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Thesis abstract

Spinal cord injury (SCI) disrupts communication within central nervous system and

lead to range of neurological disorders including paralysis. Current rehabilitation

strategies to restore locomotion are poorly effective in people with severe SCI. Epidural

electrical stimulation (EES) showed promising results in animal models and humans

to improve recovery. However, EES protocols have remained empirical, which has

limited the efficacy of this paradigm. In this thesis, I report my contribution to the

development of EES related software and hardware that were driven by the under-

standing of the mechanisms underlying EES. These neurotechnologies showed a

remarkable efficacy to reestablish locomotion in animal models of leg paralysis.

EES protocols have primarily been delivered with continuous stimulations applied

over the middle of the spinal cord, independently of current limb positions. However

the natural activity of the spinal cord does not correspond to this limited monotone

modulation. In the first part of this thesis, we developed spatiotemporal stimulation

protocols that seek to reproduce the natural activity of the spinal cord during walking.

Using computational models, we identified optimal electrode locations that target

individual posterior roots. These simulations steered the design of spatially selective

spinal implants. Control software triggered stimulation trains in real-time to engage

extensor and flexor synergies according to limb positions. This spatiotemporal neuro-

modulation therapy enhanced locomotor performances in rats with severe SCI.

However, these spatiotemporal neuromodulation protocols were controlled via an

external computer. The animal had no control over the occurrence of the stimulation.

To remedy this limitation, we designed a brain-spine interface. We linked motor states

decoded from leg motor cortex activity to spinal cord stimulation protocols to elicited

the intended movements. We implemented this brain-spine interface in a nonhuman

primate models of transient unilateral leg paralysis. All the animals immediately

regained movements of the paralyzed leg.

There is often a mechanical mismatch between current stiff implants and the soft

neural tissues of the host. The third part of this thesis is dedicated to the design and

fabrication of soft neural implants that present the same elasticity as the dura mater.

These implants maintain the ability to deliver electrochemical stimulation while being

stretched. Such interfaces can be applied to multiple neuroprosthetic applications,

including the restoration of locomotion in paralyzed rats.
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In the last part of this thesis, I addressed the current limitations of spinal implant

specificity. We found that EES activates the large afferent fibers within the dorsal rots

and developed novel implants that take advantage of the known trajectories of the

dorsal roots to increase the specificity of EES. First, we built a precise anatomical

computational model of the lumbosacral roots. We then ran simulations that identi-

fied multipolar electrode configurations capable of steering the current specifcally.

These results drove the fabrication of soft neural implants that we inserted chronically

in rat models of severe SCI. Experiments showed that multipolar EES increases the

specificity of the stimulation compared to conventional protocols.

All the concepts developed and validated in my thesis are already applied or are

steering applications in humans with SCI.

Keywords: Spinal cord injury, rehabilitation, neuroprosthesis, neuromodulation, lo-

comotion, closed-loop control, computational modeling
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Résumé de la thèse

La lésion de la moelle épinière (LME) perturbe la communication au sein du système

nerveux central et entraîne divers troubles neurologiques, dont la paralysie. Les stra-

tégies de réadaptation actuelles pour restaurer la locomotion sont peu efficaces chez

les personnes atteintes de LME grave. La stimulation électrique péridurale (SEE) a

montré des résultats prometteurs chez les modèles animaux et chez l’homme pour

améliorer la récupération. Cependant, les protocoles SEE sont restés empiriques, ce

qui a limité l’efficacité de ce paradigme. Dans cette thèse, je décris ma contribution au

développement de logiciels et de matériels liés à l’SEE, qui reposaient sur la compré-

hension des mécanismes sous-jacents à l’SEE. Ces neurotechnologies ont montré une

efficacité remarquable pour rétablir la locomotion dans les modèles animaux avec

une paralysie des jambes.

Les protocoles SEE ont principalement été appliqués avec des stimulations continues

positionnées au milieu de la moelle épinière, indépendamment de la position des

membres actuels. Cependant, l’activité naturelle de la moelle épinière ne correspond

pas à cette modulation monotone limitée. Dans la première partie de cette thèse, nous

avons développé des protocoles de stimulation spatio-temporelle qui cherchent à

reproduire l’activité naturelle de la moelle épinière pendant la marche. À l’aide de mo-

dèles informatiques, nous avons identifié les emplacements optimaux des électrodes

qui ciblent les racines postérieures individuellement. Ces simulations ont permis

de concevoir des implants épiduraux spatialement sélectifs. Le logiciel de contrôle

déclenchait des trains de stimulation en temps réel pour recruter les synergies des

extenseurs et les fléchisseurs en fonction de la position des membres. Cette thérapie

spatio-temporelle de neuromodulation a amélioré les performances locomotrices

chez des rats présentant une LME sévère.

Cependant, ces protocoles de neuromodulation spatio-temporels étaient contrôlés via

un ordinateur externe. L’animal n’avait aucun contrôle sur la survenue de la stimula-

tion. Pour remédier à cette limitation, nous avons conçu une interface cerveau-moelle

épinière. Nous avons lié les états décodés de l’activité du cortex moteur de la jambe

aux protocoles de stimulation de la moelle épinière afin d’obtenir les mouvements

prévus. Nous avons implémenté cette interface cerveau-moelle dans un modèle de

primates non-humain avec une paralysie unilatérale transitoire des jambes. Tous les

animaux ont immédiatement repris les mouvements de la jambe paralysée.
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Il existe souvent un décalage mécanique entre les implants rigides actuels et les tissus

neuraux mous de l’hôte. La troisième partie de cette thèse est consacrée à la concep-

tion et à la fabrication d’implants neuronaux souples présentant la même élasticité

que la dure-mère. Ces implants maintiennent la capacité de fournir une stimulation

électrochimique tout en étant étirés. De telles interfaces peuvent être appliquées à

de multiples neuroprothèses, y compris pour restaurer la locomotion chez des rats

paralysés.

Dans la dernière partie de cette thèse, j’ai abordé les limitations actuelles de la spéci-

ficité des implants spinaux. Nous avons constaté que l’SEE active les grosses fibres

afférentes dans la pourriture dorsale et a développé de nouveaux implants qui tirent

parti des trajectoires connues des racines dorsales pour accroître la spécificité de la

SEE. Tout d’abord, nous avons construit un modèle de calcul anatomique précis des

racines lombo-sacrées. Nous avons ensuite effectué des simulations identifiant des

configurations d’électrodes multipolaires capables de diriger le courant de manière

spécifique. Ces résultats ont conduit à la fabrication d’implants neuraux mous que

nous avons insérés de manière chronique dans les modèles de LME sévère chez le

rat. Les expériences ont montré que l’SEE multipolaire augmentait la spécificité de la

stimulation par rapport aux protocoles conventionnels. Tous les concepts développés

et validés dans ma thèse sont déjà appliqués ou arrivent vers des applications chez

l’homme avec une LME.

Mots clefs : lésion de la moelle épinière, réhabilitation, neuroprothèse, neuromodula-

tion, locomotion, control en boucle fermée, modèle numérique
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1 Introduction

1.1 Overall impact of spinal cord injury

The World Health Organization estimated in its last report about spinal cord injury

(SCI) that up to 500’000 additional people are affected each year [1]. The origin of

this trauma mainly comes from 3 cases: car crashes, falls and forms of violence. This

prevalence only increased during previous years, mostly linked with rising average

age, and so falling risk, of the world population.

Consequences following the incident depend on the level of SCI along the rostro-

caudal axis of the spinal cord, but also on the extent in coronal plan. Lesions at cervical

spinal segment affect around 58% of the victims and usually lead to tetraplegia [2]. The

rest of patients suffers from lower lesions (e.g thoracic), leading to different degrees of

paraplegia. The most striking consequence is locomotor impairment, which seriously

diminishes the patients autonomy. Alongside affecting locomotion capabilities, SCI

leads to a wider rang of disabilities. Indeed, the injury also impacts other systems

such as reproduction, bladder expression and thermal regulation, which all impact

life quality.

The two main categories for lesion classification are "complete" or "incomplete".

The latter group represents a much larger case proportion with almost 68% (47%

tetraplegia and 21% paraplegia)of occurrence against 32% (respectively 12 and 20 %).

In order to describe SCI with more precision, the American Spinal Injury Association

(ASIA) created a scale to differentiate patients and the complications beget by the

injury. Victims are divided in 4 categories based on clinical assessment of locomotor

and sensory systems. The ASIA rating focuses only on sensory-motor aspect of SCI

and does not account for other debilitating conditions engendered by a SCI.

• ASIA-A : The most severe case, where the patient suffers an extended spinal cord

lesion, there is no remaining motor control and sensation informations below

the level of injury.

• ASIA-B : This case remains a severe lesion that leads to a complete motor paraly-
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sis, but allows some residual sensory feedbacks.

• ASIA-C : With a moderate injury, the subject has sensations and shows some

limited motor capabilities. Main muscles below the trauma have a significantly

reduce efficiency, graded 3/5 or less by clinician (based on voluntary control,

global range of motion and capacity of resistance against gravity).

• ASIA-D : The lowest grade concerns a small lesion, where the patient has incom-

plete motor deficit, which leads to a reduced muscle activity graded between

3/5 or higher for key muscles below the injury.

These disabling conditions have cost for both the patient and the society. During the

first year after injury, a moderate case (ASIA-D) costs can rise to more than 300’000

US$ and a sever tetraplegia (ASIA-A) can lead to expenses higher than 2.5 millions $

over a lifetime [2].

1.2 Rehabilitation state of the art

1.2.1 Failures of standard procedure

Currently, there is no cure for victims of severe SCI and the majority of people remain

in a disabled state for the rest of their life. The only procedures offered today are

divided in two phases. An immediate action is to proceed to a surgery to clean the

injury area from any bone debris or foreign bodies to avoid any further complication

as spinal cord compression or pain sensations. A second step includes an extensive

neurological rehabilitation procedure after recovery from surgery and stabilization of

the spinal cord shock [3].

Rehabilitation strategies are not the same for patients with complete or incomplete

lesion. In the first case, the goal is mainly oriented to reduce side effects of functional

disability and teach patients how to use assistive devices in order to become more

independent. In the second case, for patients with incomplete SCI, a wider range of

rehabilitation procedures exist, as physical training and electrical stimulation [4].

1.2.2 Possibilities of spontaneous locomotion recovery

Despite the absence of a proven clinical solution, few patients (<1%) show substantial

signs of recovery [2]. These observations emphasize the existence of one or more

natural mechanisms to repair this type of lesion. However, the variability between
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patients, the state of their lesion and eventual recovery makes it extremely difficult to

build any prognosis for the victims. Nevertheless, it appears that subjects suffering

from an incomplete lesion of the spinal cord are more likely to recover more motor

functions [5], and patients showed a largest recovery rate of locomotion during the

three first months following the incident and their recovery reaches a plateau after 12

months. The remaining connections therefore play a role in recovery, and there is a

temporal window, where the body is more prone to repair itself. The involvement of

the remaining neuronal cicuits has also been shown by other studies that classified

the extent of recovery between ASIA-A and -B [4]. The 2nd class with patients who

still have sensory feedback counted more people that recovered some motor function

spontaneously. Those observations lead to conclude that the more residual functions

remained active the more recovery occurs. This reflects the importance of sensory

feedback loops in recovery mechanisms after an disruption of the spinal cord.

1.2.3 Sensory feedback drive locomotion

Over the last century, multiple evidences highlighted the leading role of sensory

feedback circuits to control locomotion. Pioneers such as Sherrington observed that a

cat with a complete spinal cord transection at thoracic level could exhibit leg flexion

and coordinated stepping with appropriate proprioceptive feedback [6]. Despite the

obvious missing input from the cortex, the cat was moving legs in response to the

mechanic backward movement imposed by a treadmill, like a sequence of reflexes

that drove locomotion. The spinal circuits has the capacity to integrate multiple

sensory informations overtime and to provide a motor reaction in response. While

this loop could be compare to a basic H-reflex following a pressure on the knee, in fact

this circuit is actually more complex. Indeed, later studies highlight the impressive

capacity of this reflex to adapt locomotion to various external sensory feedback [7].

These experiments underline the importance of sensory feedback loops for walking,

and also that those neural networks remain active even when deprived from motor

cortex input. Therefore, these circuits became the center of interest for the rehabil-

itation protocols which imply to keep those reflex loops active despite the missing

supraspinal connection for potential spontaneous recovery. The concept behind this

rehabilitation is also known as activity-dependent plasticity.

1.2.4 Activity-dependent plasticity to bypass lesion

Activity-dependent plasticity is a characteristic of the central nervous system to re-

organize itself. Unused connexion tend to disappear, while the most active fibers
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are reinforced and will increase the number of new connections they form. In or-

der to overcome a lost path, the body cannot repair the connection by growing new

fiber by itself, so it tries generating new connectome to bypass the gap. Dead fibers

will be abandoned while remaining paths will be recycled for the most demanding

connexions [8].

This plasticity applied to the spinal cord was demonstrated in the 80s with several cat

experiments [9] [10]. After a complete spinal cord interruption, cats were repeatedly

trained to walk on a treadmill with assistive body weight devices during an extensive

period of time. After the training, cats could progressively carry more load until a

recovery of full body weight support[9]. The task was learned by the spinal cord and

reinforced over time by training. Additional tasks were taught with similar protocols

such as standing [10] or trunk balance regulation [11]. The spinal cord was no longer

seen as a simple relay between brain and muscles, but rather as a rank of complex

neural networks capable of plasticity. However, repeated task efficiency is limited to

practiced activity and barely affected non-trained tasks.

1.2.5 Neural reorganization limited for rehabilitation

Observations made on cats have been adapted and applied to patients with an in-

complete SCI. Subjects were positioned in heavy machines for body weight support

and trained on treadmills [12]. After extensive rehabilitation sessions, they performed

more steps and with a better quality. However, even in patients who recovered some

walking skill, their volitional muscle activity was still minimal. Those results led to

protocols for rehabilitation with patient who still have sensory residual feedback. Even

if some improvements are recorded, the success of such training is limited and highly

dependent on the patient situation [13]. This strategy remains the main concept to

rehabilitation therapy used today to help patient with a incomplete SCI, since no

protocol has shown better performance.

Despite, all those steps forward in the rehabilitation process, only few patients show

progress and can benefit from an efficient therapy. Many of them suffering a com-

plete spinal cord lesion or with limited proprioception feedback will see their chance

considerably reduced to recover anything [14]. However, scanner imagery reveals that

a majority of ASIA-A patient suffering a complete motor paralysis have a portion of

spinal cord white matter maintained across the lesion level [15]. This observation has

important therapeutic implications and could be used to drive neural plasticity in

patients devoid of residual function by artificially active sensory feedback loops below

the lesion.
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1.3 Neuroprostheses may have solutions

A neuroprosthesis defines any device that interact with the neural system at motor,

sensory or cognitive level to palliate a deficit from an injury [16] or disease [17] [18].

Cochlear implants restoring hearing in deaf people is a well known example. An

arsenal of new neural technologies pop up based on novel methods to record and

modulate neural activity using electricity, chemical compounds and/or light sensitiv-

ity. They are opening new paths for therapeutic treatments [19], that deserve to be

explored and tested.

1.3.1 Spinal neuromodulation to restore locomotion

In the majority of SCIs, the lesion disrupts connections between motor neurones and

brain, while the neuronal networks coordinating leg movements are located below

the level of injury [7] [20] [21] [22]. Due to a major interruption of supraspinal sig-

nals, these neuronal networks are in a non-functional state [23]. Despite the residual

connections and the preservation of locomotor circuits, a majority of spinal cord

injured patients remain bound to a wheelchair for the rest of their lives, and many of

the less severe cases continue to suffer from significant locomotor impairments. In

order to promote activity-dependent plasticity observed in patients with residual func-

tion, a number of neuroprosthetic interventions exploiting electrical and chemical

neuromodulation therapies have been designed to restore locomotion [19] [23].

Epidural electrical stimulation (EES) is promising therapy

Experimentally, epidural electrical stimulation of lumbosacral and thoracic segments

has enabled improvement of motor control in animal models and humans with SCI

[24] [21] [25] [26]. In combination with monoaminergic drugs, the application of EES

on the dorsal aspect of lumbosacral segments instantly promotes motor permissive

states in paralyzed rats even with a complete SCI [27]. Electrochemical stimulations

transform lumbosacral circuits from non-functional to functional states, enabling the

spinal cord to utilize sensory input as a source of control to coordinate movement.

Under continuous EES, the isolated lumbosacral circuitry of rodents is capable of

coordinating a wide range of motor behaviors including standing and walking at

different speeds and in various directions [7]. Similar results have been obtained in

humans with complete motor paraplegia (ASIA-A/B) [21] [28] [29].
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Empirical driven protocols

The neurotechnology and neuromodulation protocols for spinal cord are at the early

stages of development [30]. Experimental and clinical studies employed wire elec-

trodes [27] or electrode arrays designed for pain treatment [21]. Empirical knowledge

and visual observations have guided electrode positioning, the selection of active site

configurations, and stimulation parameters. Pulse width, amplitude and frequency

of electric pulse train were manually adjusted and kept constant over trials [31]. The

general strategy was to stimulate loosely the dorsal aspect of the lumbar spinal seg-

ments to engage proprioceptive feedback afferent fibers. The objective was to activate

through these pathways the central pattern generator networks and increase the global

excitability of local neural circuits to enable sensory feedback to drive motor functions

[32]. However, extensive mappings revealed that each electrode location, electrode

configuration, and stimulation parameter modulated specific aspects of standing and

stepping [7] [33] [34]. In addition, preliminary evaluations have suggested that non-

regular temporal patterns [18] [35] and closed-loop [36] [37] adjustment of stimulation

parameters augmented the therapeutic impact of neuromodulation therapies. This

intensive and empirical labor approach slowed development to elaborate efficient

EES protocols. This sub-optimal method has reduced the massive number of useful

stimulation protocols to simple monopolar paradigms, with continuous neuromodu-

lation. Despite encouraging results, this framework is disclaimed as unappropriate to

mediate maximum therapeutic effects.

1.4 Optimization with spatiotemporal neuromodulation

This continuous neuromodulation paradigm encompassed two major limitations to

efficiently promote EES strategies to clinical application.

1.4.1 Spinal cord spatial selectivity

The first missing component is the spatial selectivity. Stimulations are restricted

to mid line spinal cord area that were selected by empirical mapping experiment.

However, computer simulations and some experiments reported a spatial diversity of

motor capability. Each muscle involved in the production of lower-limb movement

has its motoneurons spatially distributed inside the spinal cord [38] [39]. Applying

stimulations with a better accuracy during the rehabilitation could promote some

specific locomotor functions and enhance the final recovery.
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1.4.2 Spinal cord temporal structure

The second missing aspect is the temporal structure inside stimulation protocols.

Currently, it is restricted to constant patterns of stimulation without modulations

during gait cycles, unconcerned by the current state of legs. Yet each muscle has its

own precise temporal sequences [40] [41] and current continuous stimulations only

facilitate sensory feedback drive instead of reinforcing it with an appropriate timing.

The spinal cord network activity is a dynamic structure and reducing it to a mono

pattern of activation is missing a complete dimension of opportunities.

1.4.3 Computational models support strategy developments

Computational modeling helped understanding complex neural network and was

involved in the development of neuromodulation strategies [42] [43] [44] [45]. Simula-

tions represented a useful technique to analyze voltage field propagation, to create

a virtual environment and to vet new inventions. In case of deep brain stimulation,

many parameters of modulation have been characterized first using computational

modeling before reaching clinical testing, as current steering, pulse waveform, tempo-

ral pattern and electrode layout [17].

hybrid Finit-Element-Model (FEM) reveals dorsal root activation

EES numeric simulations integrated existing models for electrical field gradient. In

addition, they required a set of biophysique equations linked to neuron depolarization

characterization and action potential propagations [46]. This approach is compelling

to delelop spinal cord stimulation protocols since activated structures can be located

far from the stimulation active site. These hybrid FEM-biophysical models suggest

interaction of EES with afferent fibers coming from muscle spindles to drive alternate

stepping pattern after an interruption of the corticospinal track, which are confirmed

by experimental observations. They located activation directly in dorsal root afferent

fibers, instead of inside the spinal cord itself. Observations hardly discriminable with

empiric methods, but impact drastically stimulation protocol designs

Computational optimization

Computational modeling became mandatory with the availability of high-density

electrode array [47], where any empirical testing methods are futile compared to the

near-infinite stimulation combinations. A virtual space can be used to optimize any

parameters of stimulation and extract preferential pattern for desired functional out-
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come [46]. Once in a virtual world, tools like genetic algorithms and machine learning

become available and helpful for the design of new generation multi-electrode array

(MEA).

1.5 Implants for a spatial selectivity

The 3D organization of spinal cord has been underestimated by considering it solely

as a relay between the cortex and motoneuron pools. In fact, the spine has a complex

structure with interesting spatial distribution and an extended connectome capable

of reacting specifically to various external sensory feedback or electric pulses [48].

1.5.1 Rostro-caudal axis

A wide range of stimulus locations along the rostro-caudal axis of the spinal cord from

T12 to S1 spinal segments have been tested over time. Some stimulations in the upper

part as L2 evoked facilitation for hind limb flexion and leg coordination. Stimulations

located around S1 were more involved in lower limb extension, as well as standing

and weight bearing.

Such observations indicated a defined somatotopy in the lumbar enlargement. The

exploitation of the spatial and specific organization of those segments could poten-

tially be achieved using multielectrode stimulation protocols. Combination of L2 and

S1 electrode provide a first multi-segment stimulation approach to analyze effect on

stepping [49], and result in surprising a chronic frame work to restore locomotion in

rats after a SCI [7]. Already with the addition of one electrode, effect on rehabilitation

is noticed, which encourages theories involving MEA and the development of new

implants.

1.5.2 Medio-lateral axis

On the other hand, exploration of medio-lateral axis was left behind and poorly charac-

terized. This was probably due to neurotechnological leak regarding available devices

to properly record and stimulate at this location, and that can be safely implanted for

long term neuro-rehabilitation protocols. To achieve this aim, it is necessary to use a

MEA technologies, which are already broadly used for neuroposthetic applications,

such as cochlear implants [19]. They offer the possibility to set a large number of

electrode in a restricted area and are easily sealed to ensure a proper stability over

time. However, the spine is a complex area with heavy constraints that standard MEA
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does not respect yet [50] [51].

1.5.3 MEA precursors for spinal cord

Nevertheless, technological progress leads to promising innovations and recent exper-

iment exhibited new MEA implantable in the epidural space. Despite the bulkiness

and current software underoptimization, the implant was able to stimulate precisely

and punctually large aspect of the dorsal spinal cord [47]. Localized stimulation acti-

vated specific group of muscles and support the theory that thorough stimulations

could help to recover more motor function after a SCI.

The next sections present two materials usable to build MEA: polyimide and Poly-

dimethylsiloxane (PDMS).

1.5.4 Polyimide: a microelectronic veteran

Polyimide is a polymer present in industry since more than half a century and used

for medical purpose for more than 20 years. This compound was mainly used for its

stability property against temperature and acids. In the electronic industry, it is used

for its flexibility and insulation capacities, combined with lithography techniques,

it allows to build flexible electronic devices. By replacing the copper originally used

as conductor by gold, the composites based on polyimide revealed a capability to

integrate living bodies without rejection. Therefore, they became basic components

for the fabrication of multiple neuroposthetic devices [52].

Today, polyimide implants are commercialized and available with various shapes and

designs. They evolved overtime into robust solutions to record and stimulate neural

circuits [53]. However, their flexibility allows them to bend only in one dimension.

That is why, those implants are often elongated and applied only on surface with a

small curvature angle. This limitation prevents the use of implant based on polyimide

in multiple areas of the nervous system. In the case of spinal cord, flexible materials

are usable, but in a restricted manner. They are limited to the middle portion of the

spinal cord dorsal aspect to avoid any damage on side linked to mechanical stress.

1.5.5 Polydimethylsiloxane (PDMS): a promising recruit

A common limitation that restricts a long-term bio-integration is the important biome-

chanical mismatch between the neural tissue viscoelasticity and the implant stiffness.

Elasticity and shear moduli of neural tissue are below 1500 kPa and non-linear to
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endure body dynamic various constraints. In opposition, most MEA are made with

materials that possess an elastic modulus in the range of GPa. Even if, in our perspec-

tive, they seem soft,they are rigid compare to neural tissue. As a result, their surgical

insertion and each micro movement over time will trigger acute and long-term bio-

compatibility reaction.

PDMS is a material made of silicone polymers, with a shear modulus comparable to

tissues, known for being inert face to biocompatibility issues and already applied in

many medical applications, such as microfluidic channel. The use of PDMS allows to

build implants with lithography, which results in structures that could reach nanome-

ter size precision. Even though this material properties are known for a long time,

it is only recently that stretchable conductive tracks were reliably embedded inside

[54]. This innovation opened the opportunity to a new kind of implant that will be

flexible and stretchable. The technology has demonstrated promising results in-vitro,

and previous PDMS bio-integration are encouraging up coming steps [55]. The new

technique still has to prove its capacity to reliably survive and deliver stimulation

in-vivo for a long-term biointegration.

1.6 A real-time platform to control stimulations

To abrogate continuous neuromodulation, the framework has to involve a closed-

loop paradigm to adjust stimulation in real time. The healthy body has continuously

proprioceptive afferent fibers that provide feedback on limb position and movement

to adjust the leg trajectories in real time. One of the first neuroprosthetic devices that

integrate real-time feedback comes from developments in the field of epilepsy. The

device tracked cortical activity and detected aberrant signals in real-time, in response

to which stimulation was delivered to prevent a crisis [37]. This strategy managed to

reduce abnormal cortical activity and immediately interrupted behavioral seizures.

1.6.1 Closed loop requirements

Those closed-loop systems need three components to work:

1. An input; which can be a neural signal, but can be also physic or physiologic

signals.

2. An algorithm; which will analyze the signal as fast as required. Here, the notion

of real-time depends on the speed of analysis versus the occurrence of upgrade

that can be daily or every millisecond.

10



1.7. Non-human primates for strategy validation

3. An output; any kind of simulation or anything that will interact with the subject,

electric or optic stimulations, mechanical actuation.

1.6.2 Existing platforms

In rodents SCI, such platform developments are at the early stage [56], but already

exhibit their utility. Based on kinematic information of the foot trajectory, stimulation

parameters of EES can be adjusted for each individual gait cycle to adapt the step

height and pass obstacle as stairs [56]. Such algorithm had a resolution at gait cycle

level, around a second, but a step could be decomposed with much smaller sub-

phases in function of each muscle activity, which are lower than 100 millisecond.

Such improvement could optimize the capability of alternating antagonist muscle

and reduce the co-activation as suggested by computation model [46].

1.7 Non-human primates for strategy validation

Scientific progress led to the design of interventions that mediate striking functional

recovery after neuromotor disorders in rodent models. However, the final goal is to

bring the development toward clinical validations in humans. This requires passing

through the non-human primate (NHP) models as they represent the closest model

to humans regarding many aspects such as body size, physiology, neuroanatomy and

inflammatory responses after a SCI. In order to validate rodent works, before clinical

trials, NHP model ensures the safety and therapeutic efficiency [57] [58].

If some aspects are conserved through evolution, there are also crucial differences

in the anatomical and functional organization of the motor systems and behaviors

among rodents and primates [59] [57] [60]. These nontrivial discrepancies may partly

explain the limited success of translational medicine in neuromotor disorders. For

this reason, NHP research provides a unique and needed solution to properly translate

the technology. However, behind the necessity rise important constraints as ethic,

high cost or expertise which prevent this step for many researches [57].

1.7.1 A brain-spinal interface to bridge a complete SCI

EES can restore locomotion even in rodents suffering a complete spinal cord lesion

[7]. However, natural volitional control restoration was achieved only when spared

tissue was present at lesion site [31]. In case of complete SCI, an artificial technique,

involving reading the intention of movement in the cortex and delivering appropriate
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spinal cord stimulation, can bypass the lesion site. Brain-computer interface (BCI)

technologies allow to link intended motor states to any task or movement intention

[61] [62]. The most frequent applications of BCI is to connect a patient to a robotic

arm. The subject trains a classifier that will recognize firing neuron patterns and

decide to which task they are correlated. Such interventions are already approved for

research application in humans.

NHP brain more suitable

Such results fused with EES technology create a brain spinal interface (BSI) and could

bypass any gap left by a severe injury. For this achievement, NHP model is more

suitable than rodent because its cortical activity is similar to humans while walking.

In addition, premotor cortex of NHP has already been involved to detect walking

intention [63]. NHP were implanted with an array in premotor cortex area that control

limb movements. After training sessions, NHP could guide a virtual limb toward

targets displayed on screens with success.

Fusion of technologies required

The fusion of EES and BCI technologies will not be enough. BCI experiments are often

restricting movements because of wires or experimental setup and a rehabilitation

study cannot tolerate it. To get rid of cables, engineers developed a fully wireless device

to record and transmit electrophysiological signals from NHP to external computer

[64]. They extracted similar data, but allowed the subject to freely behave in the

environment. Such piece of technology merges with BCI and EES could provide the

first brain-spinal interface to restore leg voluntary control after a complete spinal cord

lesion.

1.8 Multipolar stimulation strategy to increase specificity

So far, stimulation paradigms were implemented using monopolar stimuli, involving

only one electrode or contact at the time or far from each other which was similar

to two times monopolar stimulations [31] [47]. Interaction between electrodes or

multiple electric fields is a known effect and usually avoided because generating

unpredictable behavior. With the help of numeric models, the electric field generated

by each electrode independently or in interaction with their close neighbors can be

predicted. Those predictions could involve anodic and cathodic polarities to active

or shield subspecific areas. A multipolar neurmodulation strategy could revolve
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stimulation protocol by looking for electrode crosstalk instead of avoiding them.

A residual multipolar electric field can take an almost infinite number of shapes and

each of them can either activate or shield a different area in function of their polarity.

Each active site combination creates a virtual electrode with their coupled electrical

field. With a protocol based on multipolar stimulation, spatial specificity could be

highly enhanced without increasing the real number of electrode.

Adaptation is the key of success

Laboratory experiments tend to reduce the variability of models to report an effect.

Indeed, the rodents used are of specific age, size and weight with the same genetic

background and imposed locomotion. Patients all have their own characteristics and

therefore have a huge variance. An adaptation of the implant is possible, but a person-

alization of stimulation protocol via multipolar combinations offers more versatility.

This approach can be adapted at any time of the rehabilitation and according to the

needs of any patient.
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2 Objectives

Hindlimb paralysis resulting from a spinal cord injury remains an unsolved condition

and our research targets neuroprosthetic rehabilitation strategies to restore locomo-

tion. Continuous monopolar epidural stimulations on the spinal cord were used for

decades and have undoubtedly led to great results, such as restoration of voluntary

motor control in rats [31].

However, standard rehabilitation procedures ignored patients suffering from complete

spinal cord. They struggled with protocols, which are based on intensive empirical

trials. This inefficient approach has reduced the enormous number of useful stimu-

lation protocols to simple continuous monopolar paradigms, while the spinal cord

activity is a complex dynamic system. Additionally, such development was slowed

by unadapted spinal devices and require innovative technologies to design tailored

spinal implants.

Here, we proposed a spatiotemporal stimulation protocol to reproduce natural spinal

cord activity. Then, we replicate this work in NHP model with the addition of brain

implants to bypass any kind of lesion. We investigate new spinal implants to ensure a

reliable long-term biocompatibility. Finally, we integrated multipolar stimulations

into our protocol to restore locomotion after a SCI.
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2.1 Aim 1: Spinal spatiotemporal neuromodulation ac-

cording to the gait cycle.

The first aim was to develop an implant and a strategy to reproduce the natural spinal

cord activity during locomotion in rats, according to space and time. We exploited

the natural somatotopy of existing motoneuron pools in the spinal cord to design

polyimide implants with multiple active sites that fitted the dorsal aspect of the spinal

cord. The temporal structure was defined from muscle synergies recorded in intact

rats. Then, we combined a motion tracking system with high-speed stimulator devices

to create a close-loop platform in order to issue epidural electrical stimulations at the

correct location in real-time according to tracked movements. Completely paralyzed

rats were used in a first part to test the platform, characterize temporal and spatial

components. In a second part, a clinically relevant model of lesion was applied to

validate rehabilitation advantages. This work and results are presented in the first part

"Spatiotemporal neuromodulation therapies engaging muscle synergies to improve

motor control after spinal cord injury", an adaptation of the manuscript published in

Nature Medicine.

2.2 Aim 2: Brain-spine interface in nonhuman primates

The next aim was to create a bridge between the brain and dormant neural circuits

below a SCI. NHP were involved because their brains are more suitable to perform

such neural recordings. We combined a multielectrode array to record brain activity,

wireless modules for communications and a pulse generator to stimulate spinal cord.

Only clinically approved devices were used for this setup to prove a translational

feasibility with existing tools and facilitate the validation for clinical trials. We wanted

to reproduce results found in rat as left-right and flexion-extension selectivity with

EES, and provide a spatiotemporal neuromodulation triggered by the brain activity

to facilitate recovery after a SCI. Details of this work and results are developed in the

second part "A brain-spine interface alleviating gait deficits after spinal cord injury in

primates", an adaptation of the manuscript published in Nature.
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2.3 Aim 3: Development of spinal cord friendly implants.

In the next chapter, we aimed at the development of a new spinal implant type. An

important source of device failures in neuroprosthetic is related to the mismatch

between implant stiffness and neural tissue softness. We exploited PDMS properties

to build an implant, which embedded micro-cracks gold lines to conduct electricity

and integrated a microfluidic channel. Every components inside the implant are made

to allow flexibility and stretchability. Its shear modulus is magnitude closer to neural

tissue compare to conventional implants. We implanted our implant for a long-term

biocompatibility study to confirm such properties help to smooth integration. Then,

we applied this technology to a wide range of applications to show the versatility

that it could offer. Finally, we wanted to test the micro-channel to drug delivery in

the framework of spinal cord rehabilitation after a SCI with EES and monoaminergic

agents injected intrathecally. We highlighted results of this studies in the third part :

"Electronic dura mater for long-term multimodal neural interfaces", an adaptation of

the manuscript published in Science.

2.4 Aim 4: From mono- to multi-polar stimulation strate-

gies

The final objective was to integrate multipolar strategies to increase specificity of

epidural electric stimulation. First, we used a computational model of a rat spinal

cord to simulate electric fields of many electrodes with various polarities and select

most selective patterns. Then, we developed a new shape of epidural implants based

on PDMS technology for rats that fit computational predictions. We tested simulations

with in-vivo experiments. Finally, we implanted transversal spinal implants in rats

with a severe SCI. Implant were controlled with a closed-loop real-time platform

stimulating according to the leg movement. This study is reported in the last part

"Model-driven optimization of multipolar electrical stimulation of the lumbosacral

posterior roots using transversal epidural implant", a manuscript in preparation for a

future publication.
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3.1 Abstract

Electrical neuromodulation of lumbar segments improves motor control after spinal

cord injury in animal models and humans. However, the physiological principles

underlying the effect of this intervention remain poorly understood, which has limited

this therapeutic approach to continuous stimulation applied to restricted spinal cord

locations. Here, we developed novel stimulation protocols that reproduce the natural

dynamics of motoneuron activation during locomotion. For this, we computed the

spatiotemporal activation pattern of muscle synergies during locomotion in healthy

rats. Computer simulations identified optimal electrode locations to target each syn-

ergy through the recruitment of proprioceptive feedback circuits. This framework

steered the design of spatially selective spinal implants and real–time control soft-

ware that modulate extensor versus flexor synergies with precise temporal resolution.

Spatiotemporal neuromodulation therapies improved gait quality, weight–bearing

capacities, endurance and skilled locomotion in multiple rodent models of spinal cord

injury. These new concepts are directly translatable to strategies to improve motor

control in humans.

Publication contributions

I planned, coordinated and performed all experiments involving injured rats. I

developed the software used to trigger stimulations via the real-time control

platform. I assisted to surgeries, participated to rat rehabilitation process and

recordings of the behavioral testing. I performed analysis related to spatial,

temporal and spatiotemporal stimulations. I supervised the creation of all

figures and prepared figures concerning my analyzed data. I was involved in

the writing process of the manuscript.

20



3.2. Introduction

3.2 Introduction

Spinal cord injury (SCI) disrupts the communication between supraspinal centers

and spinal circuits, which leads to a range of motor disabilities. Neuromodulation

strategies provide access to surviving circuits and pathways to alleviate these deficits

[19] [65]. In particular, electrical and chemical neuromodulation of the lumbar spinal

cord has mediated significant improvement of lower-limb motor control in animal

models [66] [7] [31] [67] [56] and humans [67] [68] [69] [70] [71] with SCI.

Computer simulations [46] [43] [44] and experimental studies [56] [72] [49] [73] have

provided evidence that electrical neuromodulation applied to the dorsal aspect of

lumbar segments primarily engages proprioceptive feedback circuits. The prevail-

ing view is that the recruitment of these neural pathways activates central-pattern

generating networks [69] [74] and raises the excitability of spinal circuits to a level

that enables sensory information to become a source of motor control [32]. This

framework enacted two fundamental limitations in the clinical application of elec-

trical neuromodulation therapies. First, the spatial location of stimulation remains

confined to single spinal cord regions that are selected based on empirical mapping

experiments [69] [75]. Second, the temporal structure of stimulation protocols is

restricted to non-modulated patterns that remain constant during motor execution,

regardless of the current state of lower-limb movements [68] [69] [72].

The production of lower-limb movements involves the activation of spatially dis-

tributed motoneurons [76] [39] following precise temporal sequences [77] [78] that are

continuously adjusted through sensory feedback [79]. Current stimulation protocols

do not attempt to reproduce these spatiotemporal patterns of motoneuron activa-

tion to facilitate movement. Here, we hypothesized that electrical neuromodulation

therapies integrating spatial selectivity and temporal structure matching the natural

dynamics of motoneuron activation will improve stimulation efficacy, enhancing the

quality and vigor of lower-limb movements after SCI.

In order to address this hypothesis, we first conducted anatomical and functional

experiments to visualize the spatiotemporal pattern of hindlimb motoneuron acti-

vation in healthy rats. We found that walking involves the alternating activation of

spatially restricted hotspots underlying extensor versus flexor muscle synergies. We

then developed neuromodulation strategies that specifically target proprioceptive

feedback circuits in the dorsal roots in order to access these hotspots. Computer

simulations determined the optimal electrode locations to recruit specific subsets of

dorsal roots. These results steered the design of spatially selective spinal implants and

real–time control software to modulate extensor versus flexor muscle synergies with
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precise temporal resolution adjusted through movement feedback. Spatiotemporal

neuromodulation therapies reinforced extension versus flexion components for each

hindlimb independently, which improved a range of important gait features after

complete SCI. This conceptually new stimulation strategy improved dynamic balance

and skilled descending control during quadrupedal locomotion in rats with clinically

relevant SCI.

3.3 Results

3.3.1 Dynamics of hindlimb motoneuron activation during gait

We first injected pairs of antagonist muscles spanning each hindlimb joint with Fluo-

rogold in order to visualize the spatial location of hindlimb motoneurons. To combine

tracings from multiple rats, we elaborated a 3D digital model of lumbar segments

using the tibialis anterior motoneurons as a landmark (Fig. 3.1a). As expected, we

found that motoneurons were segregated into well-defined columns of motor pools

that each innervates a target muscle. Each column occupied a reproducible spatial

location that created a rostrocaudal gradient of flexor and extensor motoneurons

innervating proximal to distal hindlimb muscles ( Fig. S3.1).

We then implanted bipolar electrodes into hindlimb muscles of seven intact rats to

record the electromyographic activity of all traced muscles simultaneously during

locomotion (Fig. 3.1b). The normalized muscle activity was projected onto the recon-

structed motoneuron locations to visualize the spatiotemporal maps of motoneuron

activation (Fig. 3.1c). These maps revealed that locomotion involves a burst of mo-

toneuron activity in L4-L6 segments during stance and a burst of motoneuron activity

mostly centered around L2-L4 segments during swing. The maps were remarkably

consistent across rats (Fig. S3.2a). Gaussian clustering analysis identified these two

spatial locations mathematically (p < 0.01), which we termed hotspots (Fig. 3.1c).

To identify the functionality and temporal structure underlying the activation of these

hotspots, we decomposed muscle activity in functional modules termed muscle syn-

ergies [78] [80] using non-negative matrix factorization [81]. Four temporal activation

profiles coalescing weighted combinations of the recorded muscle activity were suf-

ficient to reconstruct more than 92 % of the variance in the original signals (92.0 ±
1.1, Fig. 3.1d). To link muscle synergies to the activation of hotspots, we extracted the

spatiotemporal map of motoneuron activation for each synergy independently (Fig.

3.1e). This analysis revealed that the first and fourth synergies produced hindlimb

extension and enabled resisting gravity through the activation of the first hotspot,
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which we termed extensor hotspot. These synergies were activated during stance

and prior to foot strike. The third synergy promoted hindlimb flexion during swing

through the activation of the second hotspot, which we termed flexor hotspot. The

second synergy emerged during the stance to swing transition, and involved the si-

multaneous recruitment of both hotspots. These experiments uncover the function

and temporal structure underlying the successive activation of spatially restricted

extensor and flexor hotspots during locomotion (Fig. 3.1f). This pattern was captured

in the spatiotemporal trajectory of the hindlimb endpoint (Fig. 3.1g).

3.3.2 Electrode position to target extensor vs. flexor hotspots

Epidural electrical stimulation of lumbar segments primarily recruits large-diameter

proprioceptive fibers in the dorsal roots [46] [82] [45]. The resulting neural volleys

provide monosynaptic and polysynaptic excitatory drives to motoneurons through

the recruitment of proprioceptive feedback circuits[56] [46] [45] [33]. These previous

results suggest that the recruitment of specific subsets of dorsal roots may provide

access to motoneurons embedded in spatially restricted spinal segments. We tested

this hypothesis to identify optimal electrode positions to modulate extensor and flexor

hotspots.

We reconstructed the 3D location of dorsal roots innervating each lumbar segment

(Fig. S3.1b-c) and integrated this anatomical data into an experimentally validated

computational model of epidural electrical stimulation [46]. We then performed

computer simulations using an optimization function that searched optimal electrode

locations to recruit the dorsal roots projecting to spinal segments containing the

identified extensor and flexor hotspots on each side of the spinal cord (Fig. S3.3).

Simulations revealed that electrodes located 1.00 mm laterally at the border between

L2 and L3 segments, and 0.75 mm laterally at the S1 segment preferentially recruited

the dorsal roots projecting to extensor versus flexor hotspots, respectively (Fig. 3.2a-b).

To verify these predictions, we delivered stimulation at the identified electrode loca-

tions during acute experiments. Simultaneous electromyographic recordings of mono-

and poly-synaptic motor responses in hindlimb muscles enabled the reconstruction

of spinal segment activation for each site of stimulation (Fig. 3.1). These experi-

ments confirmed the ability to target the spatially restricted hotspots unilaterally

using electrode locations identified with computer simulations (Fig. 3.2c-d).
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Figure 3.1 – Spatiotemporal dynamics of hindlimb motoneuron activation during locomotion (a) Dia-
gram illustrating injections of the retrograde tracer Fluorogold into the tibialis anterior (TA) muscle to
label motoneurons, as shown in the confocal image. Top-down and coronal snapshots of 3D lumbosacral
reconstructions; each TA motoneuron is represented by a single dot. The same procedure was applied
to gluteus medius (GM), illiopsoas (IL), vastus lateralis (VL), semi-tendinosus (St), biceps femoris (BF),
gastrocnemius medialis (MG), gastrocnemius lateralis (LG), extensor digitorum longus (EDL), and flexor
hallucis longus (FHL) muscles to reconstruct hindlimb motoneuron location within lumbar segments.
The rostrocaudal location and center (white dot) of each motoneuron column is indicated in red and blue
for muscles acting functionally for extension and flexion movements, respectively. (b) Hindlimb muscle
activity during locomotion in an intact rat. (c) The muscle activity was projected onto the motoneu-
ron location matrix to elaborate the spatiotemporal map of motoneuron activation during gait. The
spatially restricted hotspots emerging during stance and swing were extracted by applying a Gaussian
cluster algorithm onto the spatiotemporal map of motoneuron activation. (d) Mean and individual
(thin lines, n = 7 rats) temporal activation profiles of muscle synergies, and histogram plots reporting
muscle weighting for each rat (vertical bars) and muscle on each muscle synergy. (e) Spatiotemporal
maps of muscle synergy activation, elaborated by representing the temporal activation profiles onto the
weighted motoneuron matrix. (f) Model of spinal segments depicting the temporal sequence underlying
the recruitment of muscle synergies, and the corresponding activation of extensor and flexor hotspots. (g)
Activation of muscle.

3.3.3 Hardware: spatially selective spinal implants

We exploited microfabrication techniques to design spinal implants integrating the

electrode configuration identified with computer simulations (Fig. S3.4a). The topolo-
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Figure 3.2 – Design, fabrication and validation of spatially selective spinal implants. (a) Experiments to
identify the optimal electrode location to target extensor and flexor hotspots through the recruitment
of dorsal roots. (1) Dorsal roots innervating S1 to L1 segments were reconstructed in 3D. The Gaussian
curves display the spatial distribution of extensor and flexor hotspots along the spinal cord. Computer
simulations were iterated over a grid of electrodes covering the lumbosacral segments and dorsal roots.
An optimization algorithm identified the cost to preferentially activate dorsal roots projecting to extensor
versus flexor hotspots. The black circles indicate the optimal mediolateral and longitudinal locations of
electrodes. (3) Computer simulations showing isopotential 1V surface following a 150 μA stimulation
at each identified electrode location, including the resulting dorsal root activation. (4) Spatial maps
of spinal segment activation for the optimal electrodes predicted by computer simulations, and (5)
experimental validation in anesthetized rats. The map is computed from motor responses recorded
from 8 hindlimb muscles, as described in Figure 3.1. (b) Photographs, including zooms on electrodes
and connector, showing polyimide-based spinal implants. The 3D rendering was reconstructed from
high-resolution μ-computed tomography (μCT) scans performed after 5 weeks of implantation. (c)
Under suspended conditions, a series of 4 pulses (40 Hz) was delivered through the electrodes targeting
the extensor versus flexor hotpot. The resulting stick diagram decomposition of hindlimb movements is
shown for the ipsilateral and contralateral side to the stimulation. Histogram plots report the mean (n =
6 rats) vertical displacement of the hindlimb endpoint for the ipsilateral (color) and contralateral (black)
side to the stimulation. Error bar, SD. *, p < 0.05; **, p < 0.01; ***, p < 0.01.

gies and dimensions of the implants were tailored to the anatomy of the spinal cord

and vertebrae structures(Fig. S3.1c).

We developed dedicated surgical procedures, including a tailored fixation structure,

for locating and stabilizing the spinal implants overlying the targeted epidural spinal

cord regions (Fig. 3.2e and S3.4c). Repeated impedance and electrophysiological

evaluations over 6 weeks ( S3.5a–b), and the absence of inflammatory responses after

explantation ( S3.5c–e) revealed the long–term functionality and bio–integration of
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the spinal implants.

Delivery of short bursts (4 pulses at 40 Hz) of electrical stimulation through the spinal

implants elicited the predicted unilateral movements of extension and flexion during

suspended conditions in six intact rats (Fig. 3.2f and Supplementary Video 1).

3.3.4 Software: parameters adjusted through movement feedback

We next exploited an advanced real-time control platform [56] to implement spa-

tiotemporal neuromodulation therapies. We elaborated signal-processing algorithms

that detected the timing of gait events based on real-time tracking of bilateral hindlimb

kinematics (Fig. 3.3). The continuous temporal sequence of gait events was derived

from the angular displacements of the hindlimb endpoint (foot) around its center of

rotation (Fig. 3.3). This progression of the foot in space resembles a clock that encodes

the current timing of gait (Fig. 3.1g).

A finite-state machine logic triggered the activation of each individual electrode when

the hindlimb endpoint trajectory crossed user-defined angular thresholds (Fig. 3.3

and Supplementary Video 2). Adjustments in amplitude or frequency could be tuned

based on control policies [56] (Fig. 3.3). The time necessary to trigger stimulation

based on movement feedback remained below 20 ms, which is 40 times faster than

the average gait cycle duration in rats (800 ± 146 ms). Stimulation was triggered

with 97.8% accuracy for a temporal window constrained within less than 5% of the

relative gait cycle duration (n = 140 gait cycles). This computational infrastructure

provides the technological framework for real-time adjustment of neuromodulation

parameters over multiple electrodes based on high-fidelity kinematic feedback.

3.3.5 Spatiotemporal neuromodulation after complete SCI

We next exploited the developed hardware and software to test whether spatiotempo-

ral neuromodulation therapies mediated superior gait improvements than continuous

stimulation protocols. Adult rats received a complete transection of the T7 segment

(Fig. 3.4a). The tailored spinal implant was inserted in the same surgery. Five weeks

post-lesion, all rats exhibited complete hindlimb paralysis when positioned bipedally

in a robotic bodyweight support system [7] (Fig. 3.4b). Ten minutes prior to testing, we

administered a serotoninergic replacement therapy [7] [31] that compensates for the

interrupted source of monoaminergic modulation after injury. Continuous electrical

neuromodulation delivered over the midline of L2-L3 and S1 segments enabled all the

tested rats to perform coordinated locomotion in response to treadmill motion, as
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Figure 3.3 – Software to adjust spatiotemporal neuromodulation in real-time during locomotion. Compu-
tational platform to trigger adjustments of the temporal structure, spatial configuration and stimulation
parameters of the neuromodulation therapies. Rats were supported bipedally in a robotic system pro-
vided vertical support during locomotion onto a motorized treadmill belt. A high-resolution video system
allowed real-time monitoring of the left and right hindlimb endpoints (feet). The angular displacements
of hindlimb endpoints around a calculated center of rotation were converted into angular coordinates,
as indicated with the dotted grey lines. The On and Off states of electrodes targeting extensor- and
flexor-related hotspots were triggered when the angular coordinates crossed user-defined thresholds,
personalized for each rat. The stimulation profile module enabled tuning the amplitude and frequency of
stimulation based on the therapist or control policies. The diagram represents the relationship between
the vertical displacement of the foot and the activation of extensor and flexor hotspot, and how the
spatially selective electrodes were turned On and Off to replicate this activation pattern.

previously reported [7] (Fig. 3.4b). However, the spatiotemporal map of motoneuron

activation differed from those observed in intact rats (Fig. 3.4b), which translated into

reduced vertical ground reaction forces (p < 0.01; Fig. 3.4b) and less extensive foot

movement during swing (p < 0.01; Fig. 3.4b) in injured compared to intact rats.

To optimize the temporal structure of spatiotemporal neuromodulation therapies, we

evaluated the impact of varying the onset or end of stimulation through the spatially

selective lateral electrodes of the implant. Adjustment of the activation timing for
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the electrode targeting the flexion hotspot led to a gradual tuning of flexion related

variables such as flexor muscle activity, step height, and foot acceleration during swing

(Fig. S3.6). The same modulation was detected for extensor related variables such as

extensor muscle activity and vertical ground reaction force when varying the activation

timing of the electrode targeting the extensor hotspot (Fig. S3.6). The concurrent

activation of flexor and extensor hotspots at the end of stance was also critical to

prevent foot dragging (Fig. S3.6). For each electrode, we selected the timing that

yielded optimal values for this ensemble of gait parameters. The resulting temporal

structure matched the temporal activation profiles of muscle synergies exposed in

intact rats (Fig. S3.6c).

We tested whether this optimized stimulation protocol was capable of reproducing the

spatiotemporal maps of motoneuron activation underlying locomotion of intact rats.

In all tested rats, spatiotemporal neuromodulation therapies reinforced the amplitude

of electromyographic signals and improved the activation timing in nearly all recorded

hindlimb muscles (Fig. S3.10). This robust modulation led to spatiotemporal maps

of hindlimb motoneuron activation that resembled those observed in intact rats (Fig.

3.4b, S3.2 and Supplementary Video 2).

Finally, we evaluated whether spatiotemporal neuromodulation improved locomotion

compared to continuous neuromodulation. To quantify gait performance, we com-

puted numerous parameters from kinematic, kinetic and muscle activity recordings

(n = 137, Supplementary Table 1). To weight their relative importance objectively,

we subjected the parameters to a principal component (PC) analysis [7] [31]. We

visualized gait patterns in the new space created by PC1-2, where PC1 explained the

highest amount of variance (27 %) and reflected the degree of similarity to intact rats

(Fig. 3.4c). Analysis of scores on PC1 revealed that spatiotemporal neuromodulation

promoted gait patterns closer to those of intact rats compared to continuous neu-

romodulation (p < 0.05; Fig. S3.8). We extracted parameters that highly correlated

(|value| > 0.5, factor loadings) with PC1, and regrouped them into functional clusters

corresponding to basic movement features. This analysis revealed that spatiotempo-

ral neuromodulation normalized many key features of hindlimb movements (41 of

137 significantly improved parameters, P < 0.05 Fig. S3.8). Continuous stimulation

delivered through the 4 spatially selective lateral electrodes failed to improve gait

performance (p < 0.05; Fig. 3.4c and Fig. S3.8), confirming the synergy between spatial

selectivity and temporal structure.
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Figure 3.4 – Spatiotemporal neuromodulation reproduces the natural pattern of motoneuron activation
(a) Rats receive a complete SCI and a spinal implant with conventional midline electrodes and spatially
selective lateral electrodes, as depicted in (i). (b) Locomotion was recorded on a treadmill without
stimulation, with continuous neuromodulation applied over the midline of lumbar and sacral segments,
and during spatiotemporal neuromodulation. For each condition (same rat) and an intact rat, a stick
diagram decomposition of left hindlimb movement is shown together with successive trajectories of the
hindlimb endpoint, the velocity and orientation of the foot trajectory at toe off (vector with arrowheads),
the stance (light grey), drag (red) and swing phases of both hindlimbs, and vertical ground reaction forces
during a continuous sequence of steps. The horizontal bars (blue, red, black) indicate the current state
of the electrodes. The corresponding spatiotemporal maps of motoneuron activation were calculated
over 10 consecutive steps. Conventions are the same as in Fig. 3.1. (c) All the gait cycles recorded in 5 rats
under the different conditions of neuromodulation are represented in a PC space. Histogram plots report
mean peak amplitude of vertical ground reaction forces and the mean peak velocity of the foot during
swing for the different neuromodulation conditions and for intact rats. Error bars, SEM. *, p < 0.05; **, p
< 0.01.
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3.3.6 Gradual adjustment of extension vs. flexion movements

We previously showed that modulation of stimulation amplitude and frequency led to

gradual adjustments of hindlimb movements [56]. We asked whether this modulation

could be superimposed onto spatiotemporal neuromodulation therapies in injured

rats. We first varied the amplitude of stimulation delivered through one of the spatially

selective lateral electrodes. A progressive increase of stimulation amplitude for the

electrode targeting extension versus flexion hotspots promoted a selective and gradual

augmentation of extensor versus flexor muscle activity on the stimulation side in all

tested rats (n = 5, P < 0.05; Fig. 3.5a). This tuning translated into an incremental

enhancement of extension versus flexion components (Fig. 3.5b), which supported

the control of hindlimb extension during stance and foot trajectories during swing

over ranges that reached the anatomical limits of motion (Supplementary Video 2).

In contrast, increases in stimulation amplitude blocked hindlimb movements when

stimulation was delivered without temporal structure (Supplementary Video 2). Mus-

cle activity resulted from a succession of motor responses elicited after each pulse of

stimulation (Supplementary S3.9), which likely originated from the recruitment of pro-

prioceptive feedback circuits [56] [46] [33] [83]. Increase in stimulation amplitude led

to commensurate augmentation of the amplitude of these responses (Supplementary

Fig. S3.9)

We then verified that the previously observed modulation of step height with adjust-

ment of stimulation frequency [56] was preserved during spatiotemporal neuromod-

ulation (Fig. 3.5c). In all rats, adjustment of stimulation frequency led to a gradual

increase in both extension and flexion components, which mediated a linear tuning

of gait features such as foot height (Fig. 3.5d). These relationships support control

over complex foot trajectories during locomotion [56], and can thus be combined

with spatiotemporal neuromodulation.

3.3.7 Spatiotemporal neuromodulation after clinically relevant SCI

We finally evaluated the potential of spatiotemporal neuromodulation therapies to

improve locomotion after clinically relevant SCI. Spinal cord damage in humans pri-

marily results from contusions. To model such lesions, we delivered a robotically

controlled impact onto thoracic segments (21.8 ± 1.7 % sparing, Fig. 3.6a and S3.10).

Early after injury, all rats dragged both hindlimbs along the treadmill belt (Fig. 3.6b).

Administration of the serotoninergic replacement therapy failed to promote move-

ment at this stage. The addition of continuous electrical neuromodulation instantly
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Figure 3.5 – Selective and gradual modulation of extension and flexion components. (a) Locomotor
sequences recorded during spatiotemporal neuromodulation with two levels of stimulation amplitudes
for the electrode targeting the extensor (left) versus flexor (right) hotspot. A representative stick diagram
decomposition of hindlimb movement is shown for each condition. The colors correspond to the period
during which the modulated electrode is turned on. Below, the electromyographic activity of extensor
and flexor ankle muscles is displayed together with the changes in hindlimb length for a series of steps.
The upper right diagram explains the calculation of the hindlimb length, which combines changes over
multiple joints of the hindlimb. The spatiotemporal pattern of stimulation is shown at the bottom. The
height of the bars is proportional to the stimulation amplitude. (b) Histogram plots reporting the mean
vertical ground reaction forces measured during stance while modulating the amplitude of the extension
electrode, and the mean step height measured during swing while modulating the flexion electrode.
(c) Vertical foot displacements during locomotion under different stimulation frequency adjusted over
both extension and flexion electrodes. The dots highlight the step height. Each pulse of stimulation is
represented in the spatiotemporal patterns of stimulation shown at the bottom. The plot displays the
relationships between the stimulation frequency and the step height for all the rats together, and each rat
individually (thin line). The number of rats in indicated in each panel. Error bars, SEM. *, p < 0.05.

enabled locomotion. However, hindlimb movements extinguished after a few min-

utes since the rats were no longer able to support their bodyweight. Spatiotemporal

neuromodulation instantly reestablished locomotion, enabling robust and powerful

movements of both hindlimbs (Fig. 3.6b and Supplementary Video 3).

To quantify this improved gait performance, we measured the weight-bearing ca-

pacities and endurance during continuous versus spatiotemporal neuromodulation.
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To determine weight-bearing capacities, we progressively decreased the amount of

vertical robotic assistance by 5% increments until the rats failed to perform ten con-

secutive steps. Spatiotemporal neuromodulation mediated 25 to 60% augmentation

of weight bearing capacities (p < 0.05, Fig. 3.6c), which correlated with substantial

increase in vertical peak forces (p < 0.05, Fig. 3.6c) and extensor muscle activity (p

< 0.01, Fig. 3.6c). To evaluate endurance, we provided optimal bodyweight support,

and measured the time until the rats collapsed. Spatiotemporal neuromodulation

extended the duration of locomotion from 40 to 270% (p < 0.01, Fig. 3.6d), maintaining

step heights towards intact values during most of the testing (Fig. 3.6d).

In the chronic stage (8 weeks), the rats exhibited limited recovery of hindlimb motor

control. When tested quadrupedally on a runway, gait performance ranged from

limited movement of hindlimb joints to occasional plantar placements (Fig. S3.11).

During spatiotemporal neuromodulation, the rats were capable of executing full

weight bearing plantar steps (p < 0.01, Fig. S3.11 and Supplementary Video 3). Spa-

tiotemporal neuromodulation significantly improved trunk dynamics and thus the

maintenance of balance during quadrupedal locomotion (p < 0.05, Fig. 3.6e)

We then tested the rats during staircase climbing, a task requiring precise voluntary

foot placement over consecutive steps to resist gravity and avoid tumbling against

the stairs. Spontaneously, rats essentially tumbled against or hit the staircase. Spa-

tiotemporal neuromodulation allowed both hindlimbs to pass the steps successfully

without contact with the staircase in a substantial number of trials (p < 0.01, Fig. 3.6f

and Supplementary Video 3).

3.4 Discussion

Therapeutic outcomes in animal models [7] [31] [56] [83] [84] and paraplegic patients

[68] [69] [71] [72]. have accelerated the deployment of clinical studies to evaluate the

potential of epidural electrical stimulation for improving functional recovery after SCI

[85]. In the absence of conceptual framework, however, stimulation protocols have

remained unspecific, restricted to single regions, and delivered continuously. Here,

we have introduced spatiotemporal neuromodulation therapies that are derived from

biological principles. This conceptually new stimulation strategy reestablished lower-

limb motor control when conventional protocols failed to facilitate movement. We

expect that this approach will support the design of evidence-based neuromodulation

therapies that improve motor control and gait rehabilitation in humans.

Various studies proposed that the motor command underlying the production of limb

movement originates from a small set of motor primitives termed muscle synergies
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Figure 3.6 – Spatiotemporal neuromodulation improves motor control after clinically relevant SCI (a)
Rats received a contusion at the thoracic level. (b) Locomotion was recorded on a treadmill without
stimulation, and during a sequence during which continuous neuromodulation is applied over the
midline electrodes until the rat collapses. At this moment, spatiotemporal neuromodulation is turned
on. Conventions are the same as in Fig. 3.4 (c) Histogram plots reporting the maximum weight bear-
ing capacities, the peak of vertical ground reaction forces, and amplitude of extensor muscle activity
measured in the same rats during continuous versus spatiotemporal neuromodulation. (d) Successive
step heights measured during a locomotor sequence recorded in the same rat under continuous versus
spatiotemporal neuromodulation. The horizontal line corresponds to the mea step height of intact rats.
Histogram plots reporting the normalized duration of locomotion under the rat collapsed under both
conditions. (e) Rats were recorded during quadrupedal locomotion at 2 months post-SCI. Parameters
related to the spatial orientation, movement amplitude, and movement variability of the trunk are each
represented along an axis normalized to intact rats (dashed yellow lines). The inside of the triangle
correspond to the stimulation off condition, whereas the colored surface quantifies the improvement
for these balance related parameters during spatiotemporal neuromodulation, shown for all the rats
(top, average) together, and for each rat individually (see Methods). The amount of tissue sparing is
reported for each rat. (f) Stick diagram decomposition of hindlimb and trunk movements together with
hindlimb endpoint trajectory during staircase climbing under spatiotemporal neuromodulation. The
diagrams report the percent of tumbles, touches and passes against/over the steps recorded during 5 trials
performed without or with spatiotemporal neuromodulation. The percent of successful passes over the
step is shown for each rat individually. Error bar, SEM. *, p < 0.05; **, p < 0.01.
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[74] [78] [86] [87]. These motor primitives help coping with the redundant degrees

of freedom at muscles and joints [88], and are thus considered the building blocks

for motor control [78] [86] [87] [89]. Previous work suggested that a control archi-

tecture based on muscle synergies would simplify the manipulation of natural limb

dynamics in robotics [80] and neuroprosthetics [90]. We followed this approach to

design and implement evidence-based neuromodulation therapies. As observed in

humans [91], we found that rodent locomotion involves the sequential activation of

spatially restricted hotspots associated with extensor versus flexor muscle synergies.

These hotspots reflect the final motor command [76], which is elaborated by neuronal

circuits located in the same regions [91] [92] [93]. These cells integrate supraspinal

information and feedback signals to produce precisely timed muscle contractions

[94] [48] [95]. Evidence suggested that these cellular nodes encode muscle synergies

promoting extension versus flexion movements of the lower-limbs [91] [92]. These

muscle synergy encoders receive dense synaptic contacts from proprioceptive affer-

ents [92] [93]. Indeed, the proprioceptive regulation of neuronally encoded motor

primitives [96] can predict the formation of lower-limb trajectory in the frog[97].

Epidural electrical stimulation leads to motor pattern formation through the recruit-

ment of proprioceptive feedback circuits, both in rats [56] [46] [49] [45] and humans

[72] [73]. We reasoned that spinal implants tailored to activate the proprioceptive

afferents projecting to the identified hotspots would engage muscle synergy encoders

related to extension versus flexion. By analogy, the recruitment of auditory afferent

pathways related to specific tones has guided the development of cochlear implants

to restore hearing [98]. Tailored spinal implants with electrodes targeting specific

subsets of dorsal roots enabled a gradual control over the degree of flexion versus

extension movements on the left and right hindlimbs. This hypothesis-driven neuro-

modulation therapy only required a few electrodes that were optimally located based

on neuroanatomical reconstructions and computer simulations. In turn, the limited

number of electrodes reduced technological challenges, allowing the development of

highly reliable spinal implants that displayed long-term functionality and remarkable

bio-integration.

This conceptual framework also simplified the architecture of the real-time control

software. We found that the temporal activation profiles of muscle synergies were

captured in the spatiotemporal trajectory of the foot, as previously reported during

human walking [77]. Thus, a single parameter provided a simplified and reliable

feedback signal to trigger simultaneous adjustments of neuromodulation parameters

across multiple electrode configurations with high fidelity.

These new concepts and technologies will support the development of more refined
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control policies. For example, we found that the predictive modulation of step height

with changes in stimulation frequency [56] was well preserved during spatiotemporal

neuromodulation. Algorithms incorporating adjustments of spatial, temporal, am-

plitude and frequency parameters under the guidance of dynamic computational

models have the potential to further improve gait performance.

Habitual bipedalism elicited a series of adaptations in the dynamics of lower-limb

motoneuron activation during human walking [78] [99]. Despite these evolutionary

adaptations, both muscle synergies [78] [89] and proprioceptive feedback circuits

[100] appear remarkably conserved across mammals. Moreover, the neuroanatom-

ical [101], electrophysiological [72] [73], computational [74] [78] and modeling [43]

concepts that guided the design and implementation of our hypothesis-driven neuro-

modulation therapies are directly applicable to humans.

Existing wearable and implanted wireless sensors [102] provide off-the-shelf solutions

to monitor foot trajectory during locomotion. Neuromodulation platforms have been

developed [103] to enable integration of feedback signals for closed-loop electrical

stimulation of the human nervous system. These neurotechnologies are well suited to

conduct clinical evaluations on the ability of spatiotemporal neuromodulation thera-

pies to facilitate motor control and gait rehabilitation in humans. While challenges

lie ahead, we believe that spatiotemporal neuromodulation of the spinal cord will

become a viable therapy to enhance functional recovery in humans with SCI.
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3.5 Online methods

3.5.1 Animal Models and surgical procedures

Animal species

All experiments were conducted in accordance with Swiss federal legislation and

under the guidelines established at EPFL. Local Swiss Veterinary Offices approved all

the procedures. Experiments were performed on Lewis rats (LEW/ORlj) with initial

weight of 180-220 g that were ordered from Janvier Labs in France.

Surgical procedures

General surgical procedures for the majority of interventions carried out have been

described previously [31] [56] [104]. All the interventions were performed under full

general anesthesia with isoflurane in oxygen-enriched air (1-2%). After surgery, the

rats were placed in an incubator for optimized recovery from anesthesia.

Implantation of intra-muscular electrodes

To record electromyographic activity, bipolar electrodes were implanted into selected

hindlimb muscles. Combinations of the following muscles were implanted depending

on experiments: gluteus medius, illiopsoas, vastus lateralis, semi-tendinosus, biceps

femoris, gastrocnemius medialis, gastrocnemius lateralis, tibialis anterior, extensor

digitorum longus, flexor hallucis longus. Briefly, recording electrodes were fabricated

by removing a small part (0.5 mm notch) of insulation from each the implanted wire

(AS631, Cooner wires). A common ground wire was created by removing about 1cm of

Teflon from the distal extremity of the wire, which was inserted subcutaneously over

the right shoulder. All electrode wires were connected to a percutaneous amphenol

connector (Omnetics Connector Corporation) cemented to the skull of the rats. The

proper location of the electrodes was verified post-mortem.

Surgical insertion of spinal implants

The surgical methods to insert and stabilize the spinal implant into the epidural space

are detailed in Fig. S3.6. Briefly, 2 partial laminectomies were performed at vertebrae

levels L3-L4 and T12-T13 to create entry and exit points for the implant. The implant

was gently pulled above the dura mater using a surgical suture. Electrophysiological

testing was performed intra-operatively to fine-tune positioning of electrodes. The
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connector of the implant was secured into a protective cage plastered using freshly

mixed dental cement on top of the L3-L4 vertebra.

Spinal cord injury models

Two models of spinal cord injuries were used in the present experiments. All the

main experiments were conducted in rats that received a complete transection of the

mid-thoracic spinal cord, towards T8 spinal segment. Under aseptic conditions and

general anesthesia, a dorsal midline skin incision was made from vertebral level T5 to

L2 and the underlying muscles were removed. A partial laminectomy was performed

around T8 vertebra to expose the spinal cord. The exposed spinal cord was then cut

with customized tools. The complete transection lesions were verified post-mortem

by confirming the absence of neural tissues throughout the dorsoventral extent of

the spinal cord. The second group of rats received a spinal cord contusion. A partial

laminectomy was made at the T9 vertebra to expose T7/T8 segments. A 230 kdyn

(1 dyn = 10 μN) contusion injury was applied using a force-controlled spinal cord

impactor (IH-0400 Impactor, Precision Systems and Instrumentation LLC, USA). The

amount of damaged spinal tissue was evaluated using coronal sections stained with

antibodies against glial fibrillary acidic protein (GFAP). The contours of the spared

and damaged spinal tissues were reconstructed in the Neurolucida image analysis

software to reconstruct the lesion in 3D.

Rehabilitation procedures after spinal cord injury

All the injured rats were trained daily for 30 min, starting 7 days post-injury. The neu-

rorehabilitation program was conducted on a treadmill using a robotic bodyweight

support system (Robomedica) that was adjusted to provide optimal assistance dur-

ing bipedal stepping7. To enable locomotion, a serotonergic replacement therapy

combining the 5HT2A agonist quipazine and the 5HT1A/7 agonist 8-OHDPAT was

administered systemically 10 min prior to training. Electrical neuromodulation was

delivered throughout the training session.

3.5.2 Multimodal recordings and data analysis

Recordings of whole-body kinematics, kinetics, and muscle activity

Procedures to record kinematics, kinetics, and muscle activity have been detailed

previously [56]. Briefly, whole-body kinematics was recorded using the high-speed

motion capture system Vicon (Vicon Motion Systems), combining 12 infrared cameras
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(200 Hz). Reflective markers were attached bilaterally overlying iliac crest, greater

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

the fifth metatarsal (limb endpoint). During quadrupedal locomotion, an additional

marker was placed on the shoulders. 3D position of the markers was reconstructed

offline using Vicon Nexus software. The body was modeled as an interconnected

chain of rigid segments, and joint angles were generated accordingly. In additional

we computed changes in the angle and length of the virtual telescopic limb linking

the hip to the foot, which we termed hindlimb. Electromyographic signals (2 kHz)

were amplified, filtered (10–2000 Hz bandpass), stored and analyzed off-line. Ground

reaction forces in the vertical, anteroposterior and mediolateral directions were moni-

tored using a force plate (2 kHz, HE6X6, AMTI) located in the middle of the runways,

or below the treadmill belt. Concurrent video recordings (200 Hz) were obtained using

two cameras (Basler Vision Technologies) oriented at 90 deg and 270 deg with respect

to the direction of locomotion.

Analysis of whole-body kinematics, kinetics, and muscle activity

A minimum of 10 step cycles was typically extracted for each hindlimb in each experi-

mental task and rat. A total of 137 parameters quantifying kinematics (n = 118), kinetic

(n = 6) and muscle activity (n = 13) features were computed for each gait cycle using

custom written Matlab scripts and according to methods described in details previ-

ously [56]. All the computed parameters are reported in Supplementary Table S3.12.

To demonstrate the effects of experimental conditions, and extract the parameters

that captured the largest amount of variance across rats or between conditions, we

implemented a multi-step procedure based on principal component (PC) analysis [31]

[56] [52]. PC analyses were applied on all the computed parameters from all individual

gait cycles for all the rats together. Gait cycles were visualized in the new synthetic

PC space, and PC scores were extracted to quantify differences between groups or

experimental conditions. Parameters highly correlated (factor loadings) with PCs

that discriminated the experimental conditions were extracted, and regrouped into

functional clusters corresponding to basic movement features, which were named for

clarity.

Dynamic trunk balance

To quantify improvement of dynamic trunk movement during quadrupedal locomo-

tion, we computed an ensemble of parameters related to the orientation of the trunk,

the variability of trunk movement, and the amplitude of trunk movement. Param-

eters are all reported in Supplementary Table S3.12. For each component of trunk
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movement (amplitude, orientation and variability), we expressed these parameters

along a dedicated axis that report the degree of similarity of these parameters to those

measured in intact rats. In Figure 3.6d, these features are represented in the same rats

without stimulation (inside triangles) and under spatiotemporal neuromodulation,

since all the parameters improved for all tested rats. Therefore, the distance between

the inside and outside of the triangles quantifies the improvements observed dur-

ing stimulation. The overall increase in the surface of the colored area (difference

between both conditions) reflects improvement in dynamic trunk movement during

spatiotemporal neuromodulation.

Muscle Synergy extraction

Muscle activation signals (electromyographic data) were high-pass filtered (30 Hz)

with a zero lag fourth-order Butterworth filter, full-wave rectified, smoothed with

a zero lag fourth-order low-pass (20 Hz) Butterworth filter, time interpolated over

individual gait cycles to fit a normalized time base with 200 points, and averaged

across all gait cycles performed by the individual rat. The electromyographic signal

of each muscle was normalized to its peak value. We then applied a non-negative

matrix factorization algorithm on these curated muscle activation signals to derive

the weighting components and temporal activation profiles of muscle synergies [78].

Spatiotemporal map of motoneuron activation

To visualize spatiotemporal map of motoneuron activation, electromyographic signals

were mapped onto the rostrocaudal distribution of the reconstructed motoneuron

matrix [76]. This approach provides an interpretation of the motoneuron activation

at a segmental level rather than at the individual muscle level. The maps were con-

structed by adding up the contributions of each muscle to the total activity at each

spinal segment. The motor output pattern of each spinal segment Si was estimated by

the following equation:

Si =
∑ni

j=1
M Ni j

M N j
E MG j∑ni

j=1
M Ni j

M N j

Ni (3.1)

where ni is the number of EMG j s corresponding to the ith segment, EMG j represents

the normalized muscle activity, MNi j is the number of motor neurons related to

muscle j for the segment i, MN j is the total number of motor neurons for the muscle j,

Ni is the number of muscles innervated by the ith spinal segment.
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Gaussian Cluster algorithms

Clusters of activity were extracted from the spatiotemporal map of motoneuron ac-

tivation using Gaussian Mixture Models (GMM). GMM was applied to the temporal

activation profiles of motoneuron activation within each spinal segment. Four clusters

maximized fitting quality according to Bayesian information criteria. This analysis

highlighted two main hotspots along the rostrocaudal direction, and three main

timings of activation corresponding to stance, stance-to-swing transition, and late

swing.

3.5.3 Anatomical and imaging procedures

Spatial distribution of hindlimb motoneurons

Rats (n = 20) received injections of Fluorogold (2% in sterile saline, 30-80 μl per

muscle) into the tibialis anterior muscle, and in the same surgery, into one additional

muscle on the contralateral side. The following muscles were traced: gluteus medius,

illiopsoas, vastus lateralis, semi-tendinosus, biceps femoris, gastrocnemius medialis,

gastrocnemius lateralis, extensor digitorum longus, and flexor hallucis longus. The

location of the retrogradely traced motoneurons was reconstructed in 3D from serial

spinal cord sections using Neurolucida. To merge reconstruction from several rats

into a unified digital library, the tibialis anterior motor column was used as a landmark

in each rat.

Micro-Computed Tomography

Repeated imaging of spinal implants in vivo was conducted using the micro-computer

tomography scanner Skyscan 1076 (Bruker μCT). Scanner settings were adjusted to

avoid artefacts induced by metallic parts of the vertebral orthosis (0.5-1 mm aluminum

filter, voltage 70-100 kV, current 100-140 μA, exposure time 120-160 ms, rotation step

0.5 deg). The resulting projection images were reconstructed into 3D renderings

using NRecon and GPURecon Server (Bruker μCT). Rats were kept under isoflurane

anesthesia during the scan to reduce motion artifacts. Segmentation and 3D model

were constructed with Amira® (FEI Vizualisation Sciences Group).

Measurement of vertebrae and spinal segments

The shape of vertebras was measured using micro-computed tomography imaging.

The spinal cords of 3 rats were imaged, and the entire bone structure was reconstructed
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in 3D. The 3D renderings were exported in the virtual reality modeling language file

format WRL that was later merged with spinal tissue and dorsal root reconstructions.

Measurements of relationships between vertebra and spinal segment morphologies

were performed on fresh tissue. For each subject, the spinal segments were identified

based on the innervation of the dorsal roots. The center of the segment was defined

as the entry point of the rootlets. After measuring the length of vertebra, and the rela-

tionships between vertebra and spinal segments, the entire spinal cord was extracted,

and the roots moved perpendicular to the spinal cord to clearly visualize the segments.

The location and length of each segment was then calculated.

Reconstruction of spinal segments

At the end of the experimental procedures, rats were perfused with Ringer’s solu-

tion containing 100’000 IU/L heparin and 0.25% NaNO2 followed by 4% phosphate

buffered paraformaldehyde, pH 7.4 containing 5% sucrose. The spinal cords were

dissected, post-fixed overnight, and transferred to 30% phosphate buffered sucrose

for cryoprotection. After 4 days, the tissue was embedded and the entire lumbosacral

spinal cord sectioned in a cryostat at a 40 μm thickness. To reconstruct spinal segment

morphology in a 3D model, a Nissl staining was performed on 25 evenly cross-sections

of lumbar and sacral segments, each separated by 0.8 mm. The slides were assem-

bled into the Neurolucida image analysis software (MBF Bioscience) to reconstruct

lumbosacral segments in 3D.

Reconstruction of dorsal root trajectories

After fixation, the spinal cord was extracted from the vertebral canal. The dura mater

was opened along the rostrocaudal axis, and gently moved on the side. For each

spinal segment, the dorsal root ganglions were identified. The corresponding root was

retracted cranially and laterally. The entire length of the root was painted, from the

cut extremity to the entrance into the spinal segment. All the painted roots from S3 to

L1 were repositioned in their original location along spinal segments, and the dura

mater was sutured using surgical wire (Ethilon 6.0). The spinal cord was then frozen

and cut into 80 μm thick slices using a cryostat (Leica Instruments). Reconstructions

were conducted using every other section, corresponding to intervals of 160 μm. The

slides were assembled into the Neurolucida image analysis software (MBF Bioscience)

to reconstruct the color-coded dorsal roots in 3D.
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Histology of explanted spinal cord with long-term implants

After 8 weeks of implantation, rats were perfused, and their spinal cords sectioned,

as explained above. Astrocytic reactivity was revealed by performing immunohis-

tological staining against glial fibrillary acidic protein (GFAP). Coronal sections of

the spinal segments located below the implant were incubated overnight in serum

containing anti-Iba1 (1:1000, Abcam, USA) or anti-GFAP (1:1000, Dako, USA) anti-

bodies. Immunoreactions were visualized with appropriate secondary antibodies

labeled with Alexa fluor® 488 or 555. Sections were mounted onto microscope slides

using anti-fade fluorescent mounting medium and covered with a cover glass. The

tissue sections were observed and photographed with a laser confocal fluorescence

microscope (Leica). Immunostaining density was measured offline using 6 repre-

sentative confocal images of each lumbar segment per rat. Images were acquired

using standard imaging settings that were kept constant across rats, and analyzed

using custom-written Matlab scripts according to previously described methods5. All

analyses were performed blindly.

Morphology of the entire spinal cord

All the 3D reconstructions derived from micro-computed tomography imagining and

anatomical experiments were merged to generate a global model including the bony

structure of vertebras, the shape of spinal segments, and the trajectory of each dorsal

root. We generated a database (Supplementary Database ) using the STereoLithogra-

phy (.stl) file format that is supported by many software packages, and is widely used

for rapid prototyping and computer-aided manufacturing. This database is available

for download at http://courtine-lab.epfl.ch.

3.5.4 Computational model

Hybrid computational model of electrical spinal cord stimulation

We previously elaborated and validated experimentally a hybrid computational model

of epidural electrical stimulation of the rat spinal cord [46]. The model combines

(i) finite element modeling of the entire lumbosacral spinal cord to compute the

electrical fields elicited by electrical spinal cord stimulation, and (ii) anatomically

and biophysically realistic neural structures to derive the type of fibers and neurons

activated by the stimulation. In the present experiments, we integrated all the results

from the traced hindlimb motoneurons (Fig. S3.1) and updated the positioning of the

dorsal roots in the model with the new 3D reconstructions (Supplementary Database
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).

Computer simulations and model predictions

We conducted simulations to identify the optimal electrode locations to activate in-

terneurons and motoneurons located within extensor- and flexor-related hotspots

of lumbar segments during gait. Computerized simulations, neurophysiological ex-

periments, and pharmacological testing revealed that epidural electrical stimulation

activates interneurons and motoneurons indirectly through the recruitment of propri-

oceptive fibers feedback circuits fibers within the dorsal roots [56] [46] [45]. Therefore,

we performed computerized simulations that searched optimal electrode locations

to activate proprioceptive afferent fibers (Aα fibers) running in the dorsal roots pro-

jecting to the targeted spinal segments. The segmental distribution of extensor- and

flexor-related hotspots during gait was derived from Gaussian clustering analysis

(Fig. 3.1, See below). To optimize electrodes configurations, a grid of electrodes was

positioned over the modeled lumbosacral segments. The grid combined 5 active sites

per segment, resulting in a total of 30 electrodes. Active sites were located over the

midline, and at 750 and 1500 μm from the midline for the more caudal segments

(L4-S1), and at 1000 and 1500 μm from the midline for the more rostral segments

(L2-L3) in order to conform the enlargement of lumbosacral segments. The spacing

of electrodes along the mediolateral direction was selected to maximize left-right

specificity12. To evaluate the ability of each electrode to access the targeted dorsal

roots, we elaborated an optimization algorithm that calculated the cost to achieve

specificity based on 4 factors: (i) stimulation specificity for the targeted segments; (ii)

ipsilateral vs. contralateral specificity; (iii) minimum threshold; and (iv) specificity of

the neighboring sites. The later term was important to ensure robustness in case of

electrode misplacement, inter-individual variability, and post-implantation migration.

For each active site, stimulations were delivered at increasing amplitudes ranging

from 50 to 600 μA. The resulting recruitment of Aα fibers was evaluated for each

segment at each current level. The total number of implemented simulations reached

112’500, which required approximately 8 days of computer time. Equations of the

optimization algorithm are reported in Fig. S3.4.

3.5.5 Acute electrophysiological experiments

Motor evoked potentials to validate model predictions

Adult rats were anesthetized with urethane (1 g/kg, i.p.). Bipolar electrodes were im-

planted into a pair of antagonist muscles spanning each joint of the hindlimb: gluteus
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medius, illiopsoas, vastus lateralis, semi-tendinosus, gastrocnemius medialis, tibialis

anterior, extensor digitorum longus, flexor hallucis longus. An extensive laminectomy

was performed to expose all the lumbar and sacral segments, and visualize the dor-

sal roots projecting to each segment. Motor evoked potentials were simultaneously

recorded in all the implanted muscles while delivering rectangular pulses (0.2 ms

duration) at 0.5 Hz through epidural electrodes. The electrode was positioned at the

locations identified by simulations using dorsal roots and the spinal cord midline

as anatomical landmarks. The intensity of the electrical stimulation was increased

progressively from 20 to 300 μA. Electromyographic signals (12.207 kHz) were ampli-

fied, filtered (1–5000 Hz bandpass), and stored for off-line analysis. The root mean

square (RMS) of the motor evoked potentials were calculated for each muscle, and

represented in color-coded spatial maps of motoneuron activation that were directly

meshed onto the spinal cord model. The methodology to compute these maps is

explained above.

3.5.6 Spinal implant design and fabrication

Epidural implants were fabricated using ultra-violet (UV) photolithographic pattern-

ing of a photosensitive polyimide, as well as micro electroforming to create gold elec-

trodes and embedded gold interconnects. Polyimide is a mechanically and chemically

robust polymer material that showed a high level of biocompatibility[52]. Processing

of the implants was performed on wafer scale, which allowed parallel fabrication of

10 devices or more on a 125 mm silicon wafer serving as carrier wafer. Processing

started with deposition of a 20 μm thick polyimide film by spin coating on the silicon

substrate. UV lithography was used to shape the polyimide-based bottom layer, which

constituted the footprint of the implant. A 200 nm thick gold layer was deposited

using vacuum evaporation and lithographically structured providing a conductive

seed pattern. Gold was then electroplated to a height of approximately 6 μm to create

the electrodes and leads. A 20 μm cover layer of photosensitive polyimide resist was

applied by spin coating to uniformly cover the bottom and electrode structure. A

final UV lithography step was conducted to structure the top layer of the implant,

and create openings over the electrodes and contact pads. Before peeling off the

implants from the carrier wafer, holes were punctuated through the polyimide using

mechanical punching to promote the growth of conjunctive tissues that stabilized

implants over time. To create a connector, the contact pads located at the extremity

of the implant were glued to a small support plate made of medical grade PMMA

sheet material. Precision milled alignment structures allowed fine adjustment of

the support plate to the polyimide-based implant, and to the extremity of the leads.

The support plate contained a seat in which a tiny printed circuit board (PCB) with
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conductive stripes was fixed. Stainless steel leads with FEP (Fluorinated Ethylene

Propylene) insulation (AS-632, Cooner Wire) were directly soldered to the contact pads

of the implant via the contact stripes located on the PCB. The resulting implants and

connective leads were highly reliable mechanically and electrically. Finally, the entire

contact area was covered with a UV-curable, methacrylate-based resin that provided

tight sealing. For improved bio-integration, the contact interface was over-molded

with a thin layer of medical grade silicone. The process flow, shape and dimensions of

the spinal implant are detailed in Fig. S3.5.

3.5.7 Long term functionality of spinal implants

Motor evoked potentials and induction of movement

The ability to spinal implants to engage specific muscles and to elicit distinct move-

ments was tested using short bursts of stimulation delivered through chronic spinal

implants. After recovery from implantation (around 2 weeks), rats (n = 6) were lightly

anesthetized with ketamine, and suspended in the air in a custom-made jacket. Elec-

tromyographic activity was recorded at 2 kHz in conjunction with bilateral hindlimb

kinematics (see above). Stimulations were delivered at 0.5 Hz, and synchronized with

recordings of motor evoked potentials and kinematic data. To verify the long-term

functionality of electrodes, motor evoked potentials were recorded weekly in fully

awake rats. For each electrode of the spinal implant, single-pulses (0.2 ms, 0.5 Hz)

were delivered at increasing intensities. The current threshold necessary to elicit

motor evoked potentials in the left and right tibialis anterior muscles was measured.

The obtained values were normalized to baseline recordings, and averaged across rats

and electrodes.

Electrode impedance

The impedance of electrodes embedded in the spinal implants was recorded using

a bipolar electrode configuration. The counter electrode was created by removing

the insulation of a Teflon-coated stainless wire at its extremity, and implanted the

electrode into the bony part of vertebra L1. Impedance at 1kz was obtained with a

potentiostat equipped with a frequency response analyzer (Reference 600, Gamry

Instruments). Weekly electrochemical impedance spectroscopy measurements of all

the electrodes of the spinal implants were made in fully awake rats.
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3.5.8 Real-time monitoring platform and control policies

The real-time monitoring and control platform was implemented within a multi-

threaded C++ code (Visual Studio 2010, Microsoft) running on a quad core Microsoft

Windows 7 computer. Stimulation patterns were applied via an RZ5 processing unit

(Tucker-Davis Technologies) connected to an MS16 Stimulus Isolator (Tucker-Davis

Technologies). The integrated Vicon recording system generated raw 3D positions

of the markers, which were imported into the C++ environment in (soft) real time

via Ethernet using the DataStream SDK software. We developed a custom algorithm

for online interpolation of missing markers through triangulation and relabeling of

each marker to the appropriate joint landmark. All signals were filtered online using

least mean squares adaptive filters. The control logic triggered individual electrodes

based on trajectory of left and right hindlimb endpoints. Triggering-events were

extracted for each electrode individually. Control algorithms continuously calculated

the angular trajectory of the foot around a virtual center of rotation in the sagittal

plane. The change in on/off state of each electrode configuration was triggered when

the angular values crossed user-defined thresholds that were previously optimized

for each electrode and rat during mapping experiments (Fig. S3.9). The algorithm

calculated for each gait-cycle k the estimated position of the virtual center of rotation

Ĉk derived from the trajectory Tk of each foot in the sagittal plane as:

(XC ,YC ) =
(

xmax ,
1

N

N∑
j=1

y j

)
(3.2)

where xmax is the x-coordinate at the point of highest step-height (ymax), and N the

number of data-points recoded per gait cycle. In order to prevent jittering due to

cycle-to-cycle variability, the estimate of the center of rotation was iteratively updated

at every gait cycle as:

Ĉk = Ĉk−1 +μ(Ĉk −Ĉk−1) (3.3)

with an updating factor μ= 0.2. This approach captured the natural alternation of

stance and swing phases during gait despite intrinsic variability within and in-between

gait cycles. This procedure was also inherently invariant to scaling, and compliant

enough to detect triggering-times with high fidelity compared to other methods that

exhibit increase in variability with deteriorated gait movements. These control algo-

rithms provide a flexible tool to study and implement phase-dependent modulation of

neuroprosthetic system in real-time during gait. To evaluate the delay in the process-
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ing time of this loop, we simulated an input and recorded the time necessary to adapt

the stimulation parameters. This delay included the processing of video recordings

by the motion capture system, the transfer of this data via Ethernet to a real-time

control computer, the processing of this data using dedicated libraries, the changes in

the parameters of the stimulus isolator, and the delivery of the modified stimulation

pulse through the plug mounted on the head of the rat. We sent concomitant pulses at

opposite ends of the loop, and calculated the discrepancy between both signals after

each iteration, for more than 100 successive cycles. The computed delays remained

below 20 ms. Custom-developed C++ and TDT (Tucker-Davis Technologies) codes

will be made available through material transfer agreement upon request to G.C.

3.5.9 Behavioral recordings

Behavioral conditions

Rats were recorded under two conditions. First, bipedal locomotion was recorded on

a treadmill while the robotic bodyweight support system provided optimal support

against the direction of gravity and prevented lateral falls. Second, quadrupedal

locomotion was recorded along a straight runway with a flat surface, and along a

staircase that combined a succession of 4 steps, as described previously [41]. All the

experimental conditions within and between recording sessions were randomized.

Spatiotemporal neuromodulation in rats with complete SCI

Electrochemical stimulation protocols were selected based on an extensive amount of

previous studies in rats with complete and incomplete SCI [31] [56]. The serotonergic

replacement therapy used during training was administered systemically prior to

testing. After a few minutes, monopolar electrical stimulation currents were delivered

between relevant electrodes of the implants and an indifferent ground located subcu-

taneously. The intensity of electrical spinal cord stimulation was tuned (40 Hz, 20-200

μA, biphasic rectangular pulses, 0.2 ms duration) to obtain optimal stepping visually.

To optimize the timing of stimulation onset and end for each relevant electrode of the

spinal implant, we performed a comprehensive mapping that linked the timing of

stimulation with functional effects in rats with complete transection of the thoracic

spinal cord. For each rat (n = 5), the duration of the gait cycle (800 ± 156 ms, SD) was

normalized, and then divided into 10 equal bins that served as triggering events to

turn the stimulation on or off. For electrodes targeting extensor versus flexor hotspots,

the stimulation was turned on or off over the entire range of bins. A total of 10 steps

were usually recorded for each electrode and bin. Temporal structure was optimized

47



Chapter 3. Spatiotemporal neuromodulation therapies engaging muscle
synergies to improve motor control after spinal cord injury

based on the modulation of a few gait parameters that characterized the expected

effects of the stimulation. The timing of the electrodes targeting the extensor hotspot

was driven by the amplitude of ankle extensor muscle activity, the amount of vertical

ground reaction forces, and the intensity and amount of foot acceleration at push

off (Fig. S3.9). The timing of the electrodes targeting the flexor hotspot was driven

by amplitude of flexor muscle activity, the amount of foot dragging, step height, and

the intensity and orientation of foot acceleration at swing onset (Fig. S3.9). These

parameters were weighted equally for identification of the optimal temporal structure

for each hotspot. After optimization of the temporal structure, the ability of spatiotem-

poral neuromodulation to mediate superior facilitation of locomotion compared to

continuous neuromodulation was tested in the same rats during bipedal locomotion

on a treadmill. A total of 10 to 20 successive steps were recorded during continuous

neuromodulation (40 Hz, 20-200 μA, biphasic rectangular pulses, 0.2 ms duration)

applied through electrodes located over the midline of spinal segments L2/L3 and

S1 (conventional protocols), and through spatially selective electrodes located on

the lateral aspect of the same segments. Locomotor performance was compared

with neuromodulation applied through the same spatially selective lateral electrodes

with the identified temporal structure. The amount of robot-assisted bodyweight

support was maintained constant across conditions. The amplitude of stimulation

was adjusted for each condition. The amplitudes optimal for spatiotemporal neuro-

modulation could not be used for continuous neuromodulation since these values

led to diminished performances, and could occasionally block hindlimb movements.

The maximum weight bearing capacities of each rat with contusion SCI was tested

under continuous neuromodulation and spatiotemporal neuromodulation around

3 weeks post-SCI. From an optimal vertical weight support condition, the amount

of assistance was decreased by 5% increments after each sequence of 10 successful

steps, until the rats collapsed. Kinematic and muscle activity was recorded through-

out these evaluations. The endurance of rats with contusion SCI was recorded on

two different days that were randomized across animals, around 3 weeks post-SCI.

From an optimal vertical weight support condition, rats stepped with continuous

neuromodulation or spatiotemporal neuromodulation until they collapsed onto the

treadmill. Concomitant kinematic recordings were used to measure the step height of

each step. Rats with contusion SCI were evaluated during quadrupedal locomotion

at 2 months post-SCI, when functional recovery had plateaued5. Rats performed 10

successive trials without stimulation with the serotoninergic replacement therapy

and spatiotemporal neuromodulation, both along the runway and staicases. Bilateral

hindlimb and trunk kinematics were recorded during these trials. The percent of

tumbles, touches, and passes over the steps was computed based on video recordings.

Tumbles were defined as dragging throughout the execution over the step, whereas
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touches characterized gait cycles during which the paw entered into contact with the

steps but passed it successfully. The events were classified as “pass” when the paw

had no contact with the step during the entire swing phase.

3.5.10 Statistics analysis

All the computed parameters were quantified and compared between tested groups,

unless otherwise specified. Statistics were performed on averaged values per rat. All

data are reported as mean values ± SEM, unless specified otherwise. Significance was

analyzed using paired Student’s t-test, ANOVA or repeated measures ANOVA when

data were distributed normally. Post.hoc comparisons were performed using the

Kruskal-Wallis test. The non-parametric tests Mann-Whitney was used comparisons

with less than 6 rats.

49



Chapter 3. Spatiotemporal neuromodulation therapies engaging muscle
synergies to improve motor control after spinal cord injury

3.6 Supplementary videos

3.6.1 Video 1: Tailored spinal implant to achieve spatial selectivity.

This movie illustrates the spatial distribution of hindlimb motoneurons, the design

of spatially selective spinal implant targeting specific subsets of dorsal roots, and

the ability of stimulation delivered through this implant to elicit limb and direction

specific motor responses.

3.6.2 Video 2: Spatiotemporal neuromodulation therapies after com-

plete SCI.

This movie shows the reconstructed spatiotemporal map of motoneuron activation

during locomotion in intact rats, the online monitoring system, the complete SCI

model, the ability of spatiotemporal neuromodulation to reproduce natural motoneu-

ron activation dynamics during locomotion, and the tuning of extension versus flexion

hotspots with increase in stimulation amplitude.

3.6.3 Video 3: Spatiotemporal neuromodulation improves motor

control after clinically relevant SCI.

This movie shows the anatomical impact of the contusion SCI, the ability of spatiotem-

poral neuromodulation to enable robust locomotion early after the injury, and the

ability of spatiotemporal neuromodulation to enable locomotion overground and

along a staircase in the chronic stage of the SCI.

Videos are available on Nature website: https://www.nature.com
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3.7 Supplementary figures

Supplementary Figure S3.1 – Spatial distribution of hindlimb motoneurons and 3D reconstruction of
vertebrae, spinal cord and dorsal roots in Lewis rats. (a) Plots reporting the relative spatial distribution
of motoneuron density along the rostrocaudal extent of lumbosacral segments for each traced muscle.
Each distribution is the average (pm SEM) of motoneuron densities calculated for 2 to 3 rats per muscle.
The density is normalized to the total number of detected motoneurons for each muscle and rat, which
corresponds to 1. (b) Quantification of the length of vertebra T12 to L3–L4, and of spinal segments L1
to S1 in three rats. The vertical bars on each diagram indicate the standard deviation of measurements
across rats. The photographs show coronal views of the entire half of the spinal cord, including the dura
mater, dorsal roots, and spinal tissue. The complementary views show camera Lucida reconstructions of
the white and grey matter, and of the dorsal roots. Coronal sections were extracted from spinal segments
L3 and S1. The dorsal roots projecting to L2 and S1 spinal segments are color-coded to visualize their
respective location. (c) 3D reconstruction of the entire lumbosacral spinal cord and dorsal roots. The
dorsal roots innervating L2 and S1 spinal segments are color-coded to help visualizing their respective
spatial trajectory. The 3D reconstructions are displayed from a dorsal view, and from a view that is
rotated by 45° leftward around the rostrocaudal axis in order to visualize the trajectory of the dorsal roots
along spinal segments. The color-coded dots indicate the locations of electrodes targeting extensor and
flexor hotspots through the recruitment of dorsal roots.
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Supplementary Figure S3.2 – Spatiotemporal maps of motoneuron activation (a) Spatiotemporal map of
motoneuron activation recorded in four intact rats. (b) Spatiotemporal map of motoneuron activation
recorded in four rats with complete SCI during continuous versus spatiotemporal neuromodulation.
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function-01.png function-01.png

Supplementary Figure S3.3 – Computer simulations to identify optimal electrode locations to target
extensor versus flexor hotspots (a) Spatial distribution of extensor and flexor motoneuron activation
profiles along the rostrocaudal extent of lumbar segments. The spatial distribution was extracted using a
Gaussian clustering algorithm applied on spatiotemporal maps of motoneuron activation during gait
(Fig. 3.1). (b) Equations describing the optimization algorithm that calculated the cost to activate a
given spinal segment, while minimizing activation of other segments. The cost function combined 4
optimization factors: (i) stimulation specificity for the targeted segments; (ii) ipsilateral vs. contralateral
specificity; (iii) minimum threshold; and (iv) specificity of neighboring sites. The targeted activation
of each segment was defined by the spatial distribution of extensor- and flexor-related motoneuron
activation profiles displayed in (a). The color-coded maps report the computed cost to preferentially
activate extensor versus flexor hotspots on one side of the spinal cord. Implants were designed with
electrodes located at the mediolateral and rostrocaudal positions where the cost reached a local minimum,
as highlighted by the black circles.
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Supplementary Figure S3.4 – Design, fabrication and surgical procedures of spatially selective spinal
implants. (a) Processing starts with deposition of a 20 μm thick Polyimide film by spin coating on the
silicon substrate. The Polyimide-based bottom layer constituting the footprint of the implant is realized
through ultra-violet lithography. A 200 nm thick gold layer is deposited using vacuum evaporation and
lithographically structured to create a conductive seed pattern. An additional gold layer is electroplated
to a height of approximately 6 μm to create the electrodes and interconnects. A 20 μm cover layer of
photosensitive Polyimide is then applied by spin coating to uniformly cover the bottom and electrode
structure. A final ultra-violet lithography is applied to structure the top layer of the implant, and to create
openings over the electrodes and contact pads. The implants are gently released from the carrier wafer. To
create a connector, the contact pads located at the extremity of the implant are glued to a small support
plate made of medical grade PMMA sheet material. Precision milled alignment structures allow fine
adjustment of the support plate to the polyimide-based spinal implant, and to the extremity of the leads.
The support plate contained a seat in which a tiny printed circuit board (PCB) with conductive stripes
is fixed. Stainless steel leads with silicone rubber insulation are directly soldered to the contact pads
of the implant via the contact stripes located on the PCB. The resulting implants and connective leads
were highly reliable mechanically and electrically. Finally, the entire contact area was covered with a
ultra-violet curable, methacrylate-based resin that provides tight sealing. For improved bio- integration,
the contact interface is over-moulded with a thin layer of medical grade silicone. (b) Electrode layout and
dimensions (mm) of the implants. (c) Photograph showing the final fabrication of the spinal implants.
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Supplementary Figure S3.5 – Long-term functionality and bio-integration of epidural spinal implants
(a) Histogram plots reporting changes in the mean values of electrode impedance of polyimide-based
epidural spinal implants in rats. The impedance was measured for all the electrodes of the implants
in the same rats during the surgical implantation, and on a weekly basis during the subsequent weeks.
(b) Plots reporting the normalized current threshold necessary to elicit motor evoked responses in the
tibialis anterior muscle with a single pulse of electrical stimulation (0.5 ms, 0.1 Hz) delivered through
the same electrode over several weeks post implantation. Measurements could not be obtained on week
5 due to technical problems. The windows display motor evoked responses recorded in the tibialis
anterior muscle at week 3 and week 6 post- implantation when delivering stimulation at 150 μA through
the same electrode of the spinal implant. (c) Rats (n = 4 per group) were sacrificed 8 weeks after the
surgical insertion of Polyimide-based spinal implants over the epidural surface of lumbosacral segments.
Representative confocal images of the L4 spinal segment (middle of implant) stained for the neuro-
inflammatory marker GFAP (reactive astrocytes) are shown for the implanted and sham rats. Scale bars,
500 μm and 40 μm for the overviews and insets, respectively. (d) Images were digitalized, color-filtered,
and binarized by means of an intensity threshold that was maintained constant across sections and rats.
Images were divided into square regions of interest (ROI), and GFAP densities were computed within
each ROI. (e) Histogram plots reporting the mean and SEM values of computed GFAP density for rats
with spinal implants and sham rats. Spinal implants had a negligible impact on the inflammatory
environment of spinal tissue located underneath the implant. n.s. = non-significant.
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Supplementary Figure S3.6 – Experiments to identify optimal temporal structure (a) Experiments were
performed in rats with complete SCI. A serotonergic replacement therapy was administered 10 min
prior to experiments. Rats stepped bipedally on a treadmill while neuromodulation (40 Hz, 0.2 ms,
100-200 μA) was delivered through the electrodes targeting extensor versus flexor hotspots on one side.
The spinal cord diagrams illustrate the intended activation or inactivation of a given hotspot. The
lines with an arrowhead indicate the onset (beginning of line) and end (arrowhead) of the stimulation.
The arrowhead highlights the timing of the transition between states represented in each panel. A
stick diagram decomposition of hindlimb movements during a complete gait cycle is displayed for 3
selected triggering times per transition state. The successive (n = 10 steps) trajectories of the hindlimb
endpoint are also reported. Both stick diagrams and hindlimb endpoint trajectories are colored when
the state of the tested electrode is ON. The dotted line indicates the angular value that triggered the
transition between ON/OFF states, reported as percent of the gait cycle duration. The shaded background
highlights the optimal triggering time, defined from combinations of parameters (see Methods). (b)
Plots reporting the mean values (10 steps per data point, n = 5 rats) of relevant gait parameters related
to extension or flexion across the entire range of tested triggering times. For each rat, the normalized
gait cycle duration was divided into 10 bins of equal durations, reported along the x-axis as percent of
cycle duration. The triggering times leading to optimal gait parameters are colored in red and blue for
electrodes targeting extensor and flexor hotpots, respectively. (c) Diagram reporting the optimal temporal
structure to deliver stimulation through the electrodes targeting extensor versus flexor hotspots in order to
facilitate locomotion. The temporal activation profiles of muscle synergies are displayed at the bottom to
emphasize the coincidence between the optimal temporal structure of stimulation and the activation of
muscle synergies. Note that the optimal temporal structure involved co-activation of electrodes targeting
the extensor and flexor hotspots at the stance to swing transition, which coincided with the activation of
synergy 3 combining extensor and flexor motoneurons (see Fig. 3.1). The lower bar indicates the division
of gait into bins of equal durations that defined the relative timing to triggering events.
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Supplementary Figure S3.7 – Changes in hindlimb muscle activity across conditions of neuromodulation
(a) Electromyographic activity recorded from pairs of antagonist muscles spanning each hindlimb joint
without stimulation (paralysis), during locomotion under continuous neuromodulation applied over
the midline of lumbar and sacral segments, during continuous neuromodulation delivered through all
the four lateral electrodes targeting extensor and flexor hotspots on the left and right sides, and during
spatiotemporal neuromodulation through the lateral electrodes using the temporal structure identified
in Fig. S3.9. The recordings were obtained on the same day. The horizontal bars at the bottom (blue,
red, black) indicate the On/Off state of each electrode, which is controlled in real-time. Experimental
conditions and conventions are the same as in Fig. 3.4. (b) Histogram plots reporting the mean (n = 4
rats, except n = 5 rats for MG and TA muscles) amplitude of each muscle burst during each experimental
condition. The mean amplitude of EMG activity was normalized to the maximum value recorded during
locomotion in each rat. **, p < 0.05; **, p < 0.01.
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Supplementary Figure S3.8 – Quantification of gait patterns in rats with complete SCI (a) A total of 137
parameters providing comprehensive gait quantification (Supplementary Table 1) were computed from
kinematic, kinetic, and muscle activity recordings. Principal component (PC) analysis was applied on
all the computed parameters for all the gait cycles under each experimental condition. Experimental
conditions are the same as in Fig. 3.4. The analyzed gait cycles are represented by individual dots in the
new 2D space created by PC1-2, which explained more than 40% of the total data variance. The his-
togram plots report the mean values of scores on PC1, which quantified the degree of difference between
gait patterns of intact and injured rats during locomotion under the various experimental conditions.
Scores on PC1 are thus related to locomotor performance. This analysis demonstrated significant im-
provement of locomotor performance during spatiotemporal neuromodulation compared to continuous
neuromodulation applied over the midline, or through lateral electrodes targeting extensor versus flexor
hotspots. (b) To identify the specific features that improved during spatiotemporal neuromodulation, the
parameters correlating with PC1 (factor loadings) were extracted and regrouped them into functional
clusters, which are named for clarity. The numbers refer to parameters described in Supplementary Table
1. (c) The histogram plots report the mean (n = 5 rats) values of parameters with high factor loadings on
PC1 for each of the identified functional clusters. Error bars, SEM. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Supplementary Figure S3.9 – Modulation of motor responses during increase in stimulation amplitude
(a) The diagram shows the proprioceptive feedback circuits that are thought to be recruited by epidural
electrical stimulation. Electromyographic activity of flexor and extensor ankle muscles is shown for two
successive steps performed under spatiotemporal neuromodulation. The dashed rectangles (i) and (ii)
highlight the temporal window over which the muscle activity is displayed in panel (b). (b) Extensor and
flexor muscle activity recorded with two levels of stimulation amplitudes for the electrode targeting the
extensor versus flexor hotspot. Motor responses resulting from each stimulation pulse, indicated below
each trace, are shown in color. (c) Histogram plots reporting the mean energy of motor responses in flexors
and extensors muscles for the different experimental conditions. Energy was calculated as the square
root of the second power of the signal, which was integrated over 2 ms. Bars show the median and 75% of
the distribution. Non-parametric ANOVA statistical test was applied over 3000 responses. ***, p < 0.001.

60



3.7. Supplementary figures

Supplementary Figure S3.10 – Quantification of spared tissue in rats with contusion SCI. (a) Diagram
illustrating the contusion SCI at the mid-thoracic level. (b) 3D reconstruction of a lesion cavity. (c)
Photograph of coronal spinal cord sections taken at the lesion epicenter for each experimental rat. The
tissues are stained against GFAP (reactive astrocyte) in order to delimitate the border between the lesioned
and healthy tissues, shown with the red dashed lines. The calculated percent of tissue sparing is reported
for each rat.
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Supplementary Figure S3.11 – Quantification of locomotor performance during quadrupedal locomotion.
(a) Stick diagram decomposition of hindlimb and trunk movements together with hindlimb endpoint
trajectory during quadrupedal locomotion without stimulation and under spatiotemporal neuromod-
ulation. Rats were recorded 2 months after the contusion SCI, when recovery had plateaued. (b) A PC
analysis was applied using same methods as those described in Fig. S3.11, and displayed with the same
convention as in this figure. Error bars, SEM. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Supplementary Figure S3.12 – Computed kinematic, kinetic, and muscle activity parameters
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Chapter 4. A brain-spinal interface alleviating gait deficits after spinal cord
injury in primates

4.1 Abstract

Spinal cord injury disrupts the communication between the brain and the spinal

circuits that orchestrate movement. To bypass the lesion, brain–computer interfaces

[105] [61] [62] have directly linked cortical activity to electrical stimulation of muscles,

which have restored grasping abilities after hand paralysis [105] [106]. Theoretically,

this strategy could also restore control over leg muscle activity for walking [107].

However, replicating the complex sequence of individual muscle activation patterns

underlying natural and adaptive locomotor movements poses formidable conceptual

and technological challenges [108] [109]. Recently, we showed in rats that epidural

electrical stimulation of the lumbar spinal cord can reproduce the natural activation of

synergistic muscle groups producing locomotion [56] [110] [111]. Here, we interfaced

leg motor cortex activity with epidural electrical stimulation protocols to establish a

brain–spinal interface that alleviated gait deficits after a spinal cord injury in nonhu-

man primates. Rhesus monkeys were implanted with an intracortical microelectrode

array into the leg area of motor cortex; and a spinal cord stimulation system composed

of a spatially selective epidural implant and a pulse generator with real-time triggering

capabilities. We designed and implemented wireless control systems that linked on-

line neural decoding of extension and flexion motor states with stimulation protocols

promoting these movements. These systems allowed the monkeys to behave freely

without any restrictions or constraining tethered electronics. After validation of the

brain–spinal interface in intact monkeys, we performed a unilateral corticospinal tract

lesion at the thoracic level. As early as six days post-injury and without prior train-

ing of the monkeys, the brain–spinal interface restored weight-bearing locomotion

of the paralyzed leg on a treadmill and overground. The implantable components

integrated in the brain–spinal interface have all been approved for investigational

applications in similar human research, suggesting a practical translational pathway

for proof-of-concept studies in people with spinal cord injury.

Publication contributions

In this study, I implemented the real-time control software to connect the

brain decoding to an implantable pulse generator. I helped to improve the

firmware inside the Medtronic device. I participated to experiments to validate

the communication between hardwares and softwares involved in the loop. I

performed computerized tomography scans for 3D vertebrae reconstructions

and participated to figures regarding the implant design.

66



4.2. Introduction

4.2 Introduction

A century of research in spinal cord physiology has demonstrated that the circuits

embedded in lumbar segments of mammals can produce coordinated patterns of leg

motor activity without brain input [6] [112]. Various neuromodulation approaches

have been developed to activate these circuits after injury to reestablish locomotion

[56] [67] [69] [70] [74] [66]. For example, epidural electrical stimulation (EES) of lumbar

segments restored adaptive locomotion in paralyzed rats[56]. Recent studies showed

that EES is also capable of activating lumbar spinal circuits in people with paraplegia

[69] [74]. These empirical observations prompted us to develop an evidenced-based

framework to understand the interactions between EES and spinal circuits [56] [110]

[111]. We aimed to exploit this knowledge to optimize stimulation protocols for clin-

ical applications. Computational modelling and functional experiments revealed

that EES engages spinal circuits through the modulation of proprioceptive feedback

circuits [111]. This framework guided the design of spatiotemporal neuromodula-

tion therapies that not only activate but also control the activity of spinal circuits

engaging synergistic muscle groups [56] [110] [111], enabling robust modulation of

locomotor movements in rats whose spinal cords were void of brain input. How-

ever, volitional locomotion requires the brain to control the activity of spinal circuits.

Brain–computer interface technologies [105] [61] [62] [106] [113] provide the tools to

link the intended motor states to EES protocols [63] [114] [115] to reestablish voluntary

control of locomotion after injury. For these developments, nonhuman primates are

more appropriate models than rodents since they exhibit cortical engagement during

locomotion similar to humans [60], analogous recovery mechanisms from injury[59],

and comparable technological requirements [57]. Here, we decoded motor states from

leg motor cortex activity to trigger EES protocols facilitating extension and flexion of

the corresponding leg. We show that this brain–spinal interface alleviated gait deficits

after spinal cord injury in nonhuman primates.

4.3 Results

To support the development of the brain–spinal interface, we established a wireless

recording and stimulation platform in freely behaving, unconstrained and untethered

nonhuman primates (Fig.4.1 and Supplementary Video 1). Rhesus monkeys (Supple-

mentary Table S4.11) were implanted with a microelectrode array into the leg area of

the left motor cortex to record spiking activity from neuronal ensembles. Electromyo-

graphic signals were monitored using bipolar electrodes implanted into antagonist

muscles spanning each joint of the right leg. Wireless modules enabled transmission

of neural (20kHz) and electromyographic (2kHz) signals to external receivers [64].
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We simultaneously acquired video recordings (100Hz) to reconstruct whole-body

kinematics [59]. To deliver EES, we used technologies previously developed in rats

[110], which we adapted to the characteristics of spinal segments and vertebras mea-

sured in three monkeys (Extended Data Fig.S4.1). These spinal implants were inserted

into the epidural space over lumbar segments, and connected to an implantable

pulse generator commonly used for deep brain stimulation therapy. We engineered

wireless communication modules that enabled control over the spatial and temporal

parameters of EES with a latency of about 100ms (Extended Data Fig.S4.2).

Figure 4.1 – The monkeys were implanted with a microelectrode array into the leg area of the left motor
cortex. During recordings, a wireless module transmitted broadband neural signals to a control computer.
(1) Raster plot recorded over three successive gait cycles. Each line represents spiking events identified from
one electrode, while the horizontal axis indicates time. (2) A decoder running on the control computer
identified motor states from these neural signals. (3) These motor states triggered electrical spinal cord
stimulation protocols. For this, the monkeys were implanted with a pulse generator featuring real-time
triggering capabilities. (4) The stimulator was connected to a spinal implant targeting specific dorsal
roots of the lumbar spinal cord. Electromyographic signals of an extensor (grey) and flexor (black) muscles
acting at the ankle recorded over three successive gait cycles are shown together with a stick diagram
decomposition of leg movements during the stance (grey) and swing (black) phases of gait.

We first used well-established methods [110] [76] to identify the natural spatiotem-

poral pattern of motoneuron activation underlying locomotion. Our aim was to

reproduce this pattern after injury. We conducted an anatomical tracing to identify
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the spatial distribution of motoneuron pools innervating antagonist muscles span-

ning each joint of the leg (Fig. 4.2a). We then projected the muscle activity recorded

during locomotion onto motoneuron locations to visualize the spatiotemporal maps

of motoneuron activation (Fig. 4.2c). These maps showed that locomotion involves

the successive activation of well-defined hotspots located in specific regions of the

spinal cord that were reproducible across monkeys (Extended Data Fig. S4.3). The

most intense hotspots emerged in the caudal (L6/L7) and rostral (L1/L2) compart-

ments of lumbar segments around the transitions between stance and swing phases.

We labelled these hotspots extension and flexion hotspots, respectively. EES activates

motoneurons through the recruitment of large-diameter proprioceptive fibres within

the dorsal roots [111] [43]. To access the extension and flexion hotspots, we targeted

the dorsal roots projecting to spinal segments containing these hotspots. We recon-

structed the spatial trajectory of the dorsal roots innervating each lumbar segment,

and integrated this information together with motoneuron distribution into a unified

library (Fig. 4.2a). We utilized the entry points of the dorsal roots as the targeted

anatomical landmarks that guided the design and positioning of spinal implants (Fig.

4.2b and Extended Data Fig. S4.1). Experiments in three sedated monkeys confirmed

that single EES pulses delivered through the electrodes targeting the extension and

flexion hotspots led to spinal segment activation that correlated with the activation of

these hotspots during locomotion (Fig 4.2c-d and Extended Data Fig. S4.3).

We next exploited cortical signals to decode the temporal structure of extensor and

flexor hotspot activation. The spiking activity recorded from the left motor cortex

displayed cyclic modulations that were phase-locked with right leg movements (Ex-

tended Data Fig. S4.4a). We developed a decoder that calculated the probability of

foot strike and foot off events from this modulation to anticipate the activation of

extensor and flexor hotspots associated with right leg movements (Extended Data

Fig. S4.4b). Evaluations in two intact monkeys showed that the decoder accurately

predicted these gait events in real-time over extended periods of locomotion, includ-

ing when initiating and terminating gait, and during rest (Extended Data Fig. S4.5).

We then exploited our wireless platform to implement a brain–spinal interface —

a system wherein the decoded motor states triggered EES protocols targeting the

extension and flexion hotspots. We tested the capacity of the brain–spinal interface

to modulate the extension and flexion hotspots independently and simultaneously

in two intact monkeys during locomotion on a treadmill. We calibrated the decoder

with temporal offsets that were tuned to trigger and terminate stimulation protocols

concomitantly to the activation of each hotspot (Fig. 4.3a and Supplementary Meth-

ods). We used data without and with stimulation to calibrate the decoders[106], which

substantially improved decoding accuracy (Extended Data Fig. S4.5). Without prior

training of the monkeys, brain-controlled stimulation of the extension and flexion
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Figure 4.2 – (a) Diagram illustrating injections of retrograde anatomical tracers into leg muscles to label
motoneurons. The inset shows a confocal photograph of labelled motoneurons. The 3D reconstruction
shows each labelled motoneuron innervating iliopsoas (IPS) and gastrocnemius medialis (GM) muscles.
The same procedure was applied to the gluteus medius (GLU), rectus femoris (RF), semitendinosus
(ST), extensor digitorum longus (EDL), and flexor hallucis longus (FHL) muscles. The diagram reports
the averaged (n = 1 to 3 monkeys per muscle) distribution of leg motoneurons within the spinal cord.
(b) Representative micro–computed tomography (μCT) scans of the spinal implant (monkey Q1). (c)
Electromyography of the recorded leg muscles (monkey Q1) was projected onto the motoneuron locations
in the spinal cord to compute the mean (n = 73 gait cycles) spatiotemporal map of motoneuron activation
during locomotion. Maps recorded around foot off (-10% to +20% of gait cycle) and foot strike (-10% to
+30%) were extracted to highlight extension and flexion hotspots (data from other monkeys in Extended
Data Fig. 3). (d) Median (n = 6 pulses) spatial map of motoneuron activation resulting from single pulses
of stimulation delivered through the electrodes targeting the extension and flexion hotspots. For each
monkey, the bar plots report the correlation between these spatial maps and the maps corresponding to
the extension and flexion hotspots.

hotspots immediately modulated kinematic and muscle activity parameters related

to the extension and flexion of the leg ipsilateral to stimulation (Fig. 4.3). A gradual

increase in the frequency or amplitude of EES pulses led to a monotonic modulation

of these parameters (Extended Data Fig.S4.6). We previously documented similar

responses in rodents [56] [110] [111], suggesting that the mechanisms underlying the
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modulation of spinal activity with EES are similar across mammals including humans

[69] [74].

Figure 4.3 – (a) Two successive gait cycles recorded during locomotion without stimulation and during
brain-controlled stimulation of the flexion hotspot, extension hotspot, or both (monkey Q2). From top
to bottom: stick diagram decompositions of right leg movements; example of single channel neural
recording; probability of foot off and foot strike motor states; detected motor states (cyan and magenta
broken lines), periods of stimulation through the electrodes targeting the flexion and extension hotspots;
electromyographic signals; limb length calculated as distance from the hip to the fifth metatarsal joint.
The grey and white backgrounds correspond to stance and swing, respectively. (b) Relationship between
frequency of brain-controlled flexion stimulation and step height, and between the stimulation amplitude
and the activity of the GM muscle during brain-controlled extension stimulation. Values for individual
gait cycles (smaller dots) and mean values (larger dots) are shown. (c) Bar plots reporting the mean
step height and mean GM activity without stimulation and during brain-controlled stimulation for
monkeys Q1 (n = 125 steps) and Q2 (n = 119 steps). (d) Decoder confusion matrices calculated during
brain-controlled stimulation for monkeys Q1 (n = 125 steps) and Q2 (n = 119 steps).
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Finally, we tested the ability of the brain–spinal interface to alleviate locomotor deficits

after a lesion of the corticospinal tract extending in the right dorsolateral column

of mid-thoracic segments in two monkeys (Fig. 4.4a). Additional pathways were

damaged, including the rubrospinal tract, dorsal column and reticulospinal fibres.

This lesion initially led to a paralysis of the leg ipsilateral to the lesion, followed by an

extensive yet incomplete recovery (Fig. 4.4b and Extended Data Fig. S4.7). During the

first week after lesion and without training of the monkeys, the brain–spinal interface

restored weight-bearing locomotion on a treadmill (Fig. 4.4b-c) and overground (Ex-

tended Data Fig. S4.8), improving both the quantity and quality of steps performed

by the impaired leg (Fig. 4.4d-e, Extended Data Fig. S4.9 and Supplementary Video

1). The quantity and quality of steps was directly linked to the temporal structure of

the stimulation (Extended Data Fig. S4.10). Decoding accuracy declined shortly after

lesion. Improvement of decoding performance during the following week suggested

that this decrease was primarily due to the reorganization of cortical dynamics (Ex-

tended Data Fig. S4.9). This recovery coincided with improvement in the quantity

and quality of steps, indicating that the monkeys had spontaneously regained some

degree of neural control over the impaired leg (Extended Data Fig. S4.7). At this stage,

the brain–spinal interface alleviated many of the remaining gait deficits (Fig. 4.4d-e).

Tuning EES frequency maximized the quantity and quality of steps, whereas the same

stimulation protocols applied continuously failed to facilitate locomotion or were

markedly less efficient than brain-controlled stimulation (Extended Data Fig. S4.10).

4.4 Discussion

The recovery of coordinated, weight-bearing locomotion in a primate model of spinal

cord injury emphasizes the therapeutic potential of the brain–spinal interface for

clinical applications. We have integrated intracortical arrays [61] [62], wireless mod-

ules [64] and pulse generators that have been approved for research applications in

humans, opening realistic perspectives for proof-of-concept clinical studies.

Our brain–spinal interface exploits neuronal ensemble modulation that naturally oc-

curs during locomotion, immediately linking cortical dynamics with spatiotemporal

neuromodulation therapies without prior training of the monkeys. This ecological

approach [116] enabled a smooth cooperation between residual supraspinal signals

and the brain–spinal interface in generating leg movements. Imaging [117] and elec-

trophysiological [106] studies showed that leg motor cortex dynamics is preserved

in people with paralysis. Moreover, cortical activity modulates with intended move-

ments in people with long-lasting tetraplegia, which allowed them to control robotic

arms [61] [62] and neuromuscular stimulators [106]. These results suggest that the
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Figure 4.4 – (a) Diagram illustrating the location of the lesion and corticospinal tract labelling using
biotinylated dextran amine (BDA). Right, anatomical reconstructions of spinal segments containing the
lesion (grey), for monkeys Q2 and Q3. Photographs including insets, showing a longitudinal view of the
lesioned spinal cord wherein astrocytes (GFAP, grey), neurons (NeuN, cyan) and corticospinal tract axons
(BDA, pink) are labelled. Asterisk, lesion. Scale bars, overview: 500μm. Insets: 50μm. (b) Gait cycles
performed during locomotion without stimulation and during brain-controlled stimulation of both
flexion and extension hotspots in monkey Q2 at 6 days post-lesion. Conventions, same as Figure 3. Limb
paralysis in red. (c) Snapshots extracted from video recordings showing a sequence of leg movements
without stimulation and during brain-controlled stimulation (monkey Q2, 6 days post-injury). Timeline
indicates video snapshot timing. Legend refers to panels d and e. (d) Bar plots reporting the ratio between
of steps performed by the affected versus unaffected leg by each monkey without stimulation (n = 6 for
day 6 and n = 39 for day 14 for Q2, n = 68 for Q3) and during brain-controlled stimulation (n = 12 for
day 6 and n = 93 for day 14 for Q2, n = 31 for Q3). (e) Principal component (PC) analysis applied on
26 gait parameters for Q2. All the gait cycles corresponding to limb paralysis or stumbling have been
excluded from this analysis. Each gait cycle is shown in the space defined by PC1 and PC2. Bar plots
reporting the mean Euclidean distance between pre-lesion and post-lesion gait cycles corresponding to
steps, calculated in the entire kinematic space. **,*** significant difference at p < 0.01 and p < 0.001,
respectively using bootstrapping (panel d) or Wilcoxon ranksum test (panel e).
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decoding strategy employed in this study may have useful application in people with

paraplegia. Our model of paralysis avoided many of the complications associated

with severe injuries that are difficult to manage and ethically debatable in primates

[57]. The use of a brain–spinal interface to restore bipedal locomotion in humans

after severe injuries may require additional interventions, including monoaminergic

replacement therapies [67] [63] compensating for the interrupted source of serotonin

from brainstem centres and robotic systems to sustain balance. Nevertheless, individ-

uals with motor complete injuries regained weight-bearing standing and stepping-like

movements during continuous EES [69] [74]. Therefore, the conditions now exist to

test the efficacy of the brain–spinal interface to enhance neuroplasticity [115] [31]

during rehabilitation in people with spinal cord injury.
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4.5 Methods

4.5.1 Animal husbandry, surgical intervention and behavioral train-

ing

Animal husbandry

Experiments were approved by the Institutional Animal Care and Use Committee of

Bordeaux (CE50 – France) under the license number 50120102-A and performed in

accordance with the European Union directive of September 22, 2010 (2010/63/EU) on

the protection of animals used for scientific purposes in an AAALAC-accredited facility

(Chinese Academy of Science, Beijing, China). Nine healthy male rhesus monkeys

(Macaca mulatta, China; Supplementary Table S4.11) aged between 4 and 9 years

old, and weighing between 4.3 and 8.4 kg (6. 5 ± 0.5 kg) were housed individually in

cages designed according to European guidelines (2 x 1.6 x 1.26 m). Environmental

enrichment included toys and soothing music. All the monkeys are included in the

manuscript. Only two monkeys received a spinal cord injury.

Surgical procedures

All the surgical procedures were performed under full anaesthesia induced with at-

ropine (0.04 mg/kg) and ketamine (10 mg/kg, intramuscular injection) and main-

tained under 1-3% isoflurane after intubation. A certified functional neurosurgeon

(J.B.) supervised all the surgical procedures. Surgical implantations were performed

during a single operation lasting approximately 8 hours. We implanted a 96-channel

microelectrode array (Blackrock Microsystems, pitch, 1.5 mm) into the leg area of

the left primary motor cortex [105] (F4, Extended Table S4.11). The monkeys also

received a wireless system [61] (T33F-4, Konigsberg Instruments, USA) to record elec-

tromyographic signals from the following leg muscles: gluteus medius (GLU), iliopsoas

(IPS), rectus femoris (RF), semitendinosus (ST), gastrocnemius medialis (GM), tibialis

anterior (TA), extensor digitorum longus (EDL), and flexor hallucis longus (FHL). A

custom-made spinal implant was inserted into the epidural space of the lumbar spinal

cord according to previously described methods [110]. The implant was inserted at

L4-L5 vertebrae and pulled until T13-L1 vertebrae. Electrophysiological testing was

performed intra-operatively to adjust the position of the electrodes. Specifically, we

verified that a single pulse of stimulation delivered through the most rostral and most

caudal electrodes induced motor responses in the IPS and GM muscles, respectively.

The connector of the implant, enclosed into a titanium orthosis, was secured to the

vertebral bone using titanium screws (Vis MatrixMIDFACE, diameter 1.5 mm, length
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8 mm, Synthes). The wires were routed subcutaneously to an implantable pulse

generator inserted between intercostal muscles (See Supplementary Information).

Monkeys Q2 and Q3 received a spinal cord injury. A partial laminectomy was made

at the T7/T8 level. A micro-blade was used to cut approximatively two thirds of the

dorsoventral extent of the spinal cord. The lesion was completed using micro-scissors

under microscopic observation. Animals retained bowel, bladder, and autonomic

function after the injury. The veterinary team continuously monitored the monkeys

during the first hours after surgery, and numerous times daily during the seven subse-

quent days. A few hours after completion of surgical interventions, the animals were

able to move around and feed themselves unaided. Clinical rating and monitoring

scales were used to assess post/operative pain. Ketophen (2 mg/kg; s.c.) and Metacam

(0.2 mg/kg; s.c.) were administered once daily. Lidocaine cream was also applied to

surgical wounds twice per day. The antibiotics ceftriaxone sodium (100 mg/kg; i.m.)

was given immediately following surgery, and then once daily for 7 days.

4.5.2 Experimental recordings

Monkeys were trained to walk on a treadmill and overground along a corridor (300

x 35 x 70 cm). Plexiglas enclosures were used to maintain the monkeys within the

field of view of the cameras. Food pellets and fruits rewarded appropriate behaviours.

Additional food to complete daily dietary requirement was provided after training.

Single pulse stimulation in sedated monkeys

Monkeys were lightly sedated with ketamine (3.5 mg/kg), and suspended in the air us-

ing a jacket that did not impede leg movements. Single pulses of cathodic monopolar,

charge-balanced stimulation (0.3 ms, 1 Hz) were delivered through the electrodes to

elicit compound potentials in leg muscles. We selected the active sites whose corre-

sponding spatial maps of motoneuron activation showed the highest correlation with

the hotspots.

Brain-controlled stimulation during locomotion on a treadmill in intact monkeys

Brain-controlled stimulation protocols were tested during locomotion on a treadmill

at a comfortable speed (Q1, 2.0 km/h; Q2, 1.6 km/h). Recording sessions were or-

ganized as follows: first, we recorded two to five blocks of 1-2 minutes-long during

stepping without stimulation. These baseline recordings were used to calibrate the de-

coders for real-time detection of foot off and foot strike gait events. Second, monkeys

were recorded during brain-controlled stimulation protocols involving (i) solely the
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electrode targeting the extensor hotspot, (ii) solely the electrode targeting the flexor

hotspot, and (iii) both electrodes. We tested the effects of stimulation frequency and

amplitude over functional ranges (30 to 80 Hz; 1.5 to 3.9 V). See Supplementary Table

S4.12.

EES during locomotion in lesioned monkeys

Monkey Q2 and Q3 were recorded after injury as soon as they were able to sustain

independent locomotion on the treadmill, which corresponded to 6 days and 16

days post-injury, respectively. Q3 recovered more slowly than Q2, probably due to

more extensive ventral and lateral spinal cord damage (Extended Data Fig. S4.9).

Therefore, monkey Q3 could only be recorded when appropriate behavioural and

physical conditions were reached, which occurred two weeks post-injury. Due to

restrictions on the total duration of the experiments (2 weeks), only one entire session

could be conducted with this monkey. Following this experiment, the monkey rapidly

recovered, which prevented evaluating the efficacy of the brain-spinal interface. The

monkeys were recorded on the treadmill at their most comfortable speed (1.2-1.4

km/h for monkey Q2 and 1.0 km/h for monkey Q3). Recording sessions were organized

as follows. First, we recorded two to six blocks of 1-2 min without stimulation. These

recordings were used to calibrate the decoders. Second, the decoders were used to

test brain-controlled stimulation of both the extension and flexion hotspots over a

range of stimulation frequencies. The effects of continuous stimulation using the

same stimulation features as during brain-controlled stimulation were also tested.

Within functional range of stimulation parameters, brain-controlled stimulation did

not trigger undesired movements or spasms that impaired locomotor movements.

See Supplementary Table S4.12.

4.5.3 Data acquisition

Procedures to record kinematics and muscle activity have been detailed previously [64]

[118]. Whole-body kinematics was measured using the high-speed motion capture

system SIMI (Simi Reality Motion Systems, Germany), combining 4 or 6 video-cameras

(100 Hz). Reflective white paint was directly applied on the shaved skin of the monkey

overlying the following body landmarks of the right side: iliac crest, greater trochanter

(hip), lateral condyle (knee), lateral malleolus (ankle), 5th metatarsophalangeal (mtp),

and the outside tip of the fifth digit (toe). The Simi motion tracking software was

used to obtain the 3D spatial coordinates of the markers. Joint angles were computed

accordingly. Electromyographic signals were recorded simultaneously (2 kHz, Kro-

nisberg, USA) and synchronized through the Blackrock Cerebrus system (Blackrock
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Microsystems, USA), which also recorded neural signals. For this, the Cereplex wire-

less system [64] was mounted on the head of the monkeys. Six antennae and a receiver

were used to transmit [64] broadband neural signals (0.1 Hz – 7.8 kHz, sampled at 22

kHz). The signals were band-pass filtered (500 Hz - 7.5 kHz) and spiking events were

extracted through threshold crossings [61] [62] [119] [120] [121]. Specifically, a spiking

event was defined on each channel (96 in total) if the signal exceeded 3.0 to 3.5 times

its root mean square value calculated over a period of 5 s. This procedure resulted in a

binary signal from 96 multiunits, each originating from one of the 96 electrode of the

array. Signals from all 96 multiunits have been integrated in the decoder.

4.5.4 Decoding of motor states from neural signals

Our aim was to deliver stimulation over the extensor and flexor hotspots around the

times at which these hotspots are active during natural locomotion. To this end, we

decoded gait-related motor states from neural activity and used those detections to

trigger the stimulation protocols at the appropriate times. The control computer was

connected to the local network and continuously received UDP packets containing

neural recordings. We designed a custom in-house software application running on

the control computer (Visual Studio C++ 2010), which analysed the neural signals in

real time. Every 20 ms, the application made a decision whether to trigger one of the

spinal cord stimulation protocols. The decision was made based on probabilities of

observing a “foot off” or a “foot strike” motor state given the history of neural data

(300 ms pre-lesion and 400 ms post-lesion), as calculated by our decoders.

Natural activations of the extension and flexion hotspots were time-locked to foot off

and foot strike gait events (fo and fs, respectively). In turn, we defined the foot off

and foot strike motor states as the neural activity preceding foot off and foot strike

gait events by ΔtFO and ΔtFS temporal offsets, respectively. The offsets were derived

in order to maximize the overlap between the stimulation over the hotspots and the

natural activation of those hotspots. In effect, the offsets integrated the latencies

between the gait events and the hotspot activations, as well as latencies related to

wireless communication between our devices, into the design of our decoders.

Extraction of motor states used for decoder calibration

We calibrated the decoders on data from two to seven no stimulation blocks recorded

at the beginning of each session. Gait events were identified from electromyographic

recordings (Q1) or from video recordings (Q2 and Q3). Identification of fo and fs

gait events from electromyographic recordings was performed using signals from the
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iliopsoas muscle, which was active around the time of swing onset and remained

active throughout most of the swing phase of gait. The fo and fs events were estimated

by thresholding the envelope of the rectified electromyographic signal. Identification

of fo and fs gait events from video recordings was performed visually. After injury and

while the monkeys only exhibited minimal movements of the limb ipsilateral to lesion,

fo and fs gait events were defined according to residual hip/knee oscillations, which

correlated with the attempt to execute steps.

Calibration procedure to account for stimulation-induced changes in neural sig-
nals

Analysis of the decoding temporal precision in Q1 revealed that decoded foot off and

foot strike motor states during brain-controlled stimulation differed from the times

of the motor states estimated from the foot off and foot strike gait events (median

difference: foot off: 68ms; foot strike: -90 ms). We did not observe such difference

when detecting motor states in the absence of stimulation (median difference: foot

off: 11ms; foot strike: 3 ms). A range of factors could have decreased decoding perfor-

mance including: changes in somatosensory feedback influenced by the stimulation,

monkeys’ attempts to adapt its gait, changes in stability, etc. To improve temporal

accuracy of our decoder, we introduced a decoder recalibration process. The initial

decoder, trained on data without stimulation, was used to trigger stimulation through

the extension hotspot or flexion hotspot independently for 2 to 3 blocks each. The

data collected during these blocks was then combined to the blocks without stimula-

tion to calibrate a new, second decoder. This decoder successfully compensated for

stimulation-induced changes in motor cortex activity (Fig 4.3. and Extended Data Fig.

S4.5).

Duration of hotspot stimulation protocols

We sought to stimulate flexion and extension hotspots throughout the duration of their

natural activation during locomotion. We determined the duration of the flexion and

extension hotspot stimulation protocols by setting this duration to 300 ms. We then

recorded a few steps during brain-controlled stimulation, and adjusted the duration

of the stimulation protocols for each monkey when necessary in order to obtain a

clear modulation of leg kinematics. This procedure was performed only once for all

pre-injury sessions and was repeated for each post-injury session.
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4.5.5 Data processing and analysis

Code availability

The software routines utilized for data analysis will be made available upon reasonable

request to the corresponding author.

Blinding

Data analyses, except identification of the steps and the marking of foot off and foot

strike gait events from video recordings, were performed by automatic computer

routines. When analyses required involvement of investigators, they were blind to the

experimental conditions.

Spatiotemporal map of motoneuron activation

To visualize spatiotemporal maps of motoneuron activation, electromyographic sig-

nals were mapped onto the rostrocaudal distribution of the motoneurons recon-

structed from histological analyses. This approach provides an interpretation of the

motoneuron activation at a segmental level rather than at the individual muscle level.

Identification of extensor and flexor hotspots activation

Flexion and extension hotspots were identified from the mean spatiotemporal map

of motoneuron activation for each monkey independently (n = 3 for Q1, P2 and

P3). Single maps computed between two consecutive foot strike events were time-

interpolated to a 1000 point map and averaged to obtain the mean spatiotemporal

map of motoneuron activation. Flexion and extension hotspots were then identified

by time-averaging the mean map around the foot off event (-10% + 20% of the gait

cycle) for the flexion hotspot and around the foot strike event (-10% + 30% of the gait

cycle) for the extension hotspot.

Analysis of muscle recruitment curves

The compound potentials recorded in leg muscles were rectified and integrated for

each muscle and stimulation amplitude, and represented in color-coded spatial maps

of motoneuron activation. Instead of measuring specific flexor and extensor muscle

selectivity we selected the electrodes that elicited spatial maps similar to those ex-

tracted during activation of the flexion and extension hotspots, regardless of muscle
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specificity. The correlation between the resulting map and the maps recorded dur-

ing locomotion was calculated for each monkey to identify the voltage range over

which the correlation was maximal. The derived voltage range was then used during

behavioural experiments (Extended Data Fig. S4.3c).

Decoding performance quantification

We quantified the performance of our asynchronous decoders using confusion matri-

ces and normalized mutual information, as described before [122]

Steps classification for kinematic analysis.

In order to evaluate the efficacy of the brain-spinal interface and assess the impor-

tance of the timing of stimulation in correcting gait deficits, we conducted a post-hoc

classification of the steps based on the temporal accuracy of the decoder to reproduce

the desired hotspot activation timings. We defined optimal and sub-optimal steps

according to the initiation of flexion and extension hotspot stimulation. All the gait

cycles that contained only one correct extension activation (stimulation occurring

at Foot Strike ± 125 ms) and only one correct flexion activation (stimulation occur-

ring between Foot Off -200 ms and Foot Off +50 ms) were defined as optimal steps

(Extended Data Fig. S4.10).

Stepping quantity

After the spinal cord lesion, the monkeys typically walked with the three intact limbs

while the leg ipsilateral to the lesion was either dragging along the walking surface

or maintained in a flexed posture. Occasionally, monkeys hopped to move both legs

forward and avoid bumping against the back of the treadmill enclosure due to their

inability to move at the selected treadmill belt speed. We counted the numbers of

these “hop” and “bump” steps, as well as the numbers of normal steps. Experimenters

were blinded to stimulation conditions during this analysis. To quantify the functional

improvement mediated by the brain-spinal interface, we calculated the proportion

of normal steps over all recorded blocks on a given day. To quantify the ability of

the monkeys to sustain locomotion, we extracted all the events marked as steps, and

measured the relative number of steps that were not performed while bumping into

the back of the treadmill enclosure.
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Stepping quality

A total of 26 parameters quantifing kinematics (Supplementary Table S4.13) were

computed for each step according to methods described in details previously [56]

[110] [118]. We used principal component analysis (PCA) to visualize the changes in

gait over time and for different conditions (Fig. 4.4, Extended Data Fig. S4.7, S4.8). To

quantify locomotor performance, we calculated the mean Euclidian distance between

steps corresponding to a given experimental condition and the mean of steps recorded

before the lesion in the same monkey in the entire 26-dimensional space of kinematic

parameters.

4.5.6 Anatomical procedures

Tissue processing

Monkeys were deeply anesthetized and perfused transcardially with a 4% solution of

paraformaldehyde. The spinal cord dura was removed and the spinal cord was cut

using a cryostat, and stored at 4°C in 0.1M PBS azide (0.03%).

Anterograde tracing of motor cortex projections

Monkeys Q2 and Q3 underwent anterograde tracing of corticospinal projections

from the leg and trunk area of the left motor cortex using anatomical tracers. All

animals were anesthetized as described above. Biotinylated dextran amine (BDA; 10%

solution in water; 10,000 Da; Molecular Probes, TSA PLUS Biotin KIT PerkinElmer, cat.

NEL749A001KT) was injected at 300 nl/site into 40 sites spanning the leg and trunk

regions of the left motor cortex.

Quantification of the spinal cord lesion

Camera lucida reconstructions of the lesion (Neurolucida 11.0, MBF biosciences,

USA) were performed using evenly spaced horizontal sections (1:4) throughout the

whole dorsoventral axis on sections labelled for astrocytic (glial fibrillary acidic pro-

tein, GFAP; 1:1000, Dako, USA, cat. Z0334), NeuN (anti-NeuN; 1:300, Millipore, cat.

MAB377) and BDA reactivity. Immunoreactions were visualized with secondary anti-

bodies labelled with Alexa fluor® 488 (1:400, Invitrogen, cat. A-11034) and 647 (1:300,

Invitrogen, cat. A-21235).
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4.5.7 Statistical procedures

All the computed parameters were quantified and compared within each monkey. All

data are reported as mean values ± standard error of the mean (s.e.m.). Significance

was analysed using the non-parametric Wilcoxon rank sum test, bootstrapping or a

Monte-Carlo approach.
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4.6 Supplementary video

4.6.1 Video 1: Technical design and therapeutic effects of the brain–spinal

interface.

This video explains the design of the spinal cord stimulation system and brain de-

coding algorithms. The ability of the brain–spinal interface to modulate extension

and flexion movements of the leg during continuous locomotion is then illustrated in

intact monkeys. Finally, the video shows the recovery of functional leg movements

during locomotion on a treadmill and overground in two monkeys with a spinal cord

injury.

Videos are available on Nature website: https://www.nature.com
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4.7 Supplementary figures
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Supplementary Figure S4.1 – Design and fabrication of the spatially selective spinal implant. Step 1:
Quantification of the length of vertebra T12 to L4, and of spinal segments L1 to S1. The photographs show
coronal sections of the the left halves of the L3 and S1 spinal segments, including the dura mater, dorsal
roots and spinal tissue. The complementary views show camera Lucida reconstructions of the dorsal roots,
white and grey matter. The dorsal roots projecting to L1/L2 and L6/L7 spinal segments are color-coded
to visualize their respective location. Step 2: 3D reconstruction of the entire lumbosacral spinal cord
and dorsal roots. The dorsal roots innervating spinal segments containing the targeted extension (L6,
L7) and flexion (L1, L2) hotspots are color-coded to help visualize their respective spatial trajectory.
The 3D reconstructions are displayed from a dorsal view, and from a view that is rotated by 45 deg
leftward around the rostrocaudal axis in order to visualize the trajectory of the dorsal roots along spinal
segments. Step 3: Design of the spatially selective spinal implants, including the location of the electrodes
with respect to the dorsal roots, and positioning of the implants with respect to the vertebra. The cyan
and magenta shapes highlight the electrodes targeting the flexor and extensor hotspots, respectively.
Step 4: Mask layout of the spatially selective epidural spinal implant. Step 5: Fabrication of the spinal
implants. Processing starts with deposition of a 40 μm thick Polyimide film by spin coating on the
silicon substrate. The Polyimide-based bottom layer constituting the footprint of the implant is realized
through ultra-violet lithography. A 200 nm thick gold layer is deposited using vacuum evaporation and
lithographically structured to create a conductive seed pattern. An additional gold layer is electroplated
to a height of approximately 6 μm to create the electrodes and interconnects. A 20 μm cover layer of
photosensitive Polyimide is then applied by spin coating to uniformly cover the bottom and electrode
structure. A final ultra-violet lithography is applied to structure the top layer of the implant, and to
create openings over the electrodes and contact pads. The implants are gently released from the carrier
wafer. To create a connector, the contact pads located at the extremity of the implant are glued to a
small support plate made of medical grade poly-methyl methacrylate (PMMA) sheet material. Precision
milled alignment structures allow fine adjustment of the support plate to the spinal implant, and to
the extremity of the leads. The support plate contained a seat in which a tiny printed circuit board with
conductive stripes is fixed. Stainless steel leads with silicone rubber insulation are directly soldered to the
contact pads of the implant via the contact stripes located on the printed circuit board. The resulting
implants and connective leads were highly reliable mechanically and electrically. A fixation structure was
realized by using 3D laser sintering of medical grade titanium. Step 6: Photographs, including zoomed
insets, showing a fabricated spinal implant and a micro-computed tomography scan performed after
implantation.
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Supplementary Figure S4.2 – Protocols and technology of the spinal cord stimulation system. Step 1: A
Neural Research Programmer interface (screen snapshot) encodes stimulation protocols that are pre-
programmed into a table uploaded to the implantable pulse generator. Each row of this table corresponds
to a specific electrode configuration (cathodes and anodes) and stimulation features (amplitude, fre-
quency, pulse width and duration of stimulation). During experiments, the control computer selects the
rows to be executed. The plot reports the distribution of temporal delays introduced by the communica-
tion between the decoder and the Neural Research Programmer (n = 5000). Step 2: stimulation commands
are transmitted to the implantable pulse generator. Commands are first broadcasted via Bluetooth to a
module that converts them into infrared signals transferred to the stimulation programmer device. The
Bluetooth to infrared module and the stimulation programmer were embedded into a jacket worn by the
monkeys during the experiments. The stimulation programmer transmitted the stimulation commands
into the implantable pulse generator via induction telemetry. The antenna was placed under the jacket,
in contact with the skin and aligned to the implantable pulse generator. The plot reports the distribution
of delays needed to transmit the stimulation commands from the Neural Research Programmer to the
implantable pulse generator. Step 3: The implantable pulse generator executed the selected stimulation
protocols. After execution of the stimulation command, the implantable pulse generator switched to idle
mode. The shape of a single charge balanced cathodic pulse is shown in the inset (1). The plot reports the
distribution of time delays required to execute a single stimulation command by the implantable pulse
generator.

87



Chapter 4. A brain-spinal interface alleviating gait deficits after spinal cord
injury in primates

88



4.7. Supplementary figures

Supplementary Figure S4.3 – Anatomical, computational, and functional experiments allowed the
identification of stimulation protocols to access flexion and extension hotspots. (a) Computational
procedure to estimate spatiotemporal maps of motoneuron activation during locomotion. Step 1: Four
pairs of antagonist muscles spanning each joint of the leg are implanted with bipolar electrodes to record
electromyographic signals during locomotion. Step 2: Muscle activity recorded during locomotion on a
treadmill is band pass filtered using a Butterworth 3rd order filter (30-800 Hz, monkey P3), Step 3: The
signals are rectified, filtered with a low pass at 10 Hz, normalized to the maximum activity recorded
across all the gait cycles, and then projected onto the location of the corresponding motoneuron columns
in the spinal cord for each of the recorded muscles. The estimated motoneuron activation is represented as
a color-coded spatiotemporal map of motoneuron activation. (b) Spatiotemporal maps of motoneuron
activation recorded in three intact monkeys (Q1, P2 and P3). The maps were obtained by averaging
electromyographic signals recorded during continuous locomotion on a treadmill (n = 73, 25 and 24 steps
for monkey Q1, P2 and P3, respectively). The maps underlying the activation of extension and flexion
hotspots were extracted by averaging the estimated motoneuron activation around the foot strike and
foot off events, respectively. For this, a window was defined from -10% to +30% of the gait cycle duration
for the foot strike event, and from -10% to +20% of the gait cycle duration for the foot off event. The maps
were reproducible across monkeys: correlation between monkey Q1, P2 and P3 for the flexion hotspot was
0.94, 0.90 and 0.90 for Q1-P2, Q1-P3 and P2-P3, respectively. Correlation between monkey Q1, P2 and P3
for the extension hotspot was 0.88, 0.90 and 0.60 for Q1-P2, Q1-P3 and P2-P3, respectively. The resulting
maps were projected onto the reconstructed spinal segments (Extended Data Fig. 1). (c) Recruitment
curves showing the relationships between motor evoked potentials elicited by single pulses of epidural
electrical stimulation in each of the recorded hindlimb muscles and the stimulation amplitude for three
intact monkeys (Q1, Q2 and P1). Stimulation was delivered through the electrodes targeting the extension
and flexion hotspots. The compound responses elicited in leg muscles were rectified and integrated to
calculate the amplitude of the responses, and then projected on the reconstructed spinal segments. The
spatial maps of motoneuron activation corresponding to the optimal range of stimulation amplitudes to
access the hotspots stimulation are displayed for each monkey, including the location of the electrodes
with respect to spinal segments. To compute the optimal range of stimulation amplitudes to access each
hotspot, we extracted the stimulation amplitudes for which the spatial map of motoneuron activation
displayed the highest values of correlation with the spatial maps of the targeted hotspots. The cyan and
magenta shadings highlight the functional range of stimulation amplitude for each hotspot and monkey.
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Supplementary Figure S4.4 – Procedure to calibrate the decoders for real-time detection of motor states.
Step 1: The locomotor movements of the right leg were recorded using the video camera system. In parallel,
neural signals were recorded from the microelectrode array implanted into the leg area of the primary
motor cortex. The signals were band-pass filtered (0.5-7.5 kHz). A threshold was at 3 to 3.5 times the
standard deviation in order to obtain spike events. The two data streams were saved onto computers.
Step 2: Visual inspection of the video frames allowed the identification of foot off and foot strike gait
events. We estimated the spike rates from overlapping 150ms bins that were updated every 20 ms. Gait
events were then synchronized with the spike rate estimates using a trigger saved with the neural data
that marked the onset of video recordings. Step 3: We extracted feature vectors that originated at foot off
and foot strike events and assigned them to foot off and foot strike motor state classes, respectively. All
other feature vectors were assigned to the neither class. Step 4: Motor state classes of feature vectors were
used to calibrate a regularized linear discriminant analysis decoder. Step 5: The decoder was uploaded
into our real-time analysis application running on the control computer. Neural data was collected
in real-time, processed into spike rate estimates, and passed through the decoder that calculated the
probabilities of foot off and foot strike motor states. When one of the motor state probabilities crossed a
threshold of 0.8, a command to trigger the flexion or extension hotspot stimulation protocols was sent to
the neural research programmer, which relayed this instruction to the implanted pulse generator. Due to
the wireless communication, the command was executed 178 ms (Q1) or 105 ms (Q2-3) after the detection
of the motor states.
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Supplementary Figure S4.5 – The real-time decoder accurately detected the motor states and triggered
stimulation protocols during locomotion and when initiating and terminating it in intact monkeys. (a)
Example of a continuous sequence of locomotion (20 s) during brain-controlled flexion and extension
stimulation in an intact monkey (Q2, pre-lesion session 2, Extended Table S4.12). Conventions are the
same as in Figure 3. The real-time decoder correctly detected the succession of 22 foot off and foot strike
motor states occurring in this sequence (vertical dotted lines), and appropriately triggered the relevant
stimulation protocols throughout the locomotor sequence. (b) Histograms showing the distribution
of the temporal differences between the actual occurrence of foot off and foot strike events and the
decoded occurrence of these motor states for all the recording sessions of the tested intact monkeys (Q1,
Q2). The dotted lines indicate the median for each distribution. For the monkey Q1, the decoders were
calibrated using recordings without stimulation only. For the monkey Q2, we improved the accuracy of
the decoders by performing the calibration twice. First, the decoders were recalibrated using recordings
without stimulation. These decoders were used to collect recordings during brain-controlled flexion or
brain-controlled extension independently. New decoders were then calibrated using all the combined
recording blocks together. (c) Confusion matrices reporting the accuracy of the real-time decoders without
stimulation and during brain-controlled stimulation, given a tolerance window or ± 125 ms. The
bar plots report the normalized mutual information calculated for the real-time decoders compared
to random decoders and chance level decoders. Random decoders were the same decoders calibrated
using shuffled gait events. The chance level decoders randomly assigned motor states with chance level
probabilities, which were estimated from the data used to calibrate the online decoders, and at the same
rate as the online decoders. (d) Two examples of recordings collected while monkey Q1 and Q2 initiated
or terminated sequences of continuous locomotion on a treadmill. The green shaded area indicates the
period during which the treadmill was turned off. The brain-spinal interface was kept on throughout
the recordings. Conventions are the same as in Figure 3. Probability of foot strike and foot off motor
states remained low during the periods of rest, and recommenced to modulate with the occurrence of
motor states when the monkey resumed continuous locomotion. The decoder confusion matrices were
calculated during brain-controlled stimulation across all the sessions with intact monkeys during which
the treadmill was turned off (n = 345 and n = 127 temporal windows for Q1 and Q2). False positive
detections were rare.
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Supplementary Figure S4.6 – Modulation of leg locomotor movements during brain-controlled stimula-
tion in intact monkeys. (a) PC analysis was applied on individual gait cycles extracted from locomotion
on a treadmill without stimulation (n = 125 and n = 119 for Q1 and Q2) and during brain-controlled
stimulation of the extension (n = 33 and n = 54 gait cycles with stimulation for Q1 and Q2, respectively)
or flexion (n = 98 and n = 120 total stimulation steps for Q1 and Q2, respectively) hotspots for the intact
monkeys Q1 and Q2. Conventions are the same as in Figure 3 and Extended Data Figure 7. This analysis
emphasizes the graded modulation of gait parameters when increasing the frequency or amplitude of
stimulation for extension and flexion hotspots independently. (b) Plots showing relationships between the
amplitude or frequency of extensor (magenta) or flexor (cyan) hotspot stimulation and relevant kinematic
or muscle activity parameter related to the extension or flexion of the right leg. The upper right plot shows
the average foot trajectories during each experimental condition, illustrating the graded modulation of
flexion during brain-controlled stimulation of the flexion hotspot. The lower right plot highlights the
high degree of leg-specific modulation over the entire extent of tested stimulation parameters. Results
were comparable in monkey Q1 and Q2. ***,* p<0.001 and p<0.05, respectively. Wilcoxon rank sum test.
Error bars, s.e.m.
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Supplementary Figure S4.7 – Quantification and reconstruction of the spinal cord lesions and quantifi-
cation of gait deficits and spontaneous recovery after the spinal cord lesion. (a) Scheme illustrating the
anatomical experiments to quantify the lesion of the corticospinal tract. The anterograde anatomical
tracer BDA was injected into the leg and trunk regions of the left primary motor cortex to label corti-
cospinal tract fibres in the spinal cord, shown in pink in the photographs. Top-right scheme shows the
approximate pathways of the dorsal ascending tract and all descending tracts identified from[123],[124].
For monkey Q2 and Q3, the area of maximal damage was reconstructed in 2D by identifying the border
of the glia scar on evenly spaced sagittal sections spanning the entire dorsoventral extent of the lesioned
spinal cord. (b,c,d,e) For each monkey, confocal photographs show longitudinal sections of the lesioned
spinal cord at specific dorsoventral levels, as indicated with dotted lines. In each photograph, the fol-
lowing anatomical elements are labelled: astrocytes (GFAP, grey), neural cell bodies (NeuN, cyan) and
corticospinal tract axons (BDA, pink). The insets show high-resolution photographs of selected (white
square) regions of the same photograph that illustrates intact corticospinal tract axons above the injury,
axon retraction bulbs right above the lesion, and the absence of axons below the injury. Monkey Q2
displayed a small subset of spared corticospinal tract axons in the more dorsal aspect of the dorsolateral
column. The asterisks indicate the location of the lesion. Scale bars, overviews: 500 μm. Insets: 50 μm. (f)
Gait cycles were extracted from locomotion recorded in monkey Q2 and Q3 pre-lesion, during the first two
weeks after the lesion, and at 99 days after the lesion. Analysis was only applied to gait cycles classified
as steps, i.e. gait cycles classified as limb paralysis or stumbling were not included. The number of
analysed gait cycles is directly reported into the figure. The bar plots report the mean Euclidean distance
between all the steps under a given recording day without stimulation and steps recorded before the
lesion, computed in the entire space of the 26 kinematic parameters. The other bar plots report mean
values of relevant kinematic parameters. This analysis illustrates the progressive yet incomplete recovery
of locomotion. ***, p < 0.001, Wilcoxon rank sum test. Error bars, s.e.m.
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Supplementary Figure S4.8 – Restoration of leg locomotor movements during overground locomotion
after the spinal cord lesion. (a) Representative sequences of locomotion along a straight corridor without
stimulation and during brain-controlled stimulation recorded at 7 days and 13 days after the lesion for
monkey Q2. Conventions are the same as in Figure 4. The bar plots report the mean step height of the
right (lesioned) leg during swing. *, p<0.05, Wilcoxon rank sum test. Error bar, s.e.m. (b). Snapshots
extracted from video recordings showing a representative sequence of leg movements during one gait
cycle without stimulation and during brain-controlled stimulation at 7 days post-injury for monkey Q2.
The stick diagrams overlying the right (lesioned side) leg and the trajectory of the foot are color-coded
using the same color scheme as the stick diagram decomposition in panel a. Without stimulation, the
monkey dragged the leg along the ground, whereas brain-controlled stimulation restored weight-bearing
locomotion with plantar placement.
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Supplementary Figure S4.9 – Quantification of gait improvements and decoding accuracy during brain-
controlled stimulation after the spinal cord lesion (a) Two successive gait cycles performed during
locomotion on a treadmill without stimulation and during brain-controlled stimulation in monkey
Q2 at 6 and 14 days post-lesion, and in monkey Q3 at 16 days post-injury. Conventions are the same
as in Figure 4.4. In addition, the average foot trajectories calculated over all the recorded gait cycles
are displayed for each experimental condition including during pre-lesion locomotion, illustrating the
marked improvement of foot movements during brain-controlled stimulation. (b) Bar plot reporting
the mean values of the total excursion of the angle, step height and foot trajectory area for monkey Q2
and Q3 during locomotion pre-lesion and post-lesion without stimulation and with brain-controlled
stimulation. Analysis was only applied to gait cycles classified as steps, i.e. gait cycles classified as limb
paralysis or stumbling were not included (Q2: pre-lesion n = 294; day 6 post-lesion no stimulation: n =
6; brain control: n = 12; day 14: no stimulation: n = 39; brain control: n = 93. Q3: pre-lesion n = 185;
day 16 post-injury no stimulation: n = 98; brain control: n = 31). ***,** p<0.001 and p<0.01, respectively.
Wilcoxon rank sum test. Error bars, s.e.m. (c) Bar plots reporting the capacity of the monkeys to sustain
walking at the imposed treadmill belt speed. The functional score is computed as the percentage of
regular steps in which the animal is able to walk at the treadmill belt speed i.e. animal does not bump
into the back of the treadmill. Gait cycles classified as hops or stumbling were not included. ***,* p<0.001
and p<0.05, respectively, Bootstrap. Error bars, s.e.m. (d) Decoding accuracy increases during recovery
after the spinal cord lesion. Decoder confusion matrices calculated reporting the accuracy of the real-time
decoders and chance level decoder during brain-controlled stimulation for monkey Q2 at day 6 (n =
76 foot strikes, n = 74 foot offs) and day 14 post-injury (n = 264 foot strikes, n = 264 foot offs) and for
monkey Q3 at 16 days post-injury (n = 319 foot strikes, n = 321 foot offs). The tolerance window was
set at ± 125 ms. The bar plots report the normalized mutual information calculated for the real-time
decoders compared to random decoders and chance level decoders. (e) Top, from left to right: mean event
rate, modulation depth and preferred direction for the neuronal spiking signal recorded obtained by
regressing spike rates against the phase of the gait cycle for monkeys Q1-3. Preferred direction was defined
as the angle for which the fitted tuning function was at a maximum. Bottom, from left to right: mean
absolute single-electrode difference for mean event rates, modulation depths and preferred directions
between two consecutive sessions shown in (e) top. Analysis shows substantial changes both before and
after the spinal-cord lesion. Nevertheless, the rate of change between the last pre-lesion and the first
post-lesion sessions was substantially higher than between any two other session pairs, thus indicating
increased level of plasticity following spinal cord lesion. ***,** significant difference at p < 0.001 and p <
0.01, respectively. Monte Carlo, Wilcoxon ranksum test, signed Wilcoxon ranksum test and Bootstrap.
Error bars, s.e.m.
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Supplementary Figure S4.10 – The temporal structure and features of stimulation determine the quantity
and quality of steps (a) Two successive gait cycles performed during locomotion on a treadmill during
brain-controlled stimulation with optimal and suboptimal temporal structures at 6 days post-injury,
and during continuous stimulation at 14 days post-lesion for monkey Q2. The gait cycles were classified
as suboptimal temporal structures when stimulation occurred outside an ± 125 ms tolerance window.
Conventions are the same as in Figure 4.4. (b) Bar plots reporting the quantity of steps calculated during
locomotion with optimal and suboptimal temporal structures over a range of stimulation frequencies
and during continuous stimulation for monkey Q2 and Q3 at 6, 14 and 16 days post-injury. (c) Bar
plots reporting the quality of stepping for the same conditions as in panel b. The quality of stepping was
measured as the mean Euclidean distance between pre-lesion and post-lesion gait cycles calculated in
the kinematic space defined by the 26 gait parameters, as reported in Figure 4.4. These results show that
the optimal temporal structure leads to an increased number of steps and improved quality of stepping
compared to sub-optimal temporal structures. Moreover, brain-controlled stimulation with both optimal
and suboptimal temporal structure promoted markedly improved locomotor performance compared to
continuous stimulation delivered with the same stimulation features. These results also highlight the
ability to optimize locomotor performance when tuning the stimulation frequency. ***,**,* significant
difference at p < 0.001, p < 0.01 and p < 0.05, respectively. Bootstrap (panel b). Wilcoxon ranksum test
(panel c). Error bars, s.e.m.
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Supplementary Figure S4.11 – Experimental procedures conducted on the animals.

Supplementary Figure S4.12 – Behavioral experiments conducted with each animal. Trials in bold and
underlined were used to calibrate the brain decoders used on that session.
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Supplementary Figure S4.13 – Computed kinematic parameters.
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5.1 Abstract

The mechanical mismatch between soft neural tissues and stiff neural implants hin-

ders the long-term performance of implantable neuroprosthesis. Here, we designed

and fabricated soft neural implants with the shape and elasticity of dura mater, the pro-

tective membrane of the brain and spinal cord. The electronic dura mater, which we

call e-dura, embeds interconnects, electrodes and chemotrodes that sustain millions

of mechanical stretch cycles, electrical stimulation pulses, and chemical injections.

These integrated modalities enable multiple neuroprosthetic applications. The soft

implants extracted cortical states in freely behaving animals for brain machine inter-

face, and delivered electrochemical spinal neuromodulation that restored locomotion

after paralyzing spinal cord injury. Electronic dura mater offers a novel platform for

long-term multimodal neural interfaces in basic research and neuroprosthetics.

Publication contributions

In this chapter, I performed computerized tomography scans for ex-vivo me-

chanical characterizations and in-vivo compliance validations. I assisted to

surgeries, participated to training and recording of the behavioral experiments

regarding walking rehabilitation in rat after a spinal cord injury. I contributed

to the preparation of the figures and methods related to behavioral testing.
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5.2 Introduction

Implantable neuroprostheses are engineered systems designed to study and treat the

injured nervous system. Cochlear implants restore hearing in deaf children, deep

brain stimulation alleviates Parkinsonian symptoms, and spinal cord neuromodula-

tion attenuates chronic neuropathic pain [19]. New methods for recording and mod-

ulation of neural activity using electrical, chemical and/or optical modalities open

promising therapeutic perspectives for neuroprosthetic treatments. These advances

have triggered the development of myriad neural technologies to design multimodal

neural implants [125] [126] [31] [127]. However, the conversion of these sophisticated

technologies into implants mediating long-lasting therapeutic benefits has yet to be

achieved. A recurring challenge restricting long-term bio-integration is the substantial

biomechanical mismatch between implants and neural tissues [128] [129] [130]. Neu-

ral tissues are viscoelastic [131] [132] with elastic and shear moduli in the 100 to 1,500

kPa range. They are mechanically heterogeneous [133] [134] and endure constant

body dynamics [135] [136]. In contrast, most electrode implants, even thin, plastic

interfaces, present high elastic moduli in the GPa range, thus are rigid compared to

neural tissues [126] [137]. Consequently, their surgical insertion triggers both acute

and long-term tissue responses [128] [129] [130] [136]. Here, we tested the hypothesis

that neural implants with mechanical properties matching the statics and dynamics of

host tissues will display long-term bio-integration and functionality within the brain

and spinal cord.

5.3 Results

We designed and engineered soft neural interfaces that mimic the shape and me-

chanical behavior of the dura mater (Fig.5.1A-B, S5.1). The implant, which we called

electronic dura mater or e-dura, integrates a transparent silicone substrate (120 μm

in thickness), stretchable gold interconnects (35 nm in thickness), soft electrodes

coated with a platinum-silicone composite (300 μm in diameter), and a compliant

fluidic microchannel (100 μm x 50 μm in cross-section) (Fig. 5.1C-D, S5.2, S5.3, S5.4).

The interconnects and electrodes transmit electrical excitation and transfer electro-

physiological signals. The microfluidic channel, termed chemotrode [27], delivers

drugs locally (Fig. 5.1C,S5.4). The substrate, encapsulation and microchannel sili-

cone layers are prepared with soft lithography and assembled by covalent bonding

following oxygen plasma activation (Fig. 5.1D, S5.2). Interconnects are thermally

evaporated through a stencil mask, while electrodes are coated with the soft compos-

ite by screen-printing (fig.S5.2). Microcracks in the gold interconnects [54] and soft
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platinum-silicone composite electrodes confer exceptional stretchability to the entire

implant (Fig.5.1B, Movie S1).

Most implants used experimentally or clinically to assess and treat neurological dis-

orders are placed above the dura mater [137] [16] [69] [47]. The compliance of the

soft implant enables surgical insertion below the dura mater through a small opening

(Fig. 5.1A-C, S5.5). This location provides an intimate interface between electrodes

and targeted neural tissues (Fig. 5.1E), and allows direct delivery of drugs into the

intrathecal space. To illustrate these properties, we fabricated implants tailored to the

spinal cord, one of the most demanding environments of the central nervous system.

We developed a vertebral orthosis to secure the connector (Fig. 5.1F), and dedicated

surgical procedures for subdural implantation (fig. S5.5). The soft implant smoothly

integrated the subdural space along the entire extent of lumbosacral segments (2.5

cm in length and 0.3 cm in width), conforming to the delicate spinal neural tissue (Fig.

5.1E-F).

We next tested the long-term biointegration of soft implants compared to stiff, plastic

implants (6 weeks). A stiff implant was fabricated using a 25 μm thick polyimide film,

which corresponds to standard practices for flexible neural implants [53] and is robust

enough to withstand the surgical procedure. Both types of implants were inserted into

the subdural space of lumbosacral segments in healthy rats. A sham-operated group

of animals received the headstage, connector, and vertebral orthosis but without

spinal implant. To assess motor performance, high-resolution kinematic recordings of

whole-body movement were conducted during basic walking and skilled locomotion

across a horizontal ladder. In the chronic stages, the behavior of rats with soft im-

plants was indistinguishable from that of sham-operated animals (Fig. 5.2A, S5.6 and

Movie S2). By contrast, rats with stiff implants displayed significant motor deficits that

emerged around 1-2 weeks post-implantation and deteriorated over time. They failed

to accurately position their paws onto the rungs of the ladder (Fig. 5.2A). Even during

basic walking, rats with stiff implants showed pronounced gait impairments including

altered foot control, reduced leg movement, and postural imbalance (fig. S5.6). The

spinal cords were explanted after 6 weeks of implantation. Both soft and stiff implants

occupied the targeted location within the subdural space. Minimal connective tissue

was observed around the implants. To evaluate potential macroscopic damage to the

spinal cord that may explain motor deficits, the explanted lumbosacral segments were

reconstructed in 3D. A cross-sectional circularity index was calculated to quantify

changes in shape. All the rats with stiff implants displayed significant deformation

of spinal segments under the implant (p < 0.05, Fig. 2B), ranging from moderate to
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Figure 5.1 – Electronic dura mater, “e-dura,” tailored for the spinal cord. (A) Schematic cross-section of
the vertebral column with the soft implant inserted in the spinal subdural space. (B) Strain-stress curves
of spinal tissues, dura mater, implant materials, and complete e-dura. Plastics (polyimide), silicone,
e-dura, and dura mater responses are experimental data. Spinal tissue response is adapted from the
literature (see supplementary materials). (C) Illustration of the e-dura implant inserted in the spinal
subdural space of rats. (D) Optical image of an implant, and micrographs of the gold film and the
platinum-silicone composite. (E) Cross-section of an e-dura inserted in the spinal subdural space. (F) Re-
constructed 3D micro–computed tomography scans of the e-dura inserted in the spinal subdural space
covering L2 to S1 spinal segments in rats. The scan was obtained in vivo at week 5 after implantation.

extreme compression (fig. S5.7, Movie S2). Neuro-inflammatory responses at chronic

stages were visualized using antibodies against activated astrocytes and microglia (Fig.
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5.2C), two standard cellular markers for foreign body reaction [129]. As anticipated

from macroscopic damage, both cell types massively accumulated in the vicinity of

stiff implants (p < 0.05, Fig. 5.2C,S5.8). In striking contrast, no significant difference

was found between rats with soft implants and sham-operated animals (Fig. 5.2C,

S5.8). These results demonstrate the long-term biocompatibility of the soft implants.

Figure 5.2 – Biointegration. (A) Hindlimb kinematics during ladder walking 6 weeks after implantation.
Histogram plots reporting mean percentage of missed steps averaged per animal onto the rungs of the
ladder (n = 8 trials per rat, n = 4 rats per group). (B) 3D spinal cord reconstructions, including enhanced
views, 6 weeks after implantation. The arrowheads indicate the entrance of the implant into the subdural
space. Bar plots reporting mean values of spinal cord circularity index (4p × area/perimeter2). (C)
Photographs showing microglia (Iba1) and astrocytes (GFAP, glial fibrillary acidic protein) staining
reflecting neuroinflammation. Scale bars: 30 mm. Heat maps and bar plots showing normalized
astrocyte and microglia density. (D) Spinal cord model scanned using micro–computed tomography
without and with a soft or stiff implant. e-dura implant is 120 mm thick. The red line materialized
the stiff implant (25 mm thick), not visualized because of scanner resolution. Plot reporting local
longitudinal strain as a function of global strain. Statistical test: Kruskal-Wallis one-way analysis of
variance (*P < 0.05; **P < 0.01. Error bars: SEM.

We manufactured a model of spinal cord using a hydrogel core to simulate spinal

tissues, and a silicone tube to simulate the dura mater (fig. S5.9A). A soft or stiff im-

plant was inserted into the model (Fig. 5.2D). The stiff implant induced a pronounced

flattening of the simulated spinal cord, while the soft implant did not alter the circu-
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larity of the model (Fig. 5.2D, S5.10). To provide the model with realistic metrics, the

natural flexure of the spine was quantified in freely moving rats (fig. S9B). When the

model was bent, the stiff implant formed wrinkles that induced local compressions

along the hydrogel core. In contrast, the soft implant did not affect the smoothness of

simulated spinal tissues (Fig. S5.11). When the model was stretched, the stiff implant

slid relative to the hydrogel core, whereas the soft implant elongated together with

the entire spinal cord (Fig. 5.2D, S5.11). Reducing the thickness of the plastic implant

to 2.5μm improved bending stiffness and conformability. However, the ultra-thin,

plastic implant still failed to deform during motion of the soft tissue (Fig. S5.10).

Patterning extremely thin films into web-like systems offers alternative mechanical

designs for elastic surfaces [138] [139] [140]. For example, fractal-like meshes develop

into out-of-plane structures during mechanical loading, which facilitates reversible

and local compliance. Medical devices prepared with such 3D topologies can con-

form the curvilinear surface of the heart [141] and skin [139]. However, this type

of interfaces requires complex, multi-step processing and transient packaging. In

comparison, fabrication steps of e-dura are remarkably simple. Moreover, the shape

and unusual resilience of the soft implant greatly facilitate surgical procedures.

The composite electrodes of the soft implant displayed low impedance (Z = 5.2 ± 0.8 k

Ω at 1 kHz, n = 28 electrodes), and maintained the electrochemical characteristics of

platinum (Fig. 5.3A-B). Cyclic voltammograms of the composite electrodes remained

unchanged when the implant was stretched up to a strain of 45%. The high effective

surface area of the platinum-silicone composite produced a large cathodal charge

storage capacity of 46.9 ± 3.3 mC/cm2. This value is two orders of magnitude higher

than that of smooth platinum [142], and is smaller but comparable to that of highly

doped organic electrode coatings [143]. The composite electrode supported charge

injection limit of 57± 9μC/cm2, which is comparable to the injection limit of platinum

[142] (Fig. 5.3C, S5.12). These characteristics remained stable even after five million

electrical pulses, which corresponds to more than 30 hours of continuous stimulation

with clinically relevant parameters (40 Hz, charge-balanced, biphasic, 100 μA current

pulse, 0.2 ms pulse width).

To demonstrate the robustness of the soft implant against deformation experienced

by natural dura mater during daily living activities, we stretched the device to 20%

strain over one million cycles. The implant, the chemotrode, and the seven embed-

ded electrodes withstood the cyclic deformation, displaying minimal variation in

impedance over time (Fig. 5.3D, S5.13,S5.14, Movie S1). Assuming radical postural

changes approximately every 5 minutes, these results indicate that the soft implant

109



Chapter 5. Electronic dura mater for long-term multimodal neural interfaces

would survive mechanically for nearly a decade in a patient.

Electrode impedance and chemotrode functionality was evaluated over 5 weeks in

4 rats (n = 28 electrodes and 4 chemotrodes in total). Impedance at 1kHz remained

constant throughout the 5 weeks of implantation (Fig. 5.3E), demonstrating stability of

stretchable electrodes in vivo. Daily injections of drugs and hydrodynamic evaluations

of microfluidic channels after explantation (fig. S5.4) confirmed that the chemotrodes

remain operational for extended durations in vivo. These combined results demon-

strate electrochemical stability, mechanical robustness, and long-term functionality

of the soft electrodes and chemotrodes, abiding the challenging requirements for

long-term implantation.

We exploited the soft neurotechnology to tailor electronic dura mater for the brain

and spinal cord. An e-dura, consisting of a 3x3 electrode array, was placed over the

motor cortex of mice expressing the light sensitive channel Channelrhodopsin-2 in

the majority of neurons (Fig. 5.4A). The silicone substrate is optically transparent, en-

abling concurrent optical stimulation and neural recording. The cortical surface was

illuminated with a laser focused on distinct locations to activate neurons locally. The

spatial resolution of electrocorticograms recorded from the e-dura allowed extraction

of neuronal activation maps that were specific for each site of stimulation (Fig. 5.4A).

An e-dura was then inserted between the dura mater and motor cortex tissues (fig.

S5.5) to record electrocorticograms in conjunction with whole-body kinematic, and

leg muscle activity in freely moving rats (Fig. 5.4B). Power spectral density analysis

applied on electrocorticograms [144] identified standing and locomotor states over

several weeks of recordings (Fig. 5.4B, S5.15). To verify whether neural recordings

could also be obtained from an e-dura chronically implanted over spinal tissues,

electrospinograms were measured in response to electrical stimulation of the motor

cortex or the sciatic nerve. Descending motor command was reliably recorded (fig.

S5.16), and peripheral sensory feedback was detected with remarkable spatial and

temporal selectivity after 6 weeks of implantation (Fig. 5.4C, S5.16).

We finally exploited the e-dura to restore locomotion after spinal cord injury [31]

[69]. Adult rats received a clinically relevant contusion at the thoracic level, which

spared less than 10% of spinal tissues at the lesion epicenter, and led to permanent

paralysis of both legs (Fig. 5.4D). An e-dura covering lumbosacral segments (Fig. 5.1)

was used to engage spinal locomotor circuits located below injury. A serotonergic

replacement therapy (5HT1A/7 and 5HT2 agonists) [145] was injected through the

chemotrode, and continuous electrical stimulation was delivered on the lateral aspect

of L2 and S1 segments (40 Hz, 0.2 ms, 50-150 μA) [7]. The concurrent and co-localized
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Figure 5.3 – Properties of e-dura electrodes. (A) Magnitude and phase of elec- trode impedance recorded
in saline solution (pH 7.4). Spectra were collected before (�), at maximum elongation (�), and after (◦) a
uniaxial stretch cycle to 45% strain. (B) Cyclic voltammograms recorded in diluted sulfuric acid (pH 0.9)
during a uniaxial stretch cycle to 45% strain. Cyclic voltammetry (50 mV/s) reveals high current densities
through the electrode even at large strain. Peaks correspond to oxide formation (∗), oxide reduction (∗∗),
H+ adsorption (♦♦ ), and H+ desorption (♦) on Pt metal surfaces. (C) Charge injection limit of electrodes
(n = 4, mean TSD) and evolution after repeated pulsing. (D) Relative impedance modulus of electrodes
(n = 7, mean T SD) at 1kHz and at rest and after uniaxial fatigue cycling to 20% strain. Inset: electron
micrographs of an electrode after the first and one millionth stretch cycles. (E) Modulus and phase at 1
kHz (n = 28 total electrodes, mean T SD, across four rats) recorded in vitro, then in vivo immediately after
implantation and weekly until terminal procedure.

electrical and chemical stimulations enabled the paralyzed rats to walk (Fig. 5.4E).

Intrathecal delivery allowed a 4-fold reduction of injected drug volume compared

to intraperitoneal injection required to obtain the same facilitation of stepping (fig.

S5.17). Subdural drug delivery through the chemotrode eliminated side effects of

serotonergic agents on autonomic systems (fig. S17). The distributed electrodes
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delivered stimulation restricted to specific segments, which allowed facilitation of

left versus right leg movements (fig. S5.18, Movie S3). The e-dura mediated reliable

therapeutic effects during the 6-week rehabilitation period.

Figure 5.4 – Recordings and stimulation with e-dura. (A) e-dura implant positioned over the cortical
surface of a Thy1-ChR2-YFP (yellow fluorescent protein) mouse. Blue spot indicates laser location.
Cortical activation maps were reconstructed from normalized electrocorticograms, shown in white (150-
ms duration). (B) Power spectral density computed from motor cor- tex electrocorticograms recorded
3 weeks after e-dura implantation in rats. Increased neural activity in low- and high-frequency bands
differen- tiate cortical states during walking from those during standing. (C) Spinal cord activation
map was reconstructed from electrospinograms recorded 6 weeks after e-dura implantation in response
to left sciatic nerve stimulation. (D) Rats were implanted with a spinal e-dura covering lumbosacral
segments and received a severe spinal cord injury. (E) Recording without and with electrochemical
stimulation during bipedal locomotion under robotic sup- port after 3 weeks of rehabilitation. Stick
diagram decompositions of hind- limb movements are shown together with leg muscle activity and
hindlimb oscillations.

5.4 Discussion

We have introduced soft neural implants that show long-term bio-integration and

functionality within the central nervous system. Computerized and mechanical

simulations demonstrated that the biomechanical coupling between implants and

neural tissues is critical to obtain this symbiosis. Neural implants prepared with

elastic materials met the demanding static and dynamic mechanical properties of

spinal and brain tissues. Even in the subdural space, the soft implant triggered limited

foreign body reaction. This location enables local drug application reducing side
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effects, high-resolution neuronal recordings, and concurrent delivery of electrical

and chemical neuromodulation alleviating neurological deficits for extended periods

of time. The integration of tissue-matched implants with higher electrode density,

implantable pumps for drug delivery, and embedded electronics to read and write

into the nervous system in real-time requires additional technological developments.

While challenges lie ahead, e-dura holds promises for a new generation of diagnostic

and clinical interfaces.
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5.5 Materials and Methods

5.5.1 Soft e-dura materials and fabrication process

We designed and fabricated brain and spinal e-dura implants using soft neurotech-

nology. The spinal implant hosts seven electrodes, distributed along the length of

the implant in a 3-1-3 configuration array, and a microfluidic delivery system (sin-

gle channel). The brain implant consists of electrodes, patterned in a 3x3 matrix. A

generic fabrication process is presented in fig. S5.2. The fabrication steps of the three

components integrated in e-dura implants are detailed below.

Interconnects (fig. S5.2-1)

i) First a 100 μm thick substrate of polydimethylsiloxane (PDMS, Sylgard 184, Dow

Corning, mixed at 10:1, w:w, pre-polymer:cross-linker) was spin-coated on a 3” silicon

carrier wafer pre-coated with polystyrene sulfonic acid (water soluble release layer).

The PDMS substrate was then cured overnight in a convection oven (80°C). ii) Then a

customized Kapton© shadow mask patterned with the negative of the electrode layout

was laminated on the PDMS substrate. Thermal evaporation of 5/35 nm of chromi-

um/gold (Cr/Au) metal films through the shadow mask deposited the interconnect

tracks (Auto 360, Edwards).

Electrical passivation layer (fig. S5.2-2)

i) The interconnect passivation layer was prepared in parallel. A 5” wafer sized,

5mm thick slab of PDMS was produced and its surface was functionalized with a

1H,1H,2H,2H-perfluorooctyltriethoxysilane (Sigma-Aldrich) release monolayer under

weak vacuum. Two thin PDMS layers of 20μm thickness were sequentially spin-coated

on the thick PDMS slab, individually cured then treated with the debonding mono-

layer. In cross-section, the structure was a triple stack consisting of a thick PDMS slab

and two thin PDMS layers. The release coatings allowed for each of the 20μm thick

layers to be peeled off independently at a later stage. ii) Using a hollow glass capillary

of a pre-defined tip diameter, both 20 μm thick PDMS layers were simultaneously

punctured at locations corresponding to the sites of the electrodes.

Encapsulation (fig. S5.2-3)

i) Both PDMS triple stack and interconnect wafers were exposed to brief air plasma

activating the silicone surfaces. The triple stack was flipped upside down to align
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the punctured holes with the underlying electrodes. ii) The two pieces were brought

together to form a covalent bond. The thick PDMS slab was peeled off, leaving behind

the two 20 μm thick PDMS layers on top of the interconnects.

Soft platinum-silicone composite preparation and patterning (fig. S5.2-4)

i) e-dura electrode sites were coated with a customized platinum-silicone composite.

The conductive composite was a blend of platinum nano-micro particles and PDMS

(Sylgard 184, Dow Corning). The PDMS pre-polymer, mixed with its cross-linker,

was diluted in heptane in a 1:2 w:w ratio to create a low viscosity liquid. In a small

container, 100 mg of platinum microparticles (Pt powder, particle size 0.5-1.2 μm,

Sigma-Aldrich) was added to 5mg of PDMS (15 μL of heptane diluted PDMS). This

mixture was thoroughly stirred and put aside for evaporation of the heptane fraction.

The addition of 5mg doses of PDMS was repeated until the mixture (after heptane

evaporation) became a paste. Paste formation occurs when the PDMS content is 15-

20% by weight. Immediately before dispensing onto the electrode sites, the paste may

be thinned with a drop of pure heptane. ii) To form the active electrode coating, a bolus

of conductive composite paste was “printed” i.e. spread and pressed into the holes

of the upper encapsulation layer. iii) The upper encapsulation layer was then peeled

off, leaving bumps of conductive composite precisely at the active electrode sites.

The bottom 20μm thick PDMS layer remained permanently bonded to the electrode-

interconnect e-dura substrate, thereby providing electrical encapsulation. The array

was placed in a convection oven at 60°C overnight to ensure full polymerization of the

conductive paste.

Microfluidic and connector integration (fig. S5.2-5)

i) To form the microfluidic delivery system, an additional 80 μm thick PDMS layer was

bonded to the metallized e-dura substrate. This layer covered approximately a third of

the length of the implant and contained a central microfluidic channel (100x50 μm2

in cross section), terminating 2 mm caudally from the 3 caudal electrodes (Movie S1).

The connector side of the microchannel was interfaced with a polyethylene capillary

(0.008” i.d., 0.014” o.d., Strategic Applications Inc.) and sealed with a bolus of fast-cure

silicone (KWIK-SIL, World Precision Instruments). ii) A custom-made soft-to-wires

electrical connector was assembled for all the e-dura implants. De-insulated ends

of ‘Cooner’ wires (multistranded steel insulated wire, 300 μm o.d., Cooner wire Inc.)

were carefully positioned above the terminal pads of the gold film interconnects. The

electrical contact was enhanced by ‘soldering’ the wires to the contact pads with

a conductive polymer paste (H27D, component A, EPO-TEK) deposited below and
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around each electrical wire. To stabilize the connector, the ‘solder’ connection area

was flooded with a silicone adhesive to form a package (One component silicone

sealant 734, Dow Corning) (Fig. 5.1D).

Release (fig. S5.2-6)

i) The contour of the finished implant was cut out from the wafer using a razor blade.

The implant was released from the carrier wafer upon a brief immersion in water.

5.5.2 Description of the implants prepared for the biocompatibility

study

For the purpose of the biocompatibility study, we designed and fabricated soft e-dura

and stiff implants. Four copies of each type were fabricated and implanted chronically

in the subdural space of the lumbosacral spinal cord in healthy rats.

Soft implants

The e-dura were functional silicone implants, including both the microfluidic channel

and seven electrodes, and were designed to fit the intrathecal space of the spinal cord.

The implants were prepared following the process presented above.

Stiff implants

Stiff implants were cut out from 25 μm thick polyimide foil (KaptonTM-100HN,

DuPont). The intraspinal dwelling portion of these devices was 3.2 mm wide and 3 cm

long. The contour of the implant was cut out using a laser micromachining tool (LAB

3550, Inno6 Inc.) and had rounded edges to minimize tissue trauma during insertion.

At its caudal end, the implant integrated the same trans-spinal electrical connector as

the one used in the soft implants. However, neither electrodes nor interconnects were

patterned on the polyimide foil. The dummy connector was 8mm long, 11mm wide

and 2 mm thick and coupled seven insulated wires (multistranded steel insulated wire,

300 μm o.d., Cooner wire Inc.) that run sub-cutaneous away from the spinal orthosis

to a head mounted socket (12 pin male micro-circular connector, Omnetics corp.).
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Sham-operated rats

Sham-operated rats received an implant without intraspinal portion. The implant

consisted of the same connector as that used in the other two types of implants,

which was secured with the spinal orthosis, and then attached to seven wires running

subcutaneously, and terminating in a head-mounted Omnetics connector.

5.5.3 Mechanical spinal cord model (fig. S5.9A)

We assembled a spinal cord model to simulate the mechanical interaction between

spinal tissue and soft versus stiff implants after their positioning on the spinal tissue

and during dynamic movement of the spinal cord. Artificial dura mater and spinal

tissues were fabricated from PDMS and gelatin hydrogel, respectively ([146] [147]).

One end of a polystyrene rod (20 cm long, 3.2 mm diameter) was attached to the

drive shaft of a mixer. The mixer was positioned so that the rod was horizontal and

rotating about its long axis, approximately a centimeter above the surface of a hotplate.

Several grams of freshly prepared PDMS pre-polymer (Sylgard 184, Dow Corning) were

dispensed along the length of the rotating rod. By adjusting the rotation speed, the

distance between rod and hotplate, and the hotplate temperature, the thickness of

the PDMS film that coated the polystyrene rod was controlled. Following thorough

curing of the silicone coating, the polystyrene core was dissolved by immersion in

acetone overnight. Thorough rinsing and de-swelling of the silicone in water left a

PDMS tube with wall thickness ranging 80-120 μm. One end of the tube was pinched

and sealed with a bolus of fast-cure silicone (KWIK-SIL, World Precision Instruments),

the other end was trimmed to a total tube length of 8.5 cm. Artificial spinal tissue was

fabricated by pouring warm (≈ 40°C) gelatin solution (10% gelatin by weight in water,

gelatin from bovine skin, Sigma-Aldrich) into a silicone mold containing a cylindrical

cavity, 3.2mm in diameter and 10 cm long. The mold was then placed in a fridge

for 1h to allow for the gel to set. The gelatin ‘spinal tissue’ was recovered from the

mold and placed in a desiccator under mild vacuum for several hours. Partial loss

of water content caused shrinkage and stiffening of the gelatin ‘spinal tissue’. This

allowed for its insertion inside the surrogate dura mater tube together with a stiff

or soft implant. The assembled model was then immersed in water overnight to re-

hydrate the hydrogel ‘spinal tissue’ and secure the implant in the artificial intrathecal

space. The open end of the model was then sealed with quick setting silicone and the

model was ready for mechanical tests. Verification of the compression modulus of

the hydrogel was conducted through an indentation test. A large slab (6 cm thickness,

12cm diameter) of gelatin hydrogel was prepared and indented with a spherical

indenter (6 mm diameter) mounted on a mechanical testing platform (Model 42, MTS
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Criterion). By fitting a Hertz contact model to experimental force versus displacement

data we obtained a compressive elastic modulus of 9.2±0.6 kPa (n=5 test runs) for the

10% gelatin hydrogel. Indentation of rat spinal cords yields closely comparable values

[148].

5.5.4 In vitro electrochemical characterization of e-dura electrodes

In vitro Electrochemical Impedance Spectroscopy of e-dura electrodes under stretch
(Fig. 5.3A, E, S5.13)

We developed an experimental set-up combining electrochemical impedance spec-

troscopy with cyclic mechanical loading. The e-dura implant under test was mounted

in a customized uni-axial stretcher and immersed in saline solution to conduct elec-

trochemical characterization of the electrodes following different stretching protocols.

Electrochemical Impedance Spectroscopy measurements were conducted in phos-

phate buffered saline (PBS, pH 7.4, Gibco) at room temperature using a three-electrode

setup and a potentiostat equipped with a frequency response analyzer (Reference

600, Gamry Instruments). A 5 cm long Pt wire served as counter electrode and a

Standard Calomel Electrode (SCE) as reference. Impedance spectra were taken at

the open circuit potential. The excitation voltage amplitude was 7mV. Impedance

spectra of individual electrodes were measured at tensile strains of 0%, 20% and 45%.

Stretching in PBS of the e-dura implants was conducted in a LabView-controlled,

custom-built uniaxial tensile stretcher programmed to actuate two clamps moving in

opposite directions along a horizontal rail. Each clamp held a stiff plastic rod pointing

downwards from the plane of motion. The lower halves of the rods were submerged in

a vessel holding electrolyte. The device under test was attached to the submerged part

of the rods with silicone glue (KWIK-SIL, World Precision Instruments), so that the

motion of the clams was transferred to the device under test (Movie S1). The stretcher

was programmed to hold the implant under test at a specific strain or to execute a

pre-set number of stretch-relaxation cycles (for example 0%-20%-0% at a stretch rate

of 40% /s).

Cyclic Voltammetry (CV) of electrodes under stretch (Fig. 5.3B)

CV responses were recorded in 0.15M H2SO4 (pH 0.9) under N2 purge. A potential

scan rate of 50 mV/s was used within the potential range of -0.28 V to +1.15 V (vs. SCE).

Due to the difference in pH, this potential range corresponds to -0.6 V to +0.8 V (vs.

SCE) in PBS. For each tested electrode, 20 priming cycles (1,000 mV/s) were applied to

allow the electrode to reach a steady state.
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Charge injection capacity (CIC) of e-dura electrodes (fig. S5.12, 5.3C)

CIC is a measure of the maximum charge per phase per unit area an electrode coating

can deliver through reversible surface reactions. For CIC determination, electrodes

with the platinum-silicone composite coating were immersed in PBS and cathodic-

first, biphasic current pulses (200 μs per phase) were passed between the electrode

and a large platinum counter electrode. A pulse stimulator (Model 2100, A-M Systems)

delivered the current pulses, and the electrode polarization (vs. SCE) was recorded on

an oscilloscope (DPO 2024 Digital Phosphor Oscilloscope, Tektronix). The amplitude

of the current pulses was gradually increased until the electrode under test was polar-

ized just outside the water window (the instantaneous polarization of the electrodes

due to Ohmic resistances in the circuit was subtracted from voltage traces). For exper-

iments where the CIC was determined after cyclic pulse delivery, the repeating pulses

were charge balanced, biphasic (200 μs per phase) with amplitude of 100 μA.

5.5.5 In vivo Electrochemical Impedance Spectroscopy of e-dura elec-

trodes (fig. 5.3E)

The impedance of e-dura electrodes implanted over lumbosacral segments were

recorded using a bipolar electrode configuration (working and counter electrode only).

The counter electrode was a ‘Cooner’ wire whose de-insulated tip was implanted in the

osseous body of vertebra L1. As with in vitro measurements, impedance spectra were

obtained with a potentiostat equipped with a frequency response analyzer (Reference

600, Gamry Instruments) using the same settings. Weekly electrochemical impedance

spectroscopy measurements of all electrodes were made in fully awake rats held by an

experienced handler.

5.5.6 Scanning Electron Microscopy of e-dura electrodes (fig. S5.14)

Scanning electron microscopy (Zeiss Merlin FE-scanning electrode microscope) was

used to visualize e-dura electrodes under tensile strain. Prior to imaging, a 5nm thick

layer of platinum was sputtered on the implant under investigation. To image the

electrode active sites under tensile strain in situ, the e-dura implant was mounted and

stretched in a custom-made miniature stretcher that can be inserted in the microscope

chamber.
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5.5.7 Mechanical characterization of the platinum-silicone compos-

ite (fig. S5.3)

A block of platinum-silicone composite was cut to produce a high aspect-ratio pillar

of 3 mm height and 480 μm x 110 μm rectangular base. The sample was glued to a

glass slide so that the pillar’s long axis was vertical (sticking out of the plane of the

glass slide). A miniature force probe (FT-S10000 Lateral Microforce Sensing Probe,

FemtoTools) applied a force at the tip of and normal to the pillar. Using beam bending

theory, the geometry of the beam, and its force-displacement characteristics, we

computed a value for the composite’s Young’s modulus of 10 MPa.

5.5.8 Tensile mechanical properties of rat spinal cord (Fig. 5.1B)

A section of rat dura mater was explanted from a 2-month old Lewis rat and cut to a

strip with dimensions of 3.4 mm x 1 mm. Immediately post explantation, each end of

the strip was secured to a glass cover slip using a fast acting cyanoacrylate adhesive.

The cover slips were inserted into the clamps of a tensile testing platform (Model 42,

MTS Criterion). Extension at strain rate of 0.5%/s was continuously applied until the

dura mater sample failed. The thickness of the dura mater sample was determined

from optical micrographs. During the process of mounting and stretching, the dura

mater sample was kept hydrated with saline dispensed from a micropipette. The

stress(strain) response plotted Fig. 5.1B for spinal tissues was adapted from ([147]).

5.5.9 Animal groups and surgical procedures

All surgical procedures were performed in accordance with Swiss federal legislation

and under the guidelines established at EPFL. Local Swiss Veterinary Offices approved

all the procedures. Experiments were performed on Lewis rats (LEW/ORlj) with initial

weight of 180-200 g.

Animal groups

• In the biocompatibility study, rats received either a sham (n=4), stiff (n=4) or

soft (n=4) implant. Prior to surgery rats were handled and trained daily in the

locomotor tasks for three weeks. These tasks included walking overground along

a straight runway, and crossing a horizontal ladder with irregularly spaced rungs.

Prior to the training, rats underwent a mild food deprivation and were rewarded

with yoghurt at the end of each trial. The body weight was monitored closely;
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in case of weight loss the food deprivation was adjusted. The animals were

terminated 6 weeks post-implantation.

• In the study with electrochemical spinal cord stimulation, rats (n=3) were first

implanted with an e-dura over lumbosacral segments, and with bipolar elec-

trodes into ankle muscles to record electromyographic (EMG) activity. After 10

days of recovery from surgery, they received a spinal cord injury.

• Recording of electrospinograms were obtained in a separate group of rats that

were implanted with an e-dura over lumbosacral segments, and with bipolar

electrodes into ankle muscles of both legs. Recordings were obtained after 6

weeks of implantation.

• Recording of electrocorticograms were obtained in a group of rats (n = 3) that

were implanted with an e-dura over the leg area of the motor cortex, and with

bipolar electrodes into ankle muscles of both legs. These rats followed the same

behavioral training as rats in the biocompatibility group.

• Recording of electrocorticograms following optical stimulation were obtained

in Thy1-ChR2-YFP transgenic mice (Jackson Laboratories, B6.Cg-Tg-(Thy1-

COP4/EYFP)18Gfng/J) under acute, anesthetized conditions.

Implantation of e-dura into the spinal subdural space (fig. S5.5A-B)

The e-dura were implanted under Isoflurane/Dorbene anesthesia. Under sterile

conditions, a dorsal midline skin incision was made and the muscles covering the

dorsal vertebral column were removed. A partial laminectomy was performed at

vertebrae levels L3-L4 and T12-T13 to create entry and exit points for the implant.

To access the intrathecal space, a 3mm long mediolateral incision was performed in

the dura mater at both laminectomy sites. A loop of surgical suture (Ethilon 4.0) was

inserted through the rostral (T12-T13) dura mater incision and pushed horizontally

along the subdural space until the loop emerged through the caudal (L3-L4) dura

mater incision. The extremity of the implant was then folded around the suture loop.

The loop was then retracted gently to position the implant over the spinal cord. A small

portion of the implant protruded beyond the rostral dura mater incision and could be

manipulated with fine forceps to adjust the mediolateral and rostrocaudal positioning

of the implant. Electrophysiological testing was performed intra-operatively to fine-

tune positioning of electrodes with respect to lumbar and sacral segments [7]. The

protruded extremity of the implant became encapsulated within connective tissues,

which secured positioning of the implant in the chronic stages. The soft-to-wires (and

microfluidic) connector was secured to the bone using a newly developed vertebral
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orthosis. The connector was first positioned above the vertebral bone. Four micro-

screws (Precision Stainless Steel 303 Machine Screw, Binding Head, Slotted Drive, ANSI

B18.6.3, # 000-120, 0.125) were inserted into the bone of rostral and caudal vertebrae.

Surgical suture (Ethilon 4.0) was used to form a cage around the micro-screws and

connector. The walls of the cage were plastered using freshly mixed dental cement

(ProBase Cold, Ivoclar Vivadent) extruded through a syringe. After solidification of the

dental cement, the electrical wires and microfluidic tube were routed sub-cutaneously

to the head of the rat, where the Omnetics electrical connector and the microfluidic

access port were secured to the skull using dental cement. The same method was used

to create the vertebral orthosis for stiff and sham implants in the biocompatibility

study.

Implantation of e-dura into the cortical subdural space (fig. S5.5C-D)

The e-dura were implanted under Isoflurane/Dorbene anesthesia. Under sterile

conditions, 2 trepanations were performed on the left half of the skull to create two

windows rostral and caudal to the leg area of the motor cortex. The first window

was located cranially with respect to the coronal suture, while the second window

was located cranially with respect to the interparietal suture. Both windows were

located close to sagittal suture in order to position the center of the e-dura electrodes

1 mm lateral and 1mm caudal relative to the bregma. The surgical insertion technique

developed for passing e-dura into the spinal subdural space was also used to implant

e-dura into the cortical subdural space. Excess PDMS material was cut in the cranial

window, and the edge of the implants sutured to the dura mater using a Ethilon 8.0

suture. The exposed parts of the brain and external part of the e-dura were covered

with surgical silicone (KWIK-SIL). A total of 4 screws were implanted into the skull

around the e-dura connector before covering the entire device, the connector, and

the percutaneous amphenol connector with dental cement. Implantation of elec-

trodes to record muscle activity All the procedures have been reported previously

[7]. Briefly, bipolar intramuscular electrodes (AS632; Cooner Wire) were implanted

into the tibialis anterior and medial gastrocnemius muscles, bilaterally. Recording

electrodes were fabricated by removing a small part (1 mm notch) of insulation from

each wire. A common ground wire (1 cm of Teflon removed at the distal end) was

inserted subcutaneously over the right shoulder. All electrode wires were connected to

a percutaneous amphenol connector (Omnetics Connector Corporation) cemented to

the skull of the rat. The proper location of EMG electrodes was verified post-mortem.
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Spinal cord injury

Under Isoflurane/Dorbene anesthesia, a dorsal midline skin incision was made from

vertebral level T5 to L2 and the underlying muscles were removed. A partial laminec-

tomy was performed from around T8 to expose the spinal cord. The exposed spinal

cord was then impacted with a metal probe with a force of 250 kDyn (IH-0400 Im-

pactor, Precision Systems and Instrumentation). The accuracy of the impact was

verified intra-operatively, and all the lesions of the animals used in this study were

reconstructed post-mortem.

5.5.10 Rehabilitation procedures after spinal cord injury

Rats with severe contusion spinal cord injury were trained daily for 30min, starting

7 days post-injury. The neurorehabilitation program was conducted on a treadmill

using a robotic bodyweight support system (Robomedica) that was adjusted to pro-

vide optimal assistance during bipedal stepping [31] [7]. To enable locomotion of

the paralyzed legs, a serotonergic replacement therapy combining quipazine (0.03

ml) and 8-OHDPAT (0.02 ml) was administered through the microfluidic channel of

chronically implanted e-dura, and tonic electrical stimulation was delivered through

the electrodes located overlying the midline of lumbar (L2) and sacral (S1) segments

(40Hz, 0.2ms pulse duration, 50-200 μA) [7].

5.5.11 Histology and Morphology of explanted spinal cord

Fixation and explantation

At the end of the experimental procedures, rats were perfused with Ringer’s solu-

tion containing 100 000 IU/L heparin and 0.25% NaNO2 followed by 4% phosphate

buffered paraformaldehyde, pH 7.4 containing 5% sucrose. The spinal cords were

dissected, post-fixed overnight, and transferred to 30% phosphate buffered sucrose

for cryoprotection. After 4 days, the tissue was embedded and the entire lumbosacral

tract sectioned in a cryostat at a 40 μm thickness.

3D reconstruction of the spinal cord (Fig. 5.2B, S5.7)

To assess spinal cord morphology, a Nissl staining was performed on 25 evenly spaced

lumbosacral cross-sections separated by 0.8 mm, for each rat. The slides were as-

sembled into the Neurolucida image analysis software (MBF Bioscience, USA) to

reconstruct lumbosacral segments in 3D. Spinal cord compression was quantified us-
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ing a circularity index defined as 4π area/perimeter2. Circularity index was measured

for all the slices, and averaged for each rat to obtain a mean value that was compared

across groups.

Immunohistochemistry protocols (Fig. 5.2C, S5.8)

Microglial and astrocytic reactivity was revealed by performing immunohistological

staining against glial fibrillary acidic protein (GFAP) and ionized calcium binding

adapter molecule 1 (Iba1), respectively. Briefly, lumbosacral spinal cord coronal sec-

tions were incubated overnight in serum containing anti-Iba1 (1:1000, Abcam, USA)

or anti-GFAP (1:1000, Dako, USA) antibodies. Immunoreactions were visualized with

appropriate secondary antibodies labeled with Alexa fluor® 488 or 555. A fluorescent

counterstaining of the Nissl substance was performed with the Neurotrace 640/660

solution (1:50, Invitrogen, USA). Sections were mounted onto microscope slides us-

ing anti-fade fluorescent mounting medium and covered with a cover- glass. The

tissue sections were observed and photographed with a laser confocal fluorescence

microscope (Leica, Germany).

Immunostaining quantification

Immunostaining density was measured offline using 6 representative confocal images

of lumbosacral segments per rat. Images were acquired using standard imaging set-

tings that were kept constant across rats. Images were analyzed using custom-written

Matlab scripts according to previously described methods [31]. Confocal output

images were divided into square regions of interest (ROI), and densities computed

within each ROI as the ratio of traced fibers (amount of pixels) per ROI area. Files were

color-filtered and binarized by means of an intensity threshold. Threshold values were

set empirically and maintained across sections, animals and groups. All the analyses

were performed blindly.

5.5.12 μ-Computed Tomography

Spinal cord model (Fig 5.2D, S5.10)

Non-destructive computed tomography (CT) reconstructions of the spinal cord model

were obtained with a Skyscan 1076 scanner (Bruker microCT, Kontich, Belgium).

The following settings were used: accelerating voltage 40 kV, accelerating current

250 μA, exposure time per image 180 ms, angular resolution 0.5°. The resultant

projection images were reconstructed into 3D renderings of the model using NRecon
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and GPURecon Server (Bruker microCT, Kontich, Belgium). The resultant volumetric

reconstructions had a voxel size of 37 μm. This limit prevented the direct visualization

of stiff implants, whose thickness was 25 μm.

In-vivo implant imaging (Fig. 5.1F)

Imaging of implanted e-dura (5 weeks post implantation) was conducted in the same

scanner. Rats were kept under Isoflurane anesthesia during the scan to reduce motion

artifacts. Scanner settings were adjusted to avoid artefacts induced by metallic parts of

the spinal orthosis (typical settings were: 1 mm aluminum filter, voltage 100 kV, current

100 μA, exposure time 120 ms, rotation step 0.5). Prior to imaging, a contrast agent

(Lopamiro 300, Bracco, Switzerland) was injected through the microfluidic channel of

the implants to enable visualization of soft tissues and e-dura. Segmentation and 3D

model were constructed with Amira® (FEI Vizualisation Sciences Group, Burlington,

USA).

5.5.13 Recordings and analysis of muscle activity and whole-body

kinematics (Fig. 5.2, 5.4, S5.6, S5.17, S5.18)

Bilateral hindlimb kinematics were recorded using 12 infrared motion capture cameras

(200 Hz; Vicon). Reflective markers were attached bilaterally overlying iliac crest,

greater trochanter (hip), lateral condyle (knee), lateral malleolus (ankle), distal end

of the fifth metatarsal (limb endpoint) and the toe (tip). Nexus (Vicon) was used to

obtain 3D coordinates of the markers. The body was modeled as an interconnected

chain of rigid segments, and joint angles were generated accordingly. Muscle activity

signals (2 kHz) were amplified, filtered (10–1000 Hz bandpass) and recorded using

the integrated Vicon system. Concurrent video recordings (200 Hz) were obtained

using two cameras (Basler Vision Technologies) oriented at 90° and 270° with respect

to the direction of locomotion ([31] [7]). A minimum of 8 gait cycles was extracted

for each experimental condition and rat. A total of 135 parameters quantifying gait,

kinematics, ground reaction force, and muscle activity features were computed for

each limb and gait cycle according to methods described in detail previously ([31] [7]).

These parameters provide a comprehensive quantification of gait patterns ranging

from general features of locomotion to fine details of limb motion. The entire list of

135 computed parameters is described in table S5.19.

125



Chapter 5. Electronic dura mater for long-term multimodal neural interfaces

Principal component analysis

The various experimental conditions led to substantial gait changes, which were

evident in the modification of a large proportion of the computed parameters. In

order to extract the relevant gait characteristics for each experimental condition,

we implemented a multi-step statistical procedure based on principal component

(PC) analysis ([31] [7]). PC analyses were applied on data from all individual gait

cycles for all the rats together. Data were analyzed using the correlation method,

which adjusts the mean of the data to zero and the standard deviation to 1. This is a

conservative procedure that is appropriate for variables that differ in their variance

(e.g. kinematic vs. muscle activity data). PC scores we extracted to quantify differences

between groups or conditions. Analysis of factor loadings, i.e. correlation between

each variable and PC, identified the most relevant parameters to explain differences

illustrated on each PC.

5.5.14 Acute recordings of electrocorticograms in mice (Fig. 5.4A)

Thy1-ChR2-YFP mice were anesthetized with Ketamine/Xylasine and head-fixed in a

stereotaxic frame (David Kopf Instruments). A 2x2 mm2 craniotomy was performed

over the leg area of the motor cortex, which was verified by the induction of leg

movements in response to optogenetic stimulation. The e-dura was placed over

the exposed motor cortex and covered with physiological saline. We employed a

diode-pumped solid state blue laser (473 nm, Laserglow technologies) coupled via a

FC/PC terminal connected to a 200 μm core optical fiber (ThorLabs) to deliver optical

stimulation. Using a micromanipulator, the fiber was placed at the center of each

square formed by 4 adjacent electrodes. Optical stimulation was delivered through the

transparent elastomeric substrate to illuminate the surface of the motor cortex. A train

of light pulses was delivered at 4 Hz, 9 ms duration, 30 mW intensity for each site of

stimulation. Electrocorticograms were recorded using the same methods as employed

in rats. For each electrode, the amplitude of light-induced electrocorticograms was

extracted, normalized to the maximum recorded amplitude for that electrode, and

the peak to peak amplitude calculated. The values measured across all the electrodes

were used to generate color-coded neuronal activation maps.

5.5.15 Long-term in vivo recordings of electrocorticograms in freely

behaving rats (Fig. 5.4B, S5.15)

Electrocorticograms were measured in conjunction with whole body kinematics and

muscle activity recordings during standing and walking in freely behaving rats (n=3

126



5.5. Materials and Methods

rats). The rats were tested every week for 3 weeks after chronic implantation of the

e-dura over the hindlimb area of the motor cortex. A lateral active site integrated in the

e-dura was used as a reference for differential amplification. A wire ground was fixed

to the skull using a metallic screw. Differential recordings were obtained using a TDT

RZ2 system (Tucker Davis Technologies), amplified with a PZ2 pre-amplifier, sampled

at 25 kHz, and digital band-passed filtered (0.1-5000 Hz). Raw electrocorticograms

were elaborated using previously described methods [145], which are summarized in

fig. S5.15. Kinematic and muscle activity recordings were used to dissociate standing

and walking states.

5.5.16 Chronic recordings of electrospinograms (Fig. 5.4C, S5.16)

Recordings of electrical potentials from the electrodes integrated in the chronically

implanted e-dura, which we called electrospinograms, were performed after 6 weeks

of implantation (n=3 rats). Experiments were performed under urethane (1 g/kg, i.p.)

anesthesia. Both electrospinograms and muscle activity were recorded in response

to stimulation delivered to peripheral nerve or motor cortex. The sciatic nerve was

exposed, and insulated from the surrounding tissue using a flexible plastic support.

A hook electrode was used to deliver single biphasic pulses of increasing amplitude,

ranging from 150 to 350 μA, and 100 μs pulse-width, at 0.5 Hz. Each trial was com-

posed of at least 30 pulses. Responses measured in chronically implanted muscles and

from each electrode integrated in the e-dura, were extracted and triggered-averaged.

To elicit a descending volley, a custom-made wire electrode was inserted overlying the

leg area of the motor cortex, in direct contact with the dura mater. Current controlled

bi-phasic pulses were delivered every minute using a 1mA, 1ms pulse-width stimulus.

Responses were then extracted, and triggered-averaged. Signals were recorded using a

TDT RZ2 system (Tucker Davis Technologies), amplified with a PZ2 Pre-amplifier, and

sampled at 25 kHz with a digital band-passed filtered (1-5000 Hz). Electrospinograms

were recorded differentially from each active site of the implants with respect to a

reference fixed to one of the bony vertebrae. The latency, amplitude, and amplitude

density spectrum of the recorded signals were analyzed offline.

5.5.17 Electrochemical stimulation of the spinal cord (Fig. 5.4E, S5.17)

Electrochemical stimulation protocols were selected based on an extensive amount

of previous studies in rats with spinal cord injury ([31] [145] [7]). The chemical stim-

ulation used during training was administered through the microfluidic channel

integrated in the chronically implanted e-dura. After 1-2 minutes, subdural elec-

trical stimulation currents were delivered between active electrodes located on the
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lateral aspect or midline of sacral (S1) and lumbar (L2) segments, and an indifferent

ground located subcutaneously. The intensity of electrical spinal cord stimulation

was tuned (40 Hz, 20-150 μA, biphasic rectangular pulses, 0.2 ms duration) to obtain

optimal stepping visually. To demonstrate the synergy between chemical and electri-

cal stimulation, we tested rats without any stimulation, with chemical or electrical

stimulation alone, and with concurrent electrochemical stimulation. To demonstrate

the previously inaccessible capacity to facilitate specific aspects of locomotion with

subdural electrical stimulation, we delivered electrical stimulation using electrodes lo-

cated on the lateral aspects of lumbar and sacral segments, and compared locomotor

movements with stimulation delivered bilaterally.

5.5.18 Statistical analysis

All the displayed quantifications are reported as mean values ± SEM (standard error of

mean), unless otherwise stated. Statistical evaluations were performed using paired

Student’s t-test, one-way analysis of variance (ANOVA), repeated-measure ANOVA or

Friedman test, depending on the experimental design. In case of limited number of

measurements, we used their non-parametric equivalents: Wilcoxon ranksum test and

Kruskal-Wallis one-way analysis of variance. The Tukey’s range test and Bonferroni

procedure were applied to test post-hoc differences when appropriate.

5.6 Supplementary text

5.6.1 Deformation analysis of the spinal cord - implant model (fig.

S5.10)

The biomechanical coupling of the implant with the spinal cord depends on the

implant’s materials and geometry, and the mechanical response of the spinal cord.

Influence of implant bending stiffness

Bending stiffness is defined by eq. 5.1:

D = Et 3

12(1−ν2)
(5.1)

where E and ν are Young’s modulus and Poisson’s ratio of the implant material, re-

spectively, and is the thickness of the implant. We neglected the contribution of the

128



5.6. Supplementary text

thin metal interconnects on the overall implant mechanical behavior. If the bend-

ing stiffness of the implant is large compared to that of the surrounding tissue, the

implant cannot accommodate the deformation of the tissue. In the context of an

implant inserted in the intrathecal space, this translates in compression of the spinal

tissue. We used plane strain finite element simulation to investigate the effect of

bending stiffness of the implant on the deformation of spinal tissues and quantified

the resulting maximum principal logarithmic strain inside the hydrogel ‘spinal tissue’.

When the bending stiffness of the implant is much higher than that of dura mater, the

implant distorts the spinal tissue. The lower the bending stiffness, the less interference

is induced by the implant. Ideally the bending stiffness of the implant should be as low

as possible. In practice, bending stiffness comparable to dura mater may be sufficient,

as demonstrated with results obtained with the soft e-dura implants.

Influence of tensile stiffness mismatch (fig. S5.10C)

Tensile stiffness is defined in eq. 5.2:

S = E A (5.2)

with A, the cross-sectional area of the structure perpendicular to the tensile/com-

pression direction and E, the Young’s modulus of the implant material. We define

three zones along the length of the spinal cord model: in zone 1, the spinal tissue is

implant-free, in zone 2, the implant sits above the spinal tissues, and zones 3 depict

the transition between zones 1 and 2.

Except for the transition region of the size comparable to the diameter of the spinal

cord, the strain of the regions 1 and 2 should be homogeneous. By force balance we

will have:

S1ε1 = S2ε2 (5.3)

with ε1 and ε2 the strain in zone 1 and 2 respectively.

If the implant is very stiff, then S1 >> S2. As a result, ε1 << ε2 and the implant will

severely limit the motion of the spinal tissue. A stiff implant may also result in debond-

ing during stretch. The debonded implant will slide relative to the spinal cord and

dura mater as the animal moves. Such repetitive relative movements may trigger

and maintain neuroinflamation in the spinal tissue. The energy release rate G for
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debonding is expressed in eq. 5.4:

G = S2ε
2
2

2w
− S1ε

2
1

2w
(5.4)

where is the bonding width of the implant (25). When an overall strain εapp is applied

along the spinal cord system,

lεapp = l1ε1 + l2ε2 (5.5)

Once the implant material and geometry are selected, , and can be resolved with

equations (5.3)-(5.4)-(5.5). The table below summarizes these parameters when the

spinal cord-implant model is stretched by 10% strain, and compares the different

coverage rate of the implant, characterized by the ratio l1/l , for the soft (PDMS) and

stiff (polyimide) implants. Two thicknesses of polyimide implants are simulated (25

μm and 2.5 μm). The bending stiffness of an extremely thin (2.5 μm) polyimide is

negligible compared to that of a 25 μm thick polyimide film (fig. S5.10).

120 μm PDMS 25 μm Polyimide 2.5 μm Polyimide

(S1/S2 = 1.33) (S1/S2 = 88.13) (S1/S2 = 9.71)

l1/l ε1 ε2 G ε1 ε2 G ε1 ε2 G

10% 7.7% 10.3% 1.0 J/m2 0.1% 11.0% 4.4 J/m2 0.1% 11.0% 3.9 J/m2

50% 8.6% 11.4% 1.2 J/m2 0.2% 19.8% 13.9 J/m2 0.2% 18.1% 10.6 J/m2

90% 9.7% 12.9% 1.5 J/m2 1.0% 90.7% 291.9 J/m2 5.0% 51.9% 86.7 J/m2

A stiff implant, even extremely thin, severely constraints the motion of the underlying

spinal tissues (0.1% < ε1 <1% for εapp l = 10%). Furthermore, as the coverage rate

increases, the strain in zone 2 (outside of the implant coverage) is rapidly increasing

reaching 50% (2.5 μm thick implant) and 90% (25 μm thick implant) (for εapp l = 10%)

when the implant covers 90% of the length of the spinal cord. As the result of this

strain concentration, the energy release rate for debonding is one order of magnitude

higher than a soft e-dura implant made of PDMS.
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5.7 Supplementary videos

5.7.1 Movie S1: Electronic dura mater.

This movie illustrates the resilience of the e-dura under various conditions, and shows

a 3D rendering of a computed tomography scan of the e-dura inserted in the spinal

subdural space of a rat.

5.7.2 Movie S2: e-dura bio-integration.

This movie shows leg kinematics during locomotion along a horizontal ladder for

a sham-operated rat, a rat implanted with the e-dura and a rat implanted with a

stiff implant, and a 3D rendering of the reconstructed spinal cords after 6 weeks of

implantation.

5.7.3 Movie S3: e-dura applications.

This movie shows leg kinematics during bipedal locomotion on a treadmill under

various combinations of chemical and electrical stimulation of lumbosacral segments

for a rat that received a severe spinal cord injury leading to permanent paralysis.

Videos are available on Science magazine website: http://science.sciencemag.org
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5.8 Supplementary figures

Supplementary Figure S5.1 – Tensile response of natural dura mater, silicone and e-dura implant.
Stress-strain curves of explanted rat dura mater, e-dura and plain membrane of silicone (PDMS). Both
e-dura (120 μm thick) and the plain silicone membrane (85 μm thick) are linearly elastic in the tested
strain range and poses similar elastic moduli of approximately 1.2 MPa. Freshly explanted spinal rat
dura exhibits a ‘J’ shaped stress-strain curve typical of collagen rich biomaterials. At elongations up to
approximately 10%, natural rat dura and e-dura exhibit similar tensile properties. Strain rate is 0.5%/s.
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Supplementary Figure S5.2 – Soft neurotechnology for e-dura implants.
The process flow, illustrated in cross-sectional views, consists of 6 main steps. (1) Elastomeric substrate
and stretchable interconnects fabrication. Patterning (2) and bonding (3) of interconnects’ passivation
layer. (4) Coating of the electrodes with a customized platinum-silicone composite screen-printed above
the electrode sites. (5) Integration of the PDMS microfluidic channel and connector. (6) Release of the
e-dura implant in water.
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Supplementary Figure S5.3 – Mechanical characterization of the platinum-silicone composite.
(A) To estimate the elastic modulus of the coating composite, we fabricated a high aspect ratio pillar with
a rectangular cross-section (L = 3 mm, h= 113 μm, w=480 μm, 4:1 w:w Pt:PDMS composite). The pillar
was then mounted vertically. (B) To obtain a force-displacement curve, we measured the force required to
deflect the free end of the pillar by a small distance Δx. We used a linear fit to the loading portion of the
force-displacement curve and bending beam theory to derive the Young’s Modulus (E) of the composite.
In this equation, I is the moment of inertia defined by the known cross-section dimensions of the beam, E
is the elastic modulus of the beam, and Fx is the force needed to produce a displacement Δx. We found
the elastic modulus of the platinum-silicone composite was approximately 10 MPa.

Supplementary Figure S5.4 – E-dura chemotrode: compliant fluidic microchannel.
(A) Determination of the hydrodynamic resistance of the microfluidic system. The continuous line displays
the fluid flow predicted by the Poiseuille-Hagen equation. Monitoring the hydrodynamic response
of the chemotrode before surgery and after explantation following 6 weeks of chronic implantation
demonstrated that the microfluidic channels do not become occluded with tissue or debris, and maintain
functionality during prolonged subdural implantation. (B) Blue-colored water was injected through
the chemotrode under different tensile conditions. The integrity and functionality of the microfluidic
channel was maintained when the implants was stretched up to a strain of 40%.
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Supplementary Figure S5.5 – Orthoses and surgical procedures for chronic e-dura implantation.
(A-B) Spinal e-dura. (A) Surgical procedure to slide the e-dura below the dura mater covering lumbar
segments. (B) Side view of the engineered vertebral orthosis that secures the e-dura connector, and ensures
long-term functionality of embedded electrodes and chemotrode in vivo. (C-D) Cortical e-dura. (C)
Surgical procedure to slide the e-dura below the dura mater covering the motor cortex. (D) Side view
describing the engineered cortical orthosis that secures the e-dura and its connector, ensuring chronic
recordings of electrocorticograms in freely moving rats.

135



Chapter 5. Electronic dura mater for long-term multimodal neural interfaces

Supplementary Figure S5.6 – Kinematic analysis of gait patterns during basic overground locomotion.
(A) Representative stick diagram decomposition of hindlimb movement during two successive gait cycles
performed along a horizontal unobstructed runway. Recordings were obtained 6 weeks after surgery
for a sham-implant rat, and for a rat implanted with an e-dura or a stiff implant, from left to right.
(B) A total of 135 parameters providing comprehensive gait quantification (Table S1) were computed
from high-resolution kinematic recordings. All the parameters computed for a minimum of 8 gait
cycles per rat at 6 weeks post-implantation were subjected to a principal component (PC) analysis. All
gait cycles (n = 102, individual dots) from all tested rats (n = 4 per group) are represented in the new
3D space created by PC1-3, which explained 40% of the total data variance. This analysis revealed
that sham-operated rats and rats with e-dura exhibited similar gait patterns, whereas rats with stiff
implants showed markedly different gait characteristics compared to both other groups. (C) To identify
the specific features underlying these differences, we extracted the parameters with high factor loadings
on PC1, and regrouped them into functional clusters (not shown), which we named for clarity. This
analysis revealed that rats with stiff implants displayed impaired foot control, reduced amplitude of
leg movement, and postural imbalance. To illustrate these deficits using more classic parameters, we
generated plots reporting mean values (± SEM) of variables with high factor loadings for each of the 3
identified functional clusters. Statistical test: Kruskal-Wallis ANOVA. ***, P < 0.001. **, P < 0.01. *, P <
0.05. ns, non-significant. Error bars: standard error of mean, SEM.
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Supplementary Figure S5.7 – Damage of spinal tissues after chronic implantation of stiff, but not soft,
implants.
3D reconstructions of lumbosacral segments for all 16 tested rats (3 groups of 4 animals), including
enhanced views. The spinal cords were explanted and reconstructed through serial Nissl-stained cross-
sections after 6-week implantation. Stiff implants induced dramatic damage of neural tissues, whereas
the soft implant had a negligible impact on the macroscopic shape of the spinal cord. The arrowheads
indicate the position of the entrance of the implant into the subdural space.
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Supplementary Figure S5.8 – Significant neuro-inflammatory responses after chronic implantation of
stiff, but not soft, implants.
Cross-section of the L5 lumbar segment stained for the neuro-inflammatory markers GFAP (astrocytes)
and Iba1 (microglia) after 6-week implantation. A representative photograph is shown for each group of
rats. The stiff implant leads to a dramatic increase in the density of neuro-inflammatory cells, whereas
the e-dura had a negligible impact on these responses. Scale bars, 500 μm.
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Supplementary Figure S5.9 – Model of spinal cord and experimental quantification of vertebral column
curvatures in freely behaving rats.
(A) The mechanical model of spinal cord is composed of a hydrogel that simulates spinal tissue, and
a silicone membrane that simulates the dura mater. The soft or stiff implant was inserted between
the hydrogel and the silicone membrane. The water trapped under the simulated dura mater ensured
constant lubrication of the entire implant. Both ends of the model were sealed with silicone forming
the clamping pads used in stretching experiments. (B) To measure the range of physiologically relevant
vertebral column curvatures, we recorded spontaneous movement of a healthy rat during exploration of
a novel environment. Reflective markers were attached overlying bony landmarks to measure motion of
the vertebral column. The photographs displayed the stereotypical motor behaviors that were extracted
for further analysis. For each behavior, we fitted a polynomial function through the inter-connected
chain of markers. The resulting curvatures are reported along the x-axis. Since the markers were attached
to the moving skin, the radii of curvature experienced by the vertebral column, and even more by the
spinal cord itself, are expected to be at least 1 to 2mm smaller. We used the measured radii of curvature to
define the bending limits applied to the spinal cord-implant model tested under flexion.
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Supplementary Figure S5.10 – Mechanical effects of implants on the model of spinal cord.
(A) Ratios of the mechanical properties of the materials used to prepare the soft (i.e. silicone) and stiff
(i.e. polyimide) implants. Bending stiffness describes the resistance of the implant towards flexion, while
tensile stiffness refers to the resistance of the implant towards elongation. Although the stiff implant is
five times thinner than the soft implant, its tensile and flexural stiffness are respectively two and one
orders of magnitude larger. (B) Micro-Computed Tomography (μCT) images and Finite Element (FE)
Simulation strain maps of the cross-sections of the model of spinal cord carrying a soft or a stiff implant.
No external deformation is applied to the model. The 25 μm thick polyimide implant is highlighted with
a dotted red line because the resolution of the μCT is not high enough to distinguish the thin plastic film.
The FE simulations depict the maximum logarithmic strain inside the model of spinal cord computed
with the geometry and materials properties of the spinal cord models and three implant configurations
(120 μm soft PDMS, 25 μm and 2.5 μm thick polyimide films). (C) Schematic longitudinal cross-section
of the model of spinal cord model carrying a stiff implant. The model system is stretched along the length
of the implant by 20% strain. The high tensile stiffness Sstiff = Estiff . tstiff of the implant compared
to that of the simulated spinal cord leads to nearly unstretched simulated spinal tissues immediately
underneath the implant and highly deformed spinal tissues away from the implant.
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Supplementary Figure S5.11 – Effect of tensile deformations on the implants and on the model of spinal
cord.
(A) To measure local strains, we tracked fiducial markers in the hydrogel ‘spinal tissue’ and on the soft or
stiff implant. Graphite powder particles were mixed with the hydrogel during gel preparation. Parallel
lines with 1mm inter-distance were drawn directly onto the surface of the implants. The model was flexed
to controlled bending radii, which covered the entire range of physiologically relevant spinal movement
determined in vivo (fig. S5.9). The soft implant conformed to the flexion of simulated spinal tissues.
The strain along the sagittal crest of the model (broken line) was determined experimentally (discrete
symbols) and compared to a geometrical prediction (continuous line). The stiff implant started wrinkling
with radii smaller than 30 mm. The amplitude of wrinkles, termed A, and the wavelength depended
on the bending radius. (B) The spinal cord - implant model was placed under uniaxial (global) tensile
stretch. Local strain was measured by tracking the displacement of pairs of particles in the gel (n=8 pairs),
or neighboring stripes on the implants (n=10 pairs). The graphs quantify locally induced strain in the
implant and in the hydrogel core (spinal tissues) as a function of the global applied strain to the model.
The soft implant stretched with the model of spinal cord. In contrast, there was a substantial mismatch
between the local strain inside the model and the induced deformation of the stiff implant. Consequently,
the stiff implant slid between the silicone and the hydrogel during stretch. Mean ± standard deviation
(SD).
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Supplementary Figure S5.12 – Determination of charge injection capacity of electrodes with platinum-
silicone coating.
(A) Charge-balanced, biphasic current pulses were injected through electrodes immersed in Phosphate
Buffer Saline solution (PBS). The duration of each pulse phase was fixed at 200 μs per phase, which
corresponds to the typical pulse duration used during therapeutic applications. (B) The amplitude of
the current pulses was gradually increased. As the current density flowing through the coating and
its polarization increased, a significant portion of the recorded voltage drop occurred in the electrode
interconnects and the electrolyte above the coating. (C) To obtain the true voltage transients at the coating
surface with respect to the reference electrode, the instantaneous polarization of the cell was subtracted.
The maximum safe current density was reached when the coating polarization exited the water window.
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Supplementary Figure S5.13 – Impedance spectroscopy of the soft electrodes under cyclic stretching to
20% strain.
(A) Apparatus for conducting electrochemical characterization of soft implants under tensile strain. The
ends of the implant were glued to two probes that are clamped to the jaws of a custom built extensimeter.
The implant and (partially) the probes were then submerged in Phosphate Buffered Saline solution (PBS).
The extensimeter applied pre-defined static strain to the implant, or performed a cyclic stretch-relax
program. A counter and a reference electrode were submerged in the electrolyte to complete the circuit
(not shown). (B) Representative impedance plots recorded from one electrode. The spectra were recorded
at 0% applied strain after 10, 1,000, 10,000, 100,000 and 1 million stretch cycles. Each stretch cycle lasted
1s. The implants remained immersed in PBS throughout the evaluations. The remaining 6 electrodes in
the tested implants exhibited a similar behavior.
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Supplementary Figure S5.14 – In-situ scanning electron micrographs of platinum-silicone coatings.
(A) Images collected during the first stretch cycle to 20% applied strain (from pristine electrode). Low
magnification scanning electron micrographs taken at 20% strain revealed the appearance of cracks, but
the absence of delamination. The high effective surface area of the composite coating is clearly visible
in medium magnification scanning electron micrographs (lower panels). (B) Images collected before
(cycle 0) and after one million stretch cycles to 20% strain. All the images were taken at 0% strain. High-
magnification scanning electron micrographs revealed the effects of fatigue cycling on the nano-scale
morphology of the composite coating.
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Supplementary Figure S5.15 – Motor cortex electrocorticograms reflect motor states in freely moving rats.
(A) Raw color-coded electrocorticograms recorded against the common average for each electrode of the
chronically implanted e-dura. Colors correspond to motor states (identified from video) and labeled
as continuous walking, transition between walking and standing, and standing. (B) Each electrocor-
ticogram was Fourier transformed into time resolved power spectral densities (trPSD), shown in units
of standard deviation (std). (C) trPSDs averaged across all electrodes. Each trPSD was normalized to
mean trPSD in each frequency in order to account for drop in power with increasing frequencies. The
transparent regions corresponds to the frequency sub-bands that were excluded from the analysis to
remove the effect of the 50Hz line noise and its higher order harmonics. (D) Mean ± SEM of power spectral
density for standing and walking states. To calculate the time-resolved power of electrocorticograms
within each contiguous band, we integrated the electrode-averaged trPSD across that band. We then
compared all time-resolved power measurements during walking periods against all time-resolved power
measurements during standing periods for each band using Wilcoxon rank-sum test. The low (LFB)
and high (HFB) frequency bands (shared areas) were identified as bands with the local minima of p
values. Histogram plots report the mean values ± SEM of electrode-averaged power in the identified
bands. ***, p < 0.001. p value corrected for multiple comparisons using Bonferroni correction (ntests
= 45,150 for each rat). (E) Electrode-averaged trPSD, identified low and high frequency bands, and
histogram plots reporting means ± SEM of power in identified bands for walking and standing states,
are shown for each rat (n = 3 rats in total). Elevated power in low and high frequency bands during
walking compared to standing is consistent with electrocorticogram recordings during hand movements
in humanspistohl2012decoding.
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Supplementary Figure S5.16 – Recordings of electrospinograms following peripheral nerve and brain
stimulation.
An e-dura was chronically implanted over lumbosacral segments for 6 weeks in 3 rats. Terminal experi-
ments were performed under urethane anesthesia. (A) Electrospinograms and left medial gastrocnemius
muscle activity were recorded in response to electrical stimulation of the left sciatic nerve. (B) Representa-
tive color-coded electrospinograms and muscle activity responses are displayed for increasing stimulation
intensities. Electrospinograms appeared at lower threshold than muscle responses, suggesting that e-dura
electrodes measured neural activity related to the recruitment of myelinated fibers. (C) Electrospinogram
mean amplitudes for left versus right side electrodes (10 trials per rat). Responses were significantly larger
on the stimulation side (t-test, ***, P < 0.001). (D) Correlation plot showing the relationship between
electrode location and the latency of electrospinogram responses. The locations are referred to the left L2
electrode, which is the closest to sciatic nerve afferent neurons. The measured neural conduction velocity
from lumbar to sacral segments, which was derived from the correlation line, is coherent with the con-
duction velocity of large-myelinated fibers. (E) Power spectrum of electrospinograms is condensed in the
region below 1,000Hz, which is consistent with a lead field potential signal, most likely arising from the
afferent volley and related synaptic events. These combined results demonstrate the high degree of spatial
and temporal selectivity in the neural recordings obtained with e-dura. (F) A stimulating electrode was
positioned over the motor cortex of the same rats (n = 3) to elicit a descending volley. (G) Representative
color-coded recording of an electrospinogram and muscle activity following a single pulse of motor cortex
stimulation. (H) Bar plot reporting the mean (10 trials per rat) latency (± SEM) of electrospinograms
and muscle activity responses following a single pulse of stimulation. Electrospinograms systematically
preceded muscle evoked responses (t-test, *, P < 0.05). (I) The power spectrum of electrospinograms was
condensed in the region below 1,000 Hz, which was consistent with a neural response related to multiple
descending pathways.
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Supplementary Figure S5.17 – Drug delivery through the chemotrode annihilates side effects.
(A) Rats (n = 4) were tested during bipedal locomotion under robotic support after 1 week of rehabilitation.
Recordings were performed without stimulation, and with concurrent electrochemical stimulation.
Chemical stimulation was delivered either intrathecally through the chemotrode, or intraperitonaelly.
The drug volumes were adjusted to obtain the same quality of stepping. Color-coded stick diagram
decompositions of hindlimb movements are shown together with muscle activity of antagonist ankle
muscles. (B) Drug volumes required to obtain optimal facilitation of locomotion for each serotonergic
agonist. (n = 4 rats). (C) Effects of optimal drug volumes on autonomic functions. Salivation and
micturition are reported using a visual scaling system ranging from 0 (baseline, no drug) to 5 (maximum
possible effects). (n = 4 rats).
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Supplementary Figure S5.18 – The electrochemical neuroprosthesis e-dura mediates specific adjustments
of locomotion.
(A) Spinal cord injured rats (n = 3) were recorded during bipedal locomotion on a treadmill after 3 weeks of
rehabilitation. The rats were tested without stimulation (spontaneous) and during various combinations
of chemical and/or electrical lumbosacral stimulations, as explained at the top and bottom of each panel.
For each condition, a color-coded stick diagram decomposition of left and right hindlimb movements
is displayed together with left and right muscle activity, and the color-coded duration of stance, swing,
and drag phases. Without stimulation, both legs dragged along the treadmill belt. Electrical stimulation
alone delivered at the level of lumbar (L2) and sacral (S1) electrodes, but only on the left side, induced
rhythmic movement restricted to the left leg. Chemical stimulation alone, composed of 5HT1A/7 and
5HT2 agonists, did not induce locomotion, but raised the level of tonic muscle activity in both legs. After
chemical injection, delivery of electrical stimulation on the left side induced robust locomotor movements
restricted to the left leg. The combination of chemical and bilateral electrical stimulation promoted
coordinated locomotor movements with weight bearing, plantar placement, and alternation of left and
right leg oscillations. (B) A total of 135 parameters providing comprehensive gait quantification (Table
S1) was computed from kinematic, kinetic, and muscle activity recordings. All the parameters were
subjected to a PC analysis, as described in fig. S5.6. All the gait cycles (n = 226, individual dots) from all
the tested rats (n = 3) and 3 healthy rats are represented in the new 3D space created by PC1-3, which
explained nearly 50% of the total data variance. The inset shows elliptic fitting applied on 3D clusters to
emphasize the differences between experimental conditions. The bar plot reports locomotor performance,
which was quantified as the mean values ± SEM of scores on PC1 (4). This analysis illustrates the graded
improvement of locomotor performance under the progressive combination of chemical and bilateral
electrical stimulation. Statistical test: Friedman test ANOVA. ***, P < 0.001. (C) To identify the specific
features modulated with chemical and electrical stimulation, we extracted the parameters correlating
with PC1 (factor loadings), and regrouped them into functional clusters, which we named for clarity. The
numbers refer to variables described in Table S1. (D) Mean values ± SEM of variables with high factor
loadings, for each of the 5 functional clusters, as highlighted in panel C. Statistical test: Friedman test
ANOVA. **, P < 0.01. *, P < 0.05. Error bars: standard error of mean, SEM.
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Supplementary Figure S5.19 – Computed kinematic, ground reaction force, and muscle activity variables.
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Chapter 6. Model-driven optimization of multipolar electrical stimulation of the
lumbosacral posterior roots using transversal epidural implant

6.1 Abstract

Epidural electrical stimulation (EES) of lumbosacral segments engages leg muscles by

recruiting afferent fibers in the posterior roots. These protocols improved motor con-

trol after spinal cord injury in animals and humans with spinal cord injury. However,

inter-subject reproducibility, limited specificity and time consuming optimization

procedures hinder large-scale clinical deployment of this technology. Here we de-

signed a transversal spinal implant tailored to the anatomy of the rat posterior roots

that maximizes stimulation specificity while being robust to inter-subject variability.

We fitted the design of a spinal implant to the transversal functional organization of

the posterior roots allowing for efficient current steering protocols. We then used a

realistic computational model of the spinal cord to optimize multipolar stimulation

patterns. Finally, we demonstrate that our tailored interface optimized for multipolar

stimulation maximizes specificity and robustness in behavioral experiments in rats

with spinal cord injury.

Publication contributions

I planned and coordinated the study and performed all experiments in rats. I

oriented model construction and designed transversal implants. I performed

surgeries, rat rehabilitation trainings, recordings and data analysis of the behav-

ioral experiments. I supervised the creation of all figures and prepared figures

related to animal experiments. I wrote the manuscript.
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6.2 Introduction

After a spinal cord injury (SCI), the neural network below the lesion is deprived from

supraspinal input. In consequence, the sensorimotor circuit of the lumbar spinal cord

is heavily affected which leads to a range of motor dysfunctions. Neuromodulation

therapies of this disconnected neural tissue demonstrated capabilities to generate

functional motor outputs, which reflect the dormant state of this network [7]. Epidural

electrical stimulations (EES) protocols over the spinal cord is rising as a solution to

restore locomotion in paralyzed subject [68] [69] [70]. Promising results in animal

model [31] [110] [46] opened new perspectives and hope to patients suffering a SCI.

EES applied with spatiotemporal protocols demonstrated their efficiency to restore

enhanced locomotion in multiple paralyzed species [110] [149]. This technology re-

quired dedicated spinal implants to achieve spatially selective stimulations. Active

sites had their own specificity and their placements were crucial to ensure desired

activations. A misplacement could lead to a drastic therapy drop in efficacy. Computa-

tional models based on proprioceptive afferent recruitments steered the development

of such implants [46]. However, novel soft implant technology allowed stimulation in

area impossible to reach with previous multi-electrode array generations [104] [150].

Performances exhibited during a subdural implantation foresee a similar integration

in narrow lateral aspects of epidural space where some roots could be found.

In addition, we tackled the concept of mulitpolarity [151]. Classic approaches de-

livered EES with a monopolar stimulation paradigm [31], which focus on activation

of desired structures with cathodic pulses. However, multipolar stimulations could

provide anodic electrical fields that will shield unwanted structures and prevent their

activations. We hypothesized that computational models integrating a precise spinal

cord anatomy and an electrode variable polarity would provide alternative electrode

configurations to improve robustness of spatiotemporal neuromodulation.

We first performed a root trajectory analysis and build finite-element model closer to

real anatomy. We ran simulations to extract new potential electrode patterns. These

predictions steered the development of a soft transversal spinal implant design. We

demonstrated in-silico and in-vivo array capacities to reach every roots involved in

locomotion above only one spinal segment, and recruit selectively flexor and extensor

muscles. A genetic algorithm ran through multipoilar stimulation combinations to

isolate candidates offering an enhanced specificity compared to monopolar stimula-

tions. We confirmed an increased selectivity in some muscles with multipolar patterns

and the capacity to balance electrical fields to correct implant misplacements. Such

spatial reinforcements applied with a temporal sequence on paralyzed rats allowed
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rehabilitation of locomotion.

6.3 Results

6.3.1 Precise rat spinal cord anatomy

To build a precise model closer to real anatomic dimension, a computed tomography

scan was performed on rats to extract vertebral features (figure 6.1a). A MRI permitted

to catch spinal cord and roots (figure 6.1a). Segmentations were conducted to follow

their 3D trajectories. An alignment between MRI data and the rostrocaudal location of

each motoneuron pool [110] involved for flexion and extension allowed to highlighted

roots required (figure 6.1c). Instead of observing a spatial selectivity in transversal

plane, we looked at it in a coronal plane and showed a possibility to recruit similar

roots at sacral level (figure 6.1d).

Figure 6.1 – Precise spinal cord anatomy. Model construction: (a) Ctscan imageries and their extracted
3D reconstructions define the vertebrae organisation and dimension. (b) MRI scanners are required to
capture spinal cord and roots trajectories. (c) The rostrocaudal location and center (white square) of
each motoneuron pool for muscles involved in flexion and extenison were aligned and merged inside
our 3D model. (d) Based on muscle activation during flexion and extension, respective muscle activities
are projected on the spinal cord and activated roots are highlighted. A coronal section of S2 segment in
humans and S1 segment in rat revel the presence of roots containing every motorneuron pool labeled.

6.3.2 Modelization of belt strategy

To understand the activity of EES on such lateral aspect of the rat spinal cord, we

integrate our realistic model inside a 3D hybrid finite-element method (FEM) (figure

6.2a) and neuron action potential propagation [46] (figure 6.2b). This model guided

the build of an electromagnetic volume-conductor of lumbosacral anatomy, with

anisotropic conductive properties proper to each different component inside. The

FEM generated estimations of the 3D voltage potential spreading following a electrical
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stimulation. Electrode active sites were located around the sacral spinal segment, like

a half belt (figure 6.2a). To start, only monopolar cathodic stimulations were simulated

for each electrode. The modelisation revealed that such electrode locations could

recruit all roots innervating motoneuron pool locations involved in locomotion. Cen-

tered electrodes selectively activated extension related roots, while lateral electrodes

recruited flexor one (figure 6.2c). To verify these predictions, a dedicate implant had

to be design.

Figure 6.2 – Computational Model (a) Anatomically realistic volume conductor model of the rat spinal
cord, as detailed in (Capogrosso et al., 2018) (b) Axon-cable model of myelinated nerve fibers. (c) Spinal
recruitment curves of simulated monopolar stimulation at each active site individually.
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6.3.3 Transversal spinal implants

In order to deliver tailored EES to the lateral aspects of the spinal cord, and based

on the report of subdural neural implants [104] [150], we developed a transversal

spinal electrode array to be implanted in the rat epidural space. The device compli-

ance and its dimensions (thickness < 100 μm) allow for a wide electrode distribution

over the sacral spinal segments. Micro-cracked gold [54] in the interconnects and

mechanically-soft silicones in the substrate and superstrate confer to this implant

rare stretchability properties (Figure 6.3a-b). The mechanical match with the neural

tissue promoted the implant biointegration over chronic implantation (Supp Figure

S6.1). The platinum-silicone mesocomposite for electrode coating enables high per-

formance and stable electrical stimulations under various conditions [104]. The low

electrode impedance (1.65 kΩ at 1 kHz) was maintained under large deformations

(13.78 kΩ at 40% strain) (Figure 6.3c). Cyclic voltammograms demonstrate the neural

coating high effective surface area and its compliance to elongation, displaying larger

cathodal storage capacity for larger strains (Figure 6.3d). Next, we investigated the

electrode maximal charge injection limit without strain by applying biphasic charge

balanced current pulses with gradually increasing current densities (Figure 6.3f). For

a typical current density used in EES (47 μC/cm2), we measured the cathodal elec-

trode potential (Ec) and the maximum negative voltage (Vmi n) under uni-axial strains.

While Vmin significantly decreased at 40% due to the interconnect resistive compo-

nent, Ec remained relatively stable (-0.19 pm 0.05 V), demonstrating the electrode

array ability to deliver fine EES in vivo (Figure 6.3e).

6.3.4 Transversal spinal implant selectivity

To validate the computational model and the implant design, we conducted acute

electrophysiological experiment in intact anesthetized rat. Electrodes were slided

epidural below the L2 vertebra targeting S1 spinal segment (Figure 6.4a, left). The

ladder printed on implants helped to find the proper position (Figure 6.3a). Computed

Tomography ( CTscan) confirmed the soft implant compliance which fit the epidural

space without visible pressure on spinal cord (Figure 6.4a, right).

In addition, bipolar wire electrode were implanted in a flexor (Tibialis Anterior) and

extensor ( Medialis Gastrocnemius) muscles of both side to record electromyographic

(EMG) responses evoked by a low frequency current pulse ( 0.2 ms). The quantifi-

cation of the EMG monosynaptic pic for each EMG was used to draw recruitment

curves. Monopolar EES were applied individually on each active site around the spinal

cord. Circular plots transcribed the activity of each muscle in function of the current
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Figure 6.3 – A soft transversal electrode array. (a) Optical image of the spinal electrode array. SEM pictures
of the interconnect thin film morphology and of the neural electrode coating are shown, top insets, right
and left respectively. Stress-strain curves of the rat spinal dura mater and of the transversal implant
(measured in saline) shows the implant relative softness with the interfaced tissue. (b) Representative
AFM image of the non-encapsulated interconnect thin film. Tri-branched micro-cracks enables the
film to sustain electrical conductivity under mechanical strain. (c) Magnitude (� square) and phase
(•) of electrode impedance recorded in a 3-electrode setup configuration. Spectra were collected at 0%
(black), 10% (blue) and 40% (red) uni-axial strains. (d) Cyclic voltammograms (50 mV/s) recorded in
saline during a uni-axial stretch cycle. Larger cathodal charge storage capacity is observed for larger
strains. (e) Voltage transients at the electrode coating surface recorded for different current densities.
Charge-balanced, biphasic current pulses were injected through electrodes. The duration of each pulse
phase was fixed to 200 μs with an interphase period of 40 μs. e, The cathodal electrode potential (Ec )
and the maximum negative voltage (Vmin ) at the electrode coating surface were measured for different
uni-axial strains (n = 8 electrodes, mean pm s.d.). (f) The pulse current density was fixed to 47 μC/cm
, which corresponds to the typical maximum current pulse during in vivo experiments. Through the
experiment, (Ec ) remains within the water window (-0.6 V ).

amplitude used, one for each active site. We confirmed here the fact that monopolar

stimulations can achieve at S1 spinal cord segment some selectivity toward flexion

versus extension. From Electrode 1 to 7 (left to right), (Figure 6.4b) stimulations de-

scribed a selectivity gradient that started with left flexion, then a left extension. For E4,

at the midline of the spinal cord, a bilateral extension is dominant. As stimulations

continued to move to the right, muscles selectivity went to right extension, and flexion

to finish.

6.3.5 Multipolar combination selection

We next exploited multipolar properties, capabilities to shape the electrical field in a

way that some dorsal roots are recruited, while other are prevented to be activated

[151]. With a multipolar stimulation paradigm, the number of combination possible

within electrode exploded and it became illusive to test all of them.
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Figure 6.4 – Transversal implant integration and stimulation on spinal cord. (a) 3D rendering recon-
structed from high-resolution microcomputed tomography scans conducted postmortem. A frontal view
highlights the softness of the implant that embraces the shape of the spinal cord. One coronal slide of
the reconstructed CTscan at implant level verified electrode location respectively to bone. (b) In-vivo
experimental validations performed with each electrode individually show recruitment of flexor and
extensor of both side. The white polygon represents the selectivity of each muscle at the amplitude of the
maximum selectivity for the desired muscle and the white circle at which amplitude this occur.

To solve this situation, we developed a genetic algorithm (GA) to select a configuration

suitable to elicit a flexion and another for extension (figure 6.5a). The “gene” to

optimize is the vector of current for each electrode. Each generation involved a

group of parent that generate children with random crossovers and mutations. Then,

children feed the computational model and only the best are kept to be the next

generation of parents. The cycle is repeated 500 times. We highlighted best outputs of

this algorithm, one for the extension and one for the flexion. The extension privileged

a centered stimulation while shielding the contralateral side (Figure 6.5b). The flexion

targeted the stimulation on the extreme lateral aspect of the implant and shielded

the ipsilateral extension (Figure 6.5c). Inside this virtual environment, the multipolar

specificity doubled for the extension, while the flexion increased of 25% compared to

monopolar recruitments (green shaded area).
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Figure 6.5 – Optimizing spinal selectivity. (a) A genetic algorithm was employed to minimize the euclidean
distance between desired nerve fiber recruitment and actually observed recruitment pattern in each
iteration. The genetic algorithm would follow the steepest descent method to find a local minima in the
solution space for multiple iterations. After a local minima was identified, the search process was repeated
multiple times with a randomly set starting point to identify a global minima within the solution space.
(b) The fibers of the L6 dorsal root were chosen as a extensor hotspot. The GA was primed to find a
configuration to highly selectively recruit the L6 root. The resulting stimulation paradigm was highly
selective in the L6 root. (c) The fibers of the L2 dorsal root were chosen as a flexor hotspot. The GA was
primed to find a configuration to highly selectively recruit the L2 root. The resulting stimulation paradigm
was not highly selective for L2 root recruitment but first activated the L3 root, closely followed by the L2
root. The multipolar configuration is however more selective than a simple monopolar stimulation.

6.3.6 Multipolar experimental validation

We performed similar implantations as monopolar validation experiment and added

iliopsoas (IL) muscles, in order to ensure a complete muscle coverage. We compared

monopolar versus multipolar stimulations for both combinations extracted from the

GA. In the first case, we saw a better selectivity of extensor muscles as predicted by

the simulation (Figure 6.6a). The MG muscles were the only recorded muscle above

threshold during wider range of amplitudes compare to monopolar stimulation ( n

= 6 rats, * p< 0.05) (Figure 6.6b). In the second case, we observed a tendency to be

more selective (Figure 6.6c), but the increase was not significant. The monopolar

configuration was already strongly specific for flexor muscle and the multipolar case
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reinforced it without clear superiority ( n = 6 rats, n.s. p > 0.05) (Figure 6.6d).

Multipolar stimulation can oriented electrical field and compensate the miss posi-

tioning. When the implant was left shifted, the midline electrode did not evoke a

bilateral movement, here the extensor left is recruited first, than the right one (Figure

6.6e-right). With bipolar stimulations, the cathodic electric field was pushed back to

the center and extensors were recruited both at the same amplitude to elicit a bilateral

activation (Figure 6.6e-left). The amplitude difference between the first muscle acti-

vated and the second was normalized and compared with the multipolar condition (

n = 4) (Figure 6.6f).

Figure 6.6 – In-vivo validation multipolar recruitment. Sedated rats with hanging legs received predicted
stimulation pattern with incremental amplitudes. (a,c,e) example of muscle recruitment elicited by
monopolar and multipolar stimulation in yellow and orange respectively; muscles represented are Medial
Gastrocnemius (MG), Tibialis anterior (TA) and Ilisopsoase (IL) with prefix L and R according to the left
or right side. Green polygons fit muscle selectivity index when the highest is reached for each recruitment
and green circle radius match amplitudes. (a,c) Monopolar and predicted multipolar stimulation
patterns with their respective muscle recruitment. (d) Graphs report the mean (n = 6 rats) of selectivity
index after targeted muscle threshold, with the sem shaded, for extension and flexion. (e) In the case of
misalignment, midline electrode will favor one side. With mutlipolar stimulation, threshold of each side
can be equalized. (f)Histogram plot represent the normalized mean ( n=4 rats) differential threshold
between mono- and multi-polar stimulation, where a perfectly aligned implant should be 0.
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6.3.7 Multipolar stimulation combined with spatiotemporal neuro-

modulation

We then tested multipolar neuromodulation could generate proper movement in

rat after a SCI and integrate inside a rehabilitation protocol. Seven weeks after SCI

including 6 weeks of rehabilitation over treadmill with continuous midline neuromod-

ulation.

Then, we tested the implant in rats (n = 6) with a clinically relevant spinal cord injury.

A contusion was performed on T8 spinal cord with a mechanic impactor (Figure 6.7a,

Supp. Figure S6.2). The first step was to validate that the flexor muscles activity shown

could elicit a functional leg movement usable for stepping. Here, rats hang in a jacket

attached on a robotic body weight support and doesn’t touch the floor (Figure 6.7b).

Reflective markers that were placed on the leg and video recorded synchronously

with a continuous burst of stimulation with the desired pattern - flexor or extensor.

The vertical displacement of the foot marker was measured for the ipsilateral and

contralateral leg. A clear unilateral, but antagoniste movement was observed in both

case (Figure 6.7b, magenta for extension, cyan for flexion).

To finish the validation of spatiotemporal neuromodulation using the multipolar pro-

tocol, we tested same rats with a complete multipolar pattern alternating extension

and flexion according to the gait cycle on a treadmill (Figure 6.7c, Supp. Figure S6.3).

First recording condition was to control that rats did not spontaneously recovered

from the contusion. The second despite a continuous neuromodulation and finally

the third showed a full multipolar spatiotemporal neuromodulation. Sequences rep-

resenting typical locomotion pattern for each condition was presented (Figure 6.7d).

A principal component analysis (PCA) was run over 118 computed parameters during

the rat stepping. We visualize each recorded gait in the new space created by the three

first PCs which explain the highest amount of variance and reflect the progression

from a paralyzed animal toward healthy rats(Figure 6.7d,top right). Analysis of PC1

factor weights allowed extracting numerous parameters highly correlated with the

progression toward healthy state. This analysis revealed that spatiotemporal neu-

romodulation at S1 spinal cord segment with multipolar stimulation significantly

improved key features of the locomotor system (Figure 6.7d,bottom right).

Multipolar stimulations followed amplitude modulation (Supp. figure S6.4). A pro-

gressive increase of stimulation amplitude for flexor activity led to an enhancement of

the gait cycle - mainly the swing phase. An amplitude too strong led to a detrimental

stepping pattern. Finally, we perform post mortem histologic analysis on the spinal

cord, and confirm that such large and invasive implants did not damage the neural
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tissue (Supp. figure S6.5).

Figure 6.7 – Long-term multipolar neuromodulation. (a) Rat received a severe clinically relevant SCI and
a transversal spinal cord implant designed for multipolar stimulations. (b) Rats were hanging in a body
weight support harness and received a series of multipolar pulse with increasing amplitude through
implant targeting extension, then flexion. The resulting foot trajectory is shown for ipsilateral (colored)
and contralateral (black) side to the stimulation. Histogram plots report the mean (n = 6 rats) vertical
displacement of the foot for both side. (c) Locomotion was recorded on a treadmill without stimulation,
with continuous neuromodulation applied over midline sacral segments and during spatiotemporal
neuromodulation. (d) For each condition (same rat), a stick diagram decomposition of the right limb
movement is shown, in addition with successive foot trajectory, the swing (light grey), drag (brown) and
stance phase, and vertical foot trajectory, flexor and extensor muscle activity and vertical ground reaction
force during a continuous sequence of steps. Mean of the gait cycle recorded in 6 rats under the different
condition of neuromodulation are presented in the PC space and computed with 12 consecutive steps.
Histogram plots report mean of PC1 , mean peaks amplitude of vertical ground reaction force, mean
angle amplitude of the ankle and mean extensor muscle duration for the different neuromodulation
conditions and for intact rats. ( Error bar, SEM; *p < 0,05; **p < 0,01)

6.4 Discussion

We built a 3D anatomical volume based on precise imaging methods and integrated

it inside hybrid FEM [46]. Dorsal roots trajectories revealed a sacral area where are
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all lying around the spinal cord and computational models proposed multipolar

paradigm to reinforce selectivity. We conducted simulations and in-vivo validations

that demonstrated selective stimulations for flexion and extension. Then, a dedicated

spinal implant design delivered multipolar stimulation combined with spatiotemporal

[110] paradigm to restore locomotion in paralyzed rat.

6.4.1 Lateral spinal cord recruitments led to novative spinal implant

design

Computer models [44] [46] and experimental [56] validation found evidence that EES

active large afferent fibers in dorsal roots. Recruitment of such pathway evoked motor

response in animal model [45] and patients [73]. Here, we expanded these results to

distal afferent fiber stimulations. This L3 recruitment around sacral spinal segment

demonstrate the possible activation of flexor motoneurons located up to 4 spinal

segment away with a remarkable selectivity. Roots from L3 to L6 are present at this

level, so all motorneurons of muscle involved in locomotion should be accecible.

Following the framework that target dorasal root activation [110], we proposed a novel

implant design. In oppositon to previous generation with a longitudinal shape [110]

[149] [69] , our implants were transversal and conserved similar muscle recruitment

properties in rat. The main advantage of this configuration was that for the first time

all electrodes were located close to each other and offered the opportunity to try a

multipolar strategy.

6.4.2 Multipolarity increased specificity

Until our novel implants, electrodes were located to far from each other to create

interactions and generate multipolar electrical fields. Here, we covered roots from L2

to L6 with a restricted number of electrodes linked to the fabrication process [104].

The physical resolution offered by electrode could not be strong enough to achieve

sufficient specificity. We overcame this issue by playing with electrode polarities.

Multipolar strategy oriented voltage field to activate different sub cortical structures

[151]. We demonstrated benefits to apply this strategy on spinal cord to increase

extensor muscle selectivity. Computational models predicted an increase for each

root specificity using multipolar stimulations. However, enhancements could not be

significant regarding some roots already highly specific for monopolar configuration.
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6.4.3 Paradigm compatibility: spatiotemporal multipolar protocols

for long term rehabilitation

Multipolar stimulation paradigm does not affect other policies such as spatiotemporal

neuromodulation or amplitude modulations [110]. We found that superiority of

spatiotemporal neuromodulation over continuous stimulation is preserved. The new

implant location activated similar pathway and conserved the previously defined

muscles synergies temporal structure [110]. The increase in the specificity available

with multipolar stimulations could lead to a redefinition of the synergies used, some

could be divided to fit even more in spinal cord activity [41].

6.5 Conclusion

Spatiotemporal neuromodulation strategies appeared as a promising rehabilitation

protocol after SCI in rat and non-human primate, pending to human clinical trials.

This approach relied on the specificity of each electrode. Here, we have introduced

novative spinal implants and a multipolar stimulation strategy to enhance selectivity.

We expect this framework to guide next spinal cord implant generation and neuro-

modulaton protocols.

164



6.6. Methods

6.6 Methods

6.6.1 MicroComputed tomography (μCT scan )

In vivo images of spinal implants were produced using the microcomputed tomog-

raphy scanner Skyscan 1076 (Bruker μCT). Based on X-ray technology, The scanner

rotated around the sample and combined multiple angle of view to extract a 3D image.

Scanner settings were adjusted to avoid artifacts induced by metallic parts of the

vertebral orthosis (0.5–1 mm aluminum filter, voltage 70–100 kV, current 100–140 μA,

exposure time 120–160 ms, rotation step 0.5°). The reconstruction in 3D occured

in NRecon software using GPURecon Server (Bruker μCT). The device is equipped

with isoflurane to keep the rats under anesthesia during the scan to reduce motion

artifacts. Amira software (FEI Vizualisation Sciences Group) was used to segment each

component (vertebrae, implant, connector) and for the final rending.

6.6.2 MRI

We developed a mixed contrast ad-hoc MRI image sequences on a 3 T SIEMENS

PRISMA to visualize the spinal roots in human subjects. Moreover we performed

similar ex-vivo scans in rats on a custom build 9.4 T MRI.

6.6.3 Computer Model

We translated the computational framework previously detailed in [150] to Sim4Life

to elaborate a hybrid computational model capable of calculate the recruitment of

neural structures during epidural electrical stimulation of the lumbar spinal cord

in rats and humans. The model consists of a finite element part to characterize the

electric potential and currents generated by EES, as well as a geometrically realistic

biophysical model of the afferent fibers in the spinal roots and dorsal column of the

lumbar and sacral spinal cord to identify the percentage of afferent fibers recruited by

various stimulation configurations.

6.6.4 3D Geometry

We first extracted the volume conductor model representing the spinal segments L1

to S2 of the rat spinal cord, detailed in [150] and imported it into Sim4Life. We then

built a volume conductor model representing the spinal segments L1 to S3 of the

human spinal cord in the exact same fashion. Both geometries included seven distinct
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compartments representing: the grey matter (GM), the white matter (WM) and spinal

roots, the dural sac filled with cerebrospinal fluid (CSF), the epidural fat (Fat), the

bony vertebral column (Bone), the tissue surrounding the spine (Saline), and the

metallic electrode active sites (Elec). The relevant anatomical data was extracted by

measuring the widths and lengths of each spinal segment identified in the MRI data

of both rat and human. Finally, we represented the electrode active sites by cylinders

that combined the same dimensions and inter-spacing as the ones used during the

in-vivo experiments.

6.6.5 Physics

In analogy to [150] the electric potential distribution was computed under quasi-

static approximation [152] [153] [154] [46]. Each compartment was assigned a scalar

conductivity tensor, reflecting the isotropy of the material conductivity [155] [156]

[154] [46].

Merely the joint white matter and spinal roots were assigned an anisotropic conduc-

tivity to account for the preferential flow direction of ions along the longitudinal axis

of axons that run parallel to the roots and white matter in the spinal cord. For this

purpose, we computed a local coordinates system in every point of the subdomain

of the geometry composed by the white matter and roots to define the conductivity

tensor. For this purpose, we performed a preliminary quasi-static electromagnetic

simulation. We applied boundary conditions of V = 0 and V = 1 on the uppermost

and lowermost side of the subdomain to allow the potential gradient to follow the

curvature of the subdomain. We extracted the direction of the diffustiontensor in

each mesh element and overlayed its directionality as Cartesian coordinates in each

individual mesh element.

We modeled the stimulation pulse with a boundary current source injecting a unitary

current of 1 μA applied on one surface of a single active site at a time. We assigned a

zero-flux condition (Von Neumann) to the other faces of the stimulating active site to

minimize the direct outward current flow away from the spinal cord. This was done

to account for the shielding effect of the highly insulating PDMS-based paddle of

the electrode array. Finally, we applied a Dirichlet condition (V = 0) at the outermost

boundary of the model to approximate a zero-potential condition at infinity.
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6.6.6 Biophysical Model

We coupled the FEM model with a realistic biophysical model of myelinated nerve

fibers running in the dorsal roots of the spinal cord. Computational and Experimental

efforts suggested that the primary mechanism of EES is the recruitment of large-

diameter, myelinated afferent fibers in the dorsal roots [43] [46]. Hence, only type

Aα-fibers running in the dorsal roots were simulated. We used NEURON in Sim4Life

to model 50 myelinated Group I afferent fibers per dorsal root as a log-norm function

with a mean fiber diameter of 16 μm and a standard deviation of 4 μm [157]. An

anatomically accurate trajectory of the afferent fibers was initialized and fitted around

their entry and exit point determined by the anatomical parameters extracted from

MRI and CT-data. A Sweeney model [158] was used to describe the equation of the

active membrane at the nodes of Ranvier and at the passive intermodal segments.

The electrical compartments were automatically initialized in Sim4Life. The resting

potential was set to -80 mV. Finally, recruitment of Ia afferents was evaluated by

linearly scaling the extracellular voltage applied at each fiber’s compartment until an

action potential was generated.

6.6.7 Genetic Algorithm

In order to identify optimal multipolar stimulation configurations a Genetic Algorithm

(GA) was implemented in Python. The objective was to minimize the Euclidean

distance fe between desired spinal root recruitment Nd and simulated one Ns for each

dorsal root.

The input of the model was a vector of multiplication factors corresponding to each

active site. The resulting fields of the monopolar stimulation with unitary currents

were superimposed and scaled by the multiplication vector, which is correct under a

quasi-static approximation [152]. The newly generated electric potential distribution

was used for the NEURON simulations. The GA was terminated when the best individ-

ual fitness was varying less than 5% for more than 30 generations. Basin-Hopping was

implemented to search for other local minima. After 500 iterations of Basin-Hopping

the global minima was chosen.

6.6.8 Selectivity

The capacity of a stimulation protocol to elicit nerve-fiber recruitment in one root

over other was encapsulated in a selectivity index. It is desirable to activate as many

nerve fibers in one root as possible while minimizing the amount of fibers activated
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in any other dorsal root. The following selectivity index was defined to provide this

useful information.

6.6.9 Spinal implant fabrication

The general fabrication process of the soft transversal spinal implant is depicted on

supplementary figure 6.1. First, a 60 μm thick substrate layer of PDMS (Sylgard 184,

Down Corning, mixed at 10:1, w:w) was spin-coated on a 3” silicon wafer coated with a

water-soluble layer of poly(4-styrenesulfonic acid) (PSS, Sigma-Aldrich, spin-coated at

2000 rpm for 1 minute). Following PDMS curing (80 °C overnight), a 23 μm thick PET

stencil mask (Mylar, Dupont) was laminated on the PDMS substrate. The shadow mask

was tailored to the interconnects layout using an excimer femtosecond laser (1030 nm,

Amplitude Systemes, MM200-USP, Optec). Then, a 5 nm thick film of chromium and a

45 nm thick film of gold were successively thermally evaporated (Auto 306, Edwards) to

the PDMS substrate, shaping the implant interconnects. The latter were encapsulated

with a 30 nm thick layer of silicone rubber (Elastosil M 4600, Wacker). This passivation

layer was spin-coated over a 23 μm PET film (Mylar, Dupont) laminated on a 4” silicon

wafer. Following the silicone rubber curing (80 °C overnight), a second PET film was

laminated over the silicone rubber using a dry film laminator (Photopro 33). The

triple stack PET-rubber-PET was released from the wafer and then customized to the

electrode negative layout using an excimer laser (Optec). Finally, the top PET film was

carefully peeled off the stack and the silicone rubber superstrate was bonded to the

PDMS substrate following oxygen plasma surface activation. The implant electrodes

were coated with a platinum-silicone composite, as described in REF. Briefly, 100

mg of platinum microparticules (Pt powder, Goodfellow) were mixed to 110 μL of a

PDMS/cyclohexane solution (200 mg/500 μL, Down Corning, Sigma-Aldrich). The

mixture was thoroughly stirred and the cyclohexane evaporated until the mixture

became a paste. Finally, the paste was printed to the electrode sites by spreading

the paste over the second PET film. Right before printing, the paste was diluted

with a drop of cyclohexane. The PET film was then peeled off the superstrate and

the platinum-silicone composite cured (60 °C overnight). The substrate-superstrate

stack was precisely cut to the implant shape using an excimer laser (Optec). The last

step consists in connecting the implant interconnects to stainless-steel wires (AS 632,

Cooner Wire) via Ag paste (ref ) drop casting to the connection pads. After the wiring

sealed (734, Down Corning), the soft transversal implant is released from the wafer

after immersion in deionized water.
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6.6.10 Surgical procedures

General condition of surgical procedures have been detailed in previous works [31]

[56] [104]. Present In vivo experiments involved female Lewis rats with initial weight of

180–220 g (LEW-ORlj, Janvier Labs). Each surgical procedures were performed under

full general anesthesia with isoflurane in oxygen-enriched air (1–2%). Rats recovered

from anesthesia in an incubator after surgery.

Animal regulations

All experiments were approved by Local Swiss Veterinary Offices and conducted under

the guidelines established at EPFL in accordance with the Swiss federal legislation

(GE33/17). A total of 15 rats were used for experiments divided as follows: n= 3 rats;

for the model development, n = 6; rats for acute muscle recruitments in mono and

multipolar stimulations, n= 6 rats; for long term implantation, movement generation,

spatiotemporal rehabilitation and biocompatibility.

Implantation of intramuscular electrodes

In order to record electromyographic activity, leg muscles were implanted with bipolar

electrodes, the combinations depending on experiments: iliopsoas, gastrocnemius

medialis and tibialis anterior, extensor digitorum longus. Recording electrodes were

fabricated from stainless steel wires (AS631, Cooner Wire) where a small part (0.5-

mm notch) of insulation was removed. A common ground was created with the

same type of wire by removing about 1 cm of Teflon from the distal extremity and

placed subcutaneously over the left shoulder. All electrode wires were connected to a

transcutaneous amphenol connector (Omnetics Connector Corporation) cemented

to the skull of the rats.

Surgical insertion of spinal implants

The surgical procedure to insert the spinal implant into the epidural space are detailed

in [110]. Briefly, to create entry and exit points for the implant, we performed two

partial laminectomies at vertebrae levels L3–L4 and L1–L2 . A surgical suture is used to

pull the implant below vertebrae, but above the dura mater. The position of electrodes

were fine-tuned with electrophysiological testing intra-operatively. To avoid any

displacement of the implant, the connector was secured into a dental cement cage on

top of the L3–L4 vertebra.
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Spinal cord injury models

Rats received a spinal cord contusion, a clinically relevant model of injury. Under

aseptic conditions and general anesthesia, the spinal cord segment T8-T9 was re-

vealed after a partial laminectomy at T9 vertebra segment. A force-controlled spinal

cord impactor (IH-0400 Impactor, Precision Systems and Instrumentation LLC, USA)

applied a 230 kdyn (1 dyn = 10 μN) to create severe contusion injury. The extent of

the spinal lesion was evaluated using coronal tissue sections stained with antibodies

against glial fibrillary acidic protein (GFAP) (Dako Z0334, USA).

6.6.11 Motor-evoked potential recruitments

Motor-evoked potential recruitments for model validation were performed with se-

dated rats ( urethane 1 g/kg, i.p., Sigma-Aldrich). Intramuscular electrodes were

implanted as defined in iliopsoas, gastrocnemius medialis and tibialis anterior mus-

cles of both legs. Important laminectomy was performed to expose sacral segment

and dorsal roots. Asymmetric pulses (0.2 ms duration, 1/5 amplitude ratio ) at 0.5 Hz

through epidural electrodes were delivered while motor-evoked potentials of each

muscle was recorded simultaneously. The electrode location was defined by implant

dimensions according spinal cord midline. The intensity of the electrical stimulation

was increased progressively from 0 up to the first between 300 μA or muscle satura-

tions. Electromyographic signals were amplified, filtered (1–5,000 Hz bandpass), and

recorded (48828 kHz) for offline analysis. The pick to pick amplitude of monosynaptic

response of the motor-evoked potentials were calculated and normalized for each

muscle, and represented in black and white polar maps of motoneuron activation.

Threshold was defined as 10% of of the total activation. When curve failed to reach

plateau, we extrapolated missing values using Matlab fitting function for sigmoidal

non-linear curves.

6.6.12 Rehabilitation procedures after spinal cord injury

Each rats followed a training protocol starting 7 days after the injury. The neuroreha-

bilitation program was conducted on a treadmill using a robotic body weight support

system (Robomedica) that was adjusted to provide optimal assistance during bipedal

stepping, daily for 30 min. To enable locomotion, a serotonergic replacement therapy

combining the 5HT2A agonist quipazine and the 5HT1A-7 agonist 8-OHDPAT was

administered systemically 5 min before training. 7 days after spinal implant surgery,

the training was performed with electrical neuromodulation.
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6.6.13 Kinematics, kinetics and muscle activity recording

Recording procedures have been detailed previously (Wenger et al.,2016). Briefly, an

high-speed motion capture system Vicon (Vicon Motion Systems) tracked reflective

markers with 12 infrared cameras (200 Hz). The iliac crest, greater trochanter (hip),

lateral condyle (knee), lateral malleolus (ankle) and distal end of the fifth metatarsal

(limb endpoint) of both legs are marked and their final 3D position was reconstructed

offline using Vicon Nexus software. The same device allowed recording (2 kHz) of

electromyographic activity after amplification and filter (10–2,000 Hz bandpass), and

monitoring of ground reaction forces in the vertical, anteroposterior and mediolateral

directions using a force plate (2 kHz, HE6X6, AMTI) located below the treadmill belt.

The system was synchronized with two cameras recording video (100 Hz, Basler Vision

Technologies) oriented at 90 degrees and 270 degrees with respect to the direction of

locomotion.

6.6.14 Closed-loop platform

The Vicon recording system generated raw 3D positions of the markers and send them

into a real-time algorithm via Ethernet using DataStream SDK software. A control

platform implemented in a multi-threaded C++ environment (Visual Studio 2012,

Microsoft) running on Windows 7 Microsoft with a quad-core computer. An RZ2

processing unit (Tucker-Davis Technologies) connected to an IZ2 Stimulator (Tucker-

Davis Technologies) formed and delivered stimulation patterns. Inside a custom

algorithm designed for online performance, we filtered signals, interpolated missing

markers through triangulation and relabeled them to appropriate position. According

each leg, the angular trajectory of the foot around a virtual center of rotation in the

sagittal plane was continuously calculated. Based on angular values, the control

algorithm triggered appropriate electrode combination [110].

6.6.15 Behavioral condition

Rats were recorded bipedally on treadmill while a robotic body weight support sys-

tem provided optimal assistive force against gravity and preventing lateral falls. A

serotonergic drug cocktail was injected systemically before each training and record-

ing session. After a couple of minutes, EES were applied through relevant electrode

combination and an external ground located far subcutaneously. Amplitude ratio

inside a combinaison was driven by predictive algorithm, but the exact intensity of

electrical stimulation was manually tuned ( biphasic asymmetric rectangular pulses,

60 Hz, 50–300 μA, 1/5 ratio, 0.2 ms duration) to get the best visual locomotion in
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the rats. The temporal structure of each combinaison was conserved as previously

described according to their expected function [110]. Spatiotemporal neuromodula-

tion performance compared to continuous neuromodulation was tested in the same

rats during bipedal locomotion on a treadmill. The assistive support body weight

provided by robotic support was adapted and fixed for each animal, then maintained

constant across conditions. Stimulation intensity was adjusted for each condition,

since optimal high amplitudes of spatiotemporal neuromodulation could not be used

for continuous neuromodulation. Using same values could block leg movements

and led to diminished performances. We recorded 10 to 20 successive steps during

continuous neuromodulation over midline of spinal cord S1 segment and through spa-

tially multipolar stimulation located on the lateral aspect of the same segments with a

temporal structure. All the experimental conditions within and between recording

sessions were randomized for the analyze.

6.6.16 Biocompatibility

Histology for biocompatibility validation was performed after 10 weeks of implan-

tation on n=6 rats. They were perfused and their spinal cord were extracted. The

spine was first left in PFA solution, then in sucrose and conserved in PBS. The spinal

cord was frozen and cut into 40 μm thick slices using a cryostat (Leica Instruments).

We used immunohistological staining against glial fibrillary acidic protein (GFAP) to

reveal Astrocytic reactivity. Slices were incubated overnight in anti-GFAP antibody

solution (1:1000, Dako Z0334, USA) and visualized with a secondary antibody (Alexa

fluor©488 or 555, Thermofisher). Each sections was observed and photographed

with a slide scanner fluorescence microscope (Leica). Immunostaining density was

measured offline using a custom–written Matlab scripts with 3 representatives images

of sacral segment per rat. Conventional setting were used to acquire images and kept

constant according to previously described methods [31].

6.6.17 Principal Component Analysis

A minimum of 12 step cycles was typically extracted for each hindlimb in each ex-

perimental task and rat. A total of 118 parameters quantifying kinematics, kinetic

and muscle activity features were computed for each gait cycle using custom-written

Matlab scripts and according to methods described previously [7]. PC analyses were

applied on all the computed parameters from all individual gait cycles for all the rats

together. Gait cycles were visualized in the new synthetic PC space, and PC scores

were extracted to quantify differences between groups or experimental conditions.

Parameters highly correlated with PCs that discriminated the experimental conditions
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were extracted.

6.6.18 Statistics

All computed parameters were quantified and compared between tested groups.

Statistics were performed on average values per rat. All data are reported as mean pm

s.e.m. unless specified otherwise. Significance was analyzed using paired Student’s t-

test, ANOVA or repeated-measures ANOVA when data were distributed normally. Post

hoc comparisons were performed using the Kruskal-Wallis test. The nonparametric

Mann-Whitney test was used in comparisons of n < 6 rats. The sizes of the experi-

mental groups were arranged to minimize the number of sentient animals used in the

studies while providing sufficient information to report significant and reliable results.

Gait cycles were excluded from data analysis when stimulation profiles were delivered

with incorrect timing during behavioral recordings. For continuous neuromodulation,

none of the gait cycles had to be excluded.
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6.7 Supplementary figures

Supplementary Figure S6.1 – Transversal spinal electrode array microfabrication. (a) A PET stencil
mask is laminated on a PDMS substrate. The latter was previously spin-coated and cured on a PSS-
coated Si wafer. (b) The interconnect thin film is thermally evaporated and the stencil mask peeled
off. (c) In parallel, an elastosil membrane laminated with PET films on both sides is prepared for the
implant encapsulation. Laser ablation of this stack formed the electrode sites. (d) After a single PET
film removal, the stack is aligned and O2 plasma bonded to the metallized PDMS substrate. (e) The 2nd
PET film is used as a stencil mask for the Pt-PDMS mesocomposite screen printing at the electrode sites.
(f) After peeling-off the PET film, the implant shape is defined by laser ablation through the elastosil
superstrate and PDMS substrate. f, Stainless-steel micro-wires are carefully placed and connected to the
implant interconnects via silver paste dispensing. The connector is eventually encapsulated with a room
temperature vulcanized (RTV) silicone. (g) Finally, the implant is released from the wafer in deionized
water.
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Supplementary Figure S6.2 – Quantification of spared tissue left by contusion SCI in rats. (a) Schema
illustrate a contusion delivred between T8 and T9 vertebrae. (b) Scans of coronal spinal cord slides at
lesion epicenter for each rat used during the study. To delimit border with the lesion, the tissues are
stained to revel GFAP. The boundery is shown with red dashed lines. The residual pecentage is computed
in comparison of healthy tissues above and below lesion site and reported in white for each rat.
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Supplementary Figure S6.3 – Real-time control platform. A software adjust stimulations to respect the
temporal structure and spatial configuration required for the spinal cord. Rats were placed on a treadmill
in bipedal position supported by a robotic system to compensate the missing weight bearing. A video
motion tracking system send directly position of left and right foot trajectory. An angle is computed
between the current foot position and a virtual center of gait cycle. This angle trigger on and off states
of each electrode when a defined threshold is crossed. The stimulation pattern respect GA prediction,
but enable amplitude tuning by user for fine adjustment. The asymmetric shape allow voltage balanced
pulses and a dominant polarity.
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Supplementary Figure S6.4 – Multipolar modulation. (a) After 6 weeks of rehabilitation, a rat with a SCI
is placed on a treadmill stimulated electrochemically. (b) With a spatiotemporal pattern restricted to
flexion, the amplitude of current is modulated. Below, traces of applied stimulations, foot trajectories ,
flexor muscle and foot speed are presented. (c) Bar plots show means and SEM of parameters that are
modulated by stimulation. * p< 0.05, **p<0.01, paired t-test.
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Supplementary Figure S6.5 – Long-term biocompativbility. (a) rats (n = 6 for transversal implant and 4
for sham) were sacrificed 8 weeks post implantation of a transversal spinal implant above S1 segment.
(b) Representative scans of S1 spinal segment stained with GFAP to revel neuro-inflammatory responses
are shown for each group. (c) Digitalization and color-filtering by means of density was performed on
each slide with constant threshold parameters. (d) Bar plot reporting mean and SEM values of computed
GFAP density for each group. Non-parametric test does not show statistical significance.
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Patients suffering a severe spinal cord injury such as classified ASIA-A or B do not

have any volitional control over muscles below the lesion. Spontaneous recovery of

locomotion with conventional rehabilitation protocols targeting locomotor system

is highly unlikely. However, even if the interruption leads to complete paralysis, the

majority of spinal cord lesions have spared neural tissue at the injury level. While a

substantial set of fibers remains connected to the brain, those connections are not

sufficient to activate lower circuits and leave them in a dormant state. EES is an

embryonic and promising intervention to reactivate dormant neural network below

the lesion and engage them into a rehabilitation process to restore locomotion after a

SCI.

This thesis aimed to improve an empirical EES protocol into an optimized spatiotem-

poral neuromodulation paradigm to enhance the recovery of locomotion after a

lesion of the spinal cord. Development of advance algorithm was necessary to trig-

ger stimulation according to gait cycle and restore locomotion with spatiotemporal

neuromodulation protocol in rats. NHP experiments confirm an easy translation of

rodents success and open a perspective for patients with complete SCI to control their

legs with brain-spinal interfaces. The critical need of spatial resolution promoted a

new implant design, which allowed to play with multipolar stimulation paradigm

7.1 Spatiotemporal neuromodulation enhances locomo-

tion

The therapeutic potential of EES demonstrated encouraging effects in animal models

[31] [7], and also in paraplegic patients [68] [69]. Clinical trials to evaluate the recovery

of motor control in SCI victims are imminent. However, incomplete understanding

of the spinal neural networks responsible for locomotion resulted in basic stimula-

tion protocols, mainly composed of single electrode usage and constant stimulation

paradigms, thus neglecting spatial and temporal components of network activations

in healthy conditions.
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7.1.1 Spatiotemporal natural modulation

In the first part of this thesis, I proposed a novel strategy which derived from the

natural activation patterns of motor neurons during a gait cycle. A stimulation proto-

col which respects the spatial and temporal conditions in order to optimally activate

structures involved during locomotion. I thought that approach would help patient

suffering from a SCI to recover more motor function and a better control if their spinal

cord was activated as before. I extracted temporal structure of muscles involved in lo-

comotion. As many studies suggested, global muscular activity is divisible into motor

subgroups: muscle synergies [78] [87] [89]. They embed muscle co-activation during a

gait cycle. A cut following synergy activities facilitate drastically the control algorithm

by smartly reducing the degree of freedom. Thanks to the redundancy of multiple mus-

cle activity, a smooth movement trajectory and control is conserved. I exploited this

strategy to segment neuromodulation according to synergy spatiotemporal structures

and sequences.

7.1.2 Key areas to control spinal cord

In rat, as well as in human [90], the walking pattern is divided in sequential phase that

alternate between flexion and extension [38]. Involved neuronal circuits are spatially

well distinct in specific areas along the spinal cord [93]. They integrate cortical and

sensory informations to adjust with precision the temporal sequence of each muscle

during the gait cycle [48]. Those key areas, also called hot spots, are formation centers

that code for the synergy creation, which controls the leg movement[92]. In addition,

the massive flux from afferent proprioceptive fibers in this area allowed local activity

modulations. Indeed, the manipulation of proprioception circuit directly connected

to primary motor synergy could anticipate the leg trajectory as it was done in frogs

[97].

7.1.3 Selective movements

EES allows to generate movement from proprioceptive afferent fiber stimulation in

many species [49] [45] including human [73]. Logically, a implant designed to activate

hot spot through those fiber could control muscle synergies whose leg flexion and

extension. I took advantage of the spinal cord somatotopy to tailor dedicated implant

like tone specific cells and auditory afferent organization facilitated the development

of cochlear implants [98]. In the same spirit, hot spots were used to reduce the

electrode number needed and conserve the control of flexion and extension, which

could be gradually modulated and independently controlled.
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7.1.4 Superiority of spatiotemporal neuromodulation

I then characterized the effects of spatiotemporal neuromodulation on rats with

complete lesion. Stimulations based on natural synergies allowed muscle recruitment

closer to intact rats than continuous stimulation in middle and lateral positions. I

emphasized here the importance of a temporal policy. Increasing the number of

electrodes is not enough to improve walking. These lateral active sites have specific

functions and must follow a strict temporal structure of their own to reinforce the gait

cycle instead of destroying it.

7.1.5 Spatiotemporal neuromodulation for rehabilitation

The protocol was replicated on animals that suffered a spinal cord contusion to vali-

date superior efficiency of spatiotemporal stimulations during rehabilitation. Where

continuous stimulations were no longer efficient, spatiotemporal neuromodulation

restored walking. Similar results were found between complete SCI and this clinically

relevant injury model. I pointed out that this protocol significantly reduces fatigue. An

activation with a discontinuous patterns must allow time for the muscles and neural

circuits to rest. A subject that fatigues less leads to longer rehabilitation sessions and

potentially more recovery related to this additional activity. rehabilitation sessions

were run until rats did not need robotic support anymore, which underlined extensor

muscle recovery. Flexor improvements were demonstrated with rat abilities to climb

staircases.

7.1.6 Spatiotemporal features conserved through species

A huge gap in evolution split humans from rats, however this experiment animal

model was valid since neural circuits were conserved through mammals, especially

muscle synergies and proprioceptive afferent fibers. In addition, every concept used

in the development of spatiotemporal stimulation in the rat is available or easily

translatable to human. I proved it in the second chapter of this thesis, where NHP

were involved.

Experimental framework for the NHP part is similar to the first part. Stimulation proto-

col is applied according to the natural activity of spinal cord. Regarding spatiotemporal

map of motoneuron activations, the similarity between results in monkeys compared

to finding in rats suggest a strong conservation through species and predict equivalent

spatiotemporal map for human activity.
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In the second part, the spinal cord spatiotemporal pattern was projected on the motor

cortical activity processed in real-time. This ecological approach that link brain to

spinal cord helped a smooth acceptation of stimulation pattern by neural circuit and

allowed a modulation, with amplitude and frequency, of gait cycle in intact monkey.

Finally, the brain-spinal interface restored gait cycles in a monkey suffering a thoracic

lesion based on cortical activity.

I agree that those laboratory experimental conditions did not represent the full re-

ality faced in clinic, such as the lesion severity, delay after injury and rehabilitation

performance. Indeed, a complete bipedal locomotor rehabilitation for human may

need the addition of monoaminergic drugs and robotic structure to apply a body

weight support during the recovery training. Nevertheless, this novel spatiotemporal

neuromodulation restored to an unprecedented level the locomotion in rodent and

NHP model suffering a SCI.

7.2 Closed loop platform for temporal regulation

A severe injury on the spinal cord interrupts connexion between the brain and neu-

romotor circuits. EES studies permitted to know that segment below the injury are

only in a dormant state and can be reactivated [7]. Lumbar segments are capable of

generating locomotor activity in leg muscles and generating sufficient drive to those

muscles to facilitate standing and stepping despite a complete transection of the

spinal cord [56]. The concept of muscle synergy extracted from natural locomotion

simplifies the control algorithm architecture. By extracting a short number of hot

spots and therefore electrodes, I reduced existing combinations and the number of

switches needed. Less operations to solve result in a latency reduction and a better

system reaction to new events triggered.

7.2.1 Motion tracking for feedback

In the first chapter, I linked a infrared marker motion capture system with a high-

speed stimulation processor. The goal of those markers is to mimic proprioceptive

feedback afferents to deliver EES at the same time on spinal cord and reinforce their

locomotion control power. The information embeds in cyclic foot trajectory can be

correlated with muscle synergy temporal structure. In the end, I can control stepping

with a unique parameter, the angle of gait cycle. Tracking becomes easier and more

reliable, and triggering events that adjust stimulations more precise.

This technology requires an original movement either the backward leg motion im-
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posed by a treadmill or volitional muscle contractions to elicit a small movement.

Such requirements are fulfilled by normal rehabilitation protocol with incomplete

patient, which will naturally recover some voluntary control. However, a patient with

an anatomically complete lesion does not have this possibility and will require to pass

through the gap with an artificial connection like a brain-spinal interface.

7.2.2 The Brain to control legs

In the second chapter, a link between an intra-cortical arrays to read motor cortex

activity, wireless modules to bypass the gap and a pulse generator to activate the spinal

cord was built. This work demonstrated that NHP could trigger detection algorithm

based on brain activity to restore movement of their own legs. Information come

directly from the brain. Cortical implantation are already commonly performed in

tetrapelgic patients, mainly to control external computer or robotic arms [62]. This

additional procedure is the cost to allow patients suffering any kind of paraplegia to

recover control of his own legs.

7.2.3 Software modularity

In this thesis, I first recorded the cyclic foot trajectory with reflecting markers in a con-

trolled environment. The algorithm was built in a modular way that allow easily any

upgrade, add or remove input source and output stimulations. I demonstrated it by

replacing markers tracking with brain activity in the nonhuman primate experiments.

Walking is a cyclic task and the algorithm can perform with any correlated cyclic

informations from reflecting markers, brain electrodes or others. In this continuity,

for human applications, companies providing wireless sensors to track and follow

steps in real-time already exist. The software adaptation should not be a limitation to

any outcomes or medical validations. With this potential adaptation, I anticipated

success that will bring patients outdoor.

This thesis focused on rehabilitation protocol for severely injured patients. However

small lesion victims do not suffer heavy paralysis and could take advantage of pe-

ripheral nerve stimulations (PNS). This kind of modulation which is restricted to one

articulation is very efficient for local activation. Activated muscle have to be synchro-

nized with the gait cycle in order to improve locomotion. PNS delivered in closed-loop

and in real-time could provide precise benefit to patient with small handicap.
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7.3 Biocompatibility enhanced with soft spinal implant

In the field of neuroprosthetics, there are multiple applications that fail or are forgotten

because the used implants were unadapted for long term stimulations or recordings.

This fact often comes from the mismatch between neural tissue softness and the

implant stiffness.

7.3.1 No physical constraints

In this thesis, I presented a novel soft implant, named: E-dura. Being PDMS-based,

the mechanical properties of this implant are magnitudes closer to neural tissue than

previous standard multi-electrode arrays. The implants’ conductivity is warranted by

gold line and platinum coating, both especially made to provide a stretchability.

The implants did not impose mechanical stress onto the spinal cord. In addition,

bending, streching and torsion did not significantly alter the electrical properties

of the implant. Results were predicted by mechanical simulations made ex-vivo,

then were further confirmed with histological analyses of the spinal cord tissue that

evidenced no signs of deformation after a long term implantation.

7.3.2 No foreign body reactions

Similarly, inflammatory response resulting from a long term implantation reaction

linked with their presence even implanted subdurally was not observed. The arrays

did not generate foreign body responses which announced a good and longer lifetime

regarding active site efficacy and scar tissue formation reduction. The absence of

immune system reaction against implants avoid also many biological internal spinal

cord degradation, such as scar formation and demyelination of residual neurons [159].

7.3.3 Microfluidic advantages

In addition of its property to embed conductive electric tracks, E-dura implants

integrated also a microfluidic channel. Made in PDMS, the pipe follows same physical

properties as the whole implant. A path was opened to directly deliver drugs on a

targeted area. This intrathecal injection reduced many side effects that have been

observed when systemically delivering serotonin agonists to increase the excitability

of the neural networks below the injury. This capacity combined with stimulations

delivered at the same time allowed precise electrochemical modulation. Neurons are

sensitive to electrical and chemical stimulations, so neural implants incorporating
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both aspects in one device open unprecedented possibilities.

7.3.4 Usable for spinal neuromodulation

In this thesis, I focused on spinal cord applications. The impressive synergistic effect

of monoamine drugs and EES was already underlined with systemic injections [23].

Results reported that drug quantities could be drastically reduced by using intratecal

injections while primary effects such as the increased excitability continued to be

effective. Monoaminergic compound injections directly on the spinal cord reduced

drug side effects on rodents. Such devices scaled for human size combined with

implantable micro pumps for drug delivery could be a viable solution for commercial

application once a proper human drugs would be validated for clinical trial.

7.4 Multipolar strategies to fine tune stimulations

Spatiotemporal neuromodulation improved locomotion and mediated superior leg

recovery after rehabilitation in rats compared to conventional monotonic stimula-

tions. This new protocol is a candidate to replace current clinical process after its

demonstration of gait restoration in NHP. However, the complete strategy could be

ruined if one active site of the implant does not fulfill its role. This dependency to

electrode specificity could be a brake to translational validation, unless optimized

protocols refine stimulations.

7.4.1 Multipolarity to increase specificity

ESS generates movements by electrically recruiting dorsal root fibers. Main muscles

involved in locomotion is located between the L2 and L6 segments of the spinal cord.

Computational models showed the possibility of recruiting all roots coming from these

areas by accessing only S1 segment. I confirmed these results by in-vivo experiments.

Indeed, a grouping of electrodes in sacral area allowed roots activation with specificity,

especially L2 roots which recruit flexor muscles.

I took advantage of the digital model and electrode proximity to seek a better speci-

ficity, thanks to a multipolar protocol. Numerical models combined with a genetic

algorithm allowed to virtually test thousands of stimulation patterns and select them

according to their specificity. Results have also validated these predictions of im-

proved selectivity with multipolar stimulations, but also underline that a well-placed

electrode can already be sufficiently with monopolar activity. Multipolar stimulations
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offer the freedom to be optimized post implantation to answer any contingency.

7.4.2 Personalized stimulation

This protocol revolutionized electrode positioning and stimulation parameters, and

preserved the ability to integrate other control protocols such as closed-loop stimu-

lations and amplitude modulations. Application of this method on rat who received

a severe spinal cord injury demonstrated that their combined effects were able to

restore locomotion. Such a protocol should be applicable to humans and improve

the specificity of future EES protocols. Trivial adaptations of computational models

for humans should easily predict the electrode configurations needed for the next

implant generation implants.

7.5 Ready for clinical trials

7.5.1 Spatiotemporal stimulations for patients

Based on works done in this thesis, a group of my laboratory runs a clinical feasibility

study investigating the potential of EES in individuals with sensory and motor incom-

plete SCI classified as C or D according to the ASIA impairment scale in collaboration

with the Centre Hospitalier Universitaire Vaudois (CHUV) in Lausanne. The protocol

facilitated overground stepping and recovery of voluntary control. Their results will

demonstrate precise involvement of this new stimulation protocol in the framework

of a rehabiliation therapy for humans, which might be the next standard [160].

7.5.2 Soft implants in validation

E-dura implants required for Multipolar protocol are still far from clinical acceptation,

since non-human primate validation is still ongoing. However, preliminary tests

performed with existing MEA are promoting multipolar stimulations. Even with a non-

optimized implant, they observed small enhancements in specificity. Such results

are encouraging and will push the validation effort for a human transversal spinal

implant.
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7.5.3 Promising future

Spatiotemporal neuromodulation is at the dawn of passing clinical trials and promises

encouraging results in humans. Innovative solutions supported by advanced tech-

nologies are passing through translational steps to reach clinical validation for future

generation. Next decades announce a revolution in spinal cord injury field and strong

hopes for patients to one day walk again.
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