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Self-Assisted Standing Enabled by Non-Invasive Spinal
Stimulation after Spinal Cord Injury

Dimitry G. Sayenko,? Mrinal Rath,*®> Adam R. Ferguson;* Joel W. Burdick Leif A. Havton°

V. Reggie Edgerton,®"™ and Yury P. Gerasimenko'°

Abstract

Neuromodulation of spinal networks can improve motor control after spinal cord injury (SCI). The objectives of this study
were to (1) determine whether individuals with chronic paralysis can stand with the aid of non-invasive electrical spinal
stimulation with their knees and hips extended without trainer assistance, and (2) investigate whether postural control can
be further improved following repeated sessions of stand training. Using a double-blind, balanced, within-subject cross-
over, and sham-controlled study design, 15 individuals with SCI of various severity received transcutaneous electrical
spinal stimulation to regain self-assisted standing. The primary outcomes included qualitative comparison of need of
external assistance for knee and hip extension provided by trainers during standing without and in the presence of
stimulation in the same participants, as well as quantitative measures, such as the level of knee assistance and amount
of time spent standing without trainer assistance. None of the participants could stand unassisted without stimulation or in the
presence of sham stimulation. With stimulation all participants could maintain upright standing with minimum and some
(n=") without external assistance applied to the knees or hips, using their hands for upper body balance as needed. Quality
of balance control was practice-dependent, and improved with subsequent training. During self-initiated body-weight dis-
placements in standing enabled by spinal stimulation, high levels of leg muscle activity emerged, and depended on the
amount of muscle loading. Our findings indicate that the lumbosacral spinal networks can be modulated transcutaneously
using electrical spinal stimulation to facilitate self-assisted standing after chronic motor and sensory complete paralysis.

Keywords: balance control; neuromodulation; neuroplasticity; paralysis; transcutaneous electrical spinal cord stimulation

Introduction

SPINAL CORD INJURY (SCI) is a severe disorder resulting in pa-
ralysis and dysfunction of multiple physiological systems. Re-
covery of the ability to control full weight-bearing standing posture
independently of weight-supporting devices or manual trainer as-
sistance is one of the most desired goals of individuals with paral-
ysis.! Regaining this function provides a greater level of physical
independence and mobility and can facilitate general health main-
tenance,>” including an enhancement of autonomical control of
blood pressure, as well as bladder, bowel, and sexual functions.*”’
Finally, the same point of importance applies in the recovery of
balance during standing as the foundation for regaining the ability to
walk,®* " including stepping assisted by robotic devices.'>"?

Having observed the recovery of standing, stepping, and vol-
untary control of lower limb movements with epidural stimula-
tion,'*! one can predict that similar results could be achieved with
a non-invasive and more readily adaptable approach. For example,
it is feasible to neuromodulate excitability at multiple levels of the
spinal neuraxis, ranging from the cervical to the coccygeal cord
levels, to facilitate motor function using transcutaneous electrical
spinal cord stimulation (tSCS).>>® Most recently, we demon-
strated that, after more than 2 years following the onset of complete
or partial paralysis, stimulation over the lumbosacral enlargement
improved postural control of upright sitting.>® At the same time,
there have been no focused efforts to test the effectiveness of this
strategy in the recovery of full weight-bearing standing, and to
examine the physiological effects and mechanisms that underlie
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such functional outcome in individuals with chronic motor and
sensory complete paraplegia.

We hypothesized that tonic tSCS can modulate spinal circuitry
in humans into a physiological state that enables sensory inputs
during weight-bearing to serve as a primary source of neural control
to maintain externally unassisted upright posture and balance after
SCI. Further, we sought to identify the progression of neuroplas-
ticity of postural networks to repeated bouts of stand training
comprising both no stimulation and spinal stimulation conditions.
Our primary outcomes included: (1) qualitative comparison of need
of assistance for knee and hip extension provided by trainers in
standing without and during optimized or intentionally ineffective,
sham stimulation in the same participants, and (2) quantitative
measures of the level of manual assistance provided to each knee
and amount of time spent standing independently from trainer
support, during each condition. Here we demonstrate that non-
invasive spinal stimulation exhibits the neuromodulatory potential
as reported for epidural stimulation, including independent or
minimally assisted knee and hip extension, resulting in self-assisted
standing. The observed tSCS-induced enabling effects on standing
occurred in every participant and within the first experimental
session. Further studies will be necessary to determine whether the
changes observed will result in improved self-care and quality of
life in a broad SCI population.

Methods
Participants

The major inclusion criteria were non-progressive SCI, Ameri-
can Spinal Injury Association Impairment Scale (AIS) A-C, of at
least 1-year post-injury, inability to stand without external assis-
tance (i.e., mechanical constrain of the joints or trainer support)
prior to the intervention, and stable medical condition without ac-
tive ongoing treatment. Twenty-one volunteers with SCI were
screened for this study. Seven candidates were not recruited be-
cause they did not fit into inclusion criteria (e.g., neurological level
of injury was too high [above C5] or too low [below T12; n=4],
presence of stem cells implant in the injury site [n=1], pressure
sores [n=1], or contractures [n=1]), and the remaining two de-
cided to not participate due to scheduling conflicts. One participant
later withdrew from the study due to an adverse event independent
of the intervention, and the data were excluded from the analysis.
Fifteen individuals with SCI participated in this study (Table 1).
Demographic information of each participant, as well as the AIS
and Modified Ashworth Scale (MAS) assessments were performed
during examination before and after the study by an independent
clinician. Participants provided written informed consent to the
experimental procedures, which were approved by the University
of California, Los Angeles (UCLA) Institutional Review Board.
During the experiment, the subjects did not participate in any
professional activity-based program prior to or during the inter-
vention.

Transcutaneous electrical spinal cord
stimulation (tSCS)

A custom-built constant current stimulator was used to deliver
tSCS via self-adhesive electrodes with a diameter of 3.2 cm placed
on the skin between the spinous processes of the T11-T12 or L1-
L2 vertebrae (hereafter referred to as T11 and L1, respectively)
as cathodes, and two 7.5-cmXx 13-cm self-adhesive electrodes
(ValuTrode, Axelgaard Ltd., US) located over the iliac crests as
anodes.**>" The stimulation waveform consisted of monophasic
1-msec pulses, at a frequency ranging between 0.2 and 30 Hz,
with each pulse filled by a carrier frequency of 10kHz, and
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stimulation intensity up to 150 mA. Reference signals were re-
corded from the stimulator to monitor stimulation artifacts.

Ineffective (sham) stimulation

In seven participants, P1-P2, P4-P7, and P9 (Table 1), inten-
tionally ineffective for standing sham stimulation was administered
at one of the locations as effective tSCS, between the T11 and T12
spinous processes, at a frequency of 30 Hz, and intensities up to
200 mA, but utilizing biphasic pulses instead of monophasic, with
each 1-msec pulse filled by a carrier frequency of 10 kHz. Such an
approach mimicked the experience and visceral sensation of the
effective tSCS, from the perspective of the participant, by creating
strong tonic contraction of the paraspinal muscles. Even with a
higher stimulation intensity, however, biphasic pulses filled by a
10 kHz carrier frequency did not induce detectible activity of motor
pools projecting to the leg muscles, and therefore, were not pro-
ducing motor output in the lower limbs. In four participants P3,
P11-P12, and P14 (Table 1), stimulation was delivered remotely
from the lumbosacral enlargement, between the spinous processes
of T7-T8, with the pulse configuration, frequency, and intensities
of stimulation being the same as the effective tSCS. Similarly, with
such an approach, the participants stated perceiving the contraction
of the paraspinal muscles; however, the motor pools projecting to
the leg muscles were not activated. During all sham and effective
tSCS conditions, the procedures of placement of the stimulating and
recording electrodes, order of tests, and instructions remained constant
from the perspective of the participants and trainers (Fig. 1A-B).

EMG recording

Surface electromyogram (EMG) signals were recorded bilater-
ally using bipolar surface electrodes (Noraxon, US) placed over the
soleus (SOL), tibialis anterior (TA), vastus lateralis (VL), and
medial hamstring (MH) muscles with fixed inter-electrode distance
of 20 mm. The EMG signals were amplified using PowerLab sys-
tem (ADInstruments, Australia) with a band-pass filter of 10 Hz to
2 kHz, and digitized at a sampling rate of 4 kHz.

During tSCS, evoked motor potentials were induced in the leg
muscles, and their peak-to-peak amplitude was calculated within a
-5 to 45 msec time window in relation to the reference signals from
the stimulation channel. Because of the relatively low stimulation
frequency and remoteness of stimulation electrodes from the EMG,
there was little interference between the stimulation artifacts and
recorded signals, allowing for derivation of the induced responses
in the time windows free of artifacts. Typically, six spinally evoked
motor potentials from a given muscle were analyzed and compared
between different tSCS characteristics, including stimulation in-
tensity, frequency, location, and motor task.

To compare the muscle output without stimulation and with
tSCS or sham stimulation conditions, the digitized EMG time series
were full-wave rectified and processed as described previously.>
Briefly, the reference signal from the stimulation channel was used
to determine the onset and offset of stimulation artifacts; to set the
portion of the artifact corresponding to the stimuli to zero, a linear
adaptive filter was utilized to reduce the magnitude of the noise
signal and remove any significant outliers while retaining promi-
nent muscle activation features, for example, muscle activation
peaks. Muscle activity was quantified by calculating the mean
EMG signal amplitude within a 1-sec measurement window, im-
mediately before and during leaning in the mediolateral or ante-
roposterior direction as described below.

Apparatus for standing

A custom-designed stand frame was used to provide balance
assistance during upright standing, and did not passively constrain
the participant’s torso or legs. This frame included height adjustable
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handrails that participants could use for weight-bearing and/or
balance if required. External assistance was provided as needed by
trainers to the participants’ knees and/or hips. The amount of ap-
plied assistance was titrated to be as minimal as possible to pro-
mote knee and hip joint extension and maintain upright posture;
the trainers were instructed to remove their hands from the par-
ticipant’s knees or hips if independent extension was achieved
and the assistance was not required. Two 4-cmx4-cm force-
sensing resistor (FSR) sensors (Interlink Electronics, Inc., US),-
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were placed above the participant’s knees, and they were used to
measure the interactive force between the surface of the partici-
pant’s leg and the trainer’s hands, to quantify the level of assis-
tance provided by the trainer to facilitate each knee’s extension.
The FSR sensors were powered from a regulated 5-V supply, and
calibrated using a set of fixed weights. The trainer placed their
palms on the FSR sensors and the amount of force during the
manual assistance was recorded. The system also incorporated a
force plate system Stabilan-01 (Rhythm Ltd., Russia), which mea-
sured the participants’ center of pressure (COP) excursions. The data
from the FSR sensors and force plate were digitized at a sampling
rate of 4000 and 50 Hz, respectively.

Experimental protocol

The experimental sessions typically involved at least three team
members: two trainers who assisted in standing, and one researcher
controlling the stimulation parameters. Neither participants nor
trainers knew whether and at which intensity spinal stimulation was
initiated by the researcher, thereby blinding the study.

Prior to the sessions, the participants had been requested to
empty the bladder. All participants were examined initially during
sitting to characterize the level of recruitment of motor pools in-
nervating leg muscles, using stimulation over a range of intensities
at the T11 and L1 vertebral sites. The participants were then
transferred to the standing position, and the tests were performed
without and in the presence of tSCS. During all tests in standing,
participants were instructed to minimize the use of their arms for
weight-bearing and to attempt to extend their knees and hips. We
have defined “‘self-assisted” standing as the one during which the
participants were able to maintain their standing posture with knees
and hips extended without any additional support via mechanical
constrain of the joints or trainer assistance. ‘‘Minimally assisted
standing” was characterized as the one when some trainer assis-
tance was applied to the knee or/and hip joint. In both conditions,
the participants could use their hands for upper body balance.

Each 120-min session routinely included ‘“postural adjustments,”
during which trainers positioned the participant on the force plate and,
using a mirror on a side, prompted them to align the body and limbs to
achieve an upright position that was biomechanically close to natural
standing. Specifically, the effort was made to ensure full knee and hip
extension bilaterally, and to maintain the body’s center of mass to-
ward the forward limit of stability®* (Supplementary Movie S1; see
online supplementary material at http://www.liebertpub.com). Once
the standing posture was optimized, the participants were instructed to
view the monitor placed in front of the stand frame, where real-time
biofeedback of their COP position was displayed. The participants
were asked to lean in the mediolateral or anteroposterior direction and
maintain this position for 1 sec, with the goal to maximize the COP
limits of stability during these self-initiated body-weight displace-
ments.>* Subsequently, tSCS was administered by the researcher.

<

FIG. 1. Schematics presenting the experimental design and in-
terventions. (A) Fifteen individuals were tested in a single ex-
perimental session without and in the presence of tSCS. Eleven
participants received sham stimulation by using intentionally in-
effective for standing pulse configuration or location of delivery.
(B) Six participants underwent 12 training sessions, where trials
without and with spinal stimulation were randomly assigned
within each session. Shown is an example of protocol during a
single training session. (C) Decision tree exemplifying the ad-
justment of the stimulation parameters during ‘“‘ostural adjust-
ments” in each experimental session (see description in the
text).”+” and “—” indicate an increase or decrease of spinal
stimulation intensity, respectively. tSCS, transcutaneous electrical
spinal cord stimulation.
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RECOVERY OF SELF-ASSISTED STANDING AFTER SCI

Stimulation intensity was set to induce independent extension in at
least one knee with the ultimate goal of no assistance provided to the
knees and hips. If stimulation induced flexion in the leg antigravity
muscles, the intensity was reduced. Once the researcher verified the
stimulation parameters corresponding to the level minimizing the
external support during standing, the self-initiated body-weight dis-
placements were performed as described above in the presence of
tSCS (Fig. 1C).

In six participants (P1-P5, P8) the effects of tSCS delivered
during standing over the T11 and L1 at frequencies of 5, 15, and
25 Hz, and at intensities up to 100 mA, were investigated during the
first experimental session to induce self-assisted or minimally as-
sisted standing. In the remaining participants, the L1 and a fre-
quency of 15Hz were used consistently, with only stimulation
intensity adjusted to the level sufficient to maximally facilitate
standing.

Stand training

Six participants (P1-P6) underwent 12 sessions of stand training,
performed 3 days per week (Fig. 1B). Two types of exercises were
utilized: ““Circle,”” where the participants were instructed to shift
their body weight in a circular pattern and follow a trajectory dis-
played on the monitor, and ‘“‘Basketball,”” where three targets of
different colors appeared on the top of the screen, and the partici-
pants were instructed to direct the target into the ‘‘basket’ of the
matching color by shifting their COP. The duration of each exercise
varied from 1 to 2 min. To motivate participants to improve their
performance, they were instructed to maximize their score during
each exercise. The game-based exercises were practiced both
without and in the presence of optimized tSCS. Stimulated and non-
stimulated conditions were interspersed in a pseudo-random se-
quence at the individual level to achieve balanced protocol, and
each participant received an equal number of each condition within
a given experimental session, which lasted as long as the partici-
pant’s endurance allowed on a given day.

Multi-site spinal cord stimulation

Effects of multi-site stimulation®* were tested in the participants
P1-P2 (during 12th session), and P15. In P1 and P2, during
standing enabled by stimulation over L1 at 15 Hz, T11 stimulation
was periodically delivered at 30 Hz, at the intensity corresponding
to motor threshold responses in the leg muscles. P15 (AIS C) was
instructed to lift the right foot off the ground during standing, and to
maintain body weight on the left leg. These unilateral stepping-like
movements were performed without stimulation, during stimula-
tion over T11 delivered at 30 Hz, and during combined stimulation
over T11 at 30Hz and L1 at 15 Hz. The right hip and knee joint
angles were measured using electrogoniometers.

Training logs and questionnaires

During training, the participants were requested to document any
changes in their body, including fatigue and endurance, sleep, ap-
petite, perspiration, muscle tone, etc., daily. During each visit, they
were additionally requested to evaluate their (a) general health
condition, (b) mood, (c) spasticity, and (d) bladder and bowel
functions since the prior session, by grading each as: below, usual,
or above the “‘normal’ level. Blood pressure, heart rate, and skin
condition were monitored by the team throughout each session.

Statistical analysis

The study comprised three conditions: standing without (n=15),
in the presence of effective tSCS (n=15), and during sham stim-
ulation (n=11). Statistical analyses were performed by an inde-
pendent statistician using a fully within-subject statistical design
implemented through general linear model, linear mixed model, or
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generalized estimating equations as appropriate based on tests of
statistical assumptions of primary end-points. The co-primary end-
points were assistance-free standing (binary outcome), quantitative
measurement of force needed for knee assistance, and amount of
time spent standing. The impact of stimulation was assessed in a
completely within-subject design with stimulation, no stimulation,
and sham stimulation in the same participants (participants served
as their own control). The statistical design consisted of three
within-subject independent variables (stimulation, session, mus-
cle/joint/activity), and the interactions of those. The within-subject
study design enabled high power (>=0.67-0.91) for assessing
training efficacy in six participants. During training, stimulation
intensity required to achieve minimally assisted standing, as well
as the time in upright position, were monitored and compared.
Finally, the performance was monitored and expressed as a score
for each exercise. The level of significance was set at o =0.05 for
all analyses.

Results

Individual recordings are presented in Figure 2. The level of leg
muscles’ activation depended on the rostro-caudal location of
stimulation and the participant’s body position. During stimulation
at T11, the magnitude of response of proximal VL was higher than
distal TA and SOL; whereas, during stimulation at L1, this rela-
tionship was reversed. After transition from sitting to standing, a
decreased muscle activation threshold, and increased level of EMG
activity, as compared with sitting, were revealed (Fig. 2A). Without
tSCS, transition into standing occurred with minimal activity in leg
muscles, and with little weight-bearing through the lower body:
The participants supported themselves mainly by their arms. Dur-
ing tSCS, the leg muscles’ activity emerged, and depended on the
amount of weight-bearing by the lower body (Fig. 2B).

In the upright standing position without stimulation, none of the
participants were able to maintain their posture without external
assistance (Fig. 3A, Supplemental Movie S1). Intentionally inef-
fective for standing, sham, spinal stimulation was administered in
11 participants using similar parameters as effective tSCS, except
with the stimulating pulse configuration (n="7) or location of de-
livery (n=4) (Table 1, Supplementary Movie S2. See online sup-
plementary material at http://www.liebertpub.com). Although
sham stimulation caused similar sensations as effective tSCS (i.e.,
perceived increased tone in the back muscles), there were no en-
abling effects on standing, and no changes in the level of assistance
provided to the lower body (Fig. 3A—C). With a gradual incre-
ment of tSCS intensity delivered over the L1, leg muscle activity
increased, whereas the amount of external assistance needed to
sustain extended knees decreased as compared with no stimulation
condition (Fig. 3B) (F; ;5=158.23, p=1.16e-10). The magnitude
of spinally evoked motor potentials was larger during standing as
compared with sitting in MH, TA, and SOL (p<0.05) (Fig. 3C).
The participants were able to bear their weight with one or both legs
fully extended, and hips unsupported or minimally supported
(Table 1, Supplementary Movies S1, S2. See online supplementary
material at http://www.liebertpub.com). In six participants (P2, P§—
P12), within the first experimental session, tSCS over the L1 with
frequency 15 Hz induced robust self-assisted standing, wherein the
duration varied from 0.5 (P5, P6) to 11 (P2) min (Table 1). Standing
of the remaining participants required some assistance (Supple-
mentary Movie S3; see online supplementary material at http:/
www .liebertpub.com).

When comparing various stimulation frequencies (Fig. 3D-E),
5Hz, although producing high-amplitude muscle responses, was
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A Effects of stimulation location and body position (P3)
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FIG. 2.

1s

Individual reactions during tSCS. (A) EMG activity of the left leg muscles during tSCS delivered with a frequency of 15 Hz at

incremental intensities over T11 and L1 during sitting and standing, recorded in a representative participant (P3). Right panels indicate
spinally evoked motor potentials recorded during the indicated stimulation intensities. (B) Transition from sitting to standing, recorded in a
representative participant (P2). Note minimum EMG activity and low amount of body-weight bearing on the force plate during the upright
position without spinal stimulation, and modulated EMG activity and a high amount of the body-weight on the support surface during

stimulation. Also note “oscillating” versus “

smooth” patterns of the hip displacement during the transition without and with spinal

stimulation, respectively (shown by dotted traces). EMG, electromyogram; tSCS, transcutaneous electrical spinal cord stimulation.

effective in three of six tested participants and was stated as being
uncomfortable due to strong pulsatile leg extensors’ contractions
correspondent to the stimulation frequency. Contrastingly, 25 Hz
produced the lowest magnitude of muscle responses at similar in-
tensities, yet enabled standing in five participants. The frequency
15 Hz generated the most robust effects on standing in all tested
participants. A linear mixed model analysis revealed that stimula-
tion had a specific, frequency-dependent effect on motor output,
and that the L1 stimulation site was more effective in inducing

differential proximal-distal muscle response than the T11 sites
(F6=15.21, p<0.0001).

During self-initiated body-weight displacements without tSCS,
minimal to no muscle activity occurred (Fig. 4A). In the presence
of tSCS, more pronounced activity was observed in the VL and
TA pre-training. Post-training, the EMG pattern across the mus-
cles changed, and the most prominent activity in the presence of
tSCS occurred in the SOL ipsilateral to weight-bearing. Pooled
data revealed conjoint bilateral modulation of SOL and TA during
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FIG. 3. Characteristics of spinal stimulation to induce self-assisted standing. (A) EMG activity in the leg muscles during standing
without (black traces), in the presence of sham (olive traces and font, show intensities from 40 to 110 mA) and effective (red traces and
font, show intensities from 10 to 80 mA) tSCS delivered over the L1 at 15 Hz, recorded in a representative participant (P2). L. Knee”
and “R Knee,” readings from the pressure sensors placed above the participant’s knees quantifying assistance provided by the trainer.
“Self-assisted” label indicates both knees and hips extension independent of trainer assistance. (B) Pooled effects of the amount of
assistance applied to the participants’ knees during standing without stimulation (n= 15, black font), during sham stimulation (n=11,
olive font), and during standing enabled by tSCS (n=15, red font). Without and during sham stimulation, all participants required
trainers’ assistance applied to the knees and hips, whereas in the presence of tSCS, the incidence and required force of knee assistance
were reduced; hip assistance was not required in eight participants (also see Table 1). “LKj- and “RKj- indicate the left and right knee
being supported, respectively; “LK;~ and “RK;- indicate the left and right knee being independent, respectively; “NS” indicates
standing with no stimulation (gray and black); “‘sham’ indicates sham stimulation (light and dark yellow); “stim’ indicates standing
during tSCS (pink and red). (C) The mean muscle EMG amplitude during standing with no stimulation (n = 15), in the presence of sham
stimulation (n=11), and sitting and standing (n=15) in the presence of tSCS of the same intensity during the first experimental session.
(D) Recruitment curves of motor evoked potentials in the left leg muscles obtained at different frequencies of spinal stimulation
delivered over the L1 during standing in a representative participant (P3). Vertical dashed lines indicate the stimulation intensity
sufficient to generate self-assisted standing at indicated frequency. Note the decrease in the evoked potentials’ magnitude at higher
stimulation frequencies. Lower panels present the center of pressure (COP) oscillations in the anteroposterior (AP) direction, as well as
the frequency spectrum corresponding to the AP COP. With tSCS frequency of 5 Hz, the dominant frequency of the COP oscillations
corresponds to that of the stimulation (e.g., SHz). During tSCS of higher frequencies, the COP oscillations are independent from the
stimulation frequency. (E) Pooled effects (n=6) of tSCS delivered over the T11 and L1 at 5, 15, and 25 Hz on EMG responses in leg
muscles. The magnitude of responses was normalized to the maximum amplitude of each muscle during stimulation delivered at 0.2 Hz.
EMG, electromyogram; tSCS, transcutaneous electrical spinal cord stimulation.

anteroposterior body-weight displacements, as well as reciprocal
modulation of ipsilateral SOL and VL during mediolateral dis-
placements, depending on the loading side (p <0.05) (Fig. 4B).

Training effects

There were significant effects of stimulation (y> [Wald Chi-
Square] =20.43, p<0.001), number of training session (*=2.95"12,

p<0.0001), activity (;(2 =6.25, p <0.05), stimulation X training session
(*=4.79712, p<0.0001), training session x activity (y*>=1641.39,
p<0.0001), and stimulation x training session x activity (>=5.67"12,
p<0.0001). The duration of postural adjustment was relatively con-
sistent throughout the training session; however, time spent in
“‘game-based exercises” progressively increased through the train-
ing period, reflecting improvements in the participants’ endurance
(Fig. 5A). As the intervention progressed, stimulation intensity
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A Effects of training on muscle responses during
self-initiated body weight displacements (P2)
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FIG. 4. Self-initiated body-weight displacements. (A) Modulation of EMG activity in the left leg muscles and the COP signal during
self-initiated body-weight displacements in the mediolateral or anteroposterior directions before (blue traces) and after (red traces) stand
training in a representative participant (P2) without and in the presence of tSCS delivered over the L1 with frequency of 15 Hz. The
directions of the body-weight displacements are indicated on the top. Lower panel presents individual spinally evoked motor potentials
in the initial (center) position and during the body-weight displacements in a particular direction. Note VL activity (arrows) occurred
independently of the stimulation during the body-weight displacements following stand training. (B) Pooled data (n=6) demonstrating
modulatory effects of the body-weight displacements in the mediolateral or anteroposterior directions on the magnitude of spinally
evoked motor potentials in the left and right leg muscles during standing enabled by tSCS following training. The magnitude of spinally
evoked motor potentials was normalized to the peak-to-peak amplitude of each muscle at the initial position, that is prior to movement
in either direction (shown by red dashed line). COP, center of pressure; EMG, electromyogram; tSCS, transcutaneous electrical spinal
cord stimulation; VL, vastus lateralis.

inducing self-assisted or minimally assisted standing decreased in all
participants (¢*=1.15"12, p<0.0001), whereas the leg muscle ac-
tivity increased during tSCS-enabled standing (5> =17.78, p < 0.0001),
as well as during supported standing without stimulation (5> =29.145,
p<0.0001) and sit-to-stand transitions without stimulation (*>=10.97,
p<0.05) (Fig. 5B). The tSCS intensity to reach motor threshold in
the leg muscles decreased during the training period both in the sitting
and standing positions (Fig. 5C). There were significant effects of
position (¢* =3.138, p <0.05), training session (* = 26.75, p < 0.0001),
training session x muscle (y*=10.89, p <0.05), and position X training
session x muscle (°=1.65*12, p<0.0001).

The performance during game-based training significantly im-
proved (p<0.05) (Fig. 6A—C). The level of assistance provided
to the knees in the presence of tSCS progressively decreased

(»<0.01) (Fig. 6D, Table 1, Supplementary Movies S4, S5. See
online supplementary material at http://www .liebertpub.com). The
range of the COP excursions during self-initiated body-weight
displacements performed both without and in the presence of tSCS
increased throughout the training period (Fig. 6E): There were
significant effects of stimulation (y*=11.77, p<0.001), training
session (7>=3.83, p<0.0001), and stimulation X training session
(4*=6.25"9, p <0.0001). The magnitude of the COP displacements
with stimulation, however, was achieved in half the time as com-
pared with that without tSCS. The participants improved their
upright balance control in the presence of tSCS (Table 1). Post-
training, one participant (P2) was able to stand with just one finger
touch; four (P1, P4-P6) who initially required one knee support,
regained the ability to stand with both knees independently
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FIG. 5. Effects of stand training intervention on electrophysiolo
practiced during the training period. ‘‘Postural adjustments”

gical characteristics (n=6). (A) Types and duration of activities

included the participant’s positioning in the stand frame and on the force

plate, optimization of stimulation parameters, and self-initiated body-weight displacements without and in presence of spinal stimu-

lation; “‘game-based exercises’’ included ‘“Circle” and ‘‘Basketball

” tasks practice. (B) Stimulation intensity required to induce self-

assisted or minimally assisted standing, leg muscle activity during standing without and in the presence of spinal stimulation, and during
sit-to-stand transitions through the training period. Filled and outlined by dashed line symbols correspond to intensities during which the

micturition reflexes occurred in participants P2 and P3 during sess

ions 6 and 10, respectively. (C) Stimulation intensity required to

evoke motor threshold response in the leg muscles in the sitting and standing positions during the training period. Horizontal bars
indicate significant differences between training sessions, stimulated versus unstimulated trials, and muscles.

extended; one (P3) who initially required hip assistance, was able to
stand without any external support (Table 1).

Safety and tolerability of the procedure

The stimulation procedures were well tolerated by all partici-
pants with no pain or discomfort associated with tSCS being re-
ported. The participants noted tightness in the trunk muscles during
stimulation delivered at higher intensities; however, it was readily
tolerated because it helped to stabilize the upper body. In general,
the participants were in a positive mood at the end of each treatment
session. Following the sessions, some participants noticed a modest
but not disconcerting increase in spasticity or muscle tone within

the first 24 h. Participants P1 and P3 indicated overall positive
perception of their bladder function toward the end of the training
period, and P4 reported decreased bladder function during a part of
the study due to recurrent symptoms of urinary tract infection (UTI).
The UTI was confirmed by the primary care physician during the
2nd and 4th weeks of the study, and the intervention was suspended
for a week during antibiotic treatment. In P2, P3, and P7, there was
unintentional activation of the micturition reflex and active voiding
during tSCS in standing during sessions 6, 10, and 1, respectively.
These events occurred spontaneously, and without apparent con-
nection with particular activity or stimulation parameters, given that
P2 and P3 tolerated similar activity and parameters without the
micturition reflex during prior and following sessions (Figs. 5, 6).
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FIG. 6. Effects of stand training intervention on functional features. (A) The COP trajectory during the “‘Circle”” game-based exercise
without (blue traces) and in presence of spinal stimulation (red traces) in a representative participant (P4). (B) The COP trajectory
during the “‘Basketball’’ exercise during spinal stimulation in a representative participant (P6). Note the increased score after the stand
training. Gradient colors at the horizontal bars present time series synchronized with the cumulative COP trajectories displayed above.
(C) Pooled data (n=6) of the performance during the first and last training sessions of the stand training. The average score was
calculated from three trials of each exercise. Examples of the game-based exercises are presented in the top left corner of each graph.
(D) Progressive decrease of the level of assistance provided by trainer to the left and right knees during standing in the presence of tSCS
(pink and red) as percent of the values during standing without stimulation (NS, gray and black) recorded using the FSR sensors within
each session. Zero value indicates that the knee is independently extended (no assistance needed). Participants P2 and P3 (not displayed)
did not require any knee assistance during standing in the presence of tSCS starting from training session 1. Hip assistance was not
needed during standing in the presence of tSCS for participants P1 and P2 starting from training session 1, and for participant P3—
starting from training session 4. Participants P4-P6 required hip assistance during standing in the presence of tSCS throughout the
training period. (E) The COP area during self-initiated body-weight displacements performed without and in the presence of spinal
stimulation during the training period (n=6). Horizontal bars indicate significant differences of the COP area between training sessions.
COP, center of pressure; FSR, force-sensing resistor; tSCS, transcutaneous electrical spinal cord stimulation.

No changes in bowel or sexual functions were indicated. Trained
participants reported in their personal logs that their overall
physical endurance had been enhanced, and trunk muscle control
during sitting improved. Three participants (P4, P6, P9) noticed
perspiration below the lesion during the first intervention session,
and one participant (P1) indicated a feeling of her calf muscles
being ‘“‘pumped up”’ after nine sessions for the first time since

underwent the intervention (Supplementary Table 2; see online
supplementary material at http://www.liebertpub.com).

In the upright position, participants were requested to imme-
diately initiate active body-weight displacements, to engage
skeletal muscle pump of the venous vasculature, and to prevent
development of orthostatic hypotension (OH).>>3% If OH symp-
toms occurred, they were readily mitigated by adjusting the spinal

being paralyzed. The AIS examination did not reveal statistically
significant effects of the intervention. However, P2 reported that
he was able to voluntarily move his right big toe at the end of the
study (Supplementary Table 1; see online supplementary material
at http://www liebertpub.com). Post-training MAS measurements
revealed increased level of muscle tone in all individuals who

stimulation intensities.

There were no confirmed incidents of autonomical dysreflexia
(AD), defined as increased systolic blood pressure greater than 20
to 30 mm Hg.*’ During the first visit, participant P3 demonstrated
elevation of systolic blood pressure of greater than 60 mm Hg
during spinal stimulation delivered at the intensity of 10 mA in the
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A Conversion from tonic to rhythmic muscle activity during multisite spinal stimulation (P1)
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FIG. 7. Effects of multi-site spinal stimulation. (A) Changes in the EMG activity pattern during one-site stimulation delivered over the
L1 at frequency of 15 Hz, and combined stimulation over the T11 (30 Hz) and L1 (15 Hz) in participant P1. Note changes of the tonic

pattern of the muscle activity during L1 stimulation to the rhythmic,

“bursting” pattern, resembling “‘stepping” during the combined

stimulation. (B) Goniograms of the right hip and knee and EMG activity of the leg muscles during unilateral stepping motion in
participant P15, performed by the right foot, without (left panel), during spinal stimulation applied over the T11 at 30 Hz (middle panel),
and over the T11 at 30 Hz and L1 at 15 Hz levels (right panel). Note increased angular displacement in the ipsilateral hip and knee joints,
as well as larger activity in the contralateral SOL, during combined T11+L1 stimulation. The thin gray traces indicate individual
responses (n=3), whereas the bold black traces indicate the average of three responses. EMG, electromyogram; SOL, soleus.

sitting position, after which the stimulation was stopped and the
participant was referred to his primary care physician. After about 2
months, during which the participant did not experience any signs
of autonomical dysfunction, and confounding factors, such as UTI,
pressure sores, and tight clothing were ruled out, the participant was
re-enrolled in the study, with no further incidents of abruptly in-
creased blood pressure.

Following a training session with tSCS some redness was typi-
cally observed under and around stimulating electrodes, but within
minutes after the electrodes were removed, the redness was insig-

nificant and had dissipated. There was one incident (P5) of surface
skin breakage of approximatelyl mm diameter during week 3,
which occurred due to a defect of external conducting layer of the
stimulating electrode. After a week without stimulation, the skin
completely healed and the intervention was continued.

Multi-site spinal cord stimulation during standing

Multi-site stimulation delivered at different frequencies in par-
ticipants P1 and P2, converted ‘““‘tonic’ patterns of muscle activity
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into a rhythmic pattern (Fig. 7A, Supplementary Movie S4). During
unilateral stepping motion without tSCS, the participant P15 (AIS C)
was able to produce minimal flexion in the ipsilateral hip and knee
joints (Fig.7B). Weight-bearing on the contralateral leg, however,
was impossible because of insufficient knee extension. Stimulation
delivered over the T11 facilitated the movement, although the
participant was still unable to bear body-weight on the contralat-
eral side. Combined stimulation over the L1 and T11 considerably
facilitated both the ipsilateral stepping motion and contralateral
weight-bearing, and the participant was able to maintain the body-
weight on one leg.

Discussion

The present results qualitatively and quantitatively demonstrate
the feasibility and effectiveness of non-invasive spinal stimulation
in regaining self-assisted standing, without or with minimum as-
sistance provided to the knees or hips, following chronic SCI. We
identified specific stimulation characteristics that enabled effective
standing equilibrium in paralyzed individuals. We demonstrated
that spinal neuronal networks, which are relatively non-responsive
after SCI, become reactive to somatosensory information in the
presence of tSCS. These networks can generate and sustain inde-
pendent knee and hip extension with the aid of tSCS within a single
treatment session. Sham stimulation, which was utilized by altering
the stimulating pulse configuration or location of delivery, did not
induce enabling effects, despite being perceived by the participants
as helping them to maintain their trunk extension, similar to the
effective tSCS. Postural control was further improved following
repeated sessions of stand training both without and in the presence
of tSCS, suggesting learning effects.

Similarities of epidurally and transcutaneously
mediated mechanisms

It is evident from the present findings and studies with epidural
spinal stimulation'®**>® that no participant with SCI is able to
stand using self-assistance only without sufficient motor output
generated by the leg muscles. To what extent are these enabling
effects mediated via the polysynaptic spinal cord circuitry as op-
posed to mono-synaptically or post-synaptically excited motor ax-
ons projected to the leg muscles? Recent electrophysiological®®~*
and computational® ™ studies demonstrated that the structures,
stimulated directly and electrically by epidural or transcutaneous
lumbar spinal cord stimulation, are indeed predominantly afferent
fibers of the posterior roots. However, it was later supported that the
volleys can activate lumbar interneuronal circuits via synaptic
projections.**” The degree to which different components of the
spinal networks are activated, depends, to a large extent, on stim-
ulation intensity as it determines the ‘““‘depth’ of the current pene-
tration (due to the induced current field), as well as on frequency, as
it determines the circuitry output.>>**=° Principally based on this
concept of neuromodulating the functional state of spinal circuitry
below the lesion, regaining of significant levels of clinically relevant
functions, such as stepping, standing, and voluntary leg movements,
after SCI has been demonstrated using both invasive'*?** and non-
invasive®>**2>4831 ¢pinal stimulation. The unique features of epi-
dural spinal stimulation reported previously'®*%5% are strikingly
similar to those identified in this work, suggesting similar elec-
trophysiological mechanisms of invasive and non-invasive ap-
proaches. Indeed, in the present study, we consistently observed
other phenomena highly akin to those reported in studies using
epidural stimulation, namely: periodic modulation of repetitively
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evoked motor potentials,>® unique modulatory effects of different
stimulation frequencies,*® and the adjustment of the muscle re-
sponses to the changes in the body position.'® The revealed ad-
aptation of the muscle responses to the changes in the sensory
environment in real time cannot be interpreted as being generated
by direct activation of action potentials of motor axons. On the
contrary, our data indicate that the proprioceptive inputs were
processed by the spinal networks, which resulted in specific
motor pools’ activation depending on the task or sensory envi-
ronment. The differences in the COP behavior recorded during spi-
nal stimulation delivered at different frequencies is an example of
multiple mechanisms in play: When the stimulation frequency is 5 Hz
(Fig. 3D) or lower, the motor outputs seem highly synchronous
among different muscles, which results in the frequency of the COP
oscillation highly corresponding to that of the stimulation, suggesting
relatively simple “‘stimulus — (la afferents) — o-motoneuron —
muscle response’” order of actions. However, spinal stimulation of
higher frequencies induced motor output, which led to more robust
COP behavior and facilitated self-assisted standing. As such, al-
though facilitated standing cannot be achieved after motor complete
paralysis without spinally induced leg motor output, interneuronal
spinal mechanisms must be also involved, contributing to multi-
segmental intraspinal interplay, which results in complex behavioral
regulation below the lesion.

Earlier findings obtained in experiments with animals provided
evidence that the spinal cord contains the networks generating
“postural limb reflex (PLR),”5 456 and whereas in intact animals
they are activated by the tonic supraspinal drive from the posture-
related brain structures, the EMG pattern of PLRs can be evoked in
spinal animals using epidural stimulation of the spinal cord below
the lesion.”®>” In spinalized rabbits, PLRs are absent or dysregulated
without neuromodulation, as observed by the reversed pattern of
flexors versus extensors activation in response to the changes in the
body position.>® Similarly, little or a reversed pattern of muscle activity
during body-weight displacements was revealed in the present study
during standing without stimulation (Figs. 2A, 4A). tSCS delivered in
these participants resulted in re-appearance of the motor output and
generated force responses contained both static and dynamic compo-
nents. As such, our observations indicate that human spinal networks
feature the critical level of posture-specific automaticity that can be
exploited by utilizing non-invasive spinal neurostimulation, and
can function effectively even in the lack of supraspinal excitatory
drive to facilitate standing posture and some balance control.

Differences in epidurally and transcutaneously
mediated effects

The results presented in the studies using epidural stimula-
tion'®® were obtained after research participants underwent 80
sessions of locomotor training prior to stimulator implantation,
with subsequent 80 sessions of stand training and optimization in
the presence of stimulation. The rapid effects occurred in the
present study may be due at least in part to the ability of tSCS to
neuromodulate broader components of the neural networks that are
necessary to engage for successful standing, including multi-
segmental projections to the trunk and lower limb musculature, due
to wider current field, as compared with epidural stimulation.

Acute and cumulative effects of tSCS
on spinal excitability

It is plausible that changes in the geometry of the thoracolumbar
spine and the relative position of the stimulating electrodes can
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influence the flow of current®® and thus can contribute to the ob-
served difference in the neuromodulation of the induced muscle
responses during the sitting and standing positions. For instance, it
has been shown that depending on the body position, different
neural structures can be involved in the response during spinal
stimulation.’® At the same time, positive augmentative interaction
between spinal stimulation and weight-bearing has been demon-
strated previously,'®2026-286061 44 js prominent in the present
study. It is critical to note that without tSCS, very low levels of the
leg muscle activity were observed even during self-initiated pos-
tural adjustments, and, therefore, it was impossible for the indi-
viduals with SCI to maintain upright posture without external
assistance. During tSCS, once its intensity reached a critical threshold
during sitting, the transition to standing increased the excitability of
the postural-specific interneuronal networks to the level adequate to
generate and maintain the body weight-bearing. It appears that in the
initial stages of neuromodulation, higher levels of tSCS intensity are
needed to engage the networks to a physiological state necessary to
process an effective level and range of somatosensory inputs required
for generation of the upright posture. With subsequent sessions
of neuromodulation, the level of stimulation could be reduced and
still achieve a similar level of engagement of the spinal networks,
as it was initially (Fig. 5B), as such the external assistance re-
quired to maintain standing proportionally reduced or was no
longer required (Fig. 6D).

The force plate was reset to zero every time the participant
stepped on it. Although the recordings allowed for quantification of
the COP displacement, the body-weight transmitted to the plate was
not monitored. The body-weight measurement, as well as more
comprehensive assessment of the external versus self-assistance,
including the activity of the upper body musculature, are needed for
quantifying changes both below and above the injury in future trials.

Training effects

Considerable improvements occurred in the exercises practiced,
as well as in the specificity of the EMG modulation during body-
weight displacement (Figs. 4-6, Supplementary Movies S4 and
S5). Functionally, each participant progressively improved their
balance control during standing both without and with stimulation
(Fig. 6E). Previous studies demonstrated that repetitive task-oriented
training combined with neurostimulation is critical for augmentation
or restoration of supraspinal-spinal connectivity.5>®* At the same
time, individuals with chronic motor complete paralysis do not re-
cover standing or walking without some activating neuromodulatory
factors, even after intensive activity-based training.®**® Early ex-
periments with animals demonstrated that repetitive, long-term ap-
plication of pharmacological agents or epidural spinal stimulation
can cause plastic changes in the sublesional spinal postural networks,
leading to restoration of postural limb reflexes and to substantial
recovery of postural functions.'®3%7 Such restored intrinsic spinal
automaticity and, presumably, an increase in quality and quantity of
supraspinal descending motor control after clinically complete, but
anatomically discomplete® SCI in the presence of spinal stimulation
can facilitate functional recovery through the regaining of movement
strategies.®® Presumably, an increase in quality and quantity of su-
praspinal descending motor control after discomplete®® SCI in the
presence of spinal stimulation’®~"? can facilitate functional recovery
through the regaining of movement strategies.”® Given the extensive
reorganization of cortico-brainstem—spinal, corticospinal, and spinal
networks after SCI,”* the level of functionality demonstrated during
stand training is likely to be reflected in the level of synergism within
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and between the brain and spinal cord. The fact that improved motor
strategies and sensorimotor responses occurred within a few sessions
after years following SCI, indicates the potential of supraspinal—
spinal plasticity.

Multi-system effects

Weight-bearing itself has a number of therapeutic and functional
benefits for autonomical functions, such as bladder control* and
blood pressure homeostasis.® Our findings include signs of changes
affecting the lower urinary tract function in the form of uninten-
tional voiding onset during standing in the presence of active tSCS,
as well as the positive subjective perception of bladder function,
including better awareness of its filling. Somato-to-pudendal in-
hibitory reflex, in which hindlimb extensor contraction can inhibit
the external urethral sphincter activity and reduce urethral resis-
tance, is well known in animal models,”* and can be attributed to
activation of the micturition reflex observed in our study during leg
extension promoted by spinal stimulation. Anecdotal reports from
participants regarding change in perspiration also suggest some
recovery of autonomical control. Such integrative effects between
sensorimotor and autonomical systems concur with above reports
on multi-system effects of upright standing.

Multi-site spinal stimulation facilitates
postural-locomotor interaction

The spinal network is highly susceptible to stimulation loca-
tion,**”> intensity, and frequency.'® For instance, it has been
demonstrated that stimulation of the rostral portion of the lumbo-
sacral enlargement (corresponding approximately to the T11-T12
vertebral level) at a frequency of 30 Hz is more specific for facili-
tating rhythmic stepping movements,”***7677 whereas stimulation
delivered over the caudal area of the lumbosacral enlargement
(corresponding approximately to the L1-L2 vertebral level) at a
frequency of 15 Hz results in facilitation of tonic extensor activity
specific for postural control.>**3% At the same time, the current
data on the interaction between posture- and locomotor-specific
networks are inconclusive. Specifically, it has not been previously
investigated in SCI whether it is possible to initiate stepping from
sustained standing, or whether one can improve balance during
stepping by modulating the extensor tonic activity. Application of
multi-site stimulation using variation of frequency and intensity
within an epidural electrode array is currently impossible due to
technical limitations. At the same time, tSCS allows for testing such
modalities. We combined locomotor-specific stimulation over the
T11 at 30 Hz, with the postural-specific stimulation over the L1 at
15 Hz, and observed facilitation of the mediolateral body-weight
transitions allowing effective stepping motions to be performed in
participant P15 (Fig. 7B). In participants P1 and P2, the EMG
pattern during T11+L1 stimulation generated rhythmic muscle
activity (Fig. 7A, Supplementary Movie S4), which demonstrates
the interplay of various stimulation characteristics in generation of
continuous and alternating weight-bearing, as occurs during step-
ping. Further, we implemented this stimulation paradigm during
self-assisted over-ground stepping in participant P1, and observed
considerably enhanced muscle activity compared with when there
was no stimulation (Supplementary Movie S6; see online supple-
mentary material at http://www.liebertpub.com). As such, multi-
site tSCS delivered at different frequencies can concomitantly
facilitate balance control and enhance weight-bearing during step-
ping tasks. These findings together indicate the functional contin-
uum and important locomotor and postural networks’ interactions,
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even though that may seem counterintuitive given the highly re-
petitive and rather predictable features of stepping compared with
the more variable and subtle features of balance control during
standing.”®” The critical relationship, however, is in the tight
interaction of sensory interplay with the multi-segmental spinal
networks, which seems to have the remarkable ability to readily
associate a specific sensory ensemble with a particular motor out-
come. We suggest that multi-site spinal stimulation can effectively
engage and synergistically modulate postural and locomotor net-
works, and concurrently enhance generation of motor patterns ap-
propriate for both standing and stepping.

Conclusion

After years following complete paralysis, self-assisted or mini-
mally assisted standing was recovered by the enabling effect of a
non-invasive electrical neuromodulatory approach, and improved
using repeated training sessions. The observed functional and
electrophysiological effects were similar qualitatively and quanti-
tatively to those seen in experiments with epidural stimulation. The
similarities between the non-invasive and invasive approaches are
of critical importance in further exploration of the mechanisms of
functional recovery following spinal cord stimulation therapies.
The physiological impact of these findings encompasses multiple
functional systems that may contribute to the independence and
quality of life in a broad population of individuals with SCI. The
present data demonstrate that extensive neuroplastic changes of
spinal and potentially supraspinal networks can occur using the
non-invasive neurostimulating intervention while engaging sen-
sory inputs associated with a motor task. These data are consistent
with a growing body of evidence of the potential for functional
recovery of multiple physiological systems years after the onset of
severe paralysis when treated with a combination of activity-
dependent and neuromodulatory interventions.
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