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Abstract—The paper considers the spatiotemporal muscle synergies’ structure during voluntary
locomotions in conditions of lower extremities horizontal support, and when step-like movements
modulated by transcutaneous electrical spinal cord stimulation (TESCS). The synergies were
extracted by matrix decomposition using the principal component method (PCA). Fewer synergies
were found in locomotion initiated by percutaneous electrical stimulation of the spinal cord. It has
been established that the temporal structure of extracted muscle synergies during locomotion under
spinal cord electrical stimulation has evident peaks of activity and high reproducibility of activation
patterns. In some cases, they are implemented in different time periods of the locomotive cycle
while their repeated performing. The muscle loads in the identified synergetic modules’ structure
are significantly differing, however, the synergy vectors turn out to be highly similar in different
experimental conditions. The muscle synergies’ spatiotemporal structure differences during
voluntary and induced locomotions are probably related to the reorganization of the
rhythmogenerating part of the spinal neuronal network that controls the structure of the locomotor
cycle.
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In the last decade, significant progress has been
made in the research of synergetic effects in
motion control, but a large number of unresolved
issues remain, ranging from the methodological
aspects of their extraction to conceptual questions
about the nature of the synergetic phenomena
under study. One of the most important for
understanding the nature of the synergistic effects
being detected is the area of interaction between

different CNS levels in the generation and modu-
lation of synergies. In the process of locomotor
activity, such interaction can be achieved by
introducing reciprocal and coactivation com-
mands into the control system. The concept of
these commands in the CNS as the main modes of
interaction between the pools of motoneurons
innervating muscle pairs in the agonist-antagonist
system has been known for quite some time, and
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recently the concept of such commands has been
introduced to describe the control of arbitrary
multi-joint movements [1, 2]. These data develop
the notion of hierarchically organized control of
automated movements through central pattern
generators initiated by a simple command from
higher-lying centers [3, 4].

We have previously shown that the application
of transcutaneous electrical spinal cord stimula-
tion (TESCS), probably affecting the motor man-
ifestations of such commands, changes the
reciprocal synergistic relationships of the lower
limb muscles in the structure of synergistic mod-
ules [5]. However, the synergistic effects were
considered under the conditions of arbitrarily per-
formed movements during walking on the tread-
mill, which imposes certain restrictions on the
operation of synergistic centers in the structure of
spinal neural networks that regulate locomotor
activity. In addition to biomechanical limitations,
there are other factors affecting the operation of
synergistic centers, such as afferentation from the
support zones of the foot, central commands
determining the voluntary component of locomo-
tor movements, and several other factors, which
results in rather variable motor output parameters
even when they are considered intraindividually.
A number of works suggest ways to minimize it,
but they are mainly related to computational
aspects of synergy extraction [6]. All this makes it
difficult to obtain direct evidence of the synergis-
tic control of muscle activity by the central ner-
vous system.

By stimulating the structures of the spinal cord
and brain of animals with different stimuli, it was
possible to obtain spatiotemporal profiles of mus-
cle activations characteristic of synergy and simi-
lar in structure to real movements [7, 8]. In spite
of this, the nature of the observed synergistic
effects remains largely unclear. The application of
stimulation methods to CNS structures under
conditions that minimize the influence of the
above factors on the operation of synergistic cen-
ters may provide more accurate information on
how the parameters of the motor task are encoded
in the structure of muscle synergies. In this con-
nection, the aim of the work was to study the syn-
ergistic effects of intermuscular interaction during
involuntary locomotions induced by TESCS in
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the conditions of horizontal hanging of the lower
limbs.

MATERIALS AND METHODS

The experiments were carried out on 8 male
subjects aged 21—35 years old. The researches
were carried out on the base of Research Institute
of problems of sport and recreational physical
education of Velikiye Luki State Academy of
Physical Education and Sports in the laboratory
of physiology of nervous and muscular systems.
All studies were conducted in compliance with
the requirements and principles of biomedical
ethics formulated in the Declaration of Helsinki,
1964, and approved by the local bioethics com-
mittee. Each subject provided voluntary written
informed consent to participate in the research.
The subjects were placed in a horizontal lower
extremity sign to minimize gravitational effects
and to facilitate the step-like movements resulting
from the electrical stimulation of the spinal cord
structures [9, 10]. The research protocol involved
performing arbitrary step movements in the hori-
zontal sign of the lower extremities and under
conditions minimizing the arbitrary component.
In the latter case, subjects were instructed not to
move arbitrarily and not to obstruct or concen-
trate on the movements of the lower extremities
when they occurred. The absence of a voluntary
component in the structure of evoked locomotion
was monitored based on the assessment of the
amplitude of movements in the joints, electro-
myographic activity of the skeletal muscles, and
coordination between the lower extremities
(Fig. 1). At least 8 full step cycles were analyzed in
all experimental conditions. The boundary
moments of the full step cycle were determined
from the extreme positions of the metatarsal
anthropometric point of the right leg in the sagit-
tal plane.

Electromyograms (EMG) of the bilateral lower
limb muscles were recorded: tibialis anterior (TA),
gastrocnemius mediale (GM), vastus lateralis
(VL), biceps femoris (BF), rectus femoris (RF).
EMG was recorded using a wireless 16-channel
ME6000 biomonitor (Finland) with a sampling
rate of 2000 Hz. For EMG retrieval, we used
cutaneous disposable self-adhesive electrodes
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Fig. 1. The location of the subject in the lower extremities horizontal support (a), trajectories of moving anthropometric
points and electromyogram samples of lower limb muscles during voluntary walking (b) and under conditions of TESCS (c).

with conductive gel and an active contact area of
2.5 cm?, 36x45 mm (Swaromed, Austria). The
electrodes were applied bipolar, with the active
one placed in the projection area of the motor
point of the muscle under study, and the reference
one attached along the course of its fibers with an
interelectrode distance of 2 cm; an additional
grounding electrode on each channel was pro-
vided. All recorded EMG was filtered using the
original software. The principle of filtering con-
sists in searching for a pattern characteristic of a
stimulation artifact and replacing the EMG frag-
ment containing the tip with a dynamic average.
The EMG were then filtered with a bandpass filter
with a bandwidth of 30 to 450 Hz, 60 dB suppres-
sion strength with zero delay, then averaged in

intervals of 0.002 s, and reapplied a 15 Hz low-
pass filter using MegaWin software. All EMGs
were normalized to the peak amplitude of each
muscle in a particular experimental condition.
TESCS was performed using a Biokin ES-5
stimulator (Cosima LLC, Russia). The cathode
was placed between vertebrae T11 and T12, two
anodes were placed symmetrically over the crests
of the iliac bones, the frequency of stimulation
was 30 Hz. The intensity of stimulation was
selected individually, increasing the current to a
value that initiated a motor reaction but did not
cause painful sensations, in the range of 30—
90 mA. Based on previous results showing that
involuntary stepping movements could be
induced in healthy subjects using a 30 Hz TESCS
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applied between vertebrae T11 and T12, we used
the same stimulation parameters [4]. We synchro-
nously performed video capture of movements of
the main anthropometric points of the body seg-
ments of both lower limbs: metatarsal, lower
extremity, upper extremity, and trochanter with a
sampling rate of 500 Hz. We used a Qualisys 3D
video analysis system (Sweden) including 8 high-
speed Oqus cameras.

The recorded interference EMG, anthropo-
metric point coordinates in the 3D system were
exported to Statistica (StatSoft, Inc., version 10)
and a matrix of initial data (X) was formed, the
dimension (/x J), where [is the number of points
(measurements at a time point—500 for each
experimental condition, step, subject), and J is
the number of independent variables (variation
series of EMG—S8). In addition to the EMG vari-
ation series, additional variables were created in
the matrix to identify the periods of the pacing
cycle and the belonging of the data to a particular
subject and step [11, 12]. All variation series were
interpolated relative to a single reference point
and standardized to a unit of standard deviation.

We extracted components (synergies) from the
matrices using the principal components method
(PCA). Components with eigenvalues greater
than one and accounting for at least 10% of the
total variance were considered. The following
parameters were analyzed: the number of extract-
able components (synergies), the percentage of
total variance accounted for by each factor in the
total data set (VAF), loadings matrices, and scores
matrices. The original matrix X was decomposed
into the product of two matrices: X= Tx P + E,
where T is the scores matrix, P is the loadings
matrix, and F is the residuals matrix. The matrix
of burdens carries information about the relation-
ship or independence of the variables with respect
to the new, formal variables obtained in the pro-
cess of decomposition of matrices—“vectors of
synergy”.

When comparing the “vectors of synergy”, the
values of muscle loads in the established order in
different experimental conditions served as the
compared variation data series; in this case,
cosine similarity analysis (cos 6) was used to com-
pare variation series, where 1—complete similar-
ity, 0—no similarity. The load matrix also

MOISEEV

includes weighting coefficients of each muscle,
giving information about the degree of their
involvement in the synergy, the higher the coeffi-
cient, the greater the relationship with the new
component. We calculated the intraindividual
mean values of the weight coefficients of each
muscle for each extracted component during
multiple realizations of a complete step cycle.
One-factor ANOVA with Newman—Keuls post-
hoc analysis was used to assess the significance of
differences when comparing group mean weight
coefficients. We considered p values < 0.05 to be
statistically significant differences.

The scores matrix determines the temporal
organization of the identified synergies and is a
projection of the raw data on the subspace of the
main components—the “activation coefficients”
of synergies. The activation coefficients represent
a dynamic process reflecting the change in the
activity of synergies over time. Synergy activation
coefficients were compared by analyzing the max-
imum values of cross-correlation functions (7),
taking into account the bias against zero, where
1 is complete correspondence, 0 is no relation-
ship. Simple exponential smoothing (o = 0.01)
was applied to variation series containing synergy
activation coefficients before calculating the
cross-correlation functions.

Mathematical and statistical data processing
was performed using Statistica 10.0 and included
calculation of arithmetic mean (M), standard
error (SE), standard deviation (SD), and coeffi-
cients of variation (CV). Matrices were decom-
posed in Statistica using the standard module
“Advanced/Multivariate— PCA”.

RESULTS

On average, 4.4 * 0.2 synergistic components
were found in the random locomotion group, with
an explained dispersion of 78.0 £ 1.4%. Under the
influence of TESCS, the number of synergies sig-
nificantly decreased by 22.7% and reached 3.4 +
0.2.

When considering the spatial structure of mus-
cle synergies of arbitrary and TESCS-induced
locomotion, the following regularities were estab-
lished. The highest loads of the first synergy
during arbitrary movements fell on the following
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Fig. 2. Muscle loads and vectors of synergies (solid and dotted lines) during arbitrary walking in conditions of horizontal sig-
nification of the lower limbs and during locomotion induced by TESCS. Abscissa: skeletal muscles, ordinate: coefficients.
VOL—Voluntary step-like movements, TCES—TESCS walking induced by stimulation. Fillings indicate significant differ-

ences in muscle loads at p < 0.05. S1, 2, 3, 4—synergy number.

muscles: TA and RF of the right leg, as well as
GM and BF of'the left leg (Fig. 2). Under TESCS
conditions, along with these muscles, the GM R
and RF L had high coefficients. A tendency was
found to decrease the role of the VL R and the
GM L in the first synergy during stimulation. At
the same time, the role of the GM R, BF L and
RF L increased significantly (p < 0.05). Analysis
of the similarity of the vectors of the first synergy
showed their high correspondence in both experi-
mental conditions, where the coefficient was not
less than 0.85.

In the second synergy, during voluntary walk-
ing, the greatest loads were detected inthe GM R,
and during stimulation—in the VL L. The vectors

of the second synergy also demonstrated a high
degree of similarity—0.75 (Fig. 2). In TESCS,
there was a decrease in the involvement in the
second synergy of the GM R and the RF L, and
an increase in the role of the VL L (p < 0.05). In
the third identified synergy, loads were low and
did not exceed 0.5, but the vectors of synergy
showed high similarity. In the fourth synergy,
there was a significant increase in the role of the
BF R during stimulation (Fig. 2).

It was found that the activation coefficients of
the first synergy during arbitrary locomotions
under the conditions of lower limb hanging had a
pronounced peak of activity in the first quarter of
the locomotor cycle (Fig. 3). Intraindividual pat-
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Fig. 3. Muscle synergies’ activation coefficients during voluntary step-like movements in conditions of lower extremities hori-
zontal support and during TESCS modulated locomotions. Abscissa: the progress of the step cycle, ordinate: VOL—voluntary
step-like movements, TCES—TESCS modulated step-like movements. The fill shows the extreme intraindividual profiles of
activation coefficients. The rvalues are represented as M £ SD *+ SE. S1, 2, 3, 4 is the synergy number.

terns of temporal synergy activation showed high
similarity, 0.79 £ 0.03, and CV did not exceed
9.17%. The activation profiles of the first synergy
during TESCS-induced step-like movements
were less similar, the cross-correlation function
coefficients did not exceed 0.33 = 0.01 on aver-
age, but were low-covariance (CV—9.93%).
Analysis of the correspondence between the tem-
poral profiles of voluntary locomotor movements
and those evoked by TESCS showed an average
correspondence of 0.41 £ 0.07, while the variabil-
ity was assessed as average, with CV averaging
49.91%.

The temporal structure of the second muscle

synergy during voluntary walking in the horizon-
tal display of the lower limbs was characterized by
the average reproducibility of step cycles and their
low variability. A similar structure and intraindi-
vidual variability were also observed in involun-
tary locomotion. Thus, cross-correlation function
coefficients were 0.48 £ 0.06, and variability coef-
ficients did not exceed 23.81%. When comparing
the structure of the second synergy obtained
under different experimental conditions, their
average correspondence and the average variabil-
ity of the patterns of temporal activation were
noted (Fig. 3). It should be noted that during vol-
untary walking, intraindividual examination
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revealed peaks of synergy activity during different
periods of the step cycle, while during evoked
locomotion, there was predominantly one pro-
nounced peak occurring in the third quarter of the
movement.

During voluntary walking, the third muscle
synergy was characterized by a single peak of
activity, but the intraindividual profiles of the
stride cycle structure were significantly shifted in
time, as indicated by the mean values of cross-
correlation functions with a shift relative to zero
0f 0.50 £ 0.03 and low coefficients of variation not
exceeding 16.51% on the group average. During
locomotions initiated by the TESCS, a similar
pattern was observed, but with virtually no shift in
the activation profiles (Fig. 3). There was a low
similarity between the activation coefficients
during arbitrary and evoked locomotions—0.28 +
0.02, CV—17.45%.

The profiles of the temporal structure of the
fourth set synergy demonstrated an increase in
activity toward the end of the stride cycle, while
the peak of synergy activity in movements
induced by the TESCS occurred in the second
quarter of the stride cycle. The low reproducibility
of the cycle structure in the intraindividual con-
sideration should be noted; the cross-correlation
function coefficients in both locomotion condi-
tions considered were estimated to be low, 0.29 +
0.05 and 0.21 £ 0.01, respectively. A comparative
analysis of the temporal structure of evoked and
voluntary locomotions also showed its low simi-
larity—0.27 £ 0.06, and CV reached 54.86%,
which is estimated as an average variability.

DISCUSSION

When analyzing the number of extractable
components (muscle synergies) and the propor-
tion of variance described by each of them, we
observed lower values of both parameters during
locomotions initiated by the TESCS. In general,
such results are expected because even the biome-
chanical structure of the stride cycle during artifi-
cially induced locomotions is somewhat different
from arbitrary ones and the very conditions of
their performance are not typical for walking in
the upright position. Therefore, it would be logi-
cal to expect that the mechanism of locomotion
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control under such conditions would also have
some peculiarities. The first thing that we would
like to draw attention to is the decrease in the
quality of reconstruction of initial data using PCA
under ESCS. Under normal conditions, the syn-
ergistic relationships of lower limb muscle groups
are regulated by spinal pattern generators,
through reciprocal and coactivation commands,
and the motor output is low-covariance stereo-
typic kinematic patterns and characteristics of
muscle activity [1, 2, 9]. Data factorization meth-
ods under such conditions manage to account for
most of the observed variance in muscle activity
parameters; this has been shown in many studies,
where VAF as a criterion of synergy extraction
efficiency reaches 80% or more [6, 13, 14].

Electrical stimulation, affecting spinal neuronal
networks, introduces changes in their organiza-
tion (the frequency code of synergies), which is
manifested by a decrease in the efficiency of syn-
ergies extraction. Moreover, these changes are not
a confounding factor in the operation of spinal
neural structures, but a means of targeting them.
This assertion is supported by our results demon-
strating clear outlines of the main peaks of syner-
gies activity and high reproducibility of the
temporal structure of the extracted muscle syner-
gies during TESCS-induced locomotions. In
arbitrary locomotions, this is observed only in the
first synergy. Thus, artificially induced locomo-
tions under conditions of horizontal hanging of
the lower limbs have the so-called basic (funda-
mental) profiles of temporal activation, which can
be observed during vertical walking under normal
conditions, while arbitrary stepping movements
under such conditions are more often character-
ized by high variability.

The concept of motor synergism implies reduc-
ing the computational load on the structures of
the nervous system by combining elements of the
system into modules with a smaller dimensional-
ity. On this basis, it can be argued that the greater
the number of modules, the higher the complexity
of the control system. Four to five muscle syner-
gies are recorded during walking under normal
conditions. This is observed when analyzing the
activity of the muscles of one limb or the muscles
of one side of the body during running, walking,
or pedaling on a bicycle ergometer [13, 15]. It is
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likely that the structure of muscle synergies during
locomotor movements may include most of the
superficial muscles of the lower extremities in one
way or another, but the participation of each of
them in the structure of synergistic modules in
different conditions of locomotion realization
may differ. We have shown that when comparing
the locomotions induced by TESCS and volun-
tary movements, the muscle loads in the structure
of the first synergy differ significantly, namely, the
role of right leg GM, BF and RB increases in
evoked movements, and the role of right leg VL
and left leg GM decreases. At the same time, the
vectors of synergies turn out to be highly similar in
different conditions. This indicates that the spatial
structure of natural and evoked locomotion has a
single control mechanism, probably implemented
by neuronal networks localized at the level of
T11-T12 vertebrae. In addition, the formation of
a clear outline of the main activity peaks in the
temporal structure of muscle synergies during
movements evoked by TESCS testifies in favor of
this statement.

Differences in the component composition of
muscle synergies are observed even during
repeated repetition of stereotypic movements,
both discrete and cyclic. In this regard, it is quite
expected that the muscle loads in the structure of
the synergies we extracted during arbitrary and
evoked movements turned out to be different. In
addition, “step-like locomotor activity” can be
represented by different patterns, similar in vary-
ing degrees to the biomechanical structure of real
movements [16]. An important established fact in
our study was the high concordance of the synergy
vectors and the low variability with a clear outline
of the main activity peaks of the synergy activa-
tion coefficients during evoked locomotor move-
ments. Such results may be related to the
following statements. One of the theories describ-
ing the complex interaction of control signals in
the CNS during locomotion suggests the presence
of two independent neuronal networks in the
structure of spinal locomotor generators that con-
trol the rhythmic activity of flexor and extensor
muscles, including the rhythm generating part
and the network that generates locomotor pat-
terns [17—19]. Drawing an analogy with the pro-
visions of the concept of spatiotemporal synergy
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architecture, the activation coefficients of muscle
synergies are the equivalent of the rhythm-gener-
ating part of the neural network that controls
locomotion, and the synergy vectors and muscle
loads that determine the ratio of activation of
muscle groups will be the analogy of the pattern-
forming network. Thus, electrical stimulation of
the spinal cord at the level of T11-T12 vertebrae
at least affects the rhythm-generating part of the
neural network, which manifests itself in the for-
mation of basic (fundamental) locomotor tempo-
ral patterns.

The variability of the temporal structure of syn-
ergies observed by us during random walking in
the horizontal sign in a number of cases is associ-
ated with a shift in the activation coefficients
detected by cross-correlation analysis. Such syn-
ergies are denoted as “time-varying synergies”,
i.e., synergistic patterns are realized in different
temporal periods of the locomotor cycle during
their repeated realization [14, 20, 21].

CONCLUSIONS

Thus, the temporal structure of the extracted
muscle synergies during locomotion under condi-
tions of electrical stimulation of the spinal cord has
clearly expressed activity peaks and high reproduc-
ibility of the activation patterns. In a number of
cases, they are realized in different temporal peri-
ods of the locomotor cycle during their repeated
realization. The muscle loads in the structure of the
identified synergistic modules differ significantly,
but the vectors of synergies turn out to be highly
similar in different experimental conditions. The
differences in the parameters of the spatiotemporal
structure of muscle synergies of arbitrary locomo-
tion and modulated TESCS may be related to the
reorganization of the rhythm generating part of the
neuronal network that controls the rhythmic activ-
ity of flexor and extensor muscles in the structure
of the complete step cycle.
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