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Standing Reactive Postural Responses of Lower Limbs
With and Without Self-Balance Assistance in Individuals
With Spinal Cord Injury Receiving Epidural Stimulation
Collin D. Bowersock,1–3 Tanvi Pisolkar,1 Xupeng Ai,4 Chenfei Zhu,4 Claudia A Angeli,1,5,6 Susan J Harkema,1,2,5

Gail Forrest,7,8 Sunil Agrawal,4,9 and Enrico Rejc1,2,7,10,*

Abstract
Spinal cord epidural stimulation can promote the recovery of motor function in individuals with severe spi-
nal cord injury (SCI) by enabling the spinal circuitry to interpret sensory information and generate related
neuromuscular responses. This approach enables the spinal cord to generate lower limb extension patterns
during weight bearing, allowing individuals with SCI to achieve upright standing. We have shown that the
human spinal cord can generate some standing postural responses during self-initiated body weight shift-
ing. In this study, we investigated the ability of individuals with motor complete SCI receiving epidural stim-
ulation to generate standing reactive postural responses after external perturbations were applied at the
trunk. A cable-driven robotic device was used to provide constant assistance for pelvic control and to de-
liver precise trunk perturbations while participants used their hands to grasp onto handlebars for self-
balance support (hands-on) as well as when participants were without support (free-hands). Five individuals
with motor complete SCI receiving lumbosacral spinal cord epidural stimulation parameters specific for
standing (Stand-scES) participated in this study. Trunk perturbations (average magnitude: 17 – 3% body
weight) were delivered randomly in the four cardinal directions. Participants attempted to control each per-
turbation such that upright standing was maintained and no additional external assistance was needed.
Lower limb postural responses were generally more frequent, larger in magnitude, and appropriately mod-
ulated during the free-hands condition. This was associated with trunk displacement and lower limb load-
ing modulation that were larger in the free-hands condition. Further, we observed discernible lower limb
muscle synergies that were similar between the two perturbed standing conditions. These findings suggest
that the human spinal circuitry involved in postural control retains the ability to generate meaningful lower
limb postural responses after SCI when its excitability is properly modulated. Moreover, lower limb postural
responses appear enhanced by a standing environment without upper limb stabilization that promotes af-
ferent inputs associated with a larger modulation of ground reaction forces and trunk kinematics. These
findings should be considered when developing future experimental frameworks aimed at studying upright
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postural control and activity-based recovery training protocols aimed at promoting neural plasticity and
sensory-motor recovery.

Keywords: epidural stimulation; postural control; spinal cord injury; standing

Introduction
Clinically motor complete spinal cord injury (SCI) dis-

rupts the communication between the supraspinal and

spinal cord centers, leading to paralysis and the inability

to stand, walk, or control posture. A promising avenue

used to restore neuromuscular function below the level

of injury during standing is tonic lumbosacral spinal

cord epidural stimulation (scES). In the last decade,

proof of principle studies involving individuals with

chronic, clinically motor complete SCI reported that

activity-based training with scES has the potential to re-

store motor function for standing and walking.1–5

To date, much of the research implementing scES to

facilitate the recovery of standing in individuals with

motor complete SCI has focused on investigating and en-

hancing the primary contributors for independent lower

limb extension effective to bear body weight. We showed

that individual-specific scES parameters appropriate to

facilitate standing (Stand-scES) promote negligible elec-

tromyography (EMG) activity and no leg movement in

sitting, and enable the spinal circuitry to interpret the sen-

sory information related to the sit-to-stand transition (i.e.,

leg loading and extension) to result in the generation of

effective lower limb extensor patterns.5–7 We have also

characterized effective lower limb extensor patterns

using EMG time- and frequency-domain features. EMG

patterns with higher power, lower median frequency,

and lower variability were associated with independent

lower limb extension as compared with activation pat-

terns requiring external (manual) assistance to maintain

extension and weight bearing.7 Task specific activity-

based training with Stand-scES plays an important role

in standing motor function recovery. We observed that

standing ability improved after a period of stand training

but declined after a subsequent block of step training.4

Conversely, the concurrent practice of standing and step-

ping can lead to the improvement of both motor tasks.2,3

More recently, we also observed that some individuals

can volitionally modulate the lower limb activation pat-

tern while standing with Stand-scES,6 and that the ability

to achieve independent lower limb extension prior to any

training with Stand-scES may be associated with the

amount of spared spinal cord tissue at the lesion site.8

At this stage, to further pursue the goal of motor recov-

ery and functional mobility in this population, it appears

of paramount importance to expand the research focus

from the ability to achieve independent lower limb exten-

sion to the overall recovery of upright postural control.

This is a key facet of rehabilitation, as postural control

is a foundational ability for performing upright motor

tasks important in the home and community.9–12 The

ability of mammals to control posture relies on the inter-

action between supraspinal and spinal postural control

systems,13–15 although the relative contribution of each

system is still not well understood. The spinal control sys-

tem receives inputs from the limb sensory receptors and

creates corrective motor responses by activating limb

flexors and extensor muscles.16 After SCI, it is thought

that postural control is disrupted because of the loss of

the supraspinal postural control system inputs, and be-

cause of the loss of supraspinal tonic drive to the spinal

postural networks.15,17 However, evidence from animal

models with complete spinal transection suggests that a

reduced postural control may still reside within the spinal

networks and that the excitability modulation promoted

by scES may facilitate some level of postural control be-

yond upright standing.18–24

Upright postural control is affected by the involvement

of upper limbs for self-stabilization. In the able-bodied

population, the placement of upper limbs on a fixed sur-

face results in a change in postural control strategy and

overall increased stability.25 Weight-bearing-related sen-

sory information, which plays a critical role in standing

motor control in SCI individuals receiving Stand-scES,

is also altered when postural perturbations are controlled

with hands-on fixed handlebars as compared with self-

unassisted (hands-off) standing.26 This is important be-

cause individuals with motor complete SCI regularly

practice standing and stepping with scES placing their

upper limbs on supportive devices (e.g. walker or stand-

ing frame) for self-balance assistance. However, to date,

it is unknown whether and how this self-balance assis-

tance strategy influences lower limb postural responses

and motor re-learning.

The purpose of this work was to investigate the lower

limb responses to postural perturbations delivered by a

robotic upright stand trainer27 during self-assisted and

self-unassisted standing in individuals with motor com-

plete SCI receiving Stand-scES. We hypothesized that

standing with hands off handlebars (i.e., unassisted)

will result in larger, and overall, more appropriate

lower limb postural responses. The findings of this

work can provide important insights into the human spi-

nal cord’s ability to generate postural responses after a

motor complete SCI, which can have a direct impact on

the future development of experimental frameworks
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focused on postural control as well as activity-based re-

habilitation protocols aimed at promoting neural plastic-

ity and motor recovery in individuals with SCI receiving

spinal cord neuromodulation.

Methods
Participants
Five individuals with cervical (n = 4) or high-thoracic

(n = 1) motor complete SCI, who had been previously

implanted with a spinal cord epidural stimulation unit28

and were ‡5 years from injury, participated in this

study (Table 1). These individuals had previously prac-

ticed standing with Stand-scES as part of other interven-

tional studies and had demonstrated the ability to stand

with bilateral independent knees extension. The experi-

mental protocol was approved by the Institutional

Review Board at the University of Louisville (IRB

#17.1024) and was in accordance with the declaration

of Helsinki. All participants provided written informed

consent before participating in this study.

Spinal cord epidural stimulation implant
and parameters
During the surgical implantation procedure, a midline bi-

lateral laminotomy was performed typically at the L1-L2

disk space. An electrode array with 16 contacts (Med-

tronic Specify 5–6-5 lead) was placed into the epidural

space at the midline. Electrophysiological mapping was

performed after initial placement to optimize the location

of the paddle electrode based on evoked responses

recorded from bilateral surface EMG electrodes (Motion

Lab Systems, Baton Rouge, LA) placed over representa-

tive lower limb muscles. After the final placement of the

electrode array, the electrode lead was tunneled subcuta-

neously and connected to the neurostimulator (Med-

tronics, Intellis in participants A96, A82, B45, and

B07; Restore ADVANCED in participant B23).

Table 2. Spinal Cord Epidural Stimulation Parameters

Pub ID Stimulation parameters Electrode array

Multiple stimulation programs (P1 to P4) were applied to the research participants in an interleaved fashion (B23), or with inde-
pendent frequencies (A96, A82, B45, B07) to facilitate standing, depending on the stimulator unit characteristics. Active contacts of
the 16-electrode array are listed as cathodes ( - ) or anodes ( + ). Stimulation pulse width, frequency, and representative amplitude are
also reported for each stimulation program; stimulation amplitude was adjusted throughout each session if needed.

Table 1. Characteristics of the Research Participants

Pub ID Age(Years) Sex Time since injury (Years) Level of injury AIS

A96 29 F 5.3 C4 A
A82 37 M 8.8 C4 A
B45 36 M 9.3 C7 B
B07 35 M 14.4 T2 B
B23 38 M 9.4 C4 B

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.
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In this study, tonic task-specific Stand-scES was ap-

plied to promote standing. The individual-specific

Stand-scES parameters applied are reported in Table 2.

All research participants had undergone the process of se-

lection of Stand-scES parameters for standing prior to the

beginning of the present study because they had been en-

rolled in previous interventional studies that included

standing. The approach implemented for the selection

of Stand-scES parameters to promote standing is reported

in previous publications by our group.5,29,30

Robotic Upright Stand Trainer (RobUST)
The specifics of the RobUST design and functionality

have been previously described in detail,27 and the feasi-

bility of its implementation in a population of SCI indi-

viduals unable to stand independently has been also

reported.31 Briefly, the device consists of an aluminum

frame (80/20 Inc, Indiana) with 12 mounted motors

(Maxon Motor, Switzerland) for force generation

(Fig. 1). Cables are routed from the motors through pul-

leys and connected to a dedicated harness at the trunk and

pelvis. Dedicated sensors (LSB302 Futek, CA) measure

the tension applied at each cable. The RobUST is equip-

ped with eight infrared cameras (Vicon Bonita 10; Den-

ver, CO) to capture the instantaneous position of

reflective markers placed at the back of the trunk and pel-

vic harnesses, which is needed for the proper functioning

of the device and is also collected for kinematic analysis.

Additionally, two embedded force plates (Bertec, Colum-

bus, OH) are implemented to measure ground reaction

forces.

Experimental protocol
Standing postural control was assessed by delivering

trunk perturbations in four cardinal directions (front,

back, left, right) through the RobUST, while the research

participants were standing in either of the two standing

conditions: (1) using their hands to grasp fixed handlebars

for self-balance assistance (hands-on), or (2) with their

hands off fixed handlebars (free-hands). For this protocol,

the pelvis was assisted by RobUST using a constant force

of 80 N to facilitate appropriate hip extension and pelvic

tilt, with additional manual trainer assistance provided as

needed. This constant force was found to be optimal for

pelvis stability while allowing the pelvis to safely move

when excessive forces were generated, such as unex-

pected muscle spasms. No perturbations considered for

analysis in this study exhibited displacement of the cables

connected to the pelvis harness.

The four RobUST trunk motors exerted a low-level

constant force (30 N) that provided appropriate cable ten-

sion to remove any slack in the cables before perturbations

without hindering or promoting trunk movement. Pertur-

bations were characterized by a trapezoidal force with

0.15 sec rise time, 0.8 sec constant time, and 0.15 sec fall

time. Perturbation magnitude was selected during an accli-

mation session and was relative to the participant’s body

weight (BW). Perturbation magnitudes equal to 10, 15,

and 20% BW were attempted, and the magnitude ensuring

a safe and challenging environment was selected. Specif-

ically, the goal was to induce meaningful trunk movement

while allowing the participant to control, at least partially,

the displacement. Perturbation magnitude was on average

17 – 3% BW, and was held constant within each partici-

pant across perturbation directions and standing condition

(hands-on or free-hands). Retro-reflective markers were

placed at the back of the trunk to capture its relative posi-

tion from the starting position during each perturbation.

Four perturbations per direction were delivered ran-

domly to each participant under the two standing condi-

tions so that a total of 16 hands-on and 16 free-hand

perturbations were attempted. Perturbation onset was

preceded by a 3 sec countdown, and its direction was

not disclosed to the participant. The perturbation was

deemed successful if the participant was able to regain

FIG. 1. Schematic of the Robotic Upright Stand
Trainer (RobUST) during a right-side perturbation.
Trunk perturbations are powered by mounted
motors and delivered by the cables attached to
the trunk harness while pelvis motors and cables
apply a constant force to assist pelvic control.
Trunk kinematic data are collected through
motion capture cameras and kinetic data are
collected through embedded force plates and
instrumented handlebars (not shown).
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and/or maintain the standing posture for at least 3 sec

after the end of a perturbation without the need of any ad-

ditional trainer’s assistance. Also, during the free-hands

condition, the perturbation was considered unsuccessful

if participants used their upper limbs to grasp the handle-

bars for support. If needed, manual assistance was pro-

vided between 4 and 10 sec after the perturbation by a

trainer to bring the trunk back to the center position be-

fore the next perturbation. Only successful perturbations

were considered for further analysis.

Data acquisition and analysis
Successful perturbation control, motor force, trunk kine-

matic data, force plate data, and EMG of the lower limb

muscles were collected during each perturbation. Lower

limb muscles included bilateral adductor magnus (AD),

vastus lateralis (VL), medial hamstring (MH), tibialis an-

terior (TA), and medial gastrocnemius (MG).

A LabVIEW PXI system (National Instruments, Austin,

TX) was used to record the forces generated by the DC

motors (Maxon Motor, Switzerland) at 200 Hz. Trunk ki-

nematic data was captured at 100 Hz, and ground reaction

forces were captured at 1000 Hz. EMG activity was

recorded by bipolar surface electrodes with a fixed

inter-electrode distance (17 mm) at 2000 Hz. A low-

pass digital filter was applied to motor and force plate

data with a cutoff frequency of 25 Hz.32,33 Kinematic

data of the trunk were low-pass filtered at 6 Hz. EMG

data was band-pass digital filter (20–500 Hz), rectified,

and then lowpass filtered (25 Hz).

Each outcome variable was assessed in a 3-sec time

window, from perturbation onset to 3 sec after perturba-

tion onset. Perturbation onset was defined by the time

point at which the perturbation force was larger than

the average baseline force plus three standard deviations.

Left and right perturbations were grouped into lateral per-

turbations with kinematic, kinetic, and EMG variables

expressed as ipsilateral or contralateral to the direction

of the perturbation. Front and back perturbations were in-

dependently analyzed. Primary outcomes included trunk

excursion, percent change from baseline in peak vertical

ground reaction forces (Vgrf) and peak resultant horizon-

tal ground reaction forces (Hgrf), percent change from

baseline in EMG amplitude, and the rate of each EMG re-

sponse types (i.e., increased activation, no change, or in-

hibition compared with baseline). Baseline data were

assessed over a 1.5 sec time window from 2.2 to 0.7 sec

prior to perturbation onset. Trunk excursion was calcu-

lated as the maximum distance traveled by the trunk geo-

metrical center.27 The percent change in Vgrf and Hgrf

from baseline was calculated as follows. For lateral per-

turbations, ipsilateral and contralateral Vgrf and Hgrf

were calculated by use of the left and right force plates,

to determine the amount of perturbation-induced loading

and unloading as well as Hgrf modulation. For front and

back perturbations, the total force recorded from the two

force plates was used to determine Vgrf and Hgrf modu-

lation. The percent change from baseline in EMG ampli-

tude for each muscle and perturbation was calculated

using a 1.5-sec sliding window over the 3-sec time period

after the perturbation onset, with a 0.025-sec overlapping

window. The 1.5 sec window with the maximum EMG

integral detected over the 3-sec time period was consid-

ered for analysis. Finally, this maximum EMG integral

was used to define the type of EMG response. EMG re-

sponses that were larger than the baseline EMG integral

plus three standard deviations were considered as ‘‘in-

creased activation.’’ Responses that were less than the

baseline EMG integral minus three standard deviations

were considered as ‘‘inhibition.’’ All other responses

were considered as ‘‘no change’’ from the baseline.

Muscle synergies were extracted as follows. For each

of the 10 lower limb muscles considered in this study,

mean muscle activity during each time bin was calculated

for each trial. These mean values were assembled to form

an EMG data matrix (M) for each participant:

EMG matrix Mð Þ: 4 bins BK & PR1, 2, 3ð Þ
· 4 directions · successful trials per direction

(1)

Where BK is background bin, which was set as 450–

150 ms before the perturbation onset to represent the

resting activity of each muscle. PR1-3 are the postural re-

sponse bins. Each PR bin lasts for 500 ms with PR1 begin-

ning at the onset of the 1.5 sec window that had the

maximum EMG integral following the perturbation (see pre-

vious description of EMG integral calculation). Subsequent

PR bins begin at the end of the previous PR bin.

Matrix for each participant was then normalized by the

corresponding maximum value in each muscle row.

Muscle synergies were extracted by using the non-

negative matrix factorization (NNMF) method.34–36

Based on the NNMF method, the EMG matrix (M) is

composed of a linear combination of several muscle syn-

ergy vectors (Wi), which are recruited by the synergy ac-

tivation coefficients (ci). Therefore, we have

M = c1W1þ c2W2þ � � � þ cnWn (2)

Muscle synergy vector Wi provides information about

which muscles are involved in the ith synergy and their

relative contributions (range 0–1). Muscle synergies are

time invariant and stable across perturbation directions.

Synergy activation coefficient ci reflects the activation

level changes of the synergy Wi over time bins and per-

turbation directions.37

Muscle synergy number can be changed to adequately

reconstruct the group EMG matrices. Specifically, in

Equation 2, we can increase the muscle synergy number

n to reduce the error between the left and the right

side; that is, the original and reconstructed matrix. The
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reconstruction level is quantified by the variability

accounted for (VAF):

VAF = 1�
(M�+n

i = 1ciWi)
2

M2

 !
· 100% (3)

We increased the muscle synergy number until it could

account for at least 90% of the overall VAF.38

Statistical analysis
All five participants of this study achieved successful at-

tempts with hands-on and free-hands during lateral and

back perturbations, contributing to the related results

and statistical comparisons. Conversely, two participants

(A96 and B23) demonstrated successful front perturba-

tions with free-hands; therefore, only descriptive statis-

tics (mean and standard error) have been reported for

this perturbation direction. The effect of hands placement

for self-balance assistance (hands-on vs. free-hands) on

the continuous variables of this study (trunk displace-

ment, ground reaction forces, and EMG amplitude) was

analyzed within lateral and back perturbations with linear

mixed models that included a random intercept for indi-

vidual variability. The model assumptions of normality,

linearity, homoskedasticity, and independence were

checked. If these assumptions were violated, log-

transformation was applied to trunk excursion and ground

reaction force data, or outliers (i.e., data points that were

>2.5 standard deviations far from the mean distribution)

were removed for EMG amplitude variables, as they pre-

sented both negative and positive values and could not be

reliably transformed. A 2 · 3 v2 Goodness of Fit Test was

used to determine whether the distribution of EMG re-

sponse types (increased activation, no change, inhibition)

was equal between the hands-on and free-hands conditions

for each muscle analyzed. Multiple 2 · 1 v2 post-hoc tests

using Bonferroni corrections were used to determine

which frequency of EMG response types differed between

the free-hands and hands-on conditions. All tests used an a
level of 0.05 to denote a statistical difference.

Muscle synergies generated with hands-on and free-

hands were compared by the coefficient of determination,

which is a matrix of size M · 4n (number of synergies · 4

time bins each trial). We first calculated the mean value

of the EMG signals in time bin APR1, 2, 3 for each

trial (this leads to a matrix of size M · n, with n represent-

ing the number of all trials, covering all directions). We

then calculated the coefficient of each synergy in each di-

rection by averaging this matrix by direction to obtain a

matrix of size M · 4.

Results
In line with the research hypothesis, the kinematic, ki-

netic, and EMG postural responses to standing trunk per-

turbations were generally more robust with free-hands

than with hands-on. For example, Figure 2 shows a rele-

vant EMG burst generated in response to a lateral pertur-

bation by four of the five lower limb muscles ipsilateral to

the perturbation direction when it was controlled with

free-hands. Conversely, negligible EMG modulation was

observed in the same muscles during the hands-on condi-

tion. Loading (i.e., Fz) of the lower limb ipsilateral to the

perturbation and unloading of the contralateral lower

limb, as well as horizontal (Fx, medial-lateral, and Fy,

anterior-posterior) ground reaction force modulation,

were also more pronounced with free-hands (Fig. 2).

On average, trunk excursion was 30% and 90% greater

during free-hands perturbations in the lateral ( p < 0.001)

and back ( p < 0.001) directions, respectively (Figs. 3A

and 4A). Lateral perturbations with free-hands resulted

in greater percent change from baseline in ipsilateral

loading (9%; p < 0.001) and contralateral unloading

(22%; p < 0.001) compared with hands-on (Fig. 3A).

Similarly, with free-hands, Hgrf percent change from

baseline tended to be greater for back perturbations

(7%; p = 0.102; Fig. 4A).

During lateral perturbations, the distribution of EMG re-

sponse types was significantly different for multiple muscles

between the two standing conditions (Fig. 3B). The propor-

tion of ipsilateral VL and MG responses differed between

hands-on and free-hands conditions (VL, v2(2,61) = 7.34,

p = 0.025; MG, v2(2,61) = 6.64, p = 0.036). Post-hoc analy-

sis revealed significantly more responses showing an in-

creased EMG activation for these two ipsilateral muscles

(VL, v2 = 8.02, p = 0.005; MG, v2 = 6.59, p = 0.010) during

the free-hands condition. Further, the lack of baseline EMG

modulation (i.e., no change) was significantly more fre-

quent (v2 = 5.48, p = 0.019) with hands-on for ipsilateral

MG. The proportion of contralateral MH and MG re-

sponses also differed between hands-on and free-hands

conditions (MH, v2(2,61) = 10.59, p = 0.005; MG,

v2(2,61) = 10.50, p = 0.005). During free-hands perturba-

tions, contralateral MH demonstrated a lower rate of in-

creased EMG activation responses (v2 = 9.27, p = 0.002),

whereas the rate of responses resulting in decreased

EMG activation (i.e., inhibition) was higher (v2 = 5.86,

p = 0.015; Fig. 3B). Further, the contralateral MG also

showed a greater rate of inhibition responses (v2 = 7.04,

p = 0.008). The EMG amplitude modulation during lateral

perturbations also showed marked differences depending

on the upper limbs condition (Fig. 3C). EMG amplitude

of ipsilateral AD, VL, and MG was 19%, 34%, and 25%

higher during the free-hands than during the hands-on con-

dition (AD, p = 0.031; VL, p = 0.003; MG, p = 0.007). Sim-

ilarly, EMG amplitude of contralateral VL and MH was

27% ( p = 0.044) and 19% ( p = 0.002) lower during the

free-hands condition.

During back perturbations, the rate of MG and AD EMG

response types were significantly different between the

hands-on and free-hands conditions (MG, v2(2,76) = 9.42,
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p = 0.009; AD, v2(2,76) = 7.79, p = 0.020) (Figure 4B).

Post-hoc analysis indicated that free-hands promoted sig-

nificantly fewer responses resulting in increased EMG ac-

tivation of MG (v2 = 14.11, p < 0.001) and significantly

more responses resulting in decreased EMG activation of

MG (v2 = 8.09, p = 0.004) compared with the hands-on

condition. Also, a greater rate of responses resulting in in-

creased AD EMG activation (v2 = 20.74, p < 0.001) was

observed with free-hands. Finally, hands-on again favored

a trend of a greater rate of responses with no change from

baseline (AD: v2 = 6.78, p = 0.009; MG: v2 = 3.41;

p = 0.065). During back perturbations, the two upper

limb conditions promoted muscle-specific EMG amplitude

modulation trends (Fig. 4C). EMG amplitude generated by

AD and VL were higher with free-hands (16%, p = 0.023

and 16%, p = 0.086, respectively) than with hands-on.

Conversely, lower MG amplitude (-12%, p = 0.013) and

MH amplitude (-11%, p = 0.102) was noted with free-

hands (Fig. 4C).

Front perturbation data assessed for the two partici-

pants that achieved successful attempts in both upper

limb conditions also showed trends of larger trunk

FIG. 2. Left and right side representative electromyography (EMG), and kinetic and kinematic responses
from a left perturbation (magnitude: 15% body weight) with hands-on handlebars and with free-hands,
collected from participant B23. Perturbation force (Pert) and resultant trunk excursion (Trunk) are not side
specific, and the same trace was plotted in both the left and the right side panels to better interpret the
time course of the other variables. Baseline data are calculated from the 1.5-sec window depicted by the
dashed boxes. Peak trunk excursion and vertical ground reaction force (F z) change from baseline are
augmented during the free-hands condition (see arrows). EMG activity during the 1.5-sec window with the
largest EMG integral (solid boxes) over the time window of interest is compared with the baseline EMG
activity. Generally, with free-hands, there is an increase in EMG activity on the left side and a decreased
activation on the right side. Conversely, there is an overall lack of response in the hands-on condition. AD,
adductor magnus; MH, medial hamstring; VL, vastus lateralis; TA, tibialis anterior; MG, medial gastrocnemius;
F x, medial-lateral ground reaction force; F y, anterior-posterior ground reaction force.
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excursion (+57%) and larger Hgrf (+10%) with free-

hands than with hands-on (Fig. 5A). Additionally, it is

worth noting the trends of larger EMG amplitude of VL

(+34%) and MH (+21%) while controlling front perturba-

tions with free-hands compared with hands-on (Fig. 5B).

Four muscle synergies were sufficient to reproduce

>90% variability of the lower limb EMG patterns in

both upper limb conditions for all participants of this

study. Each muscle synergy (W) demonstrated a subset

of one to four muscles characterized by relatively high

weights (e.g., >0.5) whereas the other muscles showed

low or no weights (Fig. 6). Generally, each muscle pre-

sented with high weight only in one of the four synergies

identified. Further, with one exception (L MG), the mus-

cle synergies appeared to be side specific, with W1 and

W4 highlighting high weights of right-side muscles,

and W2 and W3 highlighting high weights of left-side

muscles. Interestingly, the synergies identified in the

hands-on condition were very similar to those generated

with hands-off, as quantified by coefficients of determi-

nation (r2) ranging between 0.87 (W2) and 0.95 (W1).

Discussion
The findings of this study provide evidence that, after a

motor complete SCI, the human spinal cord receiving

Stand-scES can generate robust lower limb postural re-

sponses to trunk perturbations during standing facilitated

by external assistance for pelvis stabilization, and that

these responses are markedly affected by the involvement

of upper limbs for self-stabilization.

Lower limb postural responses to trunk perturbations

were generally augmented with free-hands (Fig. 2). For

example, during lateral perturbations, extensor muscles

(VL and MG) of the ipsilateral side to the perturbation

showed a *27% average increase in baseline EMG ac-

tivity with free-hands, and these increased activation re-

sponses were significantly more frequent (Fig. 3B) and

greater in magnitude (Fig. 3C) than in the hands-on con-

dition. Also, lower limb muscles contralateral to the per-

turbation tended to reduce their baseline activation with

free-hands, showing EMG amplitudes that were lower

than with hands-on (Fig. 3C). In other words, EMG activ-

ity was greater on the side ipsilateral to the perturbation

and lesser on the contralateral side in the free-hands con-

dition. These lower limb postural responses were associ-

ated with the loading of the ipsilateral side to the

perturbation and the unloading of the contralateral side

for both upper limb conditions, and these changes in load-

ing and unloading were significantly larger in magnitude

in the free-hands condition (Fig. 3A). These findings are

FIG. 3. Group averages (n = 5 participants) during hands-on (On) and free-hands (Free) lateral
perturbations for (A) trunk excursion and vertical ground reaction force (Vgrf) perturbation response,
(B) rate of electromyography (EMG) response types, and (C) EMG amplitude. Free-hands perturbations lead
to larger trunk excursion and larger change in loading and unloading on the ipsilateral and contralateral
sides, respectively (A). Free-hands perturbations also resulted in greater rate of increased activation
response in the ipsilateral vastus lateralis (VL) and medial gastrocnemius (MG), and greater rate of
contralateral inhibition in the medial hamstring (MH) and medial gastrocnemius (B). These responses were
also generally greater in amplitude (C). AD, adductor magnus; TA, tibialis anterior. Error bars represent the
standard error. Successful attempts considered for analysis were 40 for hands-on and 22 for free-hands.
*Significant difference between hands-on and free-hands.
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FIG. 5. Trunk excursion and resultant horizontal ground reaction force (Hgrf) (A) and lower limb
electromyography (EMG) amplitude (B) responses to front perturbations controlled with hands-on (On) and
free hands (Free). Data represent average + standard error resulting from eight successful attempts for
hands-on and seven successful attempts for free-hands collected from Participants A96 and B23. Each
attempt contributed to one data point for trunk excursion and two data points (i.e., left and right sides) for
ground reaction force and EMG. Note the trends of larger trunk excursion and EMG amplitude of vastus
lateralis (VL) and medial hamstrings (MH) with free-hands. AD, adductor magnus; TA, tibialis anterior; MG,
medial gastrocnemius.

FIG. 4. Group averages (n = 5 participants) during hands-on (On) and free-hands (Free) back perturbations
for (A) trunk excursion and resultant horizontal ground reaction force (Hgrf) perturbation response, (B) rate
of electromyography (EMG) response types, and (C) EMG amplitude. Back free-hands perturbations lead to
larger trunk excursion (A) and greater rate of increased activation responses in the adductor magnus (AD),
but less increased activation responses and more inhibition responses in the medial gastrocnemius (MG)
(B). EMG amplitude of the medial gastrocnemius was also lower with free-hands (C). VL, vastus lateralis; MH,
medial hamstring; TA, tibialis anterior. Error bars represent the standard error. Successful attempts
considered for analysis were 20 for hands-on and 18 for free-hands. Each attempt contributed to one data
point for trunk excursion and two data points (i.e., left and right sides) for ground reaction force and EMG.
*Significant difference between hands-on and free-hands.

9

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

L
ou

is
vi

lle
 f

ro
m

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

3/
14

/2
4.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



consistent with those reported in able-bodied individuals

receiving similar trunk perturbations by RobUST, as the

use of handrails decreased ground reaction forces as

well as EMG activity when compared with the free-

hands condition.26 We and other groups highlighted the

ability of the mammalian spinal cord to interpret loading-

related sensory information as a source of motor control

for stepping and standing, demonstrating a positive asso-

ciation between loading and muscle activation.4–6,39 The

present study further provides evidence that the human

spinal cord contains neuronal networks which, after

SCI, are capable of generating side-specific reactive pos-

tural responses associated with loading-related sensory

information when Stand-scES is applied and hands are

not used for self-stabilization.

We interpret these findings as tonic Stand-scES having

restored an appropriate level of spinal excitability that fa-

cilitates the recruitment of these postural networks by pe-

ripheral sensory information.6,40–42 This view is overall

in agreement with Deliagina and collaborators, who in-

vestigated the postural responses generated by a rabbit

model in response to lateral platform tilting.19 In that

study, after decerebration, activation of extensor muscles

was observed with limb flexion and loading. After subse-

quent spinalization, similar responses were facilitated by

a preceding period of spinal stimulation (i.e., immedi-

ately after the cessation of scES), and were primarily

explained by the engagement of stretch receptors of mus-

cle spindles associated with limb flexion. However, the

participants of the present study were standing with full

lower limb extension and did not exhibit any meaningful

flexion of the lower limb ipsilateral to the perturbation.

Real-time as well as offline (i.e., by video recordings) vi-

sual inspection supports this assertion. Hence, the lack of

lower limb flexion observed in the participants of this

study following trunk perturbation suggests that the en-

gagement of stretch receptors associated with limb flexion

was not one of primary sensory information promoting the

lower limb postural responses herein described, as instead

it was the case for the rabbit model mentioned earlier.19

Further, the increased loading on the ipsilateral limb of

the participants of the present study was relevant (30%

BW) in the free-hands condition (Fig. 3A), whereas it

was relatively small in the spinal rabbit model (i.e.,

when compared with intact animals).19 Taken together,

these findings suggest that the detection of sensory infor-

mation associated with vertical ground reaction force

modulation without limb flexion plays a key role in the

generation of lower limb postural responses related to lat-

eral trunk perturbations in humans with motor complete

SCI receiving Stand-scES. However, it remains unclear

which receptors (e.g., Golgi tendon organs, plantar sole

pressure receptors, and/or muscle spindles)43,44 are pri-

marily involved in the afferent inputs that are interpreted

by the spinal circuitry of this population to result in mean-

ingful lower limb postural activation patterns.

However, stretch receptors of muscle spindles may be

the primary controller of back and front perturbation re-

sponses. In the experimental setup of this study, constant

RobUST assistance at the pelvis contributed to maintain-

ing the pelvis position while the trunk was displaced to-

ward the perturbation direction. Backward and forward

trunk displacement leads to stretching of the anterior and

posterior muscle chain, respectively, which is known to

have critical inputs in gait45 as well as in postural control19

after SCI. Trunk excursion was substantially larger with

free-hands (Figs. 4A and 5A), which conceivably led to

increased stretch responses and consequently to the in-

creased trends of EMG amplitude for some of the investi-

gated thigh muscles (Figs. 4C and 5B).

FIG. 6. Muscle synergies generated in response to trunk postural perturbations. Four-muscle synergy (Wi)
composition is defined for the hands-on and free-hands conditions. Percentages reported near each
synergy describe the percent of the total variability accounted for (VAF) by the activation of each synergy.
Each synergy shows the weights (0 to 1) of the following left (L) and right (R) side muscles: AD, adduction
major; VL, vastus lateralis; MH, medial hamstrings; TA, tibialis anterior; MG, medial gastrocnemius.
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The use of the upper limbs for self-stabilization not only

tended to reduce the amplitude (e.g., Fig. 3C, ipsilateral

side; Fig. 4C, AD and VL; Fig. 5B, VL and MH) and

rate (e.g., higher rate of no change from baseline for

MG, Figs. 3B and 4B; and AD, Fig. 4B) of lower limb pos-

tural responses; it also promoted some postural activation

patterns that were not consistent with the associated pe-

ripheral sensory information. For example, all contralateral

lower limb muscles showed trends of increased EMG am-

plitude in response to relevant unloading (11% as average

across participants) during lateral trunk perturbations with

hands-on (Fig. 3C). To investigate this topic further, we

implemented a muscle synergy analysis (Fig. 6). Briefly,

the notion of synergies, proposed by Bernstein46 and sup-

ported by more recent studies, is based on the concept that

the nervous system may simplify the coordination of many

muscles by using a limited set of control signals47–50 each

of which activates a group of muscles as a single unit.51.

Such muscle coactivations facilitate control by reducing

the number of degrees of freedom needed to be defined,

while still achieving the flexibility and variability charac-

teristic of natural behaviors.52 A limited set of muscle syn-

ergies, showing different degrees of activation of each

muscle across synergies, was also observed in an intact

cat model receiving postural perturbations.52 However,

these synergies and their direction-specific contribution

were disrupted after SCI,53 leading the authors to suggest

that muscle synergies for balance control may not be ac-

cessible by the spinal circuits alone.

Here, we observed that individuals with motor com-

plete SCI receiving spinal cord stimulation also exhibited

a relatively small number of discernible muscle synergies

of the lower limbs during perturbed standing, showing

different degrees of activation of each muscle across syn-

ergies (Fig. 6). Similarly, recent observations reported the

restoration of meaningful muscle synergies during voli-

tional lower limb movements enabled by scES after

motor complete SCI.54 These findings support the view

that muscle synergies are assembled at the level of the

spinal cord, as previously hypothesized,48 and that the

human spinal circuitry controlling lower limbs may retain

the ability to generate meaningful muscle synergies for

motor control following SCI when its excitability is prop-

erly modulated by scES. Further, the four synergies iden-

tified in this study were very similar in both the hands-on

and free-hands conditions (Fig. 6). This supports the con-

cept that a relatively small number of muscle synergies

can generate a variety of motor outputs in response to

sensory inputs, and that these synergies can be substan-

tially robust and stable, as suggested by previous investi-

gations that compared them between neurologically

intact and affected sides (i.e., after stroke)51 or before

and after some treatments.55

The findings of this study also raise additional ques-

tions that could not be answered with the present exper-

imental framework. For example, we originally planned

to assess postural responses immediately after the cessa-

tion, and without Stand-scES. However, this was not pos-

sible because the participants began to experience

symptoms of orthostatic hypotension when scES ampli-

tude was reduced or was turned off, and needed to sit.

This topic can be addressed in the future by recruiting in-

dividuals with lower (i.e., mid-thoracic) injury who toler-

ate upright posture without scES. Also, parallel

experimental strategies might be implemented to assess

whether any residual descending input (e.g., visual or

vestibular) contributes to shaping the lower limb postural

responses observed in a clinically motor complete popu-

lation who conceivably presents with spared connectivity

across the injury, which may become functionally rele-

vant when Stand-scES is applied.8,56,57 Finally, a larger

sample size is warranted to assess whether the contribu-

tion of muscle synergies for postural control is perturba-

tion direction-dependent and is impacted by self-balance

assistance in this population. A similar experimental

framework involving RobUST perturbation tasks demon-

strated muscle synergy activation levels that were direc-

tion dependent in young able-bodied participants.58

The findings of the present study support the view that

an appropriate sensory-rich environment promoting

upright posture without self-stabilization by upper limbs

can be critical for the human nervous system to generate

enhanced lower limb postural responses after SCI. This

concept should be considered when developing (1) exper-

imental frameworks aimed at studying upright postural

control in this population, as well as (2) activity-based re-

covery training protocols. In fact, if the nervous system is

consistently exposed to enhanced sensory-motor postural

processing during long-term rehabilitation with spinal

cord neuromodulation, it is conceivable that the resulting

neural plasticity and sensory-motor recovery would also

be positively impacted. However, longitudinal studies in-

volving more participants and populations with different

injury severity are needed to test this hypothesis.

Transparency, Rigor,
and Reproducibility Summary
This human translational, proof-of-principle study, which

involved five individuals with motor complete SCI who

were already implanted with a spinal cord epidural stimu-

lation unit for the recovery of motor control, was not

formally registered. The analysis plan was not formally

pre-registered. A sample size of five participants was

planned based on previous proof-of-principle studies that

were successful in investigating mechanisms of human

motor control with neuromodulation after SCI, and on

the available grant support. Participants and investigators

could not be blinded during data collection, and investiga-

tors were aware of relevant characteristics of the assessed

motor tasks during data analysis. Biomechanical data were
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analyzed as they were collected. The RobUST was custom

built by the investigators; schematics are available upon

request. Key inclusion criteria and outcome evaluations

are established standards. To our knowledge, there are

no ongoing current or planned replication studies. All ma-

terials used to conduct the study were obtained by the in-

vestigators; 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 article will not

be published with an open access license.
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