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Abstract
Activity-based training and lumbosacral spinal cord epidural stimulation (scES) have the potential to restore
standing and walking with self-balance assistance after motor complete spinal cord injury (SCI). However, imp-
rovements in upright postural control have not previously been addressed in this population. Here, we imple-
mented a novel robotic postural training with scES, performed with free hands, to restore upright postural
control in individuals with chronic, cervical (n = 5) or high-thoracic (n = 1) motor complete SCI, who had previ-
ously undergone stand training with scES using a walker or a standing frame for self-balance assistance. Robotic
postural training re-enabled and/or largely improved the participants’ ability to control steady standing, self-
initiated trunk movements and upper limb reaching movements while standing with free hands, receiving
only external assistance for pelvic control. These improvements were associated with neuromuscular activation
pattern adaptations above and below the lesion. These findings suggest that the human spinal cord below the
level of injury can generate meaningful postural responses when its excitability is modulated by scES, and can
learn to improve these responses. Upright postural control improvements can enhance functional motor recov-
ery promoted by scES after severe SCI.
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Introduction
Motor complete, high-level spinal cord injury (SCI)
disrupts the communication between supraspinal and
spinal centers, leading to severe impairment of trunk
control and to the inability to stand, walk, and move
the lower limbs voluntarily. Postural control is a foun-
dational ability to perform these motor tasks, and it is
also drastically impaired after SCI.1–4 In the last decade,
proof-of-principle studies showed that spinal cord epi-
dural stimulation (scES) combined with activity-based
training can promote remarkable recovery of standing,
walking, and voluntary leg movements in individuals
with chronic, clinically motor complete SCI.5–10 However,
improvements in upright postural control have not been
reported or directly tested yet. Importantly, self-assistance
for postural control is regularly implemented by individ-
uals with SCI during overground standing and walking
with scES, where the participants place their hands on
assistive devices such as a walker or standing frame.
Retraining bipedal upright motor functions while concur-
rently providing mechanical self-stabilization by upper
limbs results in compensatory postural control strategies,
which can reduce or even suppress lower limb postural
responses.11–13 Further, the required placement of upper
limbs on assistive devices limits the potential for func-
tional interaction with the environment.

Research on animal models observed that postural
control deficits are related to the extent and location
of SCI,14 highlighting the importance of supraspinal
inputs for this aspect of motor control.15–19 However,
studies in spinalized and/or decerebrated animal mod-
els,20–23 which rely entirely on the integration of limb-
related somatosensory information to adjust posture,23

provided evidence that the mammalian spinal circuitry
can retain the capability to regain partial postural con-
trol when scES is applied and postural training is prac-
ticed.24,25 Trunk postural control was also found
importantly associated with stepping performance in
rats receiving spinal cord stimulation.26 In ambula-
tory individuals with incomplete SCI, postural stand
training with visual feedback showed the potential to
improve postural control during stable and dynamic
standing.27 We have also observed evidence that the
human spinal circuitry below the level of a clinically
motor complete SCI can interpret postural-related sen-
sory information and generate lower limb postural res-
ponses when its excitability is properly modulated by
scES parameters selected to facilitate standing (Stand-
scES). We reported that body weight (BW) shifting
controlled by upper limbs on a fixed handlebar dur-

ing standing with Stand-scES can promote meaning-
ful lower limb activation pattern modulation.6 More
recently, we also assessed the effects of postural pertur-
bations delivered at the trunk while individuals with
motor complete SCI were standing with Stand-scES.28

Trunk perturbations elicited distinct lower limb pos-
tural responses, which were generally more frequent,
larger in magnitude, and appropriately modulated when
the participants’ hands were free rather than placed
on a fixed handlebar for self-balance assistance.28

These findings support the view that scES coupled
with enhanced technology for postural training may
be beneficial for exploiting the postural control poten-
tial that conceivably resides in the human spinal cord
after a clinically motor complete SCI. In particular, a
robotic upright stand trainer (RobUST) has been desi-
gned and validated for the control of human standing
balance at ROAR Laboratory (Columbia Univer-
sity).11,29 The RobUST is a motorized cable-driven
device that can provide assistance as needed and deliver
controlled perturbation forces at the trunk and pelvis.

Here, we implemented *80 sessions of robotic
postural training using RobUST in individuals with
chronic cervical (n = 5) or high-thoracic (n = 1) motor
complete SCI, who had previously practiced over-
ground standing with Stand-scES using assistive de-
vices (i.e., a walker). We hypothesized that robotic
postural training with Stand-scES would re-enable
and/or largely improve upright postural control with-
out any self-assistance provided by the upper limbs.

Methods
Participants
Six individuals with chronic cervical or high-thoracic
motor complete SCI who were already implanted
with a scES unit for the recovery of motor function6

participated in this study (Table 1). Prior to enrollment
in this study, these individuals had already undergone
an average of 112 – 92 overground stand training ses-
sions with Stand-scES using assistive devices (i.e., a
standing apparatus or walker5) as part of other inter-
ventional studies, and had demonstrated the ability to
stand with bilateral independent knees extension.

The research participants signed an informed con-
sent for scES, activity-based training, physiological
monitoring studies, and publication of the related res-
ults. This study was conducted according to the stan-
dards set by the Declaration of Helsinki and was
approved by the University of Louisville Institutional
Review Board (IRB #17.1024).
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Spinal cord epidural stimulation implant
and parameters
During the scES surgical implantation procedure, a
midline bilateral laminotomy was performed typically
at the L1-L2 disk space. An electrode array with 16 con-
tacts (Medtronic Specify 5–6-5 lead) was placed into
the epidural space at midline. Electrophysiological
mapping was performed after initial placement to opti-
mize the location of the paddle electrode based on
evoked responses recorded from bilateral surface elec-
tromyography (EMG) electrodes (Motion Lab Systems,
Baton Rouge, LA) placed over representative lower
limb muscles. After the final placement of the electrode
array, the electrode lead was tunneled subcutaneously
and connected to the neurostimulator (Medtronics,
Intellis in participants A96, A101, A82, B45 and B07;
RestoreADVANCED in participant B23).

In this study, tonic task-specific Stand-scES was
implemented to promote standing. The individual-
specific scES parameters applied are reported in
Figure S1. All research participants had undergone the
process of selection of Stand-scES parameters prior
to the beginning of the present study as a result of
the enrollment in previous interventional studies that
included standing. The approach implemented for the
selection of Stand-scES parameters is reported in pre-
vious publications by our group.30–32 Electrode config-
uration and stimulation frequency remained constant
throughout the present study in five of the six partici-
pants (Fig. S1).

Experimental protocol
Stand-scES was applied to the research participants
during all experimental and training sessions of this
study. The data herein reported were collected immedi-
ately prior to the beginning of robotic postural training

(Pre), after 45 – 7 (Mid), and after 80 – 10 robotic pos-
tural training sessions. At each time point, experimen-
tal sessions were devoted to the assessment of (1)
steady upright postural control, and (2) proactive up-
right postural control, in which self-initiated trunk
movements and upper limb reaching movements
were attempted while standing. Research participants
underwent two acclimation sessions prior to data col-
lection at the beginning of the study.

Robotic Stand Trainer
The RobUST used in this study has been previously
described in detail,29 and the feasibility of its imple-
mentation in a population of individuals with SCI
who are unable to stand independently was also ass-
essed.33 The device consists of an aluminum frame
with 12 motors (Maxon Motor, Switzerland) mounted
on it for controlling forces applied by cables to human
subjects. The cables are routed from the motors
through pulleys and connected to a dedicated harness
at the trunk and pelvis. In this study, the harness
trunk belt (width: 11 cm) was positioned with its top
margin below the axilla of the research participant,
and shoulder straps connected to the trunk belt con-
tributed to its tight wearing. The harness pelvic belt
was centered on the anterior superior iliac spines and
was secured by additional thigh straps. Four cables
were attached to each harness belt to apply planar
forces; dedicated sensors measured the tension applied
at each cable.

The RobUST platform is equipped with eight infra-
red cameras (Vicon Bonita 10; Denver, CO), which
track the motion of the human subject during standing.
The motion capture system is used to record the cur-
rent position of the trunk and pelvic harness belts to
calculate the desired forces applied by the device. In
this study, RobUST provided assistance as needed at
the trunk of research participants. Specifically, a virtual
circular boundary (i.e., force field [FF]) is programmed
around the individual (Fig. 1), so that they can move
freely within the FF boundary, while a restoring force
is applied when the trunk moves beyond the FF bound-
ary (e.g., loss of balance control), bringing it back
within the boundary and closer to the neutral standing
position (Fig. 1; Supplementary Video 1).

In this study, RobUST also applied a constant force
of 80 N to the pelvis harness in order to facilitate app-
ropriate hip extension and pelvic tilt, with additional
manual trainer’s assistance provided as necessary.
This constant force level was found optimal for pelvis

Table 1. Characteristics of the Research Participants

Pub ID
Age

(Years) Sex

Time since
injury

(Years)

Level
of

injury AIS

Time since
scES implant

(Years)

Stand
training

(n)

A96 29 F 5.3 C4 A 1.7 79
A101 33 M 4.2 C3 A 1.6 160
A82 37 M 8.8 C4 A 1.2 41
B45 36 M 9.3 C7 B 0.3 11
B07 35 M 14.4 T2 B 11.0 265
B23 38 M 9.4 C4 B 6.1 116

Pub ID, publication identifier; level of injury, neurological level of the
lesion by AIS (American Spinal Injury Association [ASIA] Impairment
Scale); C, cervical; T, thoracic; scES, spinal cord epidural stimulation;
stand training: number of stand training sessions with scES and assistive
device for self-balance assistance performed prior to the beginning of
this study.
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stability while allowing the pelvis to safely move when
excessive forces were generated, such as during unex-
pected muscle spasms.

Experimental procedures
Standing upright postural control was assessed over-
ground, within the RobUST frame. Stand-scES was ap-
plied while the research participant was seated on their
wheelchair near the RobUST frame. Participants used
the handlebars in front of them to partially pull them-
selves while trainers positioned at the knees, pelvis, and
trunk manually assisted the sit to stand transition.
When the sit to stand transition was completed, if the
knees flexed beyond the normal standing posture,
external manual assistance by a trainer was provided
distal to the patella to promote knee extension. Two
trainers were also positioned at the trunk and pelvis
to provide additional manual assistance if needed.

Steady and proactive postural assessments were
performed without any self-assistance provided by
upper limbs (i.e., free-hands) under two conditions:

(1) independent trunk control and trainer’s manual
assistance at the pelvis (Hip-assist), and (2) RobUST
assistance as needed at the trunk and constant assis-
tance at the pelvis (RobUST-assist). Real-time visual
feedback of the trunk position, cardinal axes, and cir-
cular FF boundary was always provided in front of
the research participants.

Steady upright postural control assessment. The goal
of steady upright postural assessment was to stand as
steadily as possible for 1 min. Shorter steady standing
events resulted from the loss of postural control, req-
uiring the trainer’s manual assistance at the trunk
and/or the placement of the participant’s upper
limb(s) on the fixed handlebars in front of them.

Proactive upright postural control assessments.
Proactive upright postural control was assessed while
the research participants attempted self-initiated
trunk movements during standing. The goal of
antero-posterior (AP) and medio-lateral (ML) trunk

FIG. 1. Visual representation of robotic upright stand trainer (RobUST) force field (FF) for trunk assistance
as needed. Visual feedback in front of the participant shows the circular FF boundary and the trunk position
in real time. When the trunk moves beyond the FF boundary (A) the assistive FF is activated, and the
restoring force ~F, resulting from the application of tension ~T to the four cables, brings the trunk within the
boundary and closer to the neutral standing position (B).
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movements was to achieve the largest AP or ML peak-
to-peak trunk displacement while minimizing the dis-
tance traveled away from the cardinal axis (i.e.,
error). During circular (Circle) trunk movements, par-
ticipants were instructed to generate a circular move-
ment with the trunk as close as possible to the virtual
circular boundary provided by the visual feedback.
For each trunk movement, standing condition and
time point, three attempts were performed and the
one with the largest trunk displacement was considered
for further analysis. Attempts needing the trainer’s
manual assistance at the trunk and/or placement of
the participant’s upper limb(s) on the handlebars
were considered failed attempts, which were not con-
sidered for further analysis.

In four participants (A96, B45, B07, B23), proactive
upright postural control was also assessed by imple-
menting self-initiated upper limb reaching movements
during hip-assist standing. Starting with the upper
limbs hanging vertically down, forward arm reaching
movements were attempted with the dominant upper
limb (one-arm reaching) or with both upper limbs si-
multaneously (two-arm reaching). For each arm move-
ment and time point, three attempts were performed,
and the one with the largest anterior distance covered
was considered for further analysis. Attempts needing
the trainer’s assistance at the trunk and/or placement
of the participant’s upper limb(s) on the handlebars
were considered failed attempts, which were not con-
sidered for further analysis.

RobUST Force Field settings for trunk assistance as
needed. The FF circular boundary characteristics to
assist trunk control during RobUST-assist standing
were determined for each participant as follows. Ini-
tially, the FF radius was set at 2 cm, and the assistive
force magnitude at 15% BW. The individual was
asked to initially maintain steady upright posture,
and then attempt to perform a self-initiated for-
ward trunk movement to reach the FF boundary dis-
played on the visual feedback (Fig. 1), and finally to
bring the trunk back to a neutral standing position. If
the individual was not able to maintain independent
trunk control during stable standing, FF radius
remained at 2 cm and different FF magnitudes (up to
35% BW) were tested to optimize trunk assistance. If
the individual was able to perform and control the
forward trunk movement, FF radius was progressively
increased by 1 cm (up to a maximum of 6 cm) until
the task could be successfully performed. Different

FF magnitudes (up to 35% BW) were subsequently
tested to optimize trunk assistance.

Data acquisition
Motor force, kinematic data, force platforms data, and
EMG of the following trunk and lower limb muscles
were collected in this study. A LabVIEW PXI system
(National Instruments, Austin, TX) and load cells
(LSB302 Futek, CA) were used to record force gener-
ated by the DC motors (Maxon Motor, Switzerland)
at 200 Hz. Vicon Nexus motion capture system
(Vicon, Denver, CO) was used to record kinematics
sampled at 100 Hz, via eight Vicon Bonita infrared
cameras (Vicon, Denver, CO). Retro reflective markers
were placed at the shoulders, trunk, and pelvis, and
their position was tracked in real time to control the
forces applied by RobUST. During the device calibra-
tion process, reflective markers were also placed on
the arms, pulleys, and cable-harness attachments. Two
force platforms were used to measure ground reaction
forces, which were collected in the Vicon Nexus system
at 1000 Hz. EMG activity of the right (R) and left (L)
upper trapezius (UT), adductor (AD), vastus lateralis
(VL), medial hamstring (MH), anterior (TA), and
medial gastrocnemius (MG) was recorded by bipolar
surface electrodes with a fixed inter-electrode distance
of 2000 Hz using a custom-written acquisition soft-
ware (National Instruments, Austin, TX).

Data analysis
A low-pass digital filter was applied to motor and force
plate data with a cutoff frequency of 10 Hz.34 Kinematic
data of the trunk geometrical center to estimate trunk
displacement29 were low-pass filtered (6 Hz) in Vicon
Nexus. Also, a band-pass digital filter (10–500 Hz)
was applied to EMG data.

Steady upright postural control. The primary out-
come for this postural task was the duration that re-
search participants were able to maintain steady
postural control. Additionally, mean trunk velocity
was calculated as the total distance traveled in the
transverse plane by the trunk geometrical center di-
vided by the attempt duration. The variability of verti-
cal ground reaction forces (Fz variability) was assessed
by calculating the coefficient of variation (standard
deviation/mean) over the steady standing duration.
Median frequency and median frequency standard
deviation for lower limb EMG activity (average value
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among the investigated lower limb muscles) were cal-
culated over the steady standing event by Continuous
Wavelet Transform as previously detailed.35 Integrated
EMG (iEMG) normalized by the attempt duration was
also calculated for the investigated muscles (UT and
lower limb muscles).

Proactive upright postural control. The primary out-
come to assess upright proactive postural control dur-
ing self-initiated trunk movements was the distance
covered with the trunk in the AP or ML directions,
and the area covered with the trunk during circular
movements. Trunk displacement for the linear trunk
movements (AP and ML) was calculated as the AP or
ML peak-to-peak distance covered by the trunk geo-
metrical center. For RobUST-assist attempts, the dis-
tance of trunk geometrical center traveled beyond the
FF boundary, which resulted from the loss of trunk
control, was excluded from displacement calculation.
For the circular movements, the area of the circle cre-
ated by the trunk geometrical center was calculated.
For RobUST-assist attempts, only the area covered
within the circular boundary was considered for per-
formance calculation.

The trunk movement precision was characterized by
the movement error. For AP movements, error was cal-
culated as the average ML point-to-point distance from
the cardinal axis to the trunk geometrical center over a
given attempt. For ML movements, error was calcu-
lated as the average AP point-to-point distance from
the cardinal axis to the trunk geometrical center over
a given attempt. For the circular movements, error
was calculated as the average point-to-point distance
from the closest circular boundary point to the trunk
geometrical center over a given attempt. iEMG normal-
ized by the attempt duration was calculated for the in-
vestigated muscles (UT and lower limb muscles) and
expressed as percent of the respective iEMG values
assessed during steady standing (baseline). Quantita-
tive information about the coordination pattern be-
tween representative antagonist muscles crossing the
ankle joint (MG vs. TA) has been obtained based on
the approach reported by Rejc and colleagues.36 Briefly,
each data point of the joint probability density distribu-
tion37 represents the amplitude relationship of the
EMG signals from the two muscles at a given time
point. Ten percent of the largest amplitude detected
during the self-initiated trunk movement attempts
was set as a threshold to define four areas of the plot
representing negligible activation of both muscles, the

isolated activation of either muscle, or co-contraction
(i.e., concurrent activation of both muscles with an am-
plitude >10% threshold). The data points related to
negligible activation of both muscles were discarded,
and the number of data points distributed in each of
the three remaining areas was finally expressed as a
percentage of the data points collected during a given
attempt.

The primary outcome to assess upright proactive
postural control during forward arm reaching move-
ments was the distance covered by the participant’s
wrist. Wrist displacement was calculated as the anterior
peak distance covered by the wrist from its starting po-
sition (upper limb hanging vertically down). When
assessing one-arm reaching, the anterior peak distance
of the dominant upper limb was considered for analy-
sis. As for two-arm reaching, the average anterior peak
distance of both upper limbs was calculated and con-
sidered for analysis.

Robotic postural training
Research participants underwent on average 80 – 10
training sessions (1 h/day; 5 days/week). Robotic up-
right postural training was always performed with
Stand-scES in the RobUST frame. Stand-scES was
applied while the research participant was seated on
their wheelchair near the RobUST frame. Participants
used the handlebars in front of them to partially pull
themselves while trainers positioned at the knees, pel-
vis, and trunk manually assisted the sit to stand transi-
tion. When the sit to stand transition was completed, if
the knees flexed beyond the normal standing posture,
manual assistance by a trainer was provided distal
to the patella to promote knee extension. Two trainers
positioned at the trunk and pelvis provided additional
manual assistance if needed.

Robotic postural training was performed with free
hands (i.e., handlebars or other fixed surfaces were
not used for self-balance assistance); each training
session consisted of periods of steady standing, self-
initiated trunk and arm movements, and trunk pertur-
bations delivered toward the four cardinal directions by
RobUST.28,29 Points of training progression included
the modulation of FF for trunk assistance as needed
(i.e., decreased FF magnitude, increased FF radius, FF
removed), the increase of self-initiated arm movements
complexity with respect to upright postural control
(i.e., from lateral arm abduction to one-arm forward
reaching to two-arm forward reaching), and the
increase of trunk perturbation magnitude. Manual
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assistance at the pelvis was also gradually implemented
to substitute RobUST constant assistive force. Addi-
tionally, training progression included the increased
amount of dynamic tasks compensated for by a
decrease of steady standing time within a session.
Seated resting periods occurred when requested by
the individuals.

Statistical analysis
Statistical analysis was performed using JASP (Version
0.18, Netherlands) and GraphPad Prism (version 5.01,
California, USA) software. Results are reported as
mean and standard deviation. Normal distribution
of the data was tested using the Kolmogorov–Smirnov
test. The effect of robotic postural training (Pre, Mid,
Post) on the outcomes considered in this study was
analyzed within each motor task (steady standing,
self-initiated trunk movements, arm reaching move-
ments) and standing condition (Hip-assist or RobUST-
assist) with one-way repeated measures analysis of
variance (ANOVA). Sphericity was verified by
Mauchly’s test. When the assumption of sphericity
was not met, the significance of the F-ratios was ad-
justed according to the Greenhouse–Geisser procedure.
When significant differences were found, a Bonferroni
post hoc test was used to determine the exact location
of the difference. In cases of violation of the assumption
of normality, the Friedman test and subsequent Con-
over’s post hoc tests were implemented. All tests were
two sided and the significance level was set as
p < 0.05. Multiple imputation was implemented to han-
dle the missing secondary outcomes (e.g., EMG, and
force plate data describing motor control) when indi-
viduals were not able to perform the requested postural
task in the hip-assist condition, scoring 0 for the pri-
mary outcomes. Multiple imputation was implemented
by full conditional metropolis sampler with auto-
derived conditional distributions, constrained to mini-
mum and maximum values present in the data set,
using the primary outcome variable in the model as
predictor.38 Blimp Studio (Version 3.2.1) software
was used to perform multiple imputation. The magni-
tude of robotic postural training-promoted improve-
ments (Post vs. Pre) of primary postural control
outcomes (steady standing duration, trunk displace-
ment during self-initiated trunk movements, reaching
distance during self-initiated arm movements) was
also assessed by Cohen’s effect size.39 Differences
resulting in large (0.80–1.29) and very large (‡ 1.30) ef-
fect size are highlighted in the text.

Results
Steady upright postural control
Research participants achieved steady standing demon-
strating overall continuous lower limb activation pat-
terns (Fig. 2A) that resulted in independent bilateral
lower limb extension for the entire attempt duration
in four individuals at Pre, and in five individuals at
Mid and Post (Table S1). Prior to robotic postural
training, five of the six research participants receiving
Stand-scES were able to achieve steady standing pos-
ture with free hands when manual assistance was pro-
vided at the pelvis by a trainer (hip-assist; Fig. 2A
and B). However, none of the participants were
able to maintain steady standing for the entire 1-min
task. Conversely, RobUST assistance as needed at the
trunk and constant assistance at the pelvis immediately
facilitated steady standing with free hands in all par-
ticipants, with five of them successfully completing
the 1-min task (Fig. 2A and B). Robotic postural train-
ing promoted a very large and significant improve-
ment in steady postural control performance during
hip-assist standing at Mid training (Effect Size
[ES] = 2.61; p = 0.009) and a similar trend at Post
training (ES = 2.11; p = 0.027), as indicated by the inc-
reased standing event duration that approached the
1-min target (Fig. 2B). This postural control improve-
ment was not associated with changes in trunk
mean velocity ( p = 0.633) or other features that are
relevant for stable standing in this population such as
ground reaction force variability ( p = 0.787; Fig. 2C),
lower limb EMG median frequency, and its stan-
dard deviation ( p = 0.849 and p = 0.605, respectively,
Fig. S2). Compared with RobUST-assist, postural train-
ing had a significant effect ( p = 0.042) on UT activa-
tion during hip-assist standing (Fig 2C), which
tended to increase from Pre to Mid ( p = 0.167) and
Post ( p = 0.117).

Proactive upright postural control – self-initiated
trunk movements
Proactive upright postural control was evaluated while
the SCI participants receiving Stand-scES attempted
self-initiated trunk movements during RobUST-assist
and hip-assist standing (Fig. 3A). AP, ML, and Circle
trunk movements were attempted with the goal of
covering the largest distance in the cardinal direc-
tions (AP or ML) or the largest circular area (Circle)
while real-time visual feedback of trunk position
was provided. These motor tasks resulted in trunk
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displacement and ground reaction forces modulation
associated with relevant lower limb EMG responses
(Figs. 3B and 4A).

Prior to robotic postural training, only three (AP and
Circle) or four (ML) of the six participants were able to

perform these motor tasks during hip-assist standing
(Fig. 4A–D). RobUST assistance immediately enabled
all participants to perform these self-initiated trunk
movements while standing with free hands. After
robotic postural training, all research participants

FIG. 2. Steady upright postural control. (A) Representative trunk displacement and electromyography
(EMG) for the upper trapezius (UT), vastus lateralis (VL), and medial gastrocnemius (MG) from participant
A96 during stable standing attempts performed with free hands when external manual assistance was
provided only at the pelvis (hip-assist, top) and with robotic upright stand trainer (RobUST) assistance
(bottom) at Pre and Post training. At Pre, the participant was able to perform this motor task with RobUST
assistance while being unable to achieve it during hip-assist standing. Robotic postural training resulted in
the participant’s ability to perform and complete the motor task at Post training in the hip-assist standing
condition. (B) Individual (crosses) and mean (black circles) data points (n = 6 participants) of the primary
outcome of postural control performance (steady standing duration) during hip-assist (top) or RobUST-assist
(bottom) at Pre, Mid and Post training. (C) Individual data points (crosses, or circle for the imputed data
[n = 1]) and mean data of kinematic, kinetic, and EMG variables collected at Pre, Mid and Post training. Fz:
vertical ground reaction force. Error bars represent standard deviation across subjects. *p < 0.05; **p < 0.01.
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regained the ability to control the self-initiated trunk
movements while standing with hip-assist (Fig. 4A–D).
Robotic postural training promoted very large and sig-
nificant improvements in proactive upright postural
control during hip-assist standing as assessed by the in-
creased AP (ES = 2.10; p = 0.003) and Circle (ES = 1.27;
p = 0.010) trunk movement performance. A similar

large trend (ES = 0.89; p = 0.073) was observed for
ML trunk movement performance. The precision
(i.e., error) of these movements was not significantly
affected by training. RobUST-assist proactive postural
control showed similar training-induced positive
trends, with significant and very large (ES = 1.34) per-
formance improvements found for AP movements

FIG. 3. Exemplary self-initiated trunk circular movements. (A) Representative trunk displacement plotted
from start (blue) to end (red) of the trial (AP: antero-posterior; ML: medio-lateral). (B) Trunk kinematics
(A: anterior; P: posterior; R: right; L: left), electromyography (EMG) activity of lower limb muscles (MH:
medial hamstrings; VL: vastus lateralis; TA: tibialis anterior; MG medial gastrocnemius) and ground reaction
forces (Fz: vertical force; Fh: horizontal resultant force) from participant A96 during a Post training circular
self-initiated trunk movement attempt during hip-assist standing (left) and with robotic upright stand
trainer (RobUST) assistance (right). Note the EMG activation pattern modulation associated with changes in
trunk and ground reaction forces.
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(Fig. 4B). For this standing condition and motor task,
trunk movement precision significantly improved at
Mid-training as indicated by the smaller error detected
( p = 0.008). Similar trends were also observed during
RobUST-assist ML trunk movements (Fig. 4F). Inde-
pendent bilateral lower limb extension was achieved
in all successful attempts considered for analysis,
except for research participant B07 (Table S2).

Different mechanisms appeared to be associated
with the improved proactive postural control demon-
strated in the two standing environments. Significant
( p = 0.019) training-induced increase in ankle co-
contraction was demonstrated during AP trunk move-
ments in hip-assist standing (Fig. 4E), and the same
trend was also present during ML ( p = 0.071; Fig. 4F).
Conversely, significant training-induced increase in
UT activation was found during AP ( p = 0.003), ML
( p = 0.009), and Circle ( p = 0.004) trunk movements
generated while standing with RobUST; similar statisti-
cally significant trends were already observed at Mid
training (Fig. 4E–G).

Proactive upright postural control – arm reaching
Proactive upright postural control was also evaluated in
a subgroup (n = 4) of participants while attempting
self-initiated, forward arm reaching movements during
hip-assist standing with Stand-scES (Fig. 5A). Prior
to robotic postural training, only two participants
were able to perform one-arm reaching movements,
and only one participant successfully performed for-
ward arm reaching with both upper limbs simulta-
neously (Fig. 5B). After training, all four individuals
were able to successfully perform both reaching tasks

while maintaining standing postural control. Robotic
postural training promoted a large (ES = 1.12), signifi-
cant ( p = 0.048) increase in one-arm reaching distance,
and a very large (ES = 2.68) and significant ( p = 0.030)
increase in two-arm reaching distance (Fig. 5B). Simi-
lar, non-significant postural control improvements
were already demonstrated at Mid training. During
all successful attempts considered for analysis, three
of the four participants always maintained independent
bilateral lower limb extension (Table S2).

Discussion
Robotic postural training with Stand-scES re-enabled
and/or largely improved fundamental aspects of stand-
ing postural control in individuals with chronic cervical
or high-thoracic motor complete SCI that had pre-
viously undergone stand training with Stand-scES
using a walker or a standing frame for self-balance
assistance. After robotic postural training, participants
were able to maintain steady standing and generate
self-initiated trunk and upper limb movements without
any self-balance assistance provided by upper limbs
while receiving only external assistance for pelvic
control. These relevant functional improvements were
associated with training-induced activation pattern
adaptations observed above (UT muscle) and below
(lower limb muscles) the level of injury.

In the last decade, our group and others showed that
activity-based training with individual-specific Stand-
scES can promote the recovery of standing overground
with independent lower limbs extension in individu-
als with chronic, motor complete SCI self-assisting
postural control with their upper limbs on assistive

‰

FIG. 4. Proactive upright postural control by self-initiated trunk movements. (A) Representative trunk
displacement plotted from start (blue) to end (red) of the trial (AP: antero-posterior; ML: medio-lateral) and
electromyography (EMG) for the upper trapezius (UT), tibialis anterior (TA), and medial gastrocnemius (MG) from
participant A96 during a self-initiated, AP trunk movement attempt performed with free hands when external
manual assistance was provided only at the pelvis (hip-assist standing, top) and with robotic upright stand trainer
(RobUST) assistance (bottom) at Pre and Post training. At Pre training, the participant was able to attempt the
motor task with RobUST assistance while being unable to attempt during hip-assist standing. Robotic postural
training resulted in the participant being able to complete the motor task at Post training during hip-assist
standing and improve performance with RobUST assistance. (B–D) Individual (crosses) and mean (black circles)
data (n = 6) of the primary outcome of postural control performance (trunk displacement) during AP (B), ML (C),
and circular (Circle; D) trunk movement tasks performed while hip-assist standing or with RobUST assistance at
Pre, Mid, and Post training. Generally, robotic postural training led to increases in performance. (E–G). Individual
data points (crosses, or circles for imputed data) and mean data of kinematic, kinetic, and EMG variables collected
with RobUST-assist or hip-assist standing while performing AP (E), ML (F), and Circle (G) trunk movements. Error
bars represent standard deviation (SD) across subjects. *p < 0.05; **p < 0.01.
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devices.5–7,10,31,35 Five of the six participants of the
present study consistently demonstrated independent
bilateral lower limbs extension during the upright
postural control tasks performed with free hands
(Tables S1 and S2). Tonic Stand-scES parameters are
configured with the goal of enabling the lumbosacral
spinal circuitry to use peripheral sensory information,
and possibly residual supraspinal inputs, as sources of
motor control, rather than directly driving motor pat-
tern generation.6,8,31,40,41 In particular, lower limb
loading and extension associated with the sit-to-stand
transition can be interpreted by the spinal circuitry to
modulate negligible activation (in sitting) into robust,
overall continuous EMG patterns effective for standing,
without any change in stimulation parameters.31,35

In the present study, we have implemented RobUST
with the goal of providing an enriched ensemble of sen-
sory information for bipedal upright postural control.
RobUST immediately re-enabled the practice of steady
and dynamic standing with free hands in a popula-
tion of cervical or high-thoracic motor complete SCI
(Figs. 2–4). This is relevant because providing mechan-

ical self-stabilization with upper limbs during stand-
ing can lead to altered postural control strategies that
reduce or even suppress lower limb neuromuscular
responses while improving overall stability because
of upper limb contribution.11,12,42–44 We have also
recently investigated the effects of upper limb self-
stabilization on postural responses to trunk pertur-
bations during standing with Stand-scES.28 These
findings supported the view that a free-hands condi-
tion can promote lower limb responses that are gener-
ally more frequent, larger in magnitude, and overall
more appropriately modulated than standing with
self-balance assistance, even in a motor complete SCI
population receiving spinal cord neuromodulation.

In the present study, self-initiated trunk move-
ments during both RobUST-assist and hip-assist
standing led to controlled trunk displacement and
modulation of vertical and horizontal ground reaction
forces resulting in relevant lower limb EMG pattern
modulation (Fig. 3). These results are consistent with
the interpretation that the human spinal cord below
the level of a motor complete SCI can generate

FIG. 5. Proactive upright postural control by arm reaching. (A) Representative right (R) and left (L) wrist
excursion from participant B23 during a one-arm (top) and two-arm forward reaching task, plotted from the
start (blue) to the end (red) of the trial, while standing with free hands when external manual assistance
was provided only at the pelvis (hip-assist standing) at Pre and Post training. (B) Individual (crosses) and
mean (black circles) data of peak anterior reaching distance during one-arm (top) and two-arm (bottom)
forward reaching while standing with free hands (n = 4). Error bars represent standard deviation (SD) across
subjects. *p < 0.05.
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meaningful postural responses when tonic lumbosacral
scES is applied with the goal of modulating the excit-
ability of the spinal circuitry. Similar perspectives
were previously supported by animal studies imple-
menting scES, suggesting that the spinal postural cir-
cuitry substantially contributes to postural control,
and that this circuitry is not functional after SCI
primarily because of the loss of tonic supraspinal
drive.25,45,46 Our current results also support the view
that somatosensory information plays a major role in
the generation and control of postural responses,47–49

and that limb loading modulation is an important com-
ponent of postural responses.14,20,28

Robotic postural training promoted large and sig-
nificant improvements of upright postural control as
indicated by the regained and/or increased ability to
maintain steady standing (Fig. 2A and B) and control
larger self-initiated trunk movements (Fig. 4A–D)
and arm reaching movements (Fig. 5). Different
training-induced postural control adaptations involv-
ing both the upper trunk and lower limb muscles
were observed. For example, indexes of increased UT
activation were associated with training-induced imp-
rovements of steady postural control during hip-assist
standing (Fig. 2C) and during self-initiated trunk
movements with RobUST-assist (Fig. 4E–G). All par-
ticipants were able to voluntarily activate UTs to con-
trol shoulder and head movements. It is plausible
that information about head orientation from visual
and vestibular systems was interpreted to generate pos-
tural responses by activating the upper trunk muscles
above the level of injury, and that this postural strategy
was reinforced with training to control steady hip-
assist standing and self-initiated trunk movements
with RobUST-assist.46,50

Evidence from decerebrated animal models suggests
that key components of the nervous mechanisms res-
ponsible for supraspinal postural control reside in the
brainstem and cerebellum.46 Further, visual and vestib-
ular information appear to play a major role in the
supraspinal postural control mechanisms predomi-
nantly devoted to phasic corrective commands, which
are sent to the spinal cord via vestibulospinal, reticu-
lospinal, rubrospinal, and corticospinal descending
pathways. On the other hand, training-promoted imp-
rovements in self-initiated trunk movements during
hip-assist standing were associated with trends of inc-
reased co-contraction of antagonist ankle muscles
(TA and MG; Fig. 4E–G). Increased co-contraction of
antagonist leg muscles can be interpreted as a mecha-

nism to increase joint stiffness and overall stability,
which is also observed in able-bodied populations
with aging and disuse while performing different
motor tasks.51–54 The repetitive practice of a motor
task can promote use-dependent strengthening of
the targeted sensorimotor pathways to result in behav-
ioral, neurochemical, and physiological adaptations.55

Training-induced neural adaptations may have pro-
moted the remodeling of synaptic connections among
spinal inhibitory and excitatory interneurons projec-
ting to motorneurons, and/or adaptations related to
afferent synaptic inputs and these spinal interneu-
rons.56 The reorganization of other mechanisms of
inhibitory control that are typically impacted by SCI
(i.e., non-reciprocal Ib inhibition; reciprocal inhibition)
may have also occurred.56–58 It is worth mentioning
that the assistance-as-needed paradigm provided at
the trunk by RobUST conceivably contributed to the
observed motor relearning by promoting intrinsic var-
iability that is important for the spinal circuitry con-
trolling the execution of a motor task after SCI.59,60

Although the key goal of this study was to determine
the combined effect of scES and RobUST postural
training on upright steady and proactive postural con-
trol, the independent effects of RobUST postural train-
ing and scES alone on standing postural control need to
be specifically evaluated in future studies. However, it
is worth mentioning that individuals with a chronic,
motor complete SCI are unlikely to demonstrate rele-
vant motor recovery by activity-based recovery training
alone, even if it is intense.6,9,61,62 Also, the participants
had undergone substantial stand training with Stand-
scES using a standing frame or walker for self-balance
assistance prior to this study (Table 1), and they under-
went two acclimation sessions with the RobUST prior
to pre-training data collection. Therefore, even though
a control group is lacking at this stage, the findings of
this study support the perspective that, even after a
motor complete SCI, the human spinal cord can re-
learn aspects of standing postural control if appropriate
training and neuromodulation are provided. Also, a
larger cohort of participants is needed to assess to
what extent the relevant postural control improve-
ments found in this study can be expected in a broader
SCI population.

Conclusion
In summary, scES combined with free-hands robotic
postural training promoted significant and large up-
right postural control improvements in a small group
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of individuals with chronic cervical or high-thoracic
motor complete SCI who had previously practiced
standing overground with scES using assistive devices
for self-balance assistance. The observed postural con-
trol improvements were related to a variety of activa-
tion pattern adaptations both below and above the
level of injury. From a mechanistic standpoint, the
findings herein reported suggest that the human lum-
bosacral spinal cord below the level of injury can
generate meaningful postural responses when its excit-
ability is modulated by scES and can be trained to im-
prove these responses in conjunction with activation
patterns above the level of injury. Future studies should
confirm whether the repetitive practice of postural con-
trol tasks with (1) free hands and (2) robotic assistance
as needed are the two key determinants of the superior
postural control re-learning observed here. From a
functional perspective, the improvements in upright
postural control can increase the potential for the indi-
vidual to interact with the environment while standing.
With the implementation of scES in the home and
community environment at the horizon for the SCI
population, the observed functional gains might fur-
ther support the safe and effective practice of stand-
ing, aided by an assistive device when needed, while
also enabling trunk and upper limb reaching move-
ments. Finally, future studies are warranted to assess
whether the observed postural control gains may trans-
late to improvements in the control of other motor
tasks such as walking and sitting, and whether robotic
postural training concurrently targeting trunk and pel-
vic control may promote further postural control
improvements.

Transparency, Rigor,
and Reproducibility Summary
This human interventional pilot study, which involved
six individuals with motor complete spinal cord injury
were already implanted with a spinal cord epidural
stimulation unit for the recovery of motor control,
was not formally registered. The analysis plan was
not formally pre-registered. A sample size of six partic-
ipants was planned based on the available grant sup-
port, and on previous proof-of-principle studies that
were successful in investigating mechanisms of
human motor control with neuromodulation after spi-
nal cord injury. Participants and investigators could
not be blinded during data collection, and investigators
were aware of relevant characteristics of the assessed
motor tasks during data analysis. Biomechanical data

were analyzed as they were collected. The RobUST
was custom-built by the investigators; schematics will
be made available upon request. Key inclusion criteria
and outcome evaluations are established standards.
There are no current or planned replication studies on-
going to our knowledge. All materials used to con-
duct the study were obtained by the investigators;
de-identified data from this study and analytic code
used for data analysis are not available in a public ar-
chive and will be made available through material
transfer agreement upon reasonable request. This arti-
cle will be published with Open Access license.

Acknowledgments
We thank the research volunteers for their valuable
contribution to this study. We also gratefully acknowl-
edge our research staff for their contribution to data
collection, and our training staff for their support of
the research volunteers. Dr Maxwell Boakye performed
surgical implantation and provided medical oversight;
Dr Sarah Wagers provided medical oversight; Yukishia
Austin, Lynn Robbins, and Kristen Johnson provided
medical management.

Authors’ Contributions
S.J.H., S.A., J.S., C.A.A., and E.R. conceived and
designed research; S.A., M.K., I.O., T.L., and V.S.
developed RobUST; E.R., C.B., and T.P. performed
experiments; E.R., C.B., T.P., and B.U. analyzed da-
ta; E.R. and C.B. prepared figures; E.R., C.B., G.F.F.,
and S.J.H. interpreted results of experiments; E.R.
and C.B. drafted the manuscript; and all authors
edited, revised and approved the final version of
manuscript.

Availability of Data and Materials
Data that support the findings herein reported will be
made available through material transfer agreement
upon reasonable request.

Funding Information
This work was supported by the New York State Spinal
Cord Injury Research Board under Grant C31290GG,
the Kessler Foundation, Christopher and Dana Reeve
Foundation, Leona M. & Harry B. Helmsley Charitable
Trust, UofL Health – University of Louisville Hospital,
and Medtronic Plc.

Author Disclosure Statement
No competing financial interests exist.

Rejc et al.; Neurotrauma Reports 2024, 5.1
http://online.liebertpub.com/doi/10.1089/neur.2024.0013

290



Supplementary Material
Supplementary Figure S1
Supplementary Figure S2
Supplementary Table S1
Supplementary Table S2
Supplementary Video

References
1. Horak F, Macpherson J. Postural Orientation and Equilibrium. In: Hand-

book of Physiology. ( Shepherd J, Rowell L. eds.) Oxford University Press:
New York; 1996; pp. 255–292.

2. Macpherson J, Deliagina T, Orlovsky G. Control of Body Orientation and
Equilibrium in Vertebrates. In: Neurons, Networks and Motor Behavior.
(Stein P, Grillner S, Selverston A, et al. eds.) MIT Press: Cambridge, MA;
1997; pp. 257–267.

3. Orlovsky T, Orlovskiı̆ GN, Deliagina T, et al. Neuronal Control of Loco-
motion: From Mollusc to Man. Oxford University Press: Oxford, UK; 1999.

4. Massion J, Dufosse M. Coordination between posture and movement:
why and how? Physiology 1988;3(3):88–93.

5. Rejc E, Angeli CA, Bryant N, et al. Effects of stand and step training with
epidural stimulation on motor function for standing in chronic complete
paraplegics. J Neurotrauma 2017;34(9):1787–1802; doi: 10.1089/neu.2016
.4516

6. Harkema S, Gerasimenko Y, Hodes J, et al. Effect of epidural stimulation of
the lumbosacral spinal cord on voluntary movement, standing, and
assisted stepping after motor complete paraplegia: a case study. Lancet
2011;377(9781):1938–1947; doi: 10.1016/s0140-6736(11)60547-3

7. Gill ML, Grahn PJ, Calvert JS, et al. Neuromodulation of lumbosacral spinal
networks enables independent stepping after complete paraplegia. Nat
Med 2018;24(11):1677–1682; doi: 10.1038/s41591-018-0175-7

8. Angeli CA, Boakye M, Morton RA, et al. Recovery of over-ground walking
after chronic motor complete spinal cord injury. N Engl J Med 2018;
379(13):1244–1250; doi: 10.1056/NEJMoa1803588

9. Angeli CA, Edgerton VR, Gerasimenko YP, et al. Altering spinal cord
excitability enables voluntary movements after chronic complete paral-
ysis in humans. Brain 2014;137(Pt 5):1394–1409

10. Rowald A, Komi S, Demesmaeker R, et al. Activity-dependent spinal cord
neuromodulation rapidly restores trunk and leg motor functions after
complete paralysis. Nat Med 2022;28(2):260–271; doi: 10.1038/s41591-
021-01663-5

11. Luna TD, Santamaria V, Omofuma I, et al. Postural control strategies in
standing with handrail support and active assistance from Robotic
Upright Stand Trainer (RobUST). IEEE Trans Neural Syst Rehabil Eng 2021;
29:1424–1431; doi: 10.1109/tnsre.2021.3097301

12. Horak FB, Henry SM, Shumway-Cook A. Postural perturbations: new
insights for treatment of balance disorders. Phys Ther 1997;77(5):517–
533; doi: 10.1093/ptj/77.5.517

13. Visintin M, Barbeau H. The effects of parallel bars, body weight support
and speed on the modulation of the locomotor pattern of spastic paretic
gait. A preliminary communication. Paraplegia 1994;32:540–553

14. Lyalka VF, Orlovsky GN, Deliagina TG. Impairment of postural control in
rabbits with extensive spinal lesions. J Neurophysiol 2009;101(4):1932–
1940

15. Musienko PE, Zelenin PV, Lyalka VF, et al. Postural performance in
decerebrated rabbit. Behav Brain Res 2008;190(1):124–134; doi: 10.1016/j
.bbr.2008.02.011

16. Deliagina T, Popova L, Grant G. The role of tonic vestibular input for
postural control in rats. Arch Ital Biol 1997;135(3):239–261

17. Deliagina TG, Zelenin PV, Orlovsky GN. Physiological and circuit
mechanisms of postural control. Curr Opin Neurobiol 2012;22(4):646–
652

18. Macpherson JM, Fung J, Jacobs R. Postural orientation, equilibrium, and
the spinal cord. Adv Neurol 1997;72:227–232

19. Mori S, Matsuyama K, Kohyama J, et al. Neuronal constituents of postural
and locomotor control systems and their interactions in cats. Brain Dev
1992;14:S109–120

20. Musienko PE, Zelenin PV, Orlovsky GN, et al. Facilitation of postural limb
reflexes with epidural stimulation in spinal rabbits. J Neurophysiol 2010;
103(2):1080–1092

21. Zakharov I, Makarova E. Regulation of osteogenic differentiation of
mesenchimal stem sells of bone marrow. Ross Fiziol Zh Im I M Sechenova
2013;99(4):417

22. Musienko PE, Gorskiı̆ OV, Kilimnik VA, et al. Neuronal control of posture
and locomotion in decerebrated and spinalized animals [in Russian]. Ross
Fiziol Zh Im I M Sechenova 2013;99(3):392–405

23. Musienko PE, Courtine G, Tibbs JE, et al. Somatosensory control of bal-
ance during locomotion in decerebrated cat. J Neurophysiol 2012;107(8):
2072–2082; doi: 10.1152/jn.00730.2011

24. Lyalka VF, Hsu L-J, Karayannidou A, et al. Facilitation of postural limb
reflexes in spinal rabbits by serotonergic agonist administration, epidural
electrical stimulation, and postural training. J Neurophysiol 2011;106(3):
1341–1354

25. Musienko PE, Gorskii OV, Kilimnik VA, et al. Regulation of posture and
locomotion in decerebrate and spinal animals. Neurosci Behav Physiol
2015;45(2):229–237

26. Moraud EM, von Zitzewitz J, Miehlbradt J, et al. Closed-loop control of
trunk posture improves locomotion through the regulation of leg pro-
prioceptive feedback after spinal cord injury. Sci Rep 2018;8(1):1–12

27. Sayenko DG, Alekhina MI, Masani K, et al. Positive effect of balance
training with visual feedback on standing balance abilities in people with
incomplete spinal cord injury. Spinal Cord 2010;48(12):886–893

28. Bowersock CD, Pisolkar T, Ai X, et al. Standing reactive postural responses
of lower limbs with and without self-balance assistance in individuals
with spinal cord injury receiving epidural stimulation. J Neurotrauma
2023; doi:10.1089/neu.2023.0403 [Epub ahead of print]

29. Khan M, Luna T, Santamaria V, et al. Stand trainer with applied forces at
the pelvis and trunk: response to perturbations and assist-as-needed
support. IEEE Trans Neural Syst Rehabil Eng 2019;27(9):1855–1864; doi: 10
.1109/tnsre.2019.2933381
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Abbreviations Used
AD ¼ adductor

ANOVA ¼ analysis of variance
AP ¼ antero-posterior

BW ¼ body weight
EMG ¼ electromyography

FF ¼ force field
MG ¼ medial gastrocnemius
MH ¼ medial hamstring
ML ¼ medio-lateral

RobUST ¼ robotic upright stand trainer
SCI ¼ spinal cord injury

ScES ¼ spinal cord epidural stimulation
TA ¼ tibialis anterior
UT ¼ upper trapezius
VL ¼ vastus lateralis
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