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Activity-dependent spinal cord neuromodulation
rapidly restores trunk and leg motor functions
after complete paralysis
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Epidural electrical stimulation (EES) targeting the dorsal roots of lumbosacral segments restores walking in people with spi-
nal cord injury (SCI). However, EES is delivered with multielectrode paddle leads that were originally designed to target the
dorsal column of the spinal cord. Here, we hypothesized that an arrangement of electrodes targeting the ensemble of dorsal
roots involved in leg and trunk movements would result in superior efficacy, restoring more diverse motor activities after the
most severe SCI. To test this hypothesis, we established a computational framework that informed the optimal arrangement
of electrodes on a new paddle lead and guided its neurosurgical positioning. We also developed software supporting the rapid
configuration of activity-specific stimulation programs that reproduced the natural activation of motor neurons underlying
each activity. We tested these neurotechnologies in three individuals with complete sensorimotor paralysis as part of an ongo-
ing clinical trial (www.clinicaltrials.gov identifier NCT02936453). Within a single day, activity-specific stimulation programs
enabled these three individuals to stand, walk, cycle, swim and control trunk movements. Neurorehabilitation mediated suffi-
cient improvement to restore these activities in community settings, opening a realistic path to support everyday mobility with
EES in people with SCI.

shown that EES applied over the lumbosacral spinal cord can

restore walking after SCI. A subset of the treated individuals
with motor complete paralysis can even walk overground with EES
after many months of intense training when assisted by multiple
physical therapists”'’. However, translating these isolated proofs
of concept into a commonly available therapy requires neuro-
technologies that not only enable the rapid recovery of numerous
motor activities with limited human resources but also mediate
this recovery in every treated individual. Here, we aim to address
these challenges.

| hree decades of preclinical'-® and clinical’"'® research have

EES recruits large-diameter afferent fibers at their entrance in the
spinal cord through the dorsal roots'>'”’. The recruitment of these
fibers leads to the activation of motor neurons embedded in the spi-
nal segment innervated by the root wherein these fibers reside®*.
Therefore, targeting individual dorsal roots enables the modulation
of specific motor neuron ensembles***". This biological principle
guided the development of EES programs**'-** that target the indi-
vidual dorsal roots with a predefined timing to reproduce the natural
spatiotemporal activation pattern*** of motor neurons during walk-
ing. Compared to continuous EES, these biomimetic stimulation
programs have mediated superior recovery of walking after SCI**'>?!.

A full list of affiliations appears at the end of the paper.

260

NATURE MEDICINE | VOL 28 | FEBRUARY 2022 | 260-271 | www.nature.com/naturemedicine


http://orcid.org/0000-0003-0856-0929
http://orcid.org/0000-0003-0942-0768
http://orcid.org/0000-0003-0477-8138
http://orcid.org/0000-0002-5373-1646
http://orcid.org/0000-0001-8444-8504
http://orcid.org/0000-0002-4612-5509
http://orcid.org/0000-0003-3811-0961
http://orcid.org/0000-0001-7598-1809
http://orcid.org/0000-0001-7626-3876
http://orcid.org/0000-0003-3841-0497
http://orcid.org/0000-0003-4197-6141
http://orcid.org/0000-0002-2712-8739
http://orcid.org/0000-0003-4396-8217
http://orcid.org/0000-0002-2879-3861
http://orcid.org/0000-0003-0894-1959
http://orcid.org/0000-0001-5528-6147
http://orcid.org/0000-0003-2414-9574
http://orcid.org/0000-0002-9582-6109
http://orcid.org/0000-0002-6405-1590
http://orcid.org/0000-0002-5744-4142
http://www.clinicaltrials.gov
http://crossmark.crossref.org/dialog/?doi=10.1038/s41591-021-01663-5&domain=pdf
http://www.nature.com/naturemedicine

NATURE MEDICINE

ARTICLES

EES has been delivered using repurposed neurotechnologies that
were initially designed to alleviate pain’~'“. These neurotechnolo-
gies include paddle leads with an arrangement of electrodes that
target the dorsal column®. Instead, the recovery of motor functions
requires targeting the dorsal roots?”. Moreover, the short length of
existing paddle leads limits the number of dorsal roots that can
be targeted with EES. Therefore, current neurotechnologies fail to
leverage the biological principles through which EES restores move-
ment after SCI.

Here, we designed and fabricated a paddle lead with an arrange-
ment of electrodes that targeted the ensemble of dorsal roots
involved in leg and lower-trunk movements. We also established
a computational framework combining high-resolution structural
and functional imaging to optimize the surgical placement of this
lead. Finally, we developed a software to support the rapid configu-
ration of biomimetic stimulation programs.

We aimed to leverage this portfolio of purposed-built neurotech-
nologies to elaborate activity-dependent biomimetic stimulation
programs that address the deficits of individuals presenting with the
most severe forms of SCI across a broad range of activities, includ-
ing the critically important control of the trunk'®**.

Results
Variability of spinal cord topology. Sacral (S1 and S2), lumbar (L1-
L5) and low thoracic (T12) dorsal roots project to spinal segments
containing motor neurons innervating leg and lower-trunk muscles
(Fig. 1a). Therefore, we aimed to identify an arrangement of elec-
trodes that would be suitable to target all of these roots across the
human population. We first determined whether the interindividual
variability of spinal cord anatomy was compatible with this aim.
Neuroanatomical quantification of 27 spinal cords exposed a pro-
nounced variability of spinal segment lengths, in particular across
upper lumbar segments (Fig. 1b). We complemented this survey
with an analysis of the tridimensional topology of dorsal roots,
because we showed that this topology determines the distribution
of EES-induced electric potentials along the roots™. To enable this
visualization, we optimized structural magnetic resonance imaging
(MRI) sequences that increased the tridimensional spatial resolu-
tion while enhancing the contrast resolution between the cerebro-
spinal fluid and spinal cord tissues (Fig. 1c and Extended Data Fig.
1). This contrast enabled the semiautomated conversion of MRI and
computed tomography (CT) images into realistic anatomical models
of the entire spine (Fig. 1d). This visualization confirmed the pro-
nounced variability in the rostrocaudal distribution of dorsal roots
(Fig. 1b). Instead, we found that the widths of the dorsal root entry
zones were remarkably consistent (Fig. 1b and Extended Data Fig. 2).

Atlas of spinal cord models. Our pulse generator could accom-
modate 16 electrodes. Therefore, our challenge was to identify an
arrangement of 16 electrodes that accessed the 16 targeted dorsal
roots despite the variable topology of the spinal cord. We posited
that resolving this challenge would require tradeoffs and that identi-
fying these tradeoffs would be contingent on computational models.

We thus established a pipeline to generate highly realistic com-
putational models of the interactions between EES and the spinal
cord. This pipeline leveraged the verified anatomical and biophysi-
cal models of the Sim4Life computational life-sciences simulation

platform® to generate tridimensional finite element models of the
spine from CT and MRI scans (Fig. 1 and Extended Data Fig. 1),
created models of rootlet bundles and their innervation patterns
(Extended Data Fig. 2) and functionalized these geometries with
fiber models covering the entire populations of efferent and afferent
fibers (Fig. 1f). The physics and neuron electrophysiology solvers of
the Sim4Life simulation platform then predicted the probability of
recruiting these fibers when delivering EES. These simulations con-
firmed" that EES preferentially recruits large-diameter afferents,
because nearly all Aa fibers were recruited before the depolariza-
tion of AP fibers (Fig. 1g).

We then used this pipeline to generate a freely available atlas of
15 personalized computational models that provided a resource to
study the optimal arrangements of electrode across a large human
population.

Optimized electrode arrangement. We reasoned that identifying
an optimal arrangement of electrodes would require circumscribing
the analysis to the key features that determine the selectivity of EES.
We thus focused our analysis on four features (Fig. 2a):

(1) Rostrocaudal distributions: We merged all the spinal cords of
the atlas into a unified model that captured the average topol-
ogy of the human spinal cord. This model informed the optimal
length of the paddle. We then distributed the electrodes uni-
formly along the rostrocaudal direction (Fig. 2b).

(2) Lateral positions to maximize left-right selectivity: Simula-
tions predicted a maximal selectivity with an electrode posi-
tioned 2.3 mm lateral to the midline. However, this selectivity
declined by 50% with a lateral shift as small as 1 mm. Such de-
viations are inevitable when a paddle lead is inserted into the
irregular spinal canal. Simulations indicated that placing the
electrodes at 4.7 mm from the midline would mitigate the im-
pact of potential mediolateral deviations (Fig. 2¢).

(3) Midline positions to steer current: Simulations showed that
increasing the amplitude of EES leads to a proportional recruit-
ment of nontargeted dorsal roots, especially from the contralat-
eral side (Fig. 2d). To minimize this undesired recruitment, we
incorporated midline electrodes, as simulations revealed that
creating multipolar configurations with lateral and midline
electrodes steered the current toward the targeted root while
minimizing the recruitment of contralateral roots (Fig. 2d).

(4) Arrangement for the sacral region: The agglutination of the
lumbar rootlets around sacral segments is an impediment to
the selective recruitment of the sacral root entry zones (Fig. 2¢).
Because the somatotopy of the lumbar dorsal rootlet bundles
is maintained along the transverse axis of sacral segments, we
reasoned that a transverse arrangement of electrodes would
rescue this selectivity. Simulations confirmed these considera-
tions (Fig. 2e).

We translated these predictions into an arrangement of 16 elec-
trodes that we accommodated on a new paddle lead fabricated with
standard medical-grade processes (Fig. 2f).

Precise preoperative planning. We then evaluated the selectivity of
this lead across the 15 computational models. Performances differed
widely across individual models (Extended Data Fig. 2), as expected

>
>

Fig. 1| Anatomical quantification and personalizable computational models. a, Human spinal cord, including a visualization of the targeted thoracic,
lumbar and sacral dorsal roots. b, Spinal cord topology from 27 adult individuals was quantified using MRI/CT scans of 15 healthy volunteers and
anatomical measurements of 12 cadavers. Each bar or dot reports measurements from one individual. Three complete anatomical models are shown from
individuals with widely different topologies. ¢, Automated framework to elaborate anatomical models of spinal cord tissues from high-resolution MRI and
CT images. d, Discretization of anatomical models as voxels using rectilinear (structured) gridding. e, Distribution of electric potential when delivering one
pulse of EES. f, Compartmental cable models incorporating the entire range of afferents and efferents are initialized in the rootlets. g, Relative recruitment
of afferents and efferents when delivering a single pulse of EES with increasing amplitude.
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Fig. 2 | Optimal arrangement of electrodes. a, Highlight of the four features that guided the positioning of the electrodes on the new paddle lead. These
features were studied using computational experiments detailed in b-e. b, Generalized model reconstructed from averaging all spinal cords of the atlas.
The length of the new paddle lead was calculated from this model. ¢, A grid of 7 x 5 electrodes was positioned over each targeted rootlet bundle (here
shown for the L1 dorsal root). Simulations computed a selectivity index for each electrode of the grid to determine the distributions of the lateral electrodes
(red rectangle). d, Because of the inherent variability of dorsal root distributions and putative deviations during surgical placement, the selectivity of the
cathodes may require adjustments (e.g., simulated offset as blue rectangle). Simulations determined that lateral shifts of the cathodes compensate for
deviations in the medial direction, whereas anodes located over the midline steer current with bipolar stimulation. e, Distribution of electrical potentials
when delivering unipolar versus multipolar stimulation over the dorsal roots agglutinated within the thecal sac. The transverse arrangement of electrodes
enables steering the current toward the targeted sacral dorsal roots. f, Arrangement of electrodes on the new paddle lead.

from the mismatch between a fixed arrangement of electrodes and
the large variability of spinal cord topology. We concluded that a
preoperative planning was essential to optimize the positioning of
the lead.

We first generated a personalized model of the spine for each
participant (Fig. 3a,b). Because EES modulates motor neurons
through the recruitment of large-diameter afferents, we presumed
that localizing the predominant projectome of these afferents would
improve the models and thus the accuracy of simulations.

To expose this projectome, we monitored the blood oxygen-
ation level-dependent response in the spinal cord®> when acti-
vating proprioceptors, which are innervated by large-diameter
afferents. We used two methods (Extended Data Fig. 3). First,
we mobilized each joint passively to elicit a proprioceptive mes-
sage from the lengthened muscles. Second, we implemented
a more precise method based on the application of a mechani-
cal vibration to the tendon****. Muscle tendon vibration recruits
muscle spindle afferents embedded in the muscle attached to the
vibrated tendon™.

Although proprioceptive afferents project across several seg-
ments, the recruitment of these afferents leads to the predominant
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activation of homonymous motor neurons®. Accordingly, the
recruitment of proprioceptive afferents from muscles distrib-
uted at the ankle, knee and hip levels induced blood oxygenation
level-dependent responses that remained confined within one or
two segments (Extended Data Fig. 3). These responses exposed
the predominant projectome of large-diameter afferents innervat-
ing the mobilized muscle. We integrated the projectome from key
leg muscles into the personalized computational models (Extended
Data Fig. 4).

To determine the optimal rostrocaudal position of the paddle
lead, we implemented an algorithm that calculated the relative
activation of the targeted muscles with respect to the nontargeted
muscles® (Extended Data Fig. 4 and Supplementary Video 1).

Intraoperative validation of model predictions. We next aimed
to validate the predictions of the simulations, and the relevance of
improving the precision of the models with personalized features
to generate these predictions. We conducted intraoperative experi-
ments in three participants of the ongoing clinical trial STIMO
(Stimulation Movement Overground; Supplementary Data Table 1
and Supplementary Video 1).
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We first performed an intraoperative tridimensional CT scan to
map the predicted position of the lead to the anatomy of each par-
ticipant and thus guide its insertion. Once the lead was advanced to
the predicted position, we quantified the selectivity of the electrodes
located at each corner of the lead. We delivered single pulses of EES
to elicit muscle responses that we monitored with electromyo-
graphic recordings. We quantified the selectivity of each electrode
using the same algorithm as in simulations.

We then studied whether alternative locations would permit
superior selectivity. Moving the lead by approximately 2mm in
the rostral or caudal direction resulted in lower selectivity, indi-
cating that the predicted position achieved the highest perfor-
mance (Fig. 3b).

We finally asked whether the personalized features of the mod-
els were important for predicting the optimal position of the lead”.
Simulations based on a generic computational model or theoretical
myotome distributions failed to reach the same accuracy as person-
alized models (Extended Data Fig. 5).

Superior selectivity of the new electrode arrangement. We then
aimed to demonstrate that the new arrangement of electrodes
enhanced the coverage and selectivity of EES compared to leads
originally designed for pain treatment. We selected the Specify 5-6-
5, because this lead has been the most commonly used to restore
walking in humans with SCI’-*°.

To enable a direct comparison, we performed an intraopera-
tive assessment of the Specify 5-6-5 in the same participants. The
length of the Specify 5-6-5 is shorter than the new lead by 18.8 mm.
Accordingly, simulations predicted that the Specify 5-6-5 would
not be able to target all the dorsal roots in these participants.
Intraoperative electrophysiological quantifications confirmed these
predictions (Fig. 3c and Extended Data Fig. 4).

Finally, we asked whether the transverse arrangement of elec-
trodes at the bottom of the lead enabled a more selective recruit-
ment of dorsal roots agglutinated in the thecal sac. We found that
multipolar combinations of these electrodes enhanced the selective
recruitment of triceps muscles, whose motor neurons are located in
sacral segments (Fig. 3d).

Neurostimulation platform. Biomimetic EES requires the delivery
of concurrent stimulation waveforms that are turned on and off with
a precise timing**'>?!. Moreover, many activities necessitate adjust-
ment of stimulation parameters in closed-loop via wireless links.
To support these features, we upgraded the Activa RC implant-
able pulse generator (IPG) with wireless communication modules
(Supplementary Fig. 1). This neurostimulation platform supported
real-time updates of EES frequency, amplitude and timing from up
to 10 stimulation waveforms®. The new paddle lead was interfaced
with the Activa RC, which was implanted in the abdomen.

We also developed a new software operating through touchscreen
interfaces to enable the rapid configuration of activity-dependent
stimulation programs (Fig. 4c). To simplify these configurations,

wireless recordings of kinematics and muscle activity are displayed
in real time, concomitantly to EES waveforms (Supplementary
Fig. 1 and Supplementary Video 2).

Immediate recovery of walking after complete paralysis. Our
next objective was to demonstrate the superior performance of the
new lead to restore walking after SCI. Previous studies showed that
a subset of individuals with complete motor paralysis could step
with EES following many months of training”'’. Here, we aimed to
restore independent stepping on the first day of stimulation in all
the participants.

We first assembled preoperative and intraoperative information
into a library of cathode and anode configurations targeting the
individual dorsal roots (Extended Data Fig. 6). Each configuration
aimed to modulate a specific ensemble of motor neurons that are
confined within circumscribed regions of the spinal cord, termed
motor hotspots (Fig. 4b). Each configuration was then optimized
based on the responses elicited by EES. For this purpose, brief trains
(500 ms) of stimulation were delivered in a supine position, because
bursts elicited ample leg movements that identified potential unde-
sired movements and thus facilitated the fine-tuning of anode-
cathode combinations (Extended Data Fig. 6 and Supplementary
Video 2). Pulse frequencies were adjusted for extensor (20Hz)
versus flexor (100 Hz) muscles, as the motor neurons innervating
these muscles exhibit distinct preferential activation frequencies®
(Extended Data Fig. 7). Elaborating this library did not last longer
than 1 hour.

Once the library was configured, the temporal sequence of EES
pulses was optimized for each participant. Walking involves ste-
reotypical spatiotemporal patterns of motor hotspot activation
that reflect changes in body mechanics*** (Fig. 4a,b). Therefore,
the next step consisted of injecting the electrode configurations
targeting each motor hotspot into pre-established sequences of
EES pulses that reproduce the natural pattern of motor hotspot
activation during walking*®*"** (Fig. 4b). Finally, EES parameters
were fine-tuned through a stimulation scheduler displayed on the
software. This fine-tuning involved interactions with the physical
therapist and participant who was attempting to walk (Fig. 4c). This
procedure allowed the configuration of EES programs for walking
within 1 hour.

All three participants exhibited complete sensorimotor paraly-
sis (Supplementary Table 1). They were unable to take any step,
and muscles remained quiescent during these attempts (Extended
Data Fig. 8). On the first day, all three participants could step
independently on a treadmill, although gait patterns exhibited
poor extension components. Consequently, substantial amounts
of body-weight support were necessary (Fig. 4d). After 1-3 addi-
tional days, gait patterns were sufficiently optimized to enable the
three participants to ambulate independently overground while
supported in a multidirectional body-weight support system®
(Fig. 4d and Supplementary Video 2). This recovery involved the
production of substantial activity in leg muscles that coincided with

>
>

Fig. 3 | Preoperative planning and intraoperative validation. a, CT scan combined with structural and functional MRI acquisitions enabled the
personalization of computational models predicting the interactions between the location of EES and the recruitment of afferents in the dorsal roots. b, For
each participant, simulations (left) calculated the relative selectivity of the paddle lead for six positions separated by 2 mm, as shown in the vertical bars
positioned over the computational model and their enlarged version next to each bar. The selectivity of electrodes located at each corner of the paddle
lead is aggregated in a combined (color-coded) selectivity index. The same procedure was conducted intraoperatively (right) for three positions of the
paddle lead, including the optimal position predicted by the model. Representations are the same as in the computational simulations. The final surgical

positioning of the paddle lead is displayed in the reconstructed CT images. ¢, Bar plots reporting the selectivity of electrodes from the new paddle lead (red)
and Specify 5-6-5 (gray) to recruit muscles eliciting hip flexion and ankle extension. P, participant. d, Bar plots reporting the amplitude of muscle responses
when stimulating with monopolar versus multipolar electrode configurations showing the ability of the transverse electrode arrangement to selectively
recruit sacral roots despite the agglutination of all lumbar dorsal roots within the stimulated region. LII, left iliopsoas; LMG, left medial gastrocnemius; LRF,
left rectus femoris; LSol, left soleus; LVLat, left vastus lateralis; LST, left semitendinosus; LTA, left tibialis anterior; RI, right iliopsoas; RMG, right medial
gastrocnemius; RRF, right rectus femoris; RSol, right soleus; RST, right semitendinosus; RTA, right tibialis anterior; RVLat, right vastus lateralis.
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pronounced excursions of hip, knee and ankle joints (Fig. 4b and
Extended Data Fig. 8).

Two out of the three participants could modulate the amplitude
of leg movements when asked to increase their step length volun-
tarily (Extended Data Fig. 8). Contrary to the fatigue that rapidly
occurs with direct neuromuscular stimulation®, the participants
could produce up to 300 independent steps as early as the first day
of stimulation (Extended Data Fig. 8).

Extension to other motor activities. We reasoned that the prin-
ciples through which EES restores walking could support the con-
figuration of EES programs to enable other motor activities.

To test this possibility, we configured activity-specific stimu-
lation programs that enabled the three participants to use their
legs to swim in the water or pedal actively on a motorized bike
(Fig. 4e and Supplementary Video 3). EES programs also supported
rehabilitation exercises such as squats or leg press (Fig. 4e and
Supplementary Video 3).

We applied the same principles to target trunk muscles (Extended
Data Fig. 9). Indeed, the participants showed impairments in the
control of trunk postures (Extended Data Fig. 10). EES programs
targeting trunk muscles normalized trunk postures (Fig. 5) and
improved the control of trunk movements. For example, partici-
pants who exhibited difficulties to regain an upright trunk posture
from a flexed position performed this task with ease, as captured in
the marked increase in the speed of these executions (Fig. 5e and
Supplementary Video 3).

Recovery of independence in ecological settings. Activity-
dependent stimulation programs enabled the immediate recovery
of trunk and leg motor functions in people with complete paraly-
sis. Although weight-bearing capacities and overall performances
remained limited at this stage, this recovery provided the oppor-
tunity to engage the neuromuscular system into sustained and
active training sessions. We thus asked whether performance would
improve with practice and whether these improvements would be
sufficient to regain some independence in ecological settings.

The three participants underwent a 5-month neurorehabilita-
tion program during which EES enabled them to stand, walk and
perform a broad range of exercises four or five times per week. We
developed a simplified software interface that allowed participants
and physical therapists to switch between activity-dependent stimu-
lation programs and fine-tune key parameters of these programs.
We also equipped the assistive devices with ergonomic clickers that
trigger EES programs upon desire. For example, they could switch
between standing and walking or between the swing and stance
phases of gait (Supplementary Fig. 1). Participants could select EES
sequences that were executed in open-loop or triggered with click-
ers or closed-loop control of these sequences based on wearable
sensors (Supplementary Fig. 1).

Performance improved dramatically. All three participants pro-
gressively regained full weight-bearing capacities (Fig. 6b), which
translated into the ability to stand independently in community
settings (Fig. 6d and Supplementary Video 4). Improvement of
gait patterns and weight-bearing capacities allowed them to walk

independently with the help of a front-wheel walker for stabil-
ity, which enabled the performance of the 10-m and 6-min walk
test without any assistance (Fig. 6c and Supplementary Video 2).
One of the participants even regained the ability to climb a stair-
case and progress over complex terrain (Supplementary Video 4).
Participants could also ride a recumbent trike powered with the
arms and legs (Fig. 6). Finally, improved control of trunk postures
allowed the practice of leisure activities such as boxing, enjoying a
drink while standing at a bar or paddling a canoe on a lake (Fig. 6
and Supplementary Video 4).

These improvements coincided with a substantial increase in the
mass of leg and trunk muscles (Fig. 6f). Moreover, two of the partic-
ipants recovered the ability to activate proximal muscles voluntarily
without EES (Supplementary Fig. 2).

Discussion

Here, we show that biomimetic EES enabled the recovery of stand-
ing, walking, cycling, swimming and trunk control within 1 day in
three individuals with chronic complete paralysis. After neuroreha-
bilitation, the three treated individuals were able to leverage biomi-
metic EES to perform these activities in the community. Central to
this radically increased efficacy compared to previous studies”'’ was
an arrangement of electrodes that targeted the ensemble of sacral,
lumbar and low-thoracic dorsal roots involved in the production
of leg and trunk movements, combined with a software that ren-
ders the configuration of activity-dependent stimulation programs
rapid, simple and predictable.

Although the three participants could ambulate independently,
it is important to point out that they did not regain natural move-
ments. Yet, this recovery was sufficient to perform various activi-
ties for extensive periods of time. Moreover, two participants were
able to modulate leg movements during EES, suggesting that the
stimulation boosted signals from residual descending pathways.
The recovery of volitional muscle activation without EES following
neurorehabilitation reinforced this interpretation. We previously
showed that the remodeling of residual descending pathways medi-
ated this recovery>®. We thus surmised that a small number of nerve
fibers had survived the injury but that these fibers had remained
functionally silent due to the hypoactivity below the injury™.

We previously showed that neurorehabilitation supported by EES
mediated a more extensive neurological recovery after incomplete
SCI%, emphasizing the logical importance of residual pathways to
promote recovery. Therefore, the development of biological repair
interventions remains critical to enhance recovery with neurore-
habilitation supported by EES*"*2. Biomimetic EES may also enable
active and sustained movements in the early phase after SCI, allow-
ing to take full advantage of natural repair mechanisms to augment
neurological recovery.

The development of the paddle lead required a number of trad-
eoffs to circumvent the variable topology of the dorsal roots across
the human population. Although this new lead allowed the valida-
tion of our therapeutic concepts, the fixed coverage and uniform
distribution of electrodes were inevitably suboptimal. Therefore, we
anticipate that delivering this therapy across the human population
may require a library of paddle leads or even personalized leads.

>
>

Fig. 4 | Configuration of activity-dependent stimulation programs. a, Library of optimized anode and cathode configurations and stimulation frequencies
to modulate motor pools associated with the key phases of gait, as highlighted with the color code. b, Sequence of muscle activity underlying walking

in healthy people, converted into a spatiotemporal map of motor neuron activity that highlights the timing and location of motor hotspot activation;
translated into a preprogrammed sequence of stimulation bursts (template) that aims to reproduce this activation pattern. Color code as in a. The
configurations of electrodes targeting each hotspot are derived from the library and injected into this template. ¢, Software enabling live adjustments of
stimulation patterns and parameters based on real-time feedback from muscle activity and kinematic sensors that are synchronized with stimulation
sequences. d, Walking on a treadmill with stimulation after less than 1 hour of configuration and independent walking between parallel bars less than

1 week after the onset of the therapy, including sequence of stimulation and underlying muscle activity. d, day. e, Chronophotography of sit-to-stand,
swimming, leg-press and motomed exercises enabled by activity-specific stimulation programs (displayed at the bottom of each chronophotograph).
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Fig. 5 | Configuration of trunk-specific stimulation programs. a,b, Stimulation of the dorsal root projections to the T12 spinal segment modulates trunk
and abdominal muscles (a), as shown in muscle responses (b). ¢, Temporal course (color-coded) of coronal plane trunk trajectory elicited by side-specific
stimulation. d, Chronophotography of a sequence of trunk flexion and extension. The onsets highlight trunk posture at rest without and with a stimulation
program optimized for modulation of motor pools innervating trunk muscles. e, Bar plots reporting the time necessary to complete the return phase
(extension) of the flexion/extension sequence of trunk movements for the three participants compared to five healthy individuals (Mann-Whitney test,
two tailed: P1, P=0.0159; P2, P=0.0079; P3: P=1429; *P< 0.05; **P< 0.01). Dots represent the number of repeated movements for each patient (N=5

repetitions per patient and per stimulation condition).

Although current regulations for silicone-based medical devices are
not compatible with this possibility, microfabrication processes may
provide a realistic path for personalized leads****. In turn, our compu-
tational framework enables selecting the optimal paddle lead for each
patient and planning its surgical positioning for optimal selectivity.
With a large choice of leads or increased number of electrodes, the
preoperative planning may also be simplified because the identifica-
tion of projectomes with functional MRI (fMRI) acquisitions would
not be necessary. High-density electrode arrays are under develop-
ment, but the challenge may reside in the availability of pulse gen-
erators to control the stimulation. Indeed, biomimetic EES requires

268

neurostimulation platforms designed for closed-loop operations,
combining ultrafast and reliable wireless communication with control
units that can decode motor intentions from wearable or implanted
sensors, including interfaces measuring brain activity*"*>*.

We only targeted the dorsal roots projecting to the low thoracic
segment. However, the selective modulation of trunk muscles sug-
gested that targeting additional thoracic dorsal roots will further
improve the recovery of trunk movements™*.

These therapeutic concepts are relevant to address other neuro-
logical functions that are prioritized by people with SCI*. Indeed,
EES can regulate bladder and bowel functions®, hemodynamics®**!
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EES (N=27 cycles, gray) and calculated during the N=100 first and N=100 last cycles (red). Photographs illustrate the setting for the development of

cycling stimulation and its use in community settings.

and arm/hand movements™. The regions involved in the regulation
of these functions are distributed along the neuraxis, suggesting that
purpose-made neurotechnologies targeting the dorsal roots pro-
jecting to these specific regions are necessary to develop effective
treatments. Targeting some of these functions may require highly
specific stimulation of certain dorsal roots, which could be achieved
with the direct neuromodulation of dorsal root ganglia™.

Scaling up these therapies across clinical centers worldwide
will require artificial intelligence assistants to support neurosurgi-
cal interventions and EES program configurations. Advances in

NATURE MEDICINE | VOL 28 | FEBRUARY 2022 | 260-271 | www.nature.com/naturemedicine

machine-learning algorithms and cloud-based computing for medi-
cal applications established the technological landscape to realize
this transition.

Biomimetic EES restored trunk and leg motor functions within
1 day after complete sensorimotor paralysis and mediated the
recovery of some independence in ecological settings after neuro-
rehabilitation. This recovery, combined with our previous findings
in people with incomplete SCI®, is opening a realistic pathway to
deploy a therapy that will mediate clinically meaningful improve-
ments in people presenting with a broad range of SCI severities.
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Methods

Study design and objectives. All experiments were carried out as part of the
ongoing clinical feasibility study STIMO, which investigates the effects of
spatiotemporal EES combined with weight-supported overground locomotor
training on the recovery of motor function after SCI. This study was approved
by the Swiss ethical authorities (Swissethics protocol number 04/2014 project
ID PB_2016-00886, Swissmedic protocol 2016-MD-0002) and was conducted

in accordance with the Declaration of Helsinki. All participants signed a

written informed consent before their participation. More information at www.
clinicaltrials.gov (NCT02936453). All surgical and experimental procedures were
performed at the Lausanne University Hospital (CHUV). The study involved
assessments before surgery, the surgical implantation of the neurostimulation
system, a 1-month period during which EES protocols were configured, and a
5-month rehabilitation period with physiotherapists taking place four or five
times per week for 1-3 hours. The rehabilitation program was personalized
based on the participants’ improvements. At the end of the rehabilitation period,
the participants were given the opportunity to be enrolled in a study extension
phase during which they could continue using the neurostimulation system at
home. They are currently followed up on a regular basis by the study team (for
up to 6 years).

Study participants. Three individuals with a traumatic thoracic SCI participated
in the study. Their neurological status was evaluated according to the International
Standards for Neurological Classification of Spinal Cord Injury (ISNCSCI)* and
is reported in Supplementary Data Table 1. At the time of study enrollment, the
following characteristics for the participants were made. Participant P1 was 32
years old and classified with a motor and sensory complete (AIS-A) T4 lesion
that had occurred 9 years earlier during a motor bike accident. He presented with
bilateral leg paralysis, with motor scores of 0 on all key leg muscles. He could
neither stand nor ambulate at all (Walking Index for Spinal Cord Injury score:

0), despite extensive participation in physical exercise with adapted devices for
home use. Participant P2 was 41 years old and classified with a motor and sensory
complete (AIS-A) T6/T7 lesion that had occurred 1 year before his enrollment
during a motor bike accident. He presented with bilateral flaccid leg paralysis,
with motor scores of 0 on all key leg muscles. He did not have any spasticity in his
legs and could neither stand nor ambulate at all (Walking Index for Spinal Cord
Injury score: 0), despite extensive participation in physical exercise with adapted
devices for home use. Participant P3 was 29 years old and classified with a motor
complete (AIS-B) T5/T6 lesion that had occurred 3 years earlier during a motor
bike accident. He presented with bilateral spastic leg paralysis, with sensory and
motor scores of 0 on all key leg muscles. He was classified as AIS-B due to the
presence of deep anal pressure.

Cadaver analysis. The 12 cadaver samples were willingly given by donors to

the anatomy department of CHUV. Anthropometric measures on these samples
complied with Swiss regulation on human studies and did not require formal
approval. Formalin-fixated human spinal cords (n=12) were immersed in 0.1 M
PBS. The dura was carefully dissected using appropriate surgical tools to identify
and expose the lumbosacral spinal segments. The roots were pinned individually
using a specific color-code at their entry point to the cord. The length of each
lumbosacral spinal segment was measured using a caliper. The length of each
spinal segment was defined as the root attachment length plus the lower interroot
length. The measurements were averaged over the total number of dissected cords.

Imaging data. Detailed methods for CT, structural MRI and fMRI acquisitions are
reported in Supplementary Methods.

Mechanical vibration. MRI-compatible pneumatic vibrators were used to
stimulate muscle spindle afferents. Small-amplitude (0.5 mm peak to peak)

and constant-frequency (70 Hz) vibrations were delivered using a SMC ITV2050
air-pressure regulator driving the rotation of eccentric ceramic spherical

masses embedded in the vibrator turbine. The stimulation parameters were
selected based on the fact that small-amplitude vibration activates preferentially
primary muscle spindle endings, with responses linearly proportional to the
vibration frequency up to 70-80 Hz*". A custom software implemented in the
LabVIEW environment (National Instruments) allowed to synchronize the
vibratory stimulations with the MRI acquisitions. This device did not produce
artefacts in the fMRI scans or modify the signal-to-noise ratio, as already
reported in previous studies during which vibrations were applied during

brain fMRI acquisitions™*.

Six pneumatic vibrators were attached to the subject’s right leg using elastic
bands on the tendons of each pair of agonist/antagonist (extensor/flexor) muscles
at the ankle, knee and hip levels. The aim was to target the gastrocnemius medialis/
soleus, tibialis anterior, quadriceps, iliopsoas, gluteus and biceps femoris muscles.
The protocol was divided in two runs for each pair of agonist/antagonist muscles
per joint. In each run, two vibrators, one located on the flexor muscle and the other
on the extensor muscle, were alternatively activated in blocks of 10s. One run
consisted of 18 alternating vibration blocks. To avoid any bias, the order of the six
runs was randomized.

fMRI data processing. The fMRI preprocessing was carried out using the Functional
Magnetic Resonance Imaging of the Brain (FMRIB) Software Library (FSL) v5.0.15
(ref. °7) and the Spinal Cord Toolbox (SCT) v4.3.16 (ref. ).

A two-phase motion correction procedure was performed using FMRIB’s
Linear Image Registration Tool®. First, the volumes of each run were averaged into
a mean image. The centerline of the spinal cord was automatically extracted®. A
cylindrical mask of diameter 30 mm was drawn along it and used to exclude the
regions outside the spinal cord. Within each run, all volumes were registered to the
mean image using three-dimensional rigid body realignment (spline interpolation
and least-squares cost function). To consider that the spinal cord is a nonrigid
structure, a two-dimensional slice-wise realignment (spline interpolation and
least-square cost function) was conducted, taking as reference the mean image
of the corrected volumes®'. Finally, all runs corresponding to the same session in
the scanner were aligned to the first run of the session using three-dimensional
rigid body realignment (spline interpolation and least-squares cost function). All
images were inspected to ensure that any artefacts or bottom slices with insufficient
signal were cropped out. Two slices were in general removed per run. Motion
scrubbing was also performed with FSLs tool to identify outliers volumes, using
DVARS (the root mean square of the difference of intensity between consecutive
volumes) metric in the spinal cord, with a box-plot cutoff (75th percentile + 1.5x
the interquartile range)®.

Both the cerebrospinal fluid and the spinal cord were automatically segmented
(with manual corrections when necessary) using the SCT* from the mean
functional and the T2 anatomical images.

Nuisance regressors were built using FSUs physiological noise modelling
tool on the acquired cardiac and respiratory signals, using an approach based
on the RETROICOR procedure®. Low- and high-order Fourier expansions
were used to model the physiological signals®>®°. This resulted in 32 noise
regressors, to which an additional cerebrospinal fluid regressor was included
(10% most variable cerebrospinal fluid voxels). When no physiological signals
were available, regressors based on anatomical priors were determined using
component-based noise extraction (aCompCor®’) through the PhysIO Toolbox®.
The motion-corrected volumes were masked with the segmented cerebrospinal
fluid mask. The first five principal components, as well as the mean of these time
series, were extracted and kept as noise regressors.

Coregistration was performed within each subject (functional to anatomical).
Using the SCT, functional images were coregistered to the T2 anatomical image
with nonrigid transformations.

The motion-corrected functional volumes were spatially smoothed, volume by
volume, using a three-dimensional Gaussian kernel (with full width half maximum
of 2 X 2 X 6 mm°) along the centerline of the spinal cord to preserve consistency at
the anatomical level.

Spinal segments L1 to S2 were identified using the high-resolution structural
MRI. The L1 dorsal root was identified from its entry region in the spinal canal
(entering just below the L1 vertebra) until the region where it innervates the spinal
cord, which defines the L1 spinal segment. The more caudal segments (L2 to S2)
were identified by following the dorsal roots along the rostrocaudal axis.

fMRI data analysis. Using the preprocessed functional volumes (motion corrected,
smoothed) and the noise regressors (physiological and motion outliers) for each
run, a first-level statistical analysis was performed using FMRIB’s Improved

Linear Model with local auto-correlation correction®. As explanatory variables,
the timings of the task (block design) were convolved with the three optimal basis
functions using FMRIB’s Linear Optimal Basis Set”, with the second and third
waveforms orthogonal to the first waveform. The resulting parameter estimates for
the two runs were passed through a fixed-effects model to obtain the second level
analysis (subject level and task specific) activation maps. To account for multiple
comparisons, the Z statistic images were set to (Z> 2, P<0.05) whenever possible.
These results were then registered to the respective anatomical image to assess their
spatial distribution with respect to spinal segments.

Personalized hybrid computational models. We designed a computational
framework that supports the semiautomated creation of personalized,
geometrically and neurofunctionally realistic hybrid neurophysical volume
conductor models of the lower thoracic and lumbosacral spinal cord from
high-resolution MRI and CT data. These models combine a three-dimensional
finite element method to characterize the electric potential and currents generated
by EES with compartmental cable models to estimate the recruitment profile

of individual nerve fibers. The detailed methods to generate these models and
conduct simulations are reported in Supplementary Methods.

Atlas of computational spinal cord models. Using our computational pipeline,
we generated a freely available atlas of 15 personalized computational models
from healthy volunteers. The models can be accessed at osparc.io/study/3c62d60a-
319d-11ec-8033-02420a0b2de3. These models provided an instrumental resource
to analyze the influence of electrode arrangements on the relative recruitment

of dorsal roots. We also generated personalized computational models of our
study participants. The models for the three participants can be accessed with the
following links:
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o Participant 1: osparc.io/study/423e27aa-319d-11ec-8033-02420a0b2de3
o Participant 2: osparc.io/study/3f4eal28-319d-11ec-8033-02420a0b2de3
o Participant 3: osparc.io/study/389ac42e-319d-11ec-8033-02420a0b2de3

These models enabled precise preoperative planning that guided the
neurosurgical procedure.

Neurosurgical intervention. Laminectomy and paddle lead insertion. An
intraoperative tridimensional CT scan (O-Arm version 2, Medtronic) was
performed to map the predicted optimal position of the paddle leads to the
anatomy of each participant and thus guide the insertion of the leads at this
position. An approximately 5-cm midline skin incision was performed, the fascia
opened and the muscles retracted bilaterally. Excision of the midline ligamentous
structures and laminectomy between L1 and L2 spinal segments enabled the
insertion of the paddle leads that were placed over the midline of the exposed dura
and advanced rostrally to the target location. Because the 5-6-5 Medtronic lead was
narrower and shorter than the new paddle lead, this lead was inserted and tested
first. This order minimized possible surgical complications due to the multiple
entrances and trajectories within the spinal canal. After the neurophysiological
evaluations, the paddle lead was secured by means of bumpy anchors sutured to
the ligaments, and a final three-dimensional CT scan was then acquired to register
the final position of the paddle lead.

Electrophysiological monitoring. Electrophysiological recordings were conducted
using the NIM Eclipse monitoring and stimulation system (Medtronic Xomed,
Medtronic). Single pulses of EES (0.5 Hz) were delivered at increasing amplitude

to elicit muscle responses that were recorded from subdermal (Neuroline Twisted
Pair Subdermal, 12 X0.4 mm, Ambu A/S) or intramuscular needle electrodes (Ultra
Sharp, 44 mm/27 g, Chalgren Enterprises).

Intraoperative comparison of the paddle leads. During the surgical intervention,

the Specify 5-6-5 paddle lead (Specify 5-6-5, Medtronic) was inserted before the
new paddle lead. Electrophysiological monitoring of muscle responses guided the
placement to an optimal position to recruit the iliopsoas muscle (L1 dorsal root).
Recordings were obtained at three different positions apart from 2 mm, centered on
the optimal position. Then, the new paddle lead (ONWARD Medical) was inserted
through the same opening. The same procedure was then repeated. Because the
new paddle lead displayed superior selectivity compared with the Specify 5-6-5, the
new paddle lead was implanted chronically.

Paddle array. The new paddle array was fabricated using conventional biomedical
technologies. Extensive bench and in vivo testings were conducted to validate the
mechanical, electrical and biocompatibility properties of the paddle lead, which
led to the equivalent of an investigational device exemption from Swiss competent
authorities.

Pulse generator implantation. An IPG (Medtronic Activa RC, Medtronic)
commonly used for deep-brain stimulation therapies was inserted into a
subcutaneous pocket in the participant’s abdomen. The paddle array cables were
then tunneled between both openings and connected to the IPG.

Configuration of activity-specific stimulation programs. After approximately 10
days of rest after surgery, participants started a 1-month period during which we
configured activity-specific stimulation programs to support the performance of
motor activities involving leg and trunk musculatures.

Electrode configurations. We delivered EES with electrode configurations targeting
the dorsal roots projecting to the spinal cord regions containing the motor
neuron pools associated with the intended movement. These spinal cord regions
were derived from the projectome of proprioceptive neurons innervating the
homonymous motor neurons, as identified with fMRI recordings. The cathodes
were selected based on intraoperative recordings at the final position of the
paddle lead. Additional anode configurations completed the cathodes to increase
the selectivity when necessary. The procedure to elaborate the library of anodes
and cathodes is described in Extended Data Fig. 6. EES pulse width was fixed at
300 ps. The amplitude and frequencies of EES were optimized for each electrode
configuration, as described in Extended Data Fig. 7.

Spatiotemporal stimulation sequences to support walking. Sequences of EES pulses
to support walking were derived from the spatiotemporal maps of motor neuron
activation reconstructed from muscle activity of healthy individuals during
walking®. These spatiotemporal maps revealed that walking involves the successive
activation of three hotpots restricted to specific spinal cord regions. We thus
created a template of spatiotemporal stimulation sequences that aim to reproduce
the spatiotemporal activation pattern of these hotspots during walking in healthy
individuals. For each targeted hotspot, we selected an appropriate anode/cathode
configuration from the library and updated the template with these configurations.
The parameters (frequency, amplitude), onset and duration of each train of EES
were optimized during walking on treadmill and overground and by inspecting
the synchronicity of the muscular activity and kinematics with EES trains and
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integrating the feedback from the physical therapist and participant, as detailed in
Extended Data Fig. 7.

Spatiotemporal stimulation sequences to support other motor activities. We then
configured activity-specific stimulation programs to support other motor activities
such as standing, cycling, sit-to-stand, leg press and swimming. For this purpose,
we exploited the same framework as for elaborating the stimulation template for
walking. We thus conceived spatiotemporal sequences that reproduce the natural
activation of motor hotpots/muscle groups during each motor activity. We also
developed EES programs that targeted the motor neurons innervating the trunk
and abdominal musculatures to facilitate trunk postures and the execution of trunk
exercises. This procedure is described in Extended Data Fig. 9.

Clinical evaluations. ISNCSCI. Each participant’s neurological status was assessed
based on the ISNCSCI, a comprehensive clinician-administered neurological
examination of residual sensory and motor function quantifying SCI severity*.

Six-minute walk test. Endurance was assessed by the distance covered overground
within 6 min with a standard four-wheel walker and spatiotemporal EES turned
on. This test was performed at the beginning and at the end of the 5 months of
rehabilitation.

Quantification of muscle mass. Muscle mass was quantified from non-contrast
CT images obtained with a 64-detector row CT scanner (Discovery CT750 HD,
GE Healthcare) at the abdominal (L3 vertebra) and mid-thigh (25 cm cranial

to the tibiofemoral joint space) levels, acquired before surgery and after the
period of 5 months of rehabilitation. Muscle segmentations were performed
semiautomatedly in Image] by applying specific CT number thresholds (in
Hounsfield units (HU)) for the identification of muscle (from —29 to +150 HU)
and adipose (from —190 to —30 HU) tissues’'. Muscle mass and skeletal

muscle area are reported (in cm?) for specific abdominal and thigh muscles or
muscle compartments.

Rehabilitation program. Participants followed a rehabilitation program four to

five times per week for 5 months. The rehabilitation program was personalized to
participants’ performance. This period of rehabilitation comprised walking on a
treadmill and overground with multiple assistive devices, sit-to-stand, standing, leg
and trunk muscle exercises, swimming and cycling. Activity-specific stimulation
programs were delivered to enable the practice of these activities.

Technological framework. Rehabilitation and movement analysis environment.
When necessary, a tailored amount of body weight support was provided to the
participants using an overhead support system based on cable robot technology
(Rysen, Motek Medical BV). This robotic system allows the application of
tailored forces to the trunk through a dedicated harness along the vertical and
anteroposterior directions.

Electromyographic activity of selected muscles was acquired at a 2-kHz
sample rate using the 16-channel wireless Delsys system, with bipolar surface
electrodes placed over the muscles of the lower limbs (iliopsoas, rectus femoris,
adductors, vastus lateralis, semitendinosus, tibialis anterior, medial gastrocnemius
and soleus) and/or trunk muscles (abdominal muscles, quadratus lumborum and
obliques). Kinematic recordings were obtained at a 100-Hz sampling rate using
a three-dimensional motion capture system (Vicon Motion Systems and Nexus
v1.8.5 software), consisting of 14 infrared cameras that covered a 12 X 4 X 2.5m
workspace. Body kinematics were captured by these infrared cameras through
the use of infrared-reflective markers positioned over standardized anatomical
landmarks. We also captured chronophotographic images of participants using a
high-definition camera (FUJIFILM X-T2, five images/s, ISO 6400, shutter speed
1/250s). Successive snapshots were overlaid offline to illustrate the dynamic
of movements.

Neurostimulation system. EES was delivered with an IPG (Medtronic Activa RC)
that enabled monopolar and multipolar stimulation at constant current or constant
voltage through one or a subset of the 16 electrodes of the paddle lead or the

case of the IPG (anode). The IPG was modified from its clinical version with an
investigational firmware that enabled real-time communication with a software
running on an external computer (NEUWalk Research Programmer Application
(NRPA), model 09103, Medtronic). The NRPA acted as a relay between
EES-triggering commands sent by the control software, G-Drive Plus (described
below), and the IPG. The NRPA communicated wirelessly with the IPG through
the following communication chain: the NRPA sent commands via a virtual COM
port corresponding to a Bluetooth adapter, a custom wireless bridge consisting

of a nano computer (Raspberry Pi) received this command and forwarded it to a
virtual COM port 6 corresponding to a USB adapter, a USB to infrared adapter
(ACT-IR224UN-LN115-LE, ACTiSYS) transformed this command into infrared
signals that were then read by a modified Medtronic patient’s programmer
(Sensing Programmer Telemetry Module, Medtronic), which finally transmitted
the command to the patient’s IPG by electromagnetic induction through the skin
(Supplementary Fig. 1).
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Software App for configuration, optimization and evaluation of neurostimulation. A
custom software application (App) was built to configure, optimize and evaluate
the effects of EES (Supplementary Fig. 1). The C# App runs on a desktop computer,
laptop or tablet and interfaces with the stimulation system (through the NRPA
App) and sensor systems for data acquisition and closed-loop stimulation. The
software includes a stimulation scheduler that enables the rapid personalization

of spatiotemporal stimulation sequences from preprogrammed templates. The
user can choose to loop a sequence automatically, switch between different motor
activities with one click or link stimulation sequences to specific events detected by
the sensors. These events can be triggered by detecting movement-specific changes
detected through inertial measurement units (IMUs) (NGIMU, x-io Technologies
Limited) placed on the participant’s body or by clicking on custom-built ergonomic
buttons mounted on an assistive device and connected to the analog input ports

of the IMUs. The IMUs are connected with the software App through Wi-Fi,
streaming quaternion or analog input data at 30 Hz. For movement detection,
quaternion values are converted into Euler angles indicating the angular positions
of the trunk or limbs, depending on the location of the IMUs. Movement-specific
events are triggered when these angles cross user-defined and movement-specific
thresholds in a predefined direction. The software provides real-time visualization
(SciChart WPF library, SciChart) of the muscular activity and leg kinematics based
on wireless sensors that measures the electromyographic activity and IMUs placed
on the participant’s body (Delsys Trigno System, Delsys Incorporated). The App
also triggers acquisition from video cameras. The muscular and kinematic data

are synchronized with the stimulation sequences and color-coded with respect to
the targeted motor hotspots. This color-coded visualization allows the immediate
assessment of the effects of the stimulation on muscle activity and whole-body
kinematics. All the acquired data, including the information about EES stimulation
patterns, are saved for offline analysis.

The App provides graphical interfaces tailored to the needs of the different
user types (i.e. stimulation experts, physical therapists and study participants).
Concretely, the same App can be used by stimulation experts on a multiscreen
desktop system to configure and optimize stimulation parameters, therapists
to select and modulate rehabilitation exercises on a handheld tablet or study
participants to start and stop activity-dependent stimulation programs to support
activities of daily living through a smartwatch.

Data processing. Analysis of intraoperative muscle activity. Intraoperative
recordings of muscle activity were band-pass filtered between 10 and 450 Hz
(fourth-order Butterworth filter). The peak-to-peak amplitudes of the
monosynaptic components of muscle responses were extracted and normalized
with respect to the maximal value obtained during the recordings.

Analysis of lower limb muscle activity. The electromyographic activity from lower
limb muscles was processed according to SENIAM (Surface Electromyography

for the Non-Invasive Assessment of Muscles) standards for electromyographic
recordings. All displayed electromyographic activities during walking were band-pass
filtered between 10 and 450 Hz (fourth-order Butterworth filter). A moving average
of the rectified electromyographic signal within a centered 250-ms time window was
used to generate normalized electromyographic envelopes for quantification.

Recruitment of trunk and abdominal muscles during single-pulse EES.
Electromyographic signals from trunk abdominal muscles were band-passed
filtered between 10 and 450 Hz (fourth-order Butterworth filter. EES onset was
determined using semiautomatic methods based on recordings of stimulation
artefacts. The temporal window of muscle responses was defined within 40 or

50 ms starting 10 ms after EES onset, depending on the muscle. For each amplitude
of EES, muscle responses were quantified as the peak-to-peak amplitude. These
values were translated into recruitment curves that we displayed in circular plots.
In these circular plots, muscles are distributed at different angular positions. The
radial axis corresponds to EES amplitude (Extended Data Fig. 8). A color shading
reports the normalized amplitude of muscle activity. The black circle highlights
the EES amplitude that corresponds to the highest selectivity index. The polygon
describes the muscle selectivity at the optimal EES amplitude; the edges of the
polygon represent the normalized muscle activity on the radial axis for a particular
muscle, scaled so that the polygon fills the circle.

Analysis of trunk kinematics. Reflective markers were secured to the spine at T10
and L5, and on both knees to record trunk and leg kinematics. The responses were
analyzed over the window of 500 ms that followed the onset of the stimulation.
Kinematic data were low-pass filtered (fourth-order Butterworth filter) with a
cutoff at 10 Hz.

Analysis of trunk posture and kinematics during exercises. Trunk exercises were
recorded with a FujiFilm XT-2 camera. Video-based kinematic analysis of the
lumbar curvature was performed through a semiautomated detection of the body
segments and by an expert visually fitting circles to calculate the lumbar curvature.

Statistics. All quantifications show the mean and all individual data. Comparisons
between two conditions were performed using a two-tailed Student’s ¢ test when

normality was confirmed or a nonparametric Mann-Whitney rank sum test
otherwise. Comparisons involving more than two categories were performed
using a one-way analysis of variance, followed by the post-hoc Tukey’s honestly
significant difference tests (*P <0.05; **P < 0.01; ***P < 0.001).

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability
Data that supports the findings are available in the following data depository:
https://doi.org/10.5281/zenodo.5614586 Source data are provided with this paper.

Code availability
Software routines developed for the data analysis will be made available upon
reasonable request to gregoire.courtine@epfl.ch.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| Personalizable computational models of the interactions between EES and the spinal cord. Step 1, High-resolution MRl images
enable clear-cut visualization of spinal tissues, including individual dorsal roots. Step 2, CT images enable reconstructing the tridimensional geometry

of vertebral bodies. Step 3, Elaboration of highly realistic anatomical models from MRI and CT scans. Step 4, Automatic generation of rootlets based

on the identification of the uppermost rootlet (shown in red) in high-resolution MRI acquisitions. Rootlet trajectories are interpolated from this rootlet,
using the measured segment length as a reference. Step 5, Splines representing the nerve fibers are automatically generated inside the rootlets. For this
purpose, points are initialized in each cross-section based on a weighted superposition of the points constituting the cross-section itself. These points

are connected to generate splines. Step 6, Conductivity maps are imposed on each voxel of the discretized finite element models. The white matter and
rootlets require an anisotropic conductivity map. Functionality has been implemented in Sim4Life for that purpose that generates anisotropic conductivity
maps by solving a diffusion problem with suitable boundary conditions in the tissues of interest and locally aligning conductivity tensors with the gradient
of the obtained solution. Step 7, Compartmental cable models are initialized along each spline to integrate the nerve fibers.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Importance of modeling rootlet bundles. Step 1, Models of the same spinal cord wherein the dorsal roots are modelled as single
tubular structures (left) versus multiple tubular structures mimicking the topology of rootlet bundles observed in humans (right), as shown in Step 2, side
by side comparison of the rootlet bundles in the model and in a real spinal cord. To create the model of the rootlets, we determined the entry point of the
uppermost rootlet for each spinal segment, and then populated the space from the uppermost rootlet of a given dorsal root to the uppermost rootlet of
the next dorsal root by distributing rootlets homogeneously across this space. Step 3, A pulse of EES was delivered with increasing intensities through the
electrode depicted in step 1, over the L3 dorsal root. The plots show the resulting recruitment curve of each dorsal root. The explicit models of rootlets led
to pronounced differences in the recruitment curves of each dorsal root. Step 4, Performance of the new paddle lead evaluated in 15 computational models
of the atlas. The top left electrode of the paddle lead was positioned over the dorsal root innervating the L1 spinal segment, as depicted in the model on the
left. The plot on the left reports the selectivity of this electrode for each model, organized laterally based on the length of the spinal cord (as reported in
Fig. 1). The plot on the right reports the selectively of the bottom left electrode to recruit the dorsal root projecting to the S1 spinal segment. Lower Panel,
Horizontal bar plots on the left report the variability of the width of the dorsal root entry zone (n=15 healthy volunteers). Horizontal bar plots on the right
report the variability of length of each spinal segment (n=27 spinal cords). The bar plot between these two plots reports the variability of the width of the
dorsal root entry zones and of the length of spinal segments. p=0.000035, ***, P<0.00071, two-tailed t-test.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Identification of the projectome from propriospinal neurons. Step 1, Acquisition of functional MRI from the spinal cord in response
to the recruitment of proprioceptive afferents from specific leg muscles. The muscle spindles are recruited either by stretching the muscles in which they
are embedded (the limb is mobilized by a physiotherapist, aided with audio cues), or by applying muscle tendon vibration using MR-compatible pneumatic
vibrators (synchronized with MRI triggers). Two runs are acquired for each muscle. Only the right leg muscles are tested. In addition to the functional
volume series, T2 anatomical images and physiological (heart rate, respiratory) signals are acquired. Step 2, Raw fMRI volume series are repeatedly
acquired every 2.5s (TR) in functional runs lasting about 7 minutes. Step 3, A two staged motion correction (3D and then 2D slice-by-slice) is applied for
each run. First, the volumes are registered to their respective averaged-in-time image using 3D rigid body realignment. Secondly, taking as reference the
averaged-in-time corrected volume, a slice-by-slice 2D realignment is applied thus accounting for the nonrigid property of the spinal cord. Step 4, The
motion-corrected series are spatially smoothed, volume by volume with 3D gaussian kernel with full width at half maximum (FWHM) of 2x2x6 mm?.
Step 5, The motion-corrected series are again averaged through time. The cerebrospinal fluid and white matter are segmented from this mean functional
image. Step 6, Physiological signals (heart rate and respiratory) acquired concomitantly to the fMRI volumes are used to model physiological noise
(RETROICOR based procedure). If no signals are available, noise regressors are built with component based noise extraction (aCompCor). Step 7,
Acquisition timings corresponding to the task-design, pre-processed (motion corrected, smoothed) fMRI volume series and physiological noise
regressors are submitted to a specific first level generalized linear model. A second level fixed effects analysis (subject level, task specific) is performed
by combining the two runs. Whenever possible, multiple comparison corrections are performed (Z> 2, p.,,, < 0.05). Step 8, Spinal segments are identified
from high-definition T2-ZOOM.it structural images that allow visualization of the dorsal roots. Spinal segments are then reported in the T2 anatomical
image acquired in each run. Step 9, Using non-rigid transformations, the mean functional images are co-registered to the T2 anatomical image. Step 10,
Thresholded activity patterns resulting from the generalized linear model are coregistered to the anatomical image. The projectome of proprioceptive
neurons innervating the mobilized muscles are extracted and mapped to the anatomical model. Step 11, Projectomes from the three participants, and

for comparison, averaged myotome distribution measured electrophysiologically in a large population of patients undergoing surgery. The color dots
represent the reconstructed projectome from key leg muscles. Vertical color bars represent mean population distribution of muscular motor hotpots.

The projectomes differed across the participants. In particular, the projectome identified in P3 revealed an unexpected inversion of the projectome from
ankle antagonists. This rostrocaudal inversion was confirmed electrophysiologically.
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Extended Data Fig. 4 | Preoperative planning for optimal placement of the new paddle lead. Step 1, CT, structural MRI and functional MRI acquisitions
allow to personalize a computational model of the interactions between EES and the spinal cord for each participant. Step 2, The insertion of the new
paddle lead within the spinal canal is visualized in the model to anticipate bony structures or ligaments that could deviate the trajectory. Step 3, The new
paddle lead is positioned at 6 locations separated by 2 mm, thus covering the entire region of the spinal cord targeted by the therapy. The same procedure
was applied to the Specify 5-6-5 lead, except that 2 additional locations were necessary to cover the entire region since this lead is shorter than the new
paddle lead. Step 4, The plot shows the recruitment of each dorsal root when simulating the delivery of EES at increasing intensities through the top left
electrode of the paddle lead. The same simulations were performed for the electrodes located at each corner of the paddle lead. Step 5, The recruitment of
dorsal roots is translated into the recruitment of motor pools based on a transformation matrix that maps the recruitment of afferents to the recruitment
of motor pools. The transformation matrix was either based on the averaged location of motor pools across the human population’?, or the projectome

of proprioceptive neurons from key leg muscles identified from functional MRI. Step 6, Applying the transformation matrix depicted in Step 5 allows to
convert the predicted recruitment of dorsal roots shown in Step 4 into a prediction of motor pool recruitment. Step 7, For each position of the lead, the
recruitment of the targeted motor pools compared to the non-targeted motor pools is measured to obtain a selectivity index. For example, the recruitment
of the dorsal root projecting to the L1 spinal segments intends to recruit the motor neurons innervating the iliopsoas muscle to elicit hip flexion. The
relative recruitment of the iliopsoas muscle versus the rectus femoris or vastus lateralis muscles is transformed into a selectivity index. For each position
of the paddle lead, the selectivity index for the tested electrode is color coded, and the selectivity between the tested locations interpolated to obtain

a continuum. Step 8, The selectivity indices obtained for the electrodes located at each corner of the paddle lead (from left to right, targeting motor
neurons eliciting hip flexion or ankle extension) are aggregated into a combined selectivity index that defines the performance of the paddle lead at the
tested position. The optimal position for the paddle lead was defined as the position for which the highest combined selectivity index was obtained (most
yellow rectangle). Step 9, Optimal position of the new paddle lead predicted based on a personalized computational model but a generic distribution of
motor neuron locations. Step 10, Intraoperative quantification of the combined selectivity index, and thus identification of the optimal position of the new
paddle lead. The predicted optimal position of the paddle lead based on a personalized model with the identified projectomes of proprioceptive neurons
matched the optimal position validated intraoperatively, whereas simulations based on the averaged location of motor pools across the human population
failed to predict the optimal position. Step 11-13, The procedures described in Steps 8-10 were repeated for the Specify 5-6-5 paddle lead. Note that the
intraoperative validation of the optimal position of the Specify 5-6-5 was restricted to one position to minimize the duration of the surgical intervention.
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Extended Data Fig. 5 | Impact of model abstractions to determine the optimal position of the paddle lead. Step 1, Generalized computational model of
the interaction between EES and the spinal cord, including the location of motor neurons from key leg muscles. Step 2, Personalized computational model
of the interaction between EES and the spinal cord for the three participants. The models are aligned with the generalized model depicted in Step 1. Step 3,
Simulations predict the optimal position of the new paddle lead for each participant, following the procedures explained in Extended Data Fig. 4, but
based on various model abstractions, as explained in the boxes above each prediction. Step 4, The optimal position of the new paddle lead was validated
intraoperatively, as explained in Extended Data Fig. 4, and is shown on a CT scan reconstruction. The horizontal yellow line passing through the top
electrodes of the paddle lead highlights the optimal position, thus allowing a direct comparison between the various predictions and the optimal position.
The fully personalized models achieved the best performance.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Configuration of activity-specific stimulation protocols. Step 1, The participant is lying supine in a relaxed posture. Wireless
sensors are positioned over selected leg muscles to monitor electromyographic signals in conjunction with leg kinematics using an optical 3D motion
capture system. Step 2, Intraoperative imaging of the final paddle lead position guides the realignment of the paddle lead with respect to the personalized
model of the interactions between EES and the spinal cord. The optimal cathode to target specific motor neurons are inferred based on the location of the
electrodes with respect to the dorsal roots and location of motor neurons identified from fMRI measurements. Step 3, The performance of the preselected
optimal cathode is assessed using trains of pulses delivered with predefined frequency ranges that are optimal for the targeted motor neurons. Step 4,
The muscle responses are quantified from 40 to 500 ms after stimulation onset, and then normalized with respect to a baseline window selected 500 ms
before stimulation onset. The relative amplitudes of muscle responses are represented in a polar plot that allows to appreciate the relative recruitment of
each muscle. Step 5, A physiotherapist grades the precision of the elicited movements and muscle activity based on a simple clinical scale that enables
the quick adjustment of anode and cathode configurations to achieve the most optimal selectivity. Step 6, This procedure enables the rapid elaboration of
a library of anode and cathodes targeting specific muscles and motor hotspots, which are then implemented in preprogrammed stimulation templates that
aim to reproduce the natural activation of muscles during the desired activity.
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Extended Data Fig. 7 | Configurations of frequency-specific EES trains to elicit functional muscular and kinematic activity. Step 1, Configuration of
electrodes to target the hotspots associated with weight acceptance (top) and whole-leg flexion (bottom). Example from participant P3. EES bursts

are delivered at 20 Hz. (weight acceptance, optimal frequency for motor neurons innervating extensor muscles) and 100 Hz (whole-leg flexion, optimal
frequency for motor neurons innervating flexor muscles) to elicit muscle responses, recorded from the lliopsoas (/I), Rectus Femoris (RF), Vastus Lateralis
(VLat), Semitendinosus (ST), Tibialis Anterior (TA), Gastrocnemius Medialis (MG), and Soleus (Sol) muscles (mean response, n=5 repetitions). The
muscles associated with the targeted hotspot are color-coded. Polar plots report the normalized muscle responses, using the same convention as in
Extended Data Figure 7. Polar plot units are normalized with respect to the baseline (n-fold). Bar plots report the amplitude of associated kinematic
responses from each joint, and the selectivity indexes for targeted and non-targeted muscles (n=5 repetitions for each stimulation configuration). Step 2,
Similar representations are shown for participant P1.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Inmediate recovery of independent stepping with EES. Step1, Kinematic and muscle activity underlying stepping on a treadmill
without and with EES on the very first day of stimulation for the 3 participants. Bar plots report quantification of the muscle activity, and the range

of motion for the hip, knee and ankle in both conditions (n=10 steps for each condition, two-tailed Mann-Whitney test, *, p<0.05; **, p < 0.01; ***,
p<0.007; ****, p<0.0001). Muscular activities are quantified as Mean Absolute Value over their expected phase of activity. Step 2, Number of
independent steps performed during the very first day of stimulation. Step 3, Chronophotographies showing normal and voluntarily exaggerated steps
while stimulation parameters remain otherwise unchanged. Bar plots report the mean step length quantified during normal and exaggerated steps (n=12
normal and 8 exaggerated steps for P1, n=15 normal and n=10 exaggerated steps for P2; two-tailed t-test, P1: p=0.0073, P3: p<0.0007; **, p < 0.07; ****,
p<0.0001).
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Step 1 Targeting motor neurons innervating trunk muscles

A set of trunk and upper leg muscles is selected to stabilize and
control trunk posture
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Step 3 Targeted activation of trunk muscles

Single pulses of targeted EES applied to the T12 root selectively recruit
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Step 4 Kinematic response to targeted stimulation of trunk motor neurons

Targeted high-frequency stimulation of the T12 root leads to side-specific trunk excursion
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Selective recruitment of trunk muscles. Step 1, Trunk and abdominal muscles are primarily innervated by motor neurons located
in the thoracic region of the spinal cord. The new paddle array enables targeting the dorsal roots projecting to the T12 spinal segment, allowing the
recruitment of trunk and abdominal muscles. Step 2, Single pulses of EES at increasing amplitude are delivered over electrodes to evaluate their ability

to recruit trunk and abdominal muscles. Muscle responses are calculated, normalized, and then represented in a polar plot. The selectivity of trunk/
abdominal versus leg muscle activation is calculated with a selectivity index formula. Side-specific recruitment of trunk and abdominal muscles is obtained
with the upper electrodes of the new paddle lead. Step 3, Polar plots reporting the activation of trunk/abdominal muscles versus leg muscles when
delivering EES through various electrodes of the new paddle lead, as indicated by the number referring to the electrodes depicted in step 2. Step 4, Trains
of EES are delivered through the same electrodes as in Step 2 to elicit kinematic responses. For each tested electrode, the panels depict the mean time-
dependent trajectory of trunk and knee movements in the plane perpendicular to the direction of gravity, and bar plots reporting the mean amplitude of
trunk and knee movement in abduction or adduction. Electrodes 1and 4, which are located over the top row of the new paddle lead, elicited side-specific
trunk movement without disturbing knee movements.
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Extended Data Fig. 10 | Inmediate recovery of trunk control. Step 1, Participant P2 performing repeated front pull movement on a medicine ball without
stimulation (black/EES OFF) and with EES targeting the T12 dorsal root (red/EES ON). Radius of curvature of the lumbar region is measured at position
3, which is the most difficult position for the participants to stabilize. Exercises were repeated 4-5 times in each condition (EES OFF/ON). Step 2,
Representation of the trunk muscles engaged in the execution of the task (gray) and EES targeted muscles (red), together with the electrode configuration
to target the subset of these muscles affected by the SCI. Step 3, Bar plots reporting the radius of curvature of the lumbar region at position 3 and the
execution time of the whole exercise for each participant (n=5 repetitions per participant, two-tailed Mann-Whitney test, Lumbar curvature (p=0.0079
for all three participants), Execution time (P1: p=0.0159, P2: p=0.0079, P3: p=0.0079), *, p<0.05; **, p < 0.01). Step 4, Participant P2 performing
repeated lumbar lordosis correction in four-point kneeling position in the absence of stimulation (black/EES OFF) and with a stimulation program that
targeted trunk, abdominal and gluteus muscles to stabilize the four-point kneeling position (red/EES ON). Radius of curvature of the lumbar region is
measured at the time of maximal contraction and maximal relaxation of the lower back. Exercises were repeated 4-5 times in each condition (EES OFF/
ON). Step 5, Same as Step 2. Step 6, Bar plots reporting the lumbar curvature without and with stimulation (n=6 (P1), n=4 (P2), n=6 (P3) repetitions,
two-tailed Mann-Whitney test, P1: p=0.0022, P2: p=0.0286, P3: p=0.0022, *, p<0.05; **, p<0.01). Step 7, Participant P2 performing repeated front
shoulder raise in the absence of stimulation (black/EES OFF) and with EES (red/EES ON). Exercises were repeated 4-5 times in each condition (EES OFF/
ON). Step 8, Same as Step 2. Step 9, Changes in position of the wrist in the vertical plane during the front shoulder raise movement, showing improved
symmetry and range of motion with EES turned on. The bar plot reports the execution time of this task with (n=7) and without EES (n=6), and in 5
healthy individuals for comparison (n=5 repetitions, two-tailed Mann-Whitney test, p=0.0082, **, p < 0.01). Step 10, Dips lifting hip. In the absence

of stimulation, the participant (P1) is able to lift his own body-weight but is not able to lift his pelvis (black). With EES, he is able to activate his lower
abdominal and oblique muscles to lift his pelvis on both sides. Step 11, The participant (P1) is using a torso rotation machine at the gym. In the absence of
stimulation, he is able to rotate to both sides lifting 10 kg. EES enables him to perform this exercise with twice this weight as represented on the bar plot.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

X] A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection - Intra-operative electrophysiological recordings were conducted using the NIM Eclipse monitoring and stimulation system (Medtronic Xomed
Inc, Jacksonville, FL, USA).
- Kinematic recordings were obtained at a 100-Hz sampling rate using a 3D motion capture system (Vicon Motion Systems, Oxford, UK) and
the Nexus v1.8.5 software.
- Muscular recordings were acquired with Delsys Trigno Plugin v2.0.2 integrated in Nexus v1.8.5
- Custom C# (.NET Framework 4.6.1) code to control stimulation in real-time in and outside the laboratory environment
- Microsoft Visual Studio Community 2019 (for development in C#)
- LabVIEW 2017 was use to develop the tendon vibrators controllers

Data analysis - The fMRI pre-processing was carried out using the FMRIB Software Library (FSL) v5.0 15 and the Spinal Cord Toolbox (SCT) v4.3 16.
- Segmentation of MRI and CT data was performed using iSeg v3.10.43.78. , a software developed by ZMT
- The segmented images were processed in Sim4Life v6.2.0.4280
- We used the integrated NEURON v6.0.0.3176 solver of Sim4Life to develop a computational model of group Aa-, Ap-, AS- and C-fibers
- Data processing of EMG and Kinematics were performed in Matlab v2020a
- PhyslO Toolbox (Release 2020a, v7.3.0)

Software routines developed for the data analysis will be made available upon reasonable request to gregoire.courtine@epfl.ch.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The following statement was added to the Method Section of the manuscript.

Data that supports the findings are available in the following data depository: https://doi.org/10.5281/zenodo.5614586.
Main figures (Fig 1-6) and extended data figures (Ext.Fig 2-10) have associated raw data.
Software routines developed for the data analysis will be made available upon reasonable request to gregoire.courtine@epfl.ch.
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Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size We report proof-of-concept results in three patients who contributed to a First-in-Man study. No previous data existed to predetermine
sample size. Previous studies employing spinal cord stimulation or novel implanted neurotechnologies (e.g. brain machine interface) in
individuals with spinal cord injury reported their results in 1 to 4 participants.

Gill, M. L. et al. Neuromodulation of lumbosacral spinal networks enables independent stepping after complete paraplegia. Nature medicine
24,1677-1682 (2018).

Wagner, F. B. et al. Targeted neurotechnology restores walking in humans with spinal cord injury. Nature 563, 65—71 (2018).

Angeli, C. A. et al. Recovery of Over-Ground Walking after Chronic Motor Complete Spinal Cord Injury. New EnglJ Med 379, 1244-1250
(2018).

Data exclusions  No data were excluded
Replication Reproducibility of the experimental findings was verified across several steps, several recording sessions and between all 3 participants.

Randomization  Randomization was not sought in the present study. Each participant served as his own control (stimulation off vs. on conditions; evaluations
at different points over time throughout the rehabilitation training period)

Blinding Investigators were not blinded. Their expertize was required to optimize the intervention and to apply the intervention during evaluations.
Furthermore, the effects of the intervention were obvious, acutely producing changes in the kinematics and muscle activities of the
participants during walking.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Policy information about studies involving human research participants

Population characteristics Three individuals who had suffered a traumatic thoracic SCI participated in the study. Their neurological status was evaluated
according to the International Standards for Neurological Classification of Spinal Cord Injuryl. At enrollment, participant P1
was 32 years old and was classified with a motor and sensory complete (AIS-A), T4 lesion that occurred nine years earlier
during a motor bike accident. He presented with bilateral leg paralysis, with motor scores of 0 on all key leg muscles. He
could neither stand nor ambulate at all (WISCI score: 0), despite extensive participation in physical exercise with adapted
devices for home use. Participant P2 was 41 years old and was classified with a motor and sensory complete (AIS-A) T6/T7
lesion that occurred one year earlier during a motor bike accident. He presented with bilateral flaccid leg paralysis, with
motor scores of 0 on all key leg muscles. He did not have any spasticity in his legs and could neither stand nor ambulate at all
(WISCl score: 0), despite extensive participation in physical exercise with adapted devices for home use. Participant P3 was
29 years old, classified with a motor complete (AIS-B) T5/T6 lesion that occurred three years earlier during a motor bike
accident. He presented with bilateral spastic leg paralysis, with motor scores of 0 on all key leg muscles.

15 healthy volunteers, including 7 males and 8 females, participated in the MRI study. The mean age of the population was
2945. Mean anthropometric values are as follows. Height: 1.78+0.13 Weight: 76.7+18.5 BMI: 23.9+4.5

Recruitment SCI participant recruitment was done via the clinicaltrial.gov website where the principal investigators' contact details were
disclosed (NCT02936453). Patients and physicians contacted them directly to communicate their interest to participate or to
refer a patient to the STIMO study. The clinical study nurse communicated with the patients or the referring physician and
reviewed the clinical status of the patient for compliance with the inclusion and exclusion criteria listed below. Patients
meeting the inclusion criteria were given the study's flyer and the informed consent form to understand further their
implications and involvement within this clinical study. The participants' selection was also based on their ability to live
independently and their autonomy in their daily living activities.

To minimize bias, strict eligibility criteria were used; only participants with chronic spinal cord injury were enrolled to ensure
they plateaued in terms of their spontaneous recovery potential; data was collected through standardized case report forms;
and continuity was ensured within the scientific team.

Healthy volunteers were recruited via local advertisements. Study information were therefore given by direct
communications and by means of information letters. Only subjects meeting the inclusion criteria were included.

Ethics oversight This study was approved by the Swiss ethical authorities (Swissethics protocol number 04/2014 ProjectID: PB_2016-00886,
Swissmedic protocol 2016-MD-0002) and was conducted in accordance with the Declaration of Helsinki

The MRI study on healthy volunteers was approved by the local medical research ethics committee (METC) of the UMC
Utrecht and was conducted according to the principles of the Declaration of Helsinki.

The 12 cadavers samples were willingly given by donors to the anatomy department of the Centre Hospitalier Universitaire
Vaudois (CHUV). Anthropometric measures on these sample comply with Swiss regulation on human studies and do not
require formal approval.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

020¢ f1dy

Clinical trial registration  NCT02936453
Study protocol https://clinicaltrials.gov/ct2/show/NCT02936453

Data collection Data on the 3 study subjects was collected between May 2019 and May 2021 at the Centre Hospitalier Universtaire Vaudois (CHUV)
in Lausanne, Switzerland. The experimental room is equipped with 3D marker-based tracking system, a bodyweight support and




wireless electromyographic system. All clinical and technical evaluations were performed in presence of a physiotherapist and the
experimenter team.

Outcomes The outcomes of the STIMO study are:

Primary: The overground, robot-assisted neurorehabilitation in combination with spinal EES will result in less assistance required to
walk and faster speed of walking. This will be calculated within each individual and across the group (12 patients). Chosen measures:
WISCI Il Score, 10-Meter Walk Test, Weight Bearing Capacity (WBC).

Secondary: The overground, robot-assisted neurorehabilitation in combination with spinal EES will result in more independence in
activities of daily living and an improved endurance during standing and walking. This will be calculated within each individual and
across the group (12 patients).

Chosen measures: SCIM Il Score, 6-Minute Walk Test.

Only the 3 last participants (ASIA-A and B) are reported in this publication
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Experimental design

Design type Participants were positioned supine with arms at their side.
Design specifications Resting state structural MRI. The total scan time was <25 min overall.

Behavioral performance measures  n/a

Acquisition

Imaging type(s) Structural MRI

Field strength 3T

Sequence & imaging parameters a) 2D sagittal T2-weighted turbo spin-echo (repetition time (TR), 4560 msec; echo time (TE), 98 msec; voxel size,
0.6x0.6x3 mm3)
b) 3D axial T2-weighted SPACE (Sampling Perfection with Application-optimized Contrasts using different flip angle
Evolution) with ZOOMit (dynamic excitation pulses to achieve selective/zoomed field-of-view) software (TR, 3080 msec;
TE, 106 msec; interpolated voxel size, 0.3x0.3x0.5 mm3)
c) 3D coronal T2-weighted TrueFISP (True Fast Imaging with Steady state Precession) (TR, 6.04 msec; TE, 3.02 msec;
interpolated voxel size, 0.3x0.3x0.6 mm3).

Area of acquisition Thoracolumbar spine

Diffusion MRI [ ] used Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings n/a

Effect(s) tested n/a
Specify type of analysis: [ | Whole brain [ | ROI-based [ ] Both

Statistic type for inference n/a
(See Eklund et al. 2016)

Correction n/a




Models & analysis

n/a | Involved in the study
|:| Functional and/or effective connectivity

IZ |:| Graph analysis

|:| Multivariate modeling or predictive analysis
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