad possibilities are given to set parameters, combine contacts, and assign anode or cathode

among others to optimize the electrode configuration for each specific patient. Based on the discrepancies

between desired and EES-enabled muscle activation, PNS is used additionally in a tailored manner to

complement EES induced muscle activation based on patient-specific remaining deficits. This strategy

is inscribed in a trend that is observed in the field of neuroprosthetics, namely the concept of mapping

patient-specific circuitopathies and their potential for recovery to distinct combinations of neuroprosthetic

technologies and individualized neurorehabilitation programs [236].

In chapter 3, I presented results from a pilot experiment that we performed with a human individual

with spinal cord injury. Albeit preliminary, we will reproduce those experiments to address patient-

specific remaining deficits with PNS in other patients enrolled in the study. The hybrid peripheral-spinal

neuroprosthesis may have an important impact on functional restoration after paralysis through the

capacity of addressing comprehensively patient-specific impairments.

4.2 Hybrid PNS-EES neuroprosthesis for functional restoration of up-

per limb movements after paralysis

Manipulation is crucial for all activities of daily living, permitting all interactions of human beings with the

environment around them. Even if prehension is very complex because of the demanding requirements

that must be satisfied during grasp, it appears straightforward. The restoration of manipulation is of

paramount important for people who lost it for spinal cord injury [3, 4]. Recent developments in research

groups around the world show the stake that is at hold.

Electrical stimulation of the cervical spinal cord has the potential to reanimate paralyzed forelimbs

and restore motor function after neurological damage. For instance, spinal cord stimulation at the
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cervical segments generated motor responses in multiple forelimb muscles in rats [237] and in non-human

primates [238, 239, 240] and has permitted to facilitate movements of paralyzed limbs in animal models

[241, 242, 243, 244] and in a recent study in human subjects [245]. Taken together, it appears that different

responses can be elicited, some of which may be useful to generate movement or improve its execution.

It remains however unclear to what extent the evoked responses are reproducible and data suggests

that the selectivity in distal muscle recruitment (wrist or digits) was insufficient to project to restoring

dexterous and usable movements of the hand and so to restore multiple degrees of freedom [238, 237, 241].

Difficulties to identify a clear somatotopic organization of forelimb movements in the cervical spinal cord

point out the hurdles that remain to be overcome before developing a real therapeutic application in this

field. In spite of sub-optimal selectivity, the same experimental results highlight the potential of harnessing

spinal circuits below the lesion to facilitate movement after spinal cord injury.

Functional neuromuscular electrical stimulation (FES) has been used for decades to restore movement

after neurological disorders and has been integrated into various neuroprosthetic systems aiming at

restoring grasping after paralyzing spinal cord injury or stroke [246, 247, 10]. FES devices have been

developed by using surface (i.e., the HandMaster developed by NESS ltd, Israel [248] and the Bionic Glove

developed by Neuromotion, Edmonton, Canada [249, 250]) or epimysial electrical stimulation (i.e., the

FreeHand system developed at Case Western Reserve University, Cleveland, US, [251, 247]). The control

over such a system has been implemented via the use of residual movements or residual EMG activity to

trigger pre-programmed stimulation patterns causing the paralyzed muscles to contract into one or two

basic types of grasp [224]. As for FES applied on the lower limbs, current surface stimulation systems are

limited by requiring high currents to activate muscles, potentially creating skin problems and discomfort

to the user. Their usability is further restricted by fast generation of muscle fatigue through unnatural

recruitment order of muscle fibers. Using implanted muscle electrodes, researchers have restored wrist

flexion and extension [252, 253] as well as grasping and holding a small ball after transient paralysis

of hand muscles in non-human primates [254]. Implantable FES devices for upper limb movement

restoration have been tested and validated in clinical studies on human individuals with cervical SCI

[247, 255, 256, 257]. Some of these studies demonstrate the achievement of restoring one grasp type or a

wrist motion with intramuscular stimulation, but the feasibility of up-scaling the system to higher number

of muscles to restore functional grasping of different modalities remains to be determined. Furthermore,

the generation of muscle fatigue remains an issue. For instance, in [256] a mobile arm support is required

to assist weight support against gravity because intramuscular FES does not generate enough torque in

single muscles and in coordination between muscles to reanimate a completely paralyzed arm. Similar to

developments in the field of lower limb paralysis and FES, research groups have been targeting branches

of the peripheral nervous system as an upstream alternative to muscular FES. For instance, cuff electrodes

have been implemented in neuroprostheses aiming at restoring hand function after paralysis [77, 258, 259].

Unfortunately none of those systems is in wide clinical use due to limited functional benefits, necessity for

surgical procedures and complicated external equipment that do not encourage daily use [260]. In fact,

epineural electrodes, even though minimally invasive, may yield insufficient selectivity as they provide

access only to superficial axons of the nerve. Addressing this issue, Ledbetter et al. have implanted

penetrating microelectrode arrays in the median, ulnar, and radial nerves of anaesthetized non-human

primates and were able to elicit two different grasp types [261]. Despite this proof of concept, to date no

intraneural stimulation-based FES neuroprosthesis has been implemented in clinical applications.

The restoration of the full dexterity of a healthy and functional human hand is far from being achieved.

There is need for the development of stimulation paradigms that restore functional and controllable

grasping movements in contrast to simple predetermined grasps. The generated movements need to be

strong and should stem from the coordinated activation of functional muscle groups, matching the natural

88



4.2. Hybrid PNS-EES neuroprosthesis for functional restoration of upper limb movements after
paralysis

generation of motor output. In addition to this basic building block, a selective access to agonist and

antagonist muscles is required to comprehensively actuate the distal hand with high precision and the

appropriate amount of force.

In light of these considerations and following from the developments presented in this thesis work, I argue

that targeting the spinal cord and the peripheral nerves concomitantly will provide substantially increased

functional restoration after paralysis of the upper limbs. Arm and hand movements are extremely complex.

Their execution needs coordinated action at multiple joints to provide sufficient torque to permit usability.

At the same time precise recruitment of distal muscles is required to refine the movement execution and

return dexterity. While the former may be generated by cervical spinal cord stimulation, the latter could be

achieved by intraneural stimulation of the ulnar, median and radial nerves.

To investigate the feasibility of recruiting distal hand muscles selectively with chronic intraneural implants

in the upper limb nerves, we started a study in collaboration with Prof. Eric Rouiller at the University of

Fribourg (CH) to address these points in a non-human primate model of upper limb paralysis (Swiss Na-

tional Science Foundation Grant NeuGrasp [205321_170032]). The aim of the study is to verify intraneural

recruitment properties in terms of selectivity and stability and to assess the precision and usability of the

movements that can be generated. Preliminary data obtained in a pilot experiment (muscle recruitment

curves following similar protocols as described in section 2.3.3 during a terminal experiment on a female

macaca fascicularis) suggest that selectivity over wrist flexor and extensor muscles as well as digit and

thumb flexion and extension can be achieved (Fig. 4.1).

(a) Wrist and hand flexor and extensor muscles implanted for terminal exper-
iment on a macaca fascicularis and their innervation by radial, median, and
ulnar nerves

(b) Summary of preliminary results: selectivity in
muscle recruitment obtained via stimulation of
radial, median, and ulnar nerves.

Figure 4.1 – Muscle recruitment obtained by median, ulnar, and radial intraneural stimulation. (a) Muscles of interest
implanted in macaca fascicularis arm and hand. (b) Summary of preliminary results in terms of selectivity in muscle
recruitment using 1 contact in the ulnar nerve (Ch u1), 2 contacts in the radial nerve (Ch r1 and Ch r2) and 3 contacts
in the median nerve (Ch m1, Ch m2, Ch m3).

Although extremely preliminary, those encouraging results suggest that selective recruitment of distal hand

muscles is possible using intraneural implants. We will now work towards i) reproducing those results and

ii) assessing the controllability of the obtained muscle activation in prospect of chronic implantation in

models of upper limb paralysis.

89





5 General conclusion

This thesis provides a vast body of evidence about the stability and long-term usability of intraneural

implants and demonstrates their potential for stimulating the peripheral nervous system with highly

controllable output to complement and refine movement execution after paralysis.

Current strategies to restore functions to paralyzed limbs have separately investigated electrical stimu-

lation of the spinal cord or of the distal peripheral nerves and muscles. While spinal cord stimulation

as a treatment option for paralysis is still at an investigational stage in clinical research, it appears that

translation from pre-clinical research in animal models is not straightforward [41, 42, 43]. Indeed, data

from the first human studies applying electrical stimulation over the lumbosacral spinal cord suggested

that while locomotor activity was enabled or even enhanced, it was not possible to generate actual stepping

(as opposed to studies in animal models) [37, 39, 40]. Additionally, data suggested that the selectivity in

distal muscle recruitment was low [40, 44, 38]. Precise control over distal musculature is however neces-

sary to permit functional and usable locomotion. In turn, functional electrical stimulation of the distal

neuromuscular system is widely accepted in clinical applications but is limited in applications through of

a relatively modest performance associated with high metabolic cost [262, 263].

In this thesis, I advocate that targeting the distal neuromuscular system is necessary but not sufficient to

permit refined movement restoration after paralysis and that combining it with spinal cord stimulation

will permit a personalized approach to paralysis with improved functional restoration.

I argue that intraneural multi-channel thin-film implants are excellent candidates for interfacing the

peripheral nerves, however their long-term stability and usability was not established due to a lack of pre-

clinical evidence about long-term functionality, stability, and bio-integration. To bridge this gap, I present

an ensemble of anatomical and electrophysiologicial data informing about the chronic functionality

and bio-integration of actively used intraneural implants. My findings demonstrate that high selectivity,

permitting high-fidelity control of muscle recruitment in real time, is conserved during months after

implantation in spite of the development of a capsule around the implant as part of the tissue response to

the implant. I confirmed the stability and usability of the implants in chronic animal models of paralysis

and demonstrate that removal of the implants does not alter leg motor control. The data presented in this

thesis is very important for permitting the translation of intraneural implants to clinical applications, not

only for their stability in terms of bio-integration and stimulation properties, but also for the functionality

they provide.

In the second part of my thesis, I exploited those properties in the framework of paralysis after spinal

cord injury to precisely refine key movement characteristics and improve functional restoration when
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combined with spinal cord stimulation paradigms. I developed and validated a hybrid peripheral-spinal

neuroprosthetic system that concomitantly stimulated the epidural lumbosacral spinal cord and the sciatic

nerves intraneurally in severely paralyzed rats. I show that selective recruitment of distal agonist and

antagonist muscles by peripheral nerve stimulation permits graded adjustments in leg movements that

increase functionality and refine gait patterns. In a pilot study with a human individual with a spinal cord

injury, I similarly used the hybrid peripheral-spinal neuroprosthesis to refine key leg movements that

restored walking symmetry, prevented foot dragging, and thus improved locomotion. Albeit using surface

electrodes, this proof of principle suggests that a comprehensive approach can bring important functional

benefits.

The hybrid peripheral-spinal approach could thus have an important impact on functional restoration

for lower limbs, but may similarly benefit upper limb functional restoration. Quadriplegic patients suffer

immensely from the inability of using their arms and hands, but restoring useful function and dexterity

is an arduous challenge. I believe that a hybrid peripheral-spinal approach could be key to attempt the

restoration of usable upper limb function after paralysis. Spinal cord stimulation exploits the capabilities

of the spinal circuits to enable the generation of motor synergies involving coordinated groups of muscles,

thus providing the building block for the movement of the arm and hand. Peripheral nerve stimulation of

ulnar, median, and radial nerves enable selective access to distal hand muscles, allowing graded control

over their activation. Using this hybrid approach, it may thus be possible to restore a higher level of

function and dexterity to the hand after paralysis. In a first step in this direction, we started a study in

collaboration with the University of Fribourg to investigate the recruitment properties of intraneural

thin-film electrodes in upper limb peripheral nerves in non-human primates. Preliminary data suggests

that selective activation of wrist, thumb, and digit flexor and extensor muscles is possible using intraneural

implants. Albeit exploratory, these results underline the usability of peripheral nerve stimulation and its

potential for restoring refined movements after paralysis.

To conclude, the work presented in this thesis provides a solid basis for the deployment of intraneural

peripheral nerve implants and demonstrates their potential for functional restoration after paralyzing

injury. The following hybrid peripheral-spinal stimulation paradigm reveals how the complementarity of

both strategies could effectively improve functional outcomes for paralyzed lower and upper limbs.
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A Appendix

A.1 Kinematic and kinetic variables characterizing gait

Number Description

I Temporal features of the gait cycle

1 Cycle duration

2 Cycle velocity during stride

3 Stance duration (sec)

4 Relative stance duration (%)

5 Swing duration

II Related to limb endpoint (metatarsal phalange) trajectory

6 Double stance

7 Stride length

8 Step length

9 Path length of endpoint marker

10 Maximum backward position of endpoint marker

11 Maximum forward position of endpoint marker

12 Normalized step height

13 Maximum endpoint marker velocity during swing

14 Relative timing of maximum velocity during swing

15 Endpoint marker acceleration at swing onset

16 Average endpoint marker velocity

17 Orientation of the endpoint marker velocity vector at swing onset

18 Drag duration (sec)

19 Relative drag duration (%)

III Stability

i) Base of support

20 Lateral displacement during swing

21 Stance width

ii) Trunk and pelvic position and oscillations

22 Maximum hip sagittal position

23 Minimum hip sagittal position

24 Amplitude of sagittal hip oscillations

25 Variability of vertical hip movement

26 Variability of sagittal hip movement
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27 Variability of the 3D hip oscillations

28 Amplitude of virtual center of mass (COM) in the forward direction

29 Amplitude of virtual COM in the medio-lateral direction

30 Amplitude of virtual COM in the vertical direction

31 Path length of virtual COM in 3D

IV Joint angles and segmental oscillations

i) Elevation angles

32 Minimum crest elevation angle

33 Minimum shank elevation angle

34 Minimum thigh elevation angle

35 Minimum foot elevation angle

36 Minimum limb axis angle in sagittal plane

37 Maximum crest elevation angle

38 Maximum shank elevation angle

39 Maximum thigh elevation angle

40 Maximum foot elevation angle

41 Maximum limb axis angle in sagittal plane

42 Amplitude of crest oscillations

43 Amplitude of shank oscillations

44 Amplitude of thigh oscillations

45 Amplitude of foot oscillations

46 Amplitude of whole limb oscillations in sagittal plane

ii) Joint angles

47 Minimum hip joint angle

48 Minimum knee joint angle

49 Minimum ankle joint angle

50 Maximum hip joint angle

51 Maximum knee joint angle

52 Maximum ankle joint angle

53 Amplitude hip joint angle

54 Amplitude knee joint angle

55 Amplitude ankle joint angle

iii) Whole limb medio-lateral oscillations

56 Minimum limb abduction angle

57 Maximum limb abduction angle

58 Amplitude limb abduction angle

iv) Foot rotation in coronal plane

59 Foot abduction angle

60 Foot adduction angle

61 Amplitude foot rotation

V Velocity

62 Minimum whole limb oscillation velocity

63 Minimum hip joint angle velocity

64 Minimum knee joint angle velocity

65 Minimum ankle joint angle velocity

66 Maximum whole limb oscillation velocity

67 Maximum hip joint angle velocity

68 Maximum knee joint angle velocity

69 Maximum ankle joint angle velocity

70 Amplitude whole limb oscillation velocity

71 Amplitude hip joint angle velocity
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72 Amplitude knee joint angle velocity

73 Amplitude ankle joint angle velocity

VI Inter-segmental coordination

74 Degree of linear coupling between joint oscillations

75 Temporal coupling between crest and shank oscillations

76 Temporal coupling between shank and thigh oscillations

77 Temporal coupling between thigh and foot oscillations

78 Correlation between crest and tight oscillations

79 Correlation between tight and thigh oscillations

80 Correlation between thigh and foot oscillations

81 Correlation between hip and knee oscillations

82 Correlation between knee and ankle oscillations

83 Correlation between ankle and MTP oscillations

84 Temporal lag between backward positions of crest and shank oscillations

85 Temporal lag between forward positions of crest and shank oscillations

86 Temporal lag between backward positions of shank and thigh oscillations

87 Temporal lag between forward positions of the shank and thigh oscillations

88 Temporal lag between backward positions of thigh and foot oscillations

89 Temporal lag between forward positions of thigh and foot oscillations

90 Phase of the crest elevation angle at maximal amplitude obtained by FFT

91 Maximal amplitude of the crest elevation angle obtained by FFT

92 Phase of the shank elevation angle at maximal amplitude obtained by FFT

93 Maximal amplitude of the shank elevation angle obtained by FFT

94 Phase of the thigh elevation angle at maximal amplitude obtained by FFT

95 Maximal amplitude of the thigh elevation angle obtained by FFT

96 Phase of the foot elevation angle at maximal amplitude obtained by FFT

97 Maximal amplitude of the foot elevation angle obtained by FFT

98 Lag of the cross correlation function between crest and shank elevation angle

99 Lag of the cross correlation function between shank and thigh elevation angles

100 Lag of the cross correlation function between thigh and foot elevation angles

101 Lag of the cross correlation function between hip and knee angles

102 Lag of the cross correlation function between knee and ankle angles

103 Lag of the cross correlation function between ankle and foot angles

104 Lag of cross-correlation function between right and left limb axis angle

VII Kinetics

105 Mean medio-lateral forces

106 Mean antero-posterior forces

107 Mean vertical forces

108 Medio-lateral forces during single stance

109 Antero-posterior forces during single stance

110 Vertical forces during single stance
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A.2 Quantification of spared tissue in lesion epicenter after severe SC

contusion

Figure A.1 – Lesion epicenter across contused animals. GFAP (Glial Fibrillary Acid Protein) reveals spared (living)
tissue. Scale bar on all images is 500 μm
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A.3. Effect of frequency modulation of enhanced extension in hybrid PNS-EES

A.3 Effect of frequency modulation of enhanced extension in hybrid

PNS-EES

Figure A.2 – Enhanced extension affects different gait characteristics in different animals. From top to bottom, animals
70, 71, 72, 74 (contused spinal cord), and 623 (complete spinal cord transection).
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