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ABSTRACT Reaching and grasping (R&G) is a skilled voluntary movement which is critical for animals.
In this work, we aim to identify muscle synergy patterns from R&G movements in rats and show how these
patterns can be used to characterize such movements and investigate their consistency and repeatability.
For that purpose, we analyzed the electromyographic (EMG) activity of five forelimb muscles recorded
while the animals were engaged in R&G tasks. Our dataset included 200 R&G attempts from three different
rats. Non-negative matrix factorization was used to decompose EMG signals and extract muscle synergies.
We compared all pairs of attempts and created cross-validated models to study intra- and inter-subject
variability. We found that three synergies were enough to accurately reconstruct the EMG envelopes. These
muscle synergies and their corresponding activation coefficients were very similar for all the attempts in
the database, providing a general pattern to describe the movement. Results suggested that the movement
strategy adopted by an individual in its different attempts was highly repetitive, but also resembled the
strategies adopted by the other animals. Inter-subject variability was not much higher than intra-subject
variability. This study is a proof-of-concept, but the proposed approaches can help to establish whether there
is a stereotyped pattern of neuromuscular activity in R&G movement in healthy rats, and the changes that
occur in animal models of acute neurological injuries. Research on muscle synergies could elucidate motor
control mechanisms, and lead to quantitative tools for evaluating upper limb motor impairment after an
injury.
INDEX TERMS Electromyography, motor control, muscle synergies, reaching and grasping, upper limb.
I. INTRODUCTION

The use of the arms and hands is essential in most aspects of
our daily lives: object manipulation, non-verbal communication, drinking, eating, and writing are all activities that involve
upper limb movements. However, upper limb motor function
can be gravely impaired after a brain or spinal cord injury,
The associate editor coordinating the review of this manuscript and
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seriously affecting the patient’s independence and quality of
life.
Reaching and grasping (R&G) is the upper limb movement
that allows external objects to be reached for and interacted
with. The R&G movement in rats is considered a relevant
experimental model for translational research to evaluate the
upper limb motor function in humans [1]. The homology
between the two species is evidenced by hand shaping, spatial
and temporal consistency of gestures during skilled reaching,
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neural and biomechanical similarity, and demonstrated
phylogenetic relationships [2]. This homology is not though
to be altered by possible variations of the movement,
attributed to body position, target object size, or other sources
of intra- or inter-subject variability [2], [3]. For this reason,
skilled R&G has become a widely accepted and employed
experimental model to study motor control in healthy and in
several neurological conditions, such as stroke, spinal cord
injury, and Parkinson [1].
Electromyographic signals (EMG) measure the electrical
activity generated during muscle contraction, so they reflect
the neuromuscular activation patterns related to the execution
of a certain movement or task. In contrast to locomotion,
which has been extensively researched, very few studies have
examined EMG activity during volitional forelimb movements in rodents. Ganzer et al. recorded awake behaving
intramuscular EMG of the biceps and triceps muscles before
and after unilateral cervical spinal cord injury (SCI) in rats,
and found a reduction in biceps EMG activity correlated with
volitional forelimb strength [4]. Alam et al. tested whether
electrical neuromodulation of the cervical spinal cord facilitates the recovery of forelimb motor control in SCI rats, and
found that the EMG activity in most forelimb muscles and the
co-activation between flexor and extensor muscles increased
post-injury [5]. These studies, however, focused on other
physiological aspects and used EMG as a tool to quantify
them, rather than seeking to characterize the EMG patterns of
forelimb muscles during hand and arm movements, or evaluating their variability. Recently, we addressed this question
in pilot studies in which we proposed tools for categorizing
EMG activity [6] and studying muscle latencies [7] during R&G movements in rats. Nevertheless, more efforts are
required to describe in detail the patterns of muscle activity
involved in this motor task and investigate the underlying
neurological mechanisms that control it.
Motor control refers to the ability of animals to activate
and coordinate different parts of the organism to produce a
movement. This complex process requires the integration and
processing of information in the brain and spinal cord and
the sending of specific motor commands to numerous muscles. The problem of how the central nervous system (CNS)
deals with redundancy and selects a given solution from the
multiple equivalent solutions that exist to achieve the same
goal was formulated by Bernstein in 1967 [8], but the question remains unsolved [9]. The muscle synergy hypothesis
was proposed as a simplified motor control mechanism to
reduce the large number of degrees of freedom in the system [10]. This is achieved by representing motor activity in
a low-dimensional space, as a linear combination of a few
motor primitives (muscle synergy vectors) and their correspondent temporal activation patterns.
A muscle synergy is defined as a pattern of muscle coactivations recruited by a single command signal with specific
activation balances [10], [11]. A movement can be described
as the sum of multiple synergies. Each spatial synergy represents the activities of multiple muscles, while each muscle
62518

can participate in different synergies, with a different degree
of participation in each of them. The activation coefficients or
activation timing profiles are the curves representing the temporal activations of these synergies, i.e., how these synergies
are recruited over time.
The general approach for the extraction of muscle synergies is to decompose EMG signals from a given number of
muscles into a lower number of spatial synergies and their
correspondent activation coefficients by applying matrix factorization techniques to solve the optimization problem [12].
One of the first reference works supporting the notion of muscle synergies was developed by d’Avella et al. in 2003 [10].
They showed that muscle synergies provided a simplified
lower-dimensional control space related to movement kinematics, which underlay the variety of muscle patterns from
different behaviors during leg movements in frogs [10]. Further on, a considerable body of research has been devoted
to this field, revealing the existence of this kind of modular
organization in different motor systems: postural control in
cats [11], reaching and grasping in rodents [13] and primates [14], human reaching movements [15], and treadmill
walking in humans [16].
Neurological problems may alter the recruitment patterns
of normal synergies, either changing the muscle activation
patterns or reducing the number of muscle synergies compared to healthy subjects [17]. For instance, abnormal muscle
synergy patterns have been widely reported in post-stroke
survivors during locomotion [18], arm isometric contractions [19], and voluntary reaching movements [20]–[23].
Muscle synergies have also been explored in subjects with
spinal cord injury, revealing substantial differences to healthy
individuals during different motor tasks: hand grip function [24], different locomotor tasks in children [25], postural
balance [26], [27], gait [28], and standing protocols under
spinal cord stimulation [29]. All this evidence supports that
muscle synergies can be a powerful tool for characterizing
motor behavior and providing physiological markers to assess
motor function in injured patients. However, evaluating the
repeatability of muscle synergies is essential to gain a better
interpretation of the findings.
The present study is based on muscle synergies to investigate R&G movements in healthy rats. Our objectives are
to identify muscle synergy patterns from R&G movements,
to determine the information they can provide to characterize
this motor behavior, and to study intra- and inter-subject
variability. For this purpose, we acquired EMG recordings
from five forelimb muscles in rats and extracted muscle synergies using non-negative matrix factorization (NMF). Then
we compared the muscle synergies and activation coefficients
between different R&G attempts by the same animal and
between different animals.
This is a proof of concept to test how the proposed techniques may help to quantitatively describe the muscle activation pattern during R&G tasks in healthy rats. It may be
the first step in establishing whether there is a general stereotyped pattern of muscle activity during R&G movements in
VOLUME 8, 2020
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FIGURE 1. Summary of the process for muscle synergy identification:
while the rats were engaged in R&G tasks during the experiments (A),
EMG signals were acquired from five forelimb muscles (B) and then
decomposed into muscle synergies and their corresponding activation
coefficients (C).

neurologically intact animals. This knowledge could eventually be used to assess the changes produced after an injury.
The identification of muscle synergies, then, has the potential
to aid research into understanding motor impairment and
recovery after an injury, and thus to guide novel neurorehabilitation strategies.
II. MATERIALS AND METHODS
A. EXPERIMENTAL DESIGN AND DATA ACQUISITION

All experimental procedures were approved by the University
Chancellor’s Animal Research Committee and comply with
the guidelines of the National Institutes of Health.
We studied the R&G movements of three healthy adult
female Long Evan rats. During the experiments, while the
animals were engaged in R&G tasks, intramuscular EMG
recordings were acquired from five forelimb muscles: biceps
brachii, middle deltoid, pronator teres, extensor digitorum
communis (EDC), and flexor digitorum superficialis (FDS).
For that purpose, wire electrodes had been implanted in the
muscles of the animals’ preferred paw for R&G. In that way,
the electrodes were fixed close to the source of electrical
activity so that we could obtain localized information and
study muscle activity in vivo in the freely moving animals.
The experimental protocol consisted of individually placing the rats inside a cage and repeatedly presenting them with
a pellet so that they had to extend their paw through a small
window (3cm x 1.5cm) to grasp it (Fig. 1A). To avoid the
animal’s accommodation, after each attempt, the rat had to
move to the back of the cage and come to the front once
VOLUME 8, 2020

the new pellet was presented. In each recording session,
every animal performed multiple R&G attempts. EMG was
acquired at a sample rate of 10 kHz and amplified (x1000) by
a multi-channel analog amplifier (Differential AC amplifier
model 1700, AM-Systems Inc., Sequim, WA, USA). The
attempts were video recorded at 30 frames per second, and
used for manual signal segmentation, i.e., to identify the
frames where the R&G started (when the rat lifted its paw)
and ended (when the rat took the pellet into its mouth). The
video and the EMG signals were temporally synchronized by
simultaneously sending a LED light flash and a trigger signal
pulse to the acquisition system.
To reduce movement variability, we selected only those
attempts in which the animal initiated the R&G movement
with the body perpendicular to the front wall window and
with both forepaws on the floor. Each attempt was defined as
a R&G cycle and was further analyzed when the movement
included the lifting and protraction of the forepaw across
the window, the opening of the digits attempting to grasp
the pellets, and finally the retraction of the paw towards the
mouth. Low-quality signals were discarded prior to further
analysis. After this step, our dataset contained a total number
of 200 R&G cycles: 66 obtained from rat 1, 63 from rat 2,
and 71 from rat 3.
B. SIGNAL PROCESSING

The EMG signals corresponding to each R&G attempt were
identified based on video annotations. To further refine the
onset of the movement, we applied an automatic algorithm
that we had recently developed for detecting EMG onsets [7],
based on the ratios of consecutive peaks of the Teager-Kaiser
Energy Operator.
EMG signals were downsampled to 3 kHz by applying an anti-aliasing low-pass filter with a cut-off frequency of 1.5 kHz. A comb filter was used to remove
power-line noise and harmonics. The signals were then
forward-backward filtered with an 8th order band-pass Butterworth filter with cut-off frequencies of 20 and 1000 Hz to
reduce motion artifacts and high-frequency noise (Fig. 1B).
EMG linear envelopes were calculated by applying fullwave rectification and a 2nd order low-pass Butterworth filter
with a cut-off frequency of 20 Hz. To prevent the subsequent
synergy extraction from biasing and capturing only information from the high-amplitude muscles, the envelopes of
each muscle were normalized to the maximum value. These
signals were also normalized in time to 200 points per cycle.
Then, the new time axis corresponded to 0 to 100% of the
R&G cycle. These normalized EMG envelopes were used for
synergy extraction, as described below. Data were processed
and analyzed using custom MATLAB routines.
C. MUSCLE SYNERGY EXTRACTION

We were interested in assessing inter- and intra- animal variability. Thus, instead of extracting synergies from concatenated attempts, as commonly computed, we extracted them
for each individual R&G attempt by each rat (Fig.1C).
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The EMG activity, D(t), of a given muscle can be
expressed as a linear combination of a reduced number of
time-invariant muscle synergies Wi recruited by their corresponding time-varying activation coefficients Hi (t):
D(t) =

N
X

Wi · Hi (t) + ε

(1)

i=1

where D(t) is the EMG vector at times t = 1, 2, . . . , L,
i refers to the ith synergy, N to the total number of synergies
and ε to the error of the model, i.e., any residual EMG activity.
Let M be the number of recorded muscles and L the number
of time points. In our case, we have M = 5 vectors D(t)
of length L = 200. We can concatenate these vectors and
call this matrix V. To simplify the model, equation (1) can be
expressed in matrix notation as:
V MxL ≈ W MxN · H NxL

(2)

where V is the matrix concatenating the row vectors of
length L corresponding to the EMG of the M muscles; W is
the matrix of muscle synergies, containing in each of the
N columns the weights of each of the M muscles for that
synergy; and H is the matrix whose N rows correspond to
the activation coefficient curves of length L, representing how
much each of the N muscle synergies is activated over time.
In (2), V is known, and W and H must be found by solving
an optimization problem. Considering that the matrices V, W,
and H always have positive values since they correspond to
the envelopes of the rectified EMG, the weights of the muscles at each synergy, and the temporal activation coefficients,
respectively, we applied the non-negative matrix factorization (NMF) algorithm. We used the multiplicative update rule
proposed by Lee and Seung [30], which seeks to minimize
the error between V and WH by minimizing the following
function:
M

L

1 XX
(Vij − (WH )ij )2
min f (W , H ) ≡
W ,H
2

(3)

i=1 j=1

The multiplicative update rule consists of initializing W
and H nonnegative and then alternatively fixing one matrix
and optimizing the other [30]. However, this problem can
lack convergence properties, so we implemented a two-phase
extraction procedure combining the multiplicative update
rule with alternating nonnegative least squares using projected gradients [31].
The NMF algorithm does not calculate the number of muscle synergies (N ), but it requires this parameter as an input.
To select the optimal number of synergies, we evaluated
the accuracy of the EMG reconstructions using the variance
accounted for (VAF), which measures the amount of data
variation explained by the model [32]:
PM PL
2
i=1
j=1 (Vij − (WH )ij )
(4)
VAF = 1 −
PM PL
2
i=1
j=1 (Vij )
We plotted the VAF curve, showing the mean VAFs as a
function of the number of synergies extracted, and assessed
62520

the optimal number of synergies according to two VAF criteria: 1) the minimum number required to achieve a mean
VAF > 95% [23], or 2) the minimum number required to
achieve a mean VAF > 85% with a less than 6% increase
when adding another synergy [22].
D. SIMILARITY MEASURES

We computed similarity measures to compare the muscle
synergies and activation coefficients from all pairs of R&G
attempts in the database (either by the same rat or by different
rats).
The similarity between synergies was quantified by scalar
products, while the similarity between activation coefficients
was calculated using cross-correlation coefficients at lag zero.
Scalar products were calculated after turning each synergy
vector (Wi ) into a unit vector by dividing it by its magnitude.
For all pairwise comparisons, we computed the similarity
indices (SI) between each of the extracted muscle synergies
(SIW1, SIW2 , . . ., SIWN ) and activation coefficient curves
(SIH1, SIH2 , . . ., SIHN ). We also calculated total average similarity indices for synergies, referred to as SIW̄ , and activation
coefficients, SIH̄ , by concatenating the N muscle synergy
vectors or activation coefficient curves into a single vector
before computing the scalar products or cross-correlation
coefficients, respectively.
NMF does not sort the extracted synergies and their corresponding activation coefficients according to any criterion.
Therefore, before comparing synergies from two different
R&G attempts, we had to properly match them. To do that,
we matched those synergies that provided the highest total
scalar product, SIW̄ , and each synergy was paired only once
to the synergy in the other dataset, as proposed in previous
works [23]. Then, activation coefficients were sorted according to their corresponding synergies. Only after this process
were the synergies from all the attempts in the database
correctly sorted, and we could proceed to compute the SI to
compare them.
E. CROSS-VALIDATED MODELS

In addition to computing all pairwise similarity measures,
we built cross-validated models to further study intra- and
inter-subject variability and demonstrate how to create group
models, i.e., normative templates.
The data were separated into training and test sets. The
examples in the training set were used to create the model, and
then the accuracy of this model was tested by comparing it
with the examples of the test set by computing the previously
described SI between the model and each individual R&G
attempt in the test set.
The models were generated via an iterative averaging procedure. A first template was obtained by averaging the muscle
synergy vectors from all the attempts in the training set.
We then compared all these training examples with the model
and excluded those with average similarity indices, SIW̄ ,
lower than 0.85. The template was re-calculated by averaging
the remaining synergies. This procedure was repeated until
VOLUME 8, 2020
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the synergies from all the attempts included were similar
enough (SIW̄ ≥ 0.85) to the template [33]. The activation
coefficient curves of these attempts were averaged to obtain
the activation coefficients of the model.
To study intra-subject variability, we trained the models
with some R&G maneuvers from one rat and tested them with
the remaining maneuvers from the same rat. We performed
K-fold cross-validation, with K = 10, so the dataset was
randomly split into 10 balanced partitions. At each iteration,
we used 90% of the data for training and the remaining 10%
for testing, and the procedure was repeated 10 times. This was
done for each of the three rats.
To assess inter-subject variability, we generated models
using all the data from two rats as a training set. These models
were tested by computing their SI with all the R&G attempts
by the remaining rat. Therefore, we built three different models (from rats 1 and 2, rats 1 and 3, and rats 2 and 3).
F. CROSS-RECONSTRUCTIONS

After computing similarity measures, we wanted to explore
which of the components in our model (synergies or activation coefficients) were more conserved among different
R&G attempts, i.e., which one had the least variability. For
this reason, we reconstructed the muscle activity of all the
attempts, exchanging either their synergies or their activation
coefficients for those of a model. We used the models created
from two rats, although any template or individual attempt
could have been used for that purpose. Therefore, we generated two different types of cross-reconstructions:
1) Cross-reconstructions using the synergies of the model
but the activation coefficients of the attempt itself
2) Cross-reconstructions using the activation coefficients
of the model but the synergies of the attempt itself
The quality of each of these reconstructions was evaluated
by using (4) to calculate the VAF of the cross-reconstruction,
VAFcr . This allowed us to assess whether the EMG reconstruction was more affected when we changed the contribution of the muscle synergies or the activation coefficients.
However, there is an inherent loss of reconstruction in the
original model, denoted by the ε term in (1), that may bias
the VAFcr . For this reason, we reported a corrected VAFcr
(VAF∗ cr ) instead to estimate the cross-reconstruction accuracy normalized to the VAF of the original reconstruction
(VAFref ):
∗
VAFcr
=

VAFcr
VAFref

(5)

G. STATISTICAL ANALYSIS

As the SI follow a negatively skewed distribution, the results
were reported with medians and interquartile ranges (IQR).
After computing the SI between all pairs of R&G attempts
in our dataset, we grouped them into two types: the SI
comparing two attempts by the same rat (‘‘Intra’’), and the
SI comparing attempts by two different animals (‘‘Inter’’).
Non-parametric statistical tests (Mann-Whitney U tests) were
VOLUME 8, 2020

FIGURE 2. VAF curve to determine the optimal number of synergies (left)
and the number of synergies required to reconstruct muscle activation
patterns in each rat according to two criteria: VAF > 95% (top right),
or VAF > 85% and increment <6% (bottom right). Transparent bars
represent the average for the three animals.

used to compare these two groups, for all the SI between
synergies (SIW1 , SIW2 , . . ., SIWN , and SIW̄ ) and activation
coefficients (SIH1 , SIH2 , . . ., SIHN , and SIH̄ ).
The same statistical tests were applied to compare the
average SI (SIW̄ and SIH̄ ) that were obtained when comparing
all the attempts by each rat to a model trained on data from
the same animal, or to a model trained on data from other
animals. We also estimated the 95% confidence interval for
the difference between medians. This step was intended to
quantify the magnitude of intra- vs inter-subject variability.
III. RESULTS
A. NUMBER OF SYNERGIES

Three synergies were sufficient to reconstruct the EMG
signals in most R&G attempts from the three animals.
Fig. 2 shows the VAF curve (average of all rats) and the proportion of attempts that are correctly reconstructed according to two criteria (VAF > 95%, or VAF > 85% and
increment <6% with an additional synergy). Although two
synergies provide a mean VAF higher than 90%, it is never
higher than 95%. In contrast, with three synergies the VAFs
are always higher than 85%, and around 90% of the total
attempts in the database have VAFs higher than 95% (slightly
lower in rat 3). For this reason, we considered that three
synergies were appropriate to describe the R&G movement,
and we decided to work with three synergies in this study.
Fig. 3 shows an example comparing the original EMG
envelopes with the EMG envelopes reconstructed from linear
combinations of the extracted muscle synergies. Dotted lines
represent the separate contributions of each of the three synergies. It is clear that the reconstructed EMGs closely resemble
the original curves. In this case, the reconstruction VAF was
98.5%.
B. DESCRIPTION OF SYNERGIES

The mean synergies and activation coefficients for all the
R&G attempts in the dataset and all three animals are shown
in Fig. 4. Standard deviation is indicated with error bars
62521
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of the third synergy is added at the end. In contrast, the biceps
envelope is a combination of synergies 1 and 3, during the
first and second half of the movement, respectively, while
synergy 2 has only a residual contribution.
C. ALL PAIRWISE SIMILARITY MEASURES

FIGURE 3. Reconstruction of the EMG signal envelopes from the five
muscles by linear combinations of the three muscle synergies. The
figure shows the original (black) and reconstructed (blue) EMG
envelopes, as well as the contributions of each synergy (dotted lines).

and shaded areas in the muscle synergies and the activation
coefficient curves, respectively.
All three animals share a common pattern of muscle synergies and activation profiles. The first synergy, W1 , includes
the notable presence of the pronator, but also of the biceps
and deltoid, while the EDC and FDS rarely contribute to
this group. The second synergy, W2 , is mainly formed by
the deltoid and the EDC. Finally, the activities of the biceps
and the FDS predominate in the third synergy, W3 . While the
biceps is very much involved in synergies W1 and W3 , and
the deltoid in W1 and W2 , the other muscles are generally
recruited in just one synergy: the pronator in W1 , the EDC
in W2 , and the FDS in W3 .
As indicated by the activation coefficients in Fig. 4,
the three synergies are activated one after another throughout
the R&G cycle: the first muscle synergy is activated at the
beginning of the R&G movement; then the second synergy
comes into play; and, finally, the third synergy is recruited
and predominates at the end of the movement.
Going back to Fig. 3, the contribution of each of the previously described synergies is evident in the reconstruction
of the original EMG envelopes. The FDS activity is reconstructed only from the third synergy, while the EDC and
most deltoid activity are described with the second synergy
alone (the contribution of the other synergies is very small
throughout the entire R&G cycle). The first synergy accounts
for most of the pronator activity, although a small contribution
62522

Fig. 5 contains two heatmaps that graphically display the
similarity indices for the synergies (SIW̄ ) and activation coefficients (SIH̄ ) between all pairs of R&G attempts in our
dataset, either by the same rat or by different rats.
The similarity between muscle synergies is very high for
almost all the attempts, as indicated in the red colors, especially in rat 1, which is very consistent. Isolated horizontal
and vertical lines with colder colors, indicating lower SI,
correspond to outliers. Rat 3 has more variability and outliers.
The areas comparing different rats denote the great similarity
between the synergies of the different animals.
The heatmap of activation coefficients has somewhat lower
values, but SIH̄ were computed using a different coefficient
than SIW̄ , so they are not equivalent. There is nevertheless
also a substantial similarity between a large proportion of the
movement attempts. The SIH̄ are also much higher in rat 1,
but the inter-subject variability (which can be appreciated in
the regions comparing rats 1-2, rats 1-3 and rats 2-3) does
not seem much higher than the intra-subject variability in
rats 2 or 3.
We separated the information from each of the six regions
comparing two animals in the heatmaps (e.g., rat 1-rat 1,
rat 1-rat 2, etc.) and quantified it, as summarized in Table 1.
The last two columns account for all the SI comparing two
attempts by the same animal, or attempts by two different
animals, thus quantifying intra- and inter-subject variability,
respectively.
The high SI values reported in Table 1, especially in the
synergies, point to the high degree of similarity both between
different attempts by the same animal and between different animals. Although statistically significant differences
between the two groups ‘‘Intra’’ and ‘‘Inter’’ were found
for all indices (p-value ≪0.001), the magnitude of these
differences was very small (always <0.05).
D. MODELS FROM THE SAME RAT: INTRA-SUBJECT
VARIABILITY

After studying the similarity between the synergies and activation coefficients extracted from all the 200 R&G attempts
in our dataset, we built cross-validated models. First, we will
present the results obtained with the models trained on data
from the same rat, which were used to quantify intra-subject
variability. The muscle synergies and activation coefficients
of the models of each of the three rats were almost identical
to those in Fig. 4. This is because Fig. 4 shows the mean
synergies of all the attempts by each rat, and our models were
created by averaging 90% of these attempts.
Fig. 6 shows the SI for the three synergies and activation
coefficients, comparing the models with their corresponding
test samples. The obtained SI show that most test examples
VOLUME 8, 2020
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FIGURE 4. Mean muscle synergies (left) and activation coefficients (right) extracted from the EMG signals from all the R&G maneuvers for the
3 rats. Error bars and shadowed areas indicate the standard deviation of muscle synergies and activation coefficients, respectively. Both the
patterns of muscle recruitment and the temporal activations are repetitive and similar in all three animals.
TABLE 1. Similarity indices between all reaching and grasping attempts.

are very similar to the model, especially in terms of synergies.
There is more dispersion in the SI of activation coefficients,
but, in most cases, they are still >0.8. Therefore, the muscle
synergy pattern of the R&G movement is highly conserved
across different attempts by the same animal.

They closely resemble one another, and they also look like
the mean synergies for each rat (Fig. 4).
Fig. 8 provides an idea of the accuracy of these models by
displaying the SI between the test attempts (all the data from
one rat) and the model (trained on data from the other two
rats). Again, all the values are very high, even though the SI
for the activation coefficients are more dispersed. This means
that the R&G movements in these three animals have a similar
synergy structure.
Fig. 9 compares the synergies and activation coefficient
similarities (SIW̄ and SIH̄ ) to the models when the models are trained on data from the same rat or data from
other rats. Statistical tests point to significant differences
in both SIW̄ and SIH̄ in all three rats, but these differences are difficult to perceive, and their magnitude is very
small (0.07 in the worst-case scenario) as indicated by
the 95% confidence intervals for the differences (Fig. 9).
Thus, inter-subject variability is not much higher than
intra-subject variability, and the models extracted from different individuals can accurately describe much of the R&G
movement.
F. CROSS-RECONSTRUCTIONS

E. MODELS FROM DIFFERENT RATS: INTER-SUBJECT
VARIABILITY

In this part of the study, we used the data from two rats to
train the model, and the data from the remaining rat to test
it. Fig. 7 shows the models obtained for each pair of rats.
VOLUME 8, 2020

Finally, to investigate whether the variability in our
models was caused mainly by muscle synergy vectors or by their activation coefficients, we evaluated the
VAF of the cross-reconstructions. The results are shown
in Table 2. The accuracy of the cross-reconstructions
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FIGURE 5. Heatmaps containing the average similarity indices of muscle synergies (SIW̄ , left) and activation coefficients (SIH̄ , right) between all pairs
of R&G attempts in our dataset. Each row or column corresponds to a single trial. Red colors indicate the highest values. Note that these heatmaps
are symmetric matrices, so the information below and above the diagonal is repeated. The squares indicate the comparisons of attempts belonging to
the same animal, for rat 1 (blue), rat 2 (red), and rat 3 (yellow); so, they provide information about intra-subject variability. The remaining areas
correspond to comparisons of attempts by one animal with attempts by another animal, thus indicating inter-subject variability.

is much better when exchanging the muscle synergies
(VAF∗ cr ∼ 90-95%) than when exchanging the activation
coefficients (VAF∗ cr ∼ 77-86%). These results point to
higher variability in the temporal activation patterns of the
synergies than in the composition of these muscle synergies
themselves. Moreover, the reconstructions of the training sets
are not much better than those of the test sets (shaded cells,
Table 2 ), which again highlights the similarity between the
movements of the three animals.
IV. DISCUSSION
A. MUSCLE SYNERGIES FOR DIMENSIONALITY
REDUCTION

Muscle synergies were extracted by means of the NMF algorithm, and we selected the best number of synergies based
on VAF criteria. Three synergies accounted for most of the
variation of the R&G movement and could properly reconstruct the original EMG signals. Thus, in this case, the activity
of five forelimb muscles can be decomposed into the linear combinations of only three muscle synergies and their
corresponding activation coefficients, which facilitates the
analysis. Dimensionality reduction is one of the advantages
of muscle synergies, and here it proves useful to describe the
pattern of muscle activity during R&G movements in rats as
a combination of a few motor primitives.
B. DESCRIPTION OF MUSCLE SYNERGY PATTERNS

The structure of the three synergies, as well as the temporal activation patterns, were conserved in the three
62524

animals (Fig. 4). The first synergy, which initiates the movement, involves the activation of the pronator, biceps, and
deltoid; the second synergy is dominated by the activation of
the deltoid and the digit extensor; and, lastly, the third synergy
is dominated by the activation of the biceps and the digit
flexor. These three synergies could be interpreted as three
different phases of the movement: reaching or approach to
the target (synergy 1), opening the paw for grasp (synergy 2),
and grasping and retrieval (synergy 3). Therefore, we could
associate each phase of the movement with a muscle activity
pattern.
The previous description is not only in agreement with
the sequential pattern of activations of the pronator, digit
extensor, and digit flexor that we found after the examination
of raw EMG signals from R&G movements [6], but also with
a recent pilot study from our group on muscle latencies [7].
In the study, we computed the muscle latencies (the times
from the onset of the movement to the activation of each
muscle) of the same five forelimb muscles. We found that the
pronator, biceps, and deltoid, which are precisely the muscles
involved in the first synergy, were always the first muscles to
be activated; followed by the extensor digitorum communis,
which is recruited in the second synergy; and finally the flexor
digitorum superficialis, which mainly participates in the third
synergy.
Muscle synergies not only provide information about the
sequence of muscle activation during the R&G maneuver,
but also about muscle synchronicity and the role of agonist
and antagonist muscles. Fig. 4 shows which muscles are
VOLUME 8, 2020
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FIGURE 6. Similarity indices (SI) of the three synergies (top) and activation coefficients (bottom) assessing the performance of the cross-validated
models created using 90% of the attempts by one rat for training, and the remaining 10% as a test set. The models of each rat are shown in different
colors: rat 1 (blue), rat 2 (red), and rat 3 (yellow). Grey vertical lines separate the ten folds of the cross-validation procedure. The median and
interquartile range of the SI are indicated on the plots. All the SI present very high values, especially when comparing synergies, suggesting low
intra-subject variability and the existence of a repetitive movement pattern which is conserved among the different attempts by the same animal.

co-activated in each synergy (e.g., the deltoid and digit extensor in W2 ), but also, for instance, the antagonist role of the
digit extensor and digit flexor muscles, which are recruited
in different synergies and perform different functions in the
R&G movement.
C. INTRA- AND INTER-SUBJECT VARIABILITY

Kinematic variability is an intrinsic characteristic of movement [34], and it is essential for motor learning [35]. Resembling locomotion, scratching, balance maintenance, standing,
breathing, chewing, or swallowing, reaching and grasping
movements are encoded within central motor programs that
control sequenced and stereotyped movement, involving arm
and hand muscles [36]. Recent studies have investigated
movement variability from kinematics data in human arm
movements [37] and skilled reaching in rats [38]. However,
none of these studies employed EMG signals to extract the
movement patterns and quantify variability.
Here, we extracted muscle synergies from EMG data, and
use them to quantify intra- and inter-subject variability in
R&G movements in rats. Our results showed that the muscle synergy structure was very similar not only in different
attempts by the same animal but also in different animals.
VOLUME 8, 2020

The same patterns were found in most of the examined R&G
maneuvers, as indicated by the high SI obtained when comparing all pairs of the attempts (Fig. 5). This is a remarkable
fact, especially considering that we are working with freely
moving animals. To cite some examples of the sources of variability during the experiments: the rats could choose how to
position themselves, how to perform the desired movement,
and the signals were acquired on different dates and in different sessions. Some outliers were found among the 200 R&G
attempts, as expected due to all the natural variability, yet a
very clear pattern prevailed. This evidence denotes a common
movement strategy used by the three healthy rats during the
R&G maneuvers.
D. CROSS-VALIDATED MODELS

In addition to comparing all pairs of attempts in our dataset,
we built cross-validated models and assessed their performance by evaluating their similarity to the examples in the
test sets. This approach not only allowed us to further explore
intra- and inter-subject variability, but also to demonstrate
how to create group models, or templates, to summarize
the information from multiple measurements. These representative models may facilitate the comparison of different
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FIGURE 7. Muscle synergies and activation coefficients corresponding to the models created using the R&G attempts from two rats as a training set.
Error bars and shaded areas indicate the standard deviation of the attempts that were ultimately included in the models.

animals, populations, or conditions (e.g., control vs. injury)
in future studies.
We showed how the proposed models could explain the
structure of the R&G movement not only in multiple attempts
by one animal (Fig. 6), but also by different healthy animals
(Fig. 8). This procedure emphasized the high repeatability of
the R&G movement and the high degree of similarity among
the strategies adopted by different rats. Indeed, the small
differences in the SI shown in the last two columns of Table 1,
as well as those in Fig. 9, suggest that inter-subject variability is not much higher than intra-subject variability. These
results evidence that the muscle synergy pattern of the R&G
movement is highly conserved across animals, at least in the
studied sample, even though each rat was free to adopt the
desired movement strategy according to its preferences and
innate or acquired skills.
E. CROSS-RECONSTRUCTIONS

The proposed similarity measures (scalar product and crosscorrelation coefficient) quantify the degree of structural similarity between muscle synergies and activation coefficients,
respectively. Although both provide values between 0 and 1,
they are different measures and are not comparable. This
means that the lower values that we obtained in the SI comparing the activation coefficients (SIH1 , SIH2 , SIH3 , and SIH̄ )
do not necessarily imply a lesser degree of similarity than in
muscle synergies, quantified by SIW1 , SIW2 , SIW3 , and SIW̄ .
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For this reason, since we wanted to assess whether muscle
synergy vectors or their activation coefficients accounted
for more variability, we evaluated the VAF of the crossreconstructions.
The results in Table 2 show that the EMG signals are much
better reconstructed when the activation coefficients from the
attempt itself are maintained and the muscle synergies are
exchanged than when the muscle synergies are kept constant and the activation coefficients exchanged. Therefore,
the quality of the cross-reconstruction is much more susceptible to changes in the activation coefficients than changes
in the muscle synergies. This confirms that muscle synergies
(i.e., the way the muscles are recruited) are highly conserved,
while the main differences lie in the temporal activation
patterns of these synergies, which present greater variability. It is important to bear this information in mind when
analyzing the muscle synergies in different populations, such
as neurologically injured animals. According to our results,
while some differences in the activation coefficients will be
expected even in healthy rats, significant alterations in muscle
synergies could be attributed to injury or disease.
F. IMPLICATIONS FOR NEUROREHABILITATION

The results of this study suggest the existence of a common
muscle synergy structure in the R&G movements of all three
rats. This work was a pilot study to test the methodological
choices in muscle synergy analysis, but we also provide a
VOLUME 8, 2020
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FIGURE 8. Similarity indices (SI) of the three synergies (top) and activation coefficients (bottom) comparing the models trained on data from two
rats (Fig. 7) with all the examples of the test set, belonging to the remaining rat. The results for the three different models are shown: model
created with rats 2 and 3 for training and tested in rat 1 (blue), model created with rats 1 and 3 for training and tested in rat 2 (red), and model
created with rats 1 and 2 for training and tested in rat 3 (yellow). Median and interquartile range of the SI are indicated on the plots. All the SI
present high values, showing that the synergy models created from other rats are very similar to the muscle synergies directly extracted from the
examples of the test set, so there is a common pattern shared by all three individuals.

quantitative characterization that could be the first step to
establishing whether a stereotypical pattern of muscle activity exists in rats during R&G movements. Determining if
there is a general pattern shared by all individuals may be
essential, first, to describe the movement and understand
the neurophysiological mechanisms involved and, second,
to evaluate which changes occur in this basic pattern in the
presence of medical conditions that impair motor control.
These conditions are leading causes of disability and include
stroke, spinal cord injury, and different types of neuromuscular disorders.
In this context, muscle synergy analysis may constitute a
simple tool to provide objective physiological information
about the dynamics of motor control and motor recovery.
After describing the muscle activity patterns under basal
conditions, in this case in R&G movements in healthy rats,
we would be able to detect abnormal changes resulting from
motor disorders. We could then try to develop training protocols to restore the original muscle synergy structure and
recruitment patterns. The potential applications of muscle
synergies in neurorehabilitation are increasingly evident [39].
Some recent examples are the synergy-based protocols that
have been proposed to customize functional electrical stimulation (FES) for upper-limb rehabilitation [40], and to control
hybrid walking neuroprosthesis [41].
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G. LIMITATIONS AND FUTURE WORK

The main limitation of this research is the small sample
size, as only three animals were included in the study. While
we had a considerable number of R&G maneuvers for each
animal (66, 63 and 71 for rats 1, 2 and 3, respectively), and
that allowed us to show how repetitive the movement is in the
same animal, the conclusions about inter-subject variability
cannot be generalized until a larger sample is available. This
issue must be addressed in future work. We will also explore
how the muscle synergy patterns found in the R&G movements of healthy rats are affected in animals with neurological
injuries, i.e., which changes occur in the composition and
temporal activation of muscle synergies. This would enable
us to investigate upper limb motor impairment in an animal
model.
Here we used intramuscular EMG (iEMG) because this
technique allows us to study neuromuscular circuits in vivo
in freely moving animals. Although iEMG is more selective
than surface EMG (sEMG), the latter is an easy, non-invasive
method for the assessment of muscle activity. For this reason,
we will implement similar procedures to extract muscle synergies from sEMG signals to assess the consistency of R&G
movements in human subjects.
Muscle synergies were originally proposed as a strategy of
motor control to deal with motor abundance and the problem
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FIGURE 9. Comparison of the average similarity indices of muscle synergies (SIW̄ , top) and activation coefficients (SIH̄ , bottom) in the same test
attempts, when the model is trained on data from the same rat (left part of each plot) or on data from other rats (right part of each plot). The
median and interquartile range of the similarity indices are indicated on the plots. The results of the statistical tests and the 95% confidence
intervals for the estimated differences are shown. Asterisks indicate statistically significant differences: (∗ ) p-value < 0.05, (∗∗ ) p-value < 0.01,
(∗∗∗ ) p-value < 0.001.
TABLE 2. VAF of the cross-reconstructions.

of redundancy [8]. For this reason, the term ‘muscle synergy’ usually refers to a hypothetical underlying structure of
control. However, whether muscle synergies have a neural
origin or whether they merely result from kinematic and task
constraints remains a controversial issue [9], [39], [42]. This
could be regarded as a limitation of this study, too, since
we cannot know with certainty if the muscle synergy patterns extracted during R&G movements represent the basic
modules of a motor control structure directed by the CNS
or if they are purely task-dependent. There are many biological foundations missing for unambiguously comparing
muscle activation when performing different motor tasks,
since the neurobiological organization controlling specific
movements may be different. For instance, in rodents, it is
well established that locomotion is partially controlled by
62528

the mesencephalic locomotor region at the brain stem, whose
neurons project within the reticulospinal tract their axon
to the spinal cord to finally synapse the spinal locomotor
networks [36]. In contrast, circuitries controlling reaching
involve different cervical spinal networks and brain stem
nuclei [43]. Thus, although the same muscles participate
in two different motor behaviors, the controllers may be
different.
To clarify whether the extracted muscle synergies represent
neural coordinative structures, or they merely result from
task constraints, a precise functional mapping of the brain
and spinal circuits involved in this upper limb movement
would be required, but this was beyond the scope of this
study. Nevertheless, regardless of their origin, finding these
muscle synergy patterns represents considerable progress,
as it has allowed the R&G movement in neurologically intact
rats to be characterized. This will make it possible to study
the alterations of muscle synergies in this animal model at
different levels of impairment and disability.
V. CONCLUSION

In this work, we extracted muscle synergies from R&G
movements in rats. We demonstrated the utility of this
approach in reducing the degrees of freedom and create a lowdimensional space to analyze and characterize the movement
structure.
VOLUME 8, 2020
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We found that three synergies were enough to accurately describe the movement in all the three animals and
attempts. Moreover, we studied the consistency and repeatability of the muscle synergy patterns of R&G movements.
The similarity measures that we computed indicated that
the movement structure was highly conserved both between
different attempts by the same animal and between different
animals. We also built representative models and applied
a cross-validation procedure to demonstrate how to merge
data to compare different conditions, in addition to further
examining intra- and inter-subject variability. The sample size
should be increased to obtain more robust conclusions, but
we have characterized R&G movements in rats based on the
information revealed by muscle synergies.
In conclusion, the identification of muscle synergies from
EMG data and the evaluation of their consistency and repeatability in different healthy animals provides quantitative tools
for the assessment of upper limb motor function. These methods could contribute to elucidating the fundamental mechanisms of motor impairment, but also to the development
and optimization of neurorehabilitation strategies for patients
with brain and spinal cord injuries.
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