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Modular control of gait after incomplete spinal cord injury:
differences between sides

S Pérez-Nombela1,6, F Barroso2,3,6, D Torricelli2, A de los Reyes-Guzmán1, AJ del-Ama1, J Gómez-Soriano4,5,
JL Pons2 and Á Gil-Agudo1

Study design: This is an analytical descriptive study.
Objectives: The main goal of this study was to compare the modular organization of bilateral lower limb control in incomplete spinal
cord injury (iSCI) patients during overground walking, using muscle synergies analysis. The secondary goal was to determine whether
the similarity between the patients and control group correlate with clinical indicators of walking performance.
Setting: This study was conducted in National Hospital for Spinal Cord Injury (Toledo, Spain).
Methods: Eight iSCI patients and eight healthy subjects completed 10 walking trials at matched speed. For each trial, three-
dimensional motion analysis and surface electromyography (sEMG) analysis of seven leg muscles from both limbs were performed.
Muscle synergies were extracted from sEMG signals using a non-negative matrix factorization algorithm. The optimal number of
synergies has been defined as the minimum number needed to obtain variability accounted for (VAF) ⩾90%.
Results: When compared with healthy references, iSCI patients showed fewer muscle synergies in the most affected side and, in both
sides, significant differences in the composition of synergy 2. The degree of similarity of these variables with the healthy reference,
together with the composition of synergy 3 of the most affected side, presented significant correlations (Po0.05) with walking
performance.
Conclusion: The analysis of muscle synergies shows potential to detect differences between the two sides in patients with iSCI.
Specifically, the VAF may constitute a new neurophysiological metric to assess and monitor patients’ condition throughout the gait
recovery process.
Spinal Cord (2017) 55, 79–86; doi:10.1038/sc.2016.99; published online 28 June 2016

INTRODUCTION

A damage to the spinal cord results in a partial or complete loss of
motor, sensory and autonomic functions below the level of the lesion.1

In particular, the interruption of the spinal interneuronal circuitry
connecting the brainstem and the supraspinal motor center interferes
in the quality of gait.2 Improving gait function after spinal cord injury
(SCI) is one of the most important milestones in the rehabilitation
process, as well as one of the factors with the greatest impact on the
social and professional reintegration of the patient.3

A main challenge in gait training is the progressive adaptation to the
patient-specific reorganization of sensorimotor functions.4 To this
aim, the accurate measurement of locomotor responses after neuro-
logical disease is perceived as a central issue to achieve this goal.5 The
kinematic measures derived from gait analysis provide a detailed and
quantitative description of the motor behavior of patients with gait
disturbances. For instance, in previous biomechanical studies, we have
observed remarkable differences localized at the knee and ankle levels,
in the sagittal plane, between incomplete spinal cord injury (iSCI)
patients and healthy subjects.6,7 Thus, the information provided by
kinematic measures may be of great value to help the physician to set a
specific rehabilitation program.

In addition to kinematic analysis, surface electromyography (sEMG)
may provide valuable information about disturbances and changes in
motor control in neurological diseases, and therefore it is used to
guide the rehabilitation process.4 In particular, several recent studies,
in humans8–13 and simulations,14,15 support the hypothesis that
walking functions result from synergistic control of muscles. Muscle
synergies, also known as motor modules, can be defined as functional
units of the nervous system that coordinate the coactivation of
different groups of muscles.16 Recent studies on the modular control
of gait have shown that the activation of leg muscles during human
locomotion can be reconstructed as a linear combination of four to
five muscle synergies, each of which are activated at a different phase
of the gait cycle17–19 and underlying a specific biomechanical
function.15,20,21

Neurological impairments may alter the normal functioning of
modular control and lead to gait disturbances.16 In the case of
poststroke patients, the presence of a fewer number of synergies has
been observed in the affected side.18,22,23 This reduction has been
associated with an overall decrease in the complexity of locomotor
control, expressed by a lower number of independently activated
groups of muscles. In line with these findings, Bowden et al.23 referred
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to the number of muscle synergies as a potential predictor of walking
performance, especially in the case of poor intermuscular coordina-
tion. Thus, the analysis of muscle synergies might be explored as a
quantitative indicator of the changes in muscle activation patterns and
coordination in pathological gait.24

In the case of SCI, the few existing reports suggest that muscle
synergies are also affected after the injury. However, because of the
high heterogeneity of location and magnitude of the lesion, common
features in the modular control across SCI patients are hardly
reported.25 Fox et al.16 found that less muscle synergies were needed
to account for most of the variability of muscle activation in the lower
limbs of children with iSCI in different motor tasks in comparison
with healthy children. However, these findings must be analyzed with
caution, as the modular control in children may differ substantially
from adults, as their nervous system is still immature and
developing.16 Other authors studied heterogeneous populations,
including patients with complete motor SCI, where they analyzed
different conditions of weight loading and speed.19,26,27 In these
studies, patients were constrained to treadmill walking, which might
include significant differences when compared with overground
walking.28 Only Hayes et al.29 have conducted a study to quantify
neuromuscular deficits in muscle coordination in iSCI subjects during
overground gait, concluding that the number of muscle synergies, as
well as their composition and activations, were significantly altered in
these patients.29 The authors also highlighted that one limitation of
their study was that EMG was measured only from one side of the
body, whereas iSCI may affect both sides differently, leading to an
asymmetric motor control and functional behavior.
On the basis of these previous findings, the main goal of this study

was to analyze the bilateral differences in synergistic control in iSCI
patients. The secondary goal was to find a correlation between the
healthy-like modular organization of muscle synergies in iSCI patients
and indicators of walking performance, assessed with functional
clinical scales. Our main hypothesis is that patients’ muscle synergies
present significant differences between sides, when a functional
asymmetry is present. Our secondary hypothesis is that the degree
of similarity of the muscle synergies with a healthy data set will
correlate with functional clinical scales as indicators of motor
performance. The confirmation of these two hypotheses would
support the importance of studying the bilateral control of lower
limb functions in iSCI patients, as well as support the use of muscle
synergies as a metric of neuromotor performance and as a comple-
mentary tool to clinical scales and kinematic measures.

MATERIALS AND METHODS

Subjects
Eight iSCI patients (5 men and 3 women; 38.38± 10.45 year) participated in
the experiment. Individual information of the patients is given in Table 1.
Inclusion criteria were as follows: age between 18 and 65 years, motor
incomplete spinal lesion (ASIA Impairment Scale, AIS C-D), evolution of at
least 1.5 months, the absence of any other pathological condition and the ability
to walk 10 m unassisted with or without technical aids. Exclusion criteria were
history of epilepsy, passive restriction of the joints and diagnosis of any other
disease associated with memory, concentration and/or visual deficits. Eight
healthy subjects (4 men and 4 women; 31.50± 6.61 year) with similar
demographic and anthropometric characteristics, and with no diagnosed neural
injury, neither central nor peripheral, served as a control group (CG).
All applicable institutional and governmental regulations concerning the ethical

use of human volunteers were followed during the course of this research, and all
recruited participants provided written consent before the beginning of the
experiments. The local Ethical Committee approved the experimental protocol
design. The research was carried out in the Biomechanical and Technical Aids
Department of the National Hospital for Spinal Cord Injury (Toledo, Spain).

Experimental protocol and data collection
Before the experiment, a trained physiotherapist performed a set of clinical
evaluations to assess the clinical and functional status of the patients. Their
clinical characteristics and functional gait performance were evaluated using the
following scales: lower extremity motor score (LEMS), which analyzes five key
muscles in each leg, with a cumulative score for each extremity being between 0
and 25 and a total score from 0 and 50; the walking index for spinal cord injury
II (WISCI II), which assesses the level of walking depending on the use of
devices, braces and physical assistance to walk 10 m, on a scale from 0 to 20;
10-m walking test (10MWT), which measures the time spent to walk 10 m at
self-selected speed and using the usual walking devices; timed up and go
(TUG), which measures the time spent to stand up from a chair, walking 3 m,
turn around, return to the chair and sit down again at self-selected speed and
using the habitual walking devices; and the spinal cord independence measure
(SCIM), which is a disability scale for SCI3,7,30 (Table 1).
Gait analysis was carried out using a three-dimensional motion analysis

system with two scanner units (CODA System6, Charnwood Dynamics, Ltd,
Leicester, UK). Eleven active markers were positioned and attached to anatomic
landmarks, as described previously.31 Data were recorded with an acquisition
frequency of 200 Hz. Each participant completed 10 walking trials along a
10- m walkway at self-selected speed, resting one minute between trials to avoid
fatigue. All the iSCI patients walked with their usual footwear. CG participants
were asked to walk within the range of speeds of iSCI group, following the same
criterion of Ochi et al.32 and Gil-Agudo et al.7

For all iSCI patients, surface electromyography (EMG) data were recorded
bilaterally using an EMG recording system (Noraxon, Scottsdale, AZ, USA),
with an acquisition frequency of 1500 Hz, synchronized with the CODA
system. In the case of CG, only the right limb was evaluated. Surface EMG

Table 1 Individual patients’ information

Subject

ID

Gender Age

(years)

Level of

lesion AIS

Months after

injury

WISCI

II

Assistive device LEMS (L/R,

total)

10MWT TUG SCIM Cadence in steps/minute

(L/R)

Most affected

side

iSCI1 M 25 C4 D 4 19 One crutch (right) 16/21, 37 27 32 68 42.3/53.5 Left

iSCI2 M 36 C7 D 154 20 None 21/25, 46 12.5 10 93 73.8/76.5 Left

iSCI3 M 51 T12 D 216 20 None 21/20, 41 8 8 93 103.4/101.8 Right

iSCI4 M 41 C6 D 6 20 None 24/24, 48 9 10 83 95/86.7 Right

iSCI5 M 31 C6 D 3 19 One crutch (right) 18/24, 42 10 11 83 85.7/91.8 Left

iSCI6 F 48 C5 D 3 20 None 24/25, 49 7 6.15 99 101/99.2 Right

iSCI7 F 26 T10 D 6 19 One crutch (right) 22/22, 44 8 9 83 84.4/79.5 Right

iSCI8 F 49 T7 D 7 12 Two crutches and

braces

17/22, 39 18 21 85 68.9/74.8 Left

Abbreviations: AIS, ASIA Impairment Scale; WISCI II, Walking index for spinal cord injury; D, preservation of motor function with 50% or more of key muscles below the neurological level, having a
muscle grade of ⩾3; F, female; L, left; LEMS, lower extremity motor score; M, male; R, right; SCIM, spinal cord independence measure; TUG, timed up and go; 10MWT, 10-m walking test.
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electrodes were positioned as described in Cram et al.33 on the following seven
muscles: gluteus medius (GlMe), gluteus maximus (GlMa), rectus femoris
(ReFe), adductor longus (AdLl), medial hamstrings (Ham), tibialis anterior
(TiAn) and gastrocnemius medialis (Gas).
EMG and CODA data were analyzed offline using MATLAB R2011a (The

MathWorks, Natick, MA, USA) and SPSS 17 (IBM SPSS Inc., Chicago, IL, USA).

Data analysis
For each trial, a single gait cycle corresponding to the midpoint of the 10-m
walkway was selected, to ensure that the gait pattern was not influenced by
initial acceleration and final braking. For each of the 10 trials performed by
each subject, one left stride and one right stride were selected for analysis. Each
walking stride started at heel strike of the corresponding leg, determined by
visual inspection from the heel marker trajectory. Cadence and speed were
calculated independently for each side, according to the time spent and distance
walked during a step. Cadence values of each side were used to tag sides as most
or less affected, with the most affected side (iSCIa) being the one achieving a
lower cadence (Table 1). Finally, data from the 10 gait cycles were concatenated
according to the side recorded.
Concatenated raw EMG signals were pre-processed using a high-pass filter

with cutoff frequency of 20 Hz, demeaned, rectified and smoothed with a low-
pass filter with a cutoff frequency of 5 Hz, resulting in the EMG envelopes.8,18

EMG envelopes from each muscle were normalized by the average of the
maximum values of each of the 10 strides, and then resampled in time at 1% of
the stride cycle. For each subject and analyzed side, the normalized EMG
envelopes were combined into an m× t matrix (EMG0), where m is the number
of muscles (seven in this case) and t is the time base (t=number of cycles
(10) × 100)). Muscle synergies were extracted using the non-negative matrix
factorization (NNMF) algorithm.34 Mathematically, the output of the algorithm
is described in the following equation:

EMG0 ¼ WHþ e ¼ EMGr þ e

where W is a m×n matrix (n is the number of muscle synergies) that specifies
the relative weighting of each muscle within each synergy (hereafter, each
column of W will be referred to as muscle synergy vector); H is a n× t matrix
specifying the time-varying activation coefficients, which represent the recruit-
ment of each synergy vector over time; EMGr is an m× t matrix resulting from
the multiplication of W and H, representing the reconstructed EMG envelopes;
and e is the residual error. For each EMG0, the NNMF algorithm was run six
times, each time considering a different number of synergies, from 2 to 7 (n= 2,
3, 4, 5, 6, 7). To avoid local minima, for each run the NNMF was repeated 40
times and the repetition with the lowest reconstruction error was selected.
The number of muscle synergies is usually determined based on a

reconstruction quality criterion.18 We decided to use the variability accounted
for (VAFtotal)

8,18 to evaluate the quality of reconstruction of the EMG data,
according to the following equation:

VAFtotal ¼ 1�
Pm

i¼1

Pt
j¼1 EMG0 i; jð Þ � EMGr i; jð Þð Þ2

Pm
i¼1

Pt
j¼1 EMG0 i; jð Þð Þ2

For each data set processed, the criterion used to estimate the number of
synergies was defined as the minimum number needed to obtain VAFtotal values
⩾ 90%.35

Data from healthy subjects (CG) were used to obtain two reference matrices
(hereafter called W0 and H0) by pooling the EMG envelopes from the CG, and
by applying the NNMF algorithm. In this case, the number of synergies was set
to four, regardless of the VAFtotal criteria, as done previously by Clark et al.18

and Routson et al.35 This allowed us to compare muscle synergy composition
and activation of iSCI patients with the four healthy synergies described in
literature for healthy subjects.13,18 The similarity between patients and healthy
subjects was computed by, first, ordering muscle synergy vectors (columns of
matrix W) of each patient according to their similarity with columns of W0,
and then correlating synergy vectors (W) and activation coefficients (H) with
the corresponding vectors from the healthy data set (W0 and H0). Similarity
and correlation values were computed using the normalized scalar product.8

Hereafter, the normalized scalar products between H and H0 and between W
and W0 are denoted ‘H·H0’ and ‘W·W0’, respectively.

Statistical analysis
A descriptive analysis of the clinical and functional variables was obtained by
calculating the mean and s.d. for the quantitative variables, and the frequencies
and percentages for the qualitative variables. Samples were analyzed with
Kolmogorov–Smirnov test.
After verifying the normality of the samples, we used one-way ANOVA with

post hoc Bonferroni for multiple comparisons between the three groups (control
group, most affected side of iSCI patients and less affected side of iSCI patients)
in terms of speed, cadence, VAFtotal and the number of synergies. To detect
differences between both sides of patients with iSCI, we performed paired
t-tests. Finally, Pearson’s correlation was used to test for significant
relationships between functional clinical scales and H·H0 and W·W0.
Statistical significance was set by a P-value of 0.05.

RESULTS

Speed and cadence
Patients’ speed was very heterogeneous, ranging from 0.30 to
1.05 m s− 1 in both sides, with an average speed of 0.73± 0.25 m s− 1

(mean± s.d.) in the less affected side and 0.71± 0.24 m s− 1 in the
most affected side. The CG walked at an average speed of
0.92± 0.20 m s− 1. Differences in speed were not statistically significant
when comparing the speed of the three groups (P40.05; Table 2).
Regarding iSCI patients’ cadence, values ranged globally from 42.28

to 103.40 steps per min. Considering the two legs separately, cadence
was 85.05± 16.52 steps per min for the less affected side and
79.75± 18.92 steps per min for the most affected side. CG walked
with a cadence of 87.83± 7.60 steps per min. No statistically
significant differences were found among the analyzed groups
(P40.05; Table 2).

Muscle synergies organization
The most affected side of iSCI patients showed a fewer number of
muscle synergies (2.88± 0.64) compared with both the less affected
side (3.38± 0.52) and the CG (3.62± 0.52). In the latter case, the
differences were statistically significant. This finding indicates that the
most affected side of iSCI patients presents less complexity in terms of
independent activation while walking overground (Table 3).
Considering the most affected side, two patients (25%) showed two

synergies, five patients (62.5%) required three synergies and one

Table 2 Differences between the three analyzed groups, when

comparing speed and cadence

Variable (units) iSCI iSCIa CG P-value

Speed (m s−1) 0.73±0.25 0.71±0.24 0.92±0.20 0.158

Cadence (steps per min) 85.05±16.52 79.75±18.92 87.83±7.60 0.565

Values are expressed in mean± s.d. iSCI, less affected side of each iSCI patient; iSCIa, most
affected side of each iSCI patient; CG, right side from each subject belonging to the
control group.

Table 3 Number of muscle synergies and VAFtotal values obtained for

the three groups, when using two to four synergies to reconstruct

overall muscle activity

Variable iSCI iSCIa CG P-value

Number of synergies 3.38±0.52 2.88±0.64 3.62±0.52 0.042

VAFtotal (two synergies) 83.44±4.60 85.20±5.40 81.80±2.75 0.321

VAFtotal (three synergies) 90.25±2.58 91.88±1.66 90.39±2.12 0.269

VAFtotal (four synergies) 94.51±1.35 95.48±1.00 94.83±1.49 0.332

Values are expressed as mean± s.d. P-value is from one-way ANOVA. Bold values indicate
significant differences after applying post hoc Bonferroni.
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patient (12.5%) showed four synergies. In the case of the less affected
sides, five patients (62.5%) required three synergies, and the remaining
three patients (37.5%) required four synergies. In the CG, three
subjects (37.5%) required three synergies, and the remaining five
(62.5%) needed four synergies (Figure 1).
Similar to what was previously performed by Clark et al.18 and

Routson et al.,35 muscle synergy vectors (W) and activation coefficients
(H) were extracted assuming the existence of four muscle synergies,
regardless of the VAFtotal criterion, in order to allow for comparison
across subjects.18,35

The four muscle synergies extracted with concatenated data from
the control group were consistent with those described in literature
(Figure 2)13,18 and qualitatively similar to the previous studies that
recorded a larger set of muscles.20,21 Synergy 1 mainly involved the
activity of hamstrings (knee flexors and hip extensors) at the end of
swing and initial heel contact. Synergy 2 described the activity of GIMe
(hip abductor) and GIMa (hip extensor and abductor), ReFe (knee
extensor and hip flexor) and TiAn (ankle dorsiflexor) during early
stance. Synergy 3 mainly involved the activity of Gas (ankle plantar-
flexor) and, to a lower extent, GIMa, during late stance. Finally,
synergy 4 consisted in the activation of AdLo (hip adductor), TiAn
and, to a lower extent, ReFe during initial swing phase.
Both muscle synergy vectors (W) and activation coefficients (H)

were very heterogeneous in both sides of iSCI patients. When
comparing the similarity of H with the reference H0, we found a
significant difference between sides in the H2·H20 index (P= 0.046;
Table 4). Specifically, the activation coefficient of synergy 2 from the
less affected side was more similar to the healthy reference than that of
the most affected side (Figure 3).

Correlations with clinical scales
There were no significant correlations between the number of
synergies calculated for each side and functional assessment scales.
In addition, no significant correlations were found between VAFtotal
and functional assessment scales (Table 5).
Significant correlations were found between functional assessment

scales and H2·H20 and W3·W30 of the most affected side, when using
four synergies to reconstruct the EMG signals. These two indicators
presented significant correlations (Po0.05) with 10MWT, TUG and
cadence, as shown in Figure 4. In the case of 10MWT and TUG tests,
correlations were negative, meaning that the more time patients
needed to perform these tests the less similar W3 and H2 were with
the healthy reference. In the case of cadence, the correlation was

positive: patients walking at higher cadence presented higher similarity
to the reference from CG in what concerns to W3 and H2.

DISCUSSION

The main purpose of this study was to assess the bilateral modular
organization of lower limbs in iSCI patients during overground
walking, under the hypothesis that gait patterns after an SCI are not
always symmetrical between limbs.
Because of the influence of walking speed on the number of muscle

synergies,18 we asked the CG to walk within the range of speeds of
iSCI group, to allow for a more truthful comparison across groups.
Moreover, the trials were performed overground, because comfortable
speed may differ in populations with motor impairments if walking on
a treadmill.23

In clinical practice, the most affected side is usually determined by
LEMS score.7,36 As four out of the eight iSCI patients presented equal
or very similar LEMS score between sides, we added an additional
criterion based on the cadence achieved by each side independently,
according to the time spent to perform a step, with the most affected
side being the one that needed more time. This additional criterion
seems to be robust and useful to determine the most affected side in
iSCI patients, as further differences were found between sides.
Results showed that fewer muscle synergies were needed in the most

affected side when compared with the less affected side. The
identification of less muscle synergies is associated with lower
independence among the activation patterns of each muscle, possibly
unveiling a coupling mechanism across muscles or a merging of
existing muscle synergies.9 Similar results have been reported when
comparing the paretic and nonparetic sides of poststroke patients.18

There is evidence in the literature that SCI patients present less
muscle synergies than healthy controls,16,29 despite these reports being
analyzed only the right limb of patients. In our study, we obtained the
same evidence when analyzing the most affected side of iSCI patients.
We found globally up to four synergies in all groups analyzed. Each

of these four muscle synergies has been associated, in healthy
individuals, with a specific biomechanical function.15,20,21 In this
analysis, we found that the synergy 1 consisted mainly of Ham
activation (hip extensor and knee flexor), which were activated in the
terminal swing phase and initial heel contact to decelerate the lower
limb during the final gait cycle and to prepare for the initial
contact.15,17,18 The second synergy consisted mainly of the activation
of GIMe (hip abductor), GIMa (extensor and abductor hip) and ReFe
(hip flexor and knee extensor), which were active during the loading
response phase to support the body and to accept the body weight
during initial contact;15,17,18 TiAn (ankle dorsiflexor) was also
activated by synergy 2, probably to ensure contact with the heel and
not with the forefoot. Synergy 3 consisted mainly of Gas (ankle
plantarflexor) activation during mid and terminal stance phase,
contributing to body support and forward propulsion;15,17,18 GIMe
was also activated by this synergy, which might prevent pelvic drop
during the monopodal stance and the Trendelenburg gait pattern.
Synergy 4 was mainly composed by the activation of TiAn and ReFe
during initial swing phase, contributing to foot clearance;15,17,18 AdLl
(hip adductor) was also activated by this synergy, providing stability in
the frontal plane of hip during the terminal stance.29

When observing the synergistic control in the iSCI group, our
results resemble the findings obtained by Ivanenko et al.19 We found
that the composition of synergies depended on the severity of the
injury, presenting higher similarity with the healthy reference in
patients with iSCI classified as AIS C or D.19 Conversely, in the most
affected subjects, the activation coefficients of synergy 2 (H2) were

Figure 1 Total variability accounted for (VAFtotal) values based on the
number of synergies used as input to the NNMF algorithm to reconstruct
EMG activity. The bars represent the mean of VAFtotal for each number of
synergies per group. Each bar has an error bar based on one s.d.
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activated later in the gait cycle when compared with the normal
reference (H0). H2 is mainly responsible for the activation of ReFe,
GIMe and GIMa, all of which are needed for body weight support. As
a consequence of the later activation, these patients walk slower to
ensure the body weight support and allow the contralateral limb to
enter the swing phase. This justifies the significant correlation between

functional assessment scales and H2·H20, as patients with more
abnormal values of H2 activation (H2·H20) needed more time to
perform functional gait tests. Similarly, also synergy vector 3 (W3)
shows low similarity with the healthy reference (W30), resulting in a
correlation of the W3·W30 index with functional assessment scales.
Synergy 3 was mainly responsible for the activation of Gas, necessary

Figure 2 Reconstructed EMGs from the eight healthy subjects from the CG with the NNMF algorithm, using four muscle synergies. (a) Activation coefficients
(rows of matrix H0) of the reference set indicate time-varying profiles of activation responsible to activate each synergy. Thin gray lines represent activation
coefficients of each of the 80 strides (10 stride cycles/healthy subject), with each black thick line representing the average of those cycles. (b) Synergy
vectors (columns of matrix W0) of the reference set indicate the relative weighting of each synergy for each muscular pattern. (c) Average of original EMG
envelopes from matrix EMG0 (black lines) and reconstructed EMG patterns from matrix EMGr (gray lines), resulting from the multiplication of W0 and H0.

Table 4 Similarity of synergy vectors (W·W0) and activation coefficients (H·H0) with the CG reference, using four synergies to reconstruct the

EMG envelopes of the less affected side (iSCI) and the most affected side (iSCIa) of iSCI patients

Subject ID W1·W10 W2·W20 W3·W30 W4·W40 H1·H10 H2·H20 H3·H30 H4·H40

iSCI1 0.99 0.86 0.98 0.91 0.87 0.59 0.79 0.93

iSCI2 0.88 0.92 0.81 0.84 0.73 0.91 0.96 0.89

iSCI3 0.17 0.74 0.98 0.64 0.88 0.82 0.50 0.61

iSCI4 0.15 0.76 1.00 0.90 0.76 0.95 0.94 0.94

iSCI5 0.87 0.77 0.94 0.55 0.85 0.93 0.89 0.80

iSCI6 0.91 0.99 0.96 0.98 0.88 0.92 0.99 0.78

iSCI7 0.45 0.64 0.99 0.82 0.77 0.88 0.98 0.80

iSCI8 0.17 0.76 0.78 0.97 0.84 0.94 0.84 0.90

mean± s.d. iSCI 0.57±0.38 0.81±0.11 0.93±0.08 0.83±0.15 0.82±0.06 0.87±0.12 0.86±0.16 0.83±0.11

iSCIa1 0.98 0.80 0.71 0.65 0.82 0.54 0.93 0.75

iSCIa2 0.88 0.80 0.80 0.66 0.73 0.78 0.87 0.86

iSCIa3 0.76 0.83 0.93 0.47 0.94 0.85 0.53 0.94

iSCIa4 0.91 0.91 0.96 0.83 0.93 0.93 0.94 0.90

iSCIa5 0.79 0.70 0.86 0.88 0.90 0.71 0.94 0.43

iSCIa6 0.88 0.99 0.91 0.94 0.81 0.94 0.84 0.79

iSCIa7 0.70 0.65 0.92 0.81 0.78 0.80 0.96 0.88

iSCIa8 0.46 0.79 0.81 0.85 0.86 0.83 0.82 0.74

mean± s.d. iSCIa 0.79±0.16 0.81±0.11 0.86±0.09 0.76±0.15 0.85±0.08 0.79±0.13 0.86±0.14 079±0.16

P-value 0.089 0.949 0.070 0.321 0.370 0.046 0.816 0.561

Values close to 1 mean high similarity with the healthy reference. Similarities lower than 0.75 appear in bold. Bold values in the last row indicate significant differences between sides.
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Figure 3 Upper plot: synergy vectors (W) and activation coefficients (H) extracted for the most affected side of iSCI patients, considering four synergies. Low
plot: synergy vectors (W) and activation coefficients (H) extracted for the less affected side of iSCI patients using four synergies. For the synergy vectors
(W1–W4), each gray bar represents each iSCI patient, and the reference from the control group is represented in black. In relation to the activation
coefficients (H1–H4), gray lines represent the results of each iSCI patient and black lines represent the reference from the control group.

Table 5 Pearson correlations between the number of synergies, VAFtotal, vectors (W·W0) and activation coefficients (H·H0) and functional

assessment scales, using four synergies to reconstruct the EMG envelopes of the less affected side (iSCI) and the most affected side (iSCIa) of

iSCI patients

Time of injury WISCI-II LEMS LEMS total 10MWT TUG SCIM Cadence

iSCI
Number of synergies −0.44 −0.49 0.24 0.02 −0.09 −0.06 0.28 0.21

VAFtotal 0.42 0.37 −0.06 −0.1 0.14 0.11 −0.38 −0.25

W1·W10 −0.19 0.37 0.32 0.03 0.28 0.21 −0.11 −0.04

W2·W20 0.05 0.25 0.46 0.33 0.15 0.04 0.34 −0.08

W3·W30 −0.17 0.65 −0.26 0.16 −0.24 −0.14 −0.23 0.30

W4·W40 −0.41 −0.32 0.03 0.21 0.32 0.30 −0.02 −0.34

H1·H10 −0.08 −0.13 −0.51 −0.43 0.22 0.28 −0.05 0.09

H2·H20 −0.05 −0.17 0.65 0.63 −0.63 −0.63 0.65 0.63

H3·H30 −0.64 0.03 0.68 0.57 −0.14 −0.17 0.04 −0.11

H4·H40 −0.60 -0.30 0.30 0.01 0.55 0.52 −0.52 −0.65

iSCIa
Number of synergies −0.45 0.46 0.09 0.27 −0.12 −0.12 −0.22 −0.06

VAFtotal 0.49 −0.11 0.15 −0.08 −0.08 −0.08 0.39 0.28

W1·W10 0.05 0.56 0.29 0.33 0.07 0.01 −0.14 -0.06

W2·W20 0.03 0.21 0.27 0.50 −0.13 −0.16 0.44 0.33

W3·W30 0.10 0.33 0.19 0.65 −0.90a −0.84a 0.54 0.90a

W4·W40 −0.63 −0.26 0.50 0.43 −0.22 −0.17 0.08 0.14

H1·H10 0.06 −0.06 −0.29 −0.17 −0.17 −0.07 -0.09 0.46

H2·H20 0.12 0.05 0.40 0.49 −0.79b −0.78b 0.57 0.81b

H3·H30 −0.69 0.01 0.41 0.18 0.21 0.22 −0.48 −0.42

H4·H40 0.46 0.22 −0.21 0.29 −0.19 −0.22 0.27 0.15

aCorrelation is significant at the 0.01 level.
bCorrelation is significant at the 0.05 level.
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for the generation of the push-off before the swing phase. In the case
of some iSCI patients, this synergy also contributed to the activation of
other muscles (Figure 3), including the coactivation of TA (antagonists
of Gas). For those cases, patients might have needed more time to take
off the foot from the ground, which explains the worst performance in
walking performance tests. We hypothesize that those patients with
impaired control of synergies 2 and 3 may face more difficulty to
compensate for these impairments and thus present worse walking
performance.
When analyzing the possible correlations between the healthy-like

structure of motor control and the motor performance of iSCI patients,
no significant correlations were found between the number of synergies
calculated for each side of iSCI patients and functional assessment
scales, in opposition to what has been reported for poststroke
patients.23 A possible reason could be the difference in pathologies
being studied and different functional assessment scales being used.
These preliminary results suggest that the number of synergies alone
cannot be used to predict motor performance in iSCI patients.
Several limitations of this study need to be discussed. First, the small

sample size limits the ability to detect statistical significance. The
incomplete SCI is a very heterogeneous injury,25 which contributed to
a great variability in walking patterns across different subjects, some of
them requiring different levels of support from walking devices, which
in turn may interfere in the synergies extraction and with natural
gait.27,29 Nevertheless, we could not find a better way to compare these
two groups, as it was also reported elsewhere.7,22 Another possible
limitation of the study is the inclusion of only seven representative
muscles of each side. It is possible to find or identify additional
synergies if the repertoire of analyzed muscles is larger20 or the chosen
muscles are different.37 Nevertheless, considering that we measured
both sides, and included the markers for 3D gait analysis, we consider
that we reached a good compromise between measurement complete-
ness and minimal experimental burden, with the latter being a critical
factor when analyzing SCI patients.16,18,23

The motor performance after a spinal cord injury evolves from the
acute phase to the chronic period, and rehabilitation programs take
advantage of the residual function both above and below the injury
level. The main clinical potential of muscle synergies analysis is to
provide a simplified view on specific neuro-mechanical mechanisms

behind these residual motor functions, which are not visible under
traditional clinical approaches. For instance, we observed that two
biomechanical gait functions are mainly altered in iSCI population: one
related to body weight support and the other related to the push-off.
We showed that these alterations are reflected in two synergistic
variables, specifically H2 and W3. Therefore, the analysis of synergy can
provide the clinician with a tool to identify which specific mechanisms
are more altered in a patient, and therefore to check and assess the
evolution of these throughout the rehabilitation program. Furthermore,
we observed that the impairment affects lower limb functions
asymmetrically, and therefore support the importance of a bilateral
analysis of muscle synergies, in order to provide additional information
on asymmetric function that clinical tests are not able to grasp.

CONCLUSION

We showed how the analysis of muscle synergies can provide a more
fine-grained view on the specific neuro-mechanical mechanisms
behind residual motor functions, and therefore help the clinician to
check their evolution throughout the recovery process and tailor the
rehabilitation paradigm in a specific direction.
Our results showed that the similarity of specific synergies of the

most affected side with the healthy reference presented correlations
with clinical and functional walking scales. Specifically, patients
presenting a synergistic control significantly different from the healthy
reference also needed more time to execute these tests. We also
demonstrated that asymmetry between both lower limbs is reflected in
the structure of muscle synergies, and particularly in the VAFtotal
parameter. All these findings support the hypothesis that muscle
synergy analysis is a valuable complementary outcome measure in
addition to current clinical scales and metrics, and might be explored
as a new neurophysiological metric to detect differences between the
two sides in patients with iSCI.
To better quantify the cause–effect relationship between neuromus-

cular and functional behavior, future works should investigate the
correlations between the structure of muscle synergies and joint-
specific biomechanical data and other neurophysiologic measures of
the spinal tracts, such as the ASIA motor and sensory index, or MRI-
based measures of lesion extension.

Figure 4 Correlation between functional gait assessment in the most affected side of iSCI and W·W0 and H·H0. *Correlation is significant at the 0.05 level
(two-tailed). **Correlation is significant at the 0.01 level (two-tailed).
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