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Torres-Oviedo G, Ting LH. Subject-specific muscle synergies in
human balance control are consistent across different biomechanical
contexts. J Neurophysiol 103: 30843098, 2010. First published April
14, 2010; doi:10.1152/jn.00960.2009. The musculoskeletal redun-
dancy of the body provides multiple solutions for performing motor
tasks. We have proposed that the nervous system solves this uncon-
strained problem through the recruitment of motor modules or func-
tional muscle synergies that map motor intention to action. Consistent
with this hypothesis, we showed that trial-by-trial variations in muscle
activation for multidirectional balance control in humans were con-
strained by a small set of muscle synergies. However, apparent muscle
synergy structures could arise from characteristic patterns of sensory
input resulting from perturbations or from low-dimensional optimal
motor solutions. Here we studied electromyographic (EMG) re-
sponses for balance control across a range of biomechanical contexts,
which alter not only the sensory inflow generated by postural pertur-
bations, but also the muscle activation patterns used to restore bal-
ance. Support-surface translations in 12 directions were delivered to
subjects standing in six different postural configurations: one-leg,
narrow, wide, very wide, crouched, and normal stance. Muscle syn-
ergies were extracted from each condition using nonnegative matrix
factorization. In addition, muscle synergies from the normal stance
condition were used to reconstruct muscle activation patterns across
all stance conditions. A consistent set of muscle synergies were
recruited by each subject across conditions. When balance demands
were extremely different from the normal stance (e.g., one-legged or
crouched stance), task-specific muscle synergies were recruited in
addition to the preexisting ones, rather generating de novo muscle
synergies. Taken together, our results suggest that muscle synergies
represent consistent motor modules that map intention to action,
regardless of the biomechanical context of the task.

INTRODUCTION

The control of balance requires sensorimotor transforma-
tions that allow the nervous system to rapidly interpret multiple
sensory input signals from all segments of the body to produce
context-dependent muscle activation patterns that stabilize the
body. In humans, we previously observed that the variations in
muscle activation patterns evoked in response to different
directions of support-surface movements in the horizontal
plane could be described by a limited set of muscle synergies
(Torres-Oviedo and Ting 2007). We define muscle synergies as
invariant patterns of activation across multiple muscles that are
combined to produce complex muscle activation patterns. We
hypothesize that variations in muscle activity for movement are
generated through the flexible recruitment of a limited set of
muscle synergies (for review see Ting and McKay 2007;
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Tresch and Jarc 2009). To challenge our hypothesis, we inves-
tigated whether muscle synergy structures are consistent across
conditions in which the biomechanical and sensory context of
the postural task change and where large variations in muscle
activity are observed. To this end we examined muscle acti-
vation patterns in postural responses to perturbations adminis-
tered to subjects standing in six different postural configura-
tions.

Consistency in muscle synergy structure and function across
different biomechanical contexts would suggest that muscle
synergies represent motor modules that map motor intention to
action. Accordingly, changes in muscle activity would be due
to the modulation of neural commands that recruit muscle
synergies, but not to changes in the structure of the muscle
synergies themselves. Studies in frogs demonstrate that com-
mon muscle synergy structures produce similar functions like
extending the leg across behaviors with different biomechani-
cal contexts such as swimming, jumping, and wiping (d’Avella
and Bizzi 2005). Similarly, in cat postural responses, we
demonstrated that changes in mean muscle activity across
different postural configurations could be explained by modu-
lating the recruitment of the same set of muscle synergies
(Torres-Oviedo et al. 2006). These muscle synergies appear to
produce the same endpoint force vector relative to the limb
across a range of postural configurations (McKay and Ting
2008; Torres-Oviedo et al. 2006). In human pedaling and
walking, consistent functional roles of muscle synergies have
been demonstrated to allow robust behaviors across locomotor
speeds (Clark et al. 2010; McGowan et al. 2010; Neptune et al.
2009; Raasch and Zajac 1999). In human balance control, we
demonstrated that trial-by-trial changes in electromyographic
(EMG) patterns across multiple muscles could be accounted
for by the recruitment of a consistent set of muscle synergies to
restore balance (Torres-Oviedo and Ting 2007). However, in
our prior human study we examined subjects standing only in
their preferred postural configuration. Therefore it is unknown
whether the identified muscle synergies were consistent be-
cause they reflected motor modules for mapping intention to
action or because they simply reflected the consistent biome-
chanical context of the balance task that we studied.

Although, the consistency of muscle synergies in response to
perturbations could be due to the shaping of motor outputs by
characteristic patterns of somatosensory inflow, evidence sug-
gests that this is not the case. During postural perturbations to
standing balance, somatosensory information arising from the
joints and skin is critical to the timing of the initial burst of
postural muscle activity (Inglis et al. 1994; Stapley et al. 2002).
Moreover, the specific pattern of sensory input is determined
by the interactions between the perturbation and the musculo-
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skeletal configuration of the limb (Honeycutt et al. 2009).
Patterns of sensory input are therefore expected to change with
postural configuration. If muscle synergy structures are shaped
by somatosensory patterns, then their structure would be pre-
dicted to change in direct relation to sensory input patterns.
However, a decoupling of somatosensory patterns and motor
output patterns has been demonstrated in both human and cat
postural responses, whereby perturbations causing opposite
joint motions and loadings give rise to similar muscle activa-
tion patterns (Nashner 1977; Ting and Macpherson 2004). This
demonstrates that postural muscle activity is not consistently
related to specific patterns of sensory inputs. In contrast, the
same muscle activation patterns across different perturbation
paradigms are predicted by the required direction of center of
mass (CoM) motion for balance control, suggesting that the
motor output is related to the performance of a task level goal
(Gollhofer et al. 1989; Ting and Macpherson 2004). Moreover,
in cat postural control we demonstrated that the same muscle
synergies could account for EMG responses to perturbations
that induced opposite changes in joint angle (i.e., different
sensory inflow), but similar (CoM) displacements (Torres-
Oviedo et al. 2006). Similarly, muscle synergy structure is
largely preserved after deafferentation, in which changes in
motor output patterns are attributable to changes in the
recruitment of muscle synergies (Cheung et al. 2005; Kargo
et al. 2010). These results further support the idea that
muscle synergies are motor output modules whose recruit-
ment, but not structure, is altered by changing patterns of
sensory inflow. An implication is that changes in patterns of
local somatosensory feedback associated with different pos-
tural configurations would not be expected to alter muscle
synergy structure.

It has also been suggested that the identification of muscle
synergies in motor tasks reflects the optimal muscle coordina-
tion pattern to control the limb in a given configuration, rather
than modularity of motor outputs (Fagg et al. 2002; Kurtzer et
al. 2006). The invariant muscle synergies that we identified in
postural control could be emergent patterns based on optimal
control of the musculoskeletal system and not explicitly en-
coded in the nervous system. An implication is that the optimal
muscle activation pattern would be expected to change when
the biomechanical context of the task is altered. However, there
has been surprising robustness in the identification of muscle
synergies across different motor tasks, such as swimming and
locomotion in frogs (Cheung et al. 2005; d’Avella and Bizzi
2005), different postural configurations in cats (Torres-Oviedo
et al. 2006), or when grasping different shaped objects (Over-
duin et al. 2008). Musculoskeletal modeling studies have also
demonstrated that although muscle synergy structures could be
optimized for a particular biomechanical task or objective
function, they may be more generally applied to produce a
wider repertoire of related tasks (Berniker et al. 2009; Raasch
and Zajac 1999; Valero-Cuevas et al. 1998) In cat postural
control, we demonstrated that postural forces were predicted to
rotate, as in experimental observations, only if muscle synergy
constraints were imposed, but not if individual muscle coordi-
nation was allowed (McKay and Ting 2008). Thus although
muscle synergies might indeed be shaped by optimality prin-
ciples, they might still be encoded within the nervous system as
a heuristic representation of a particular optimal motor solu-
tion. If the identified muscle synergies are emergent from
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optimization processes, then we would predict muscle synergy
structures to change as the biomechanical context of muscle
actions varies across different postural configurations. Alter-
nately, if muscle synergies reflect a set of motor modules that
are generally recruited to perform particular motor tasks, then
we would predict them to be invariant across different postural
configurations.

Here we altered the postural configuration of subjects to test
the consistency of muscle synergies across different biome-
chanical and sensory contexts. Moderate changes in postural
configuration consisted of changes in stance width and have
been shown to alter the magnitude of EMG responses (Henry
et al. 2001). Extreme changes in postural configuration con-
sisted of standing in a crouched configuration or on one leg,
which have been shown to alter amplitude, latency (crouch;
Burtner et al. 1998), and directional tuning (one-leg; Tropp and
Odenrick 1988) of EMG responses. We observed that the
structure of muscle synergies previously identified (Torres-
Oviedo and Ting 2007) was independent of the musculoskel-
etal configuration. The large variations in EMG activity within
and across biomechanical contexts were accounted for by the
recruitment of consistent sets of subject-specific muscle syn-
ergies. Also, when balance demands were extremely different
from the typical stance (e.g., one-legged or crouched stance),
task-specific muscle synergies were recruited in addition to the
preexisting ones, rather generating de novo muscle synergies.
In sum, these results suggest that muscle synergies simplify
balance control by providing consistent motor outputs that map
intention to action, regardless of the biomechanical context of
the postural task.

METHODS
Experimental setup

To test the degree to which the biomechanical context of the
postural task influenced the structure and recruitment of muscle
synergies used for balance control, we studied human responses to
balance perturbations in multiple stance configurations. Subjects stood
in six postural configurations and experienced unexpected support-
surface translations in 12 evenly distributed directions in the horizon-
tal plane (Fig. 1), yielding a total of 72 different combinations of
perturbation direction and postural configuration tested in each sub-
ject. Data were collected over 2 consecutive days. In each session,
both postural configuration and perturbation direction were random-
ized. In all, nine healthy subjects (five females and four males; mean
age: 21.9 = 3.6 yr; mean height: 67.4 * 2.9 in.; mean weight:
140.4 = 17.8 1b; mean body mass index [BMI]: 21.6 = 1.7) partic-
ipated in the study. All experimental protocols were approved by the
Georgia Tech and Emory University Institutional Review Boards.

To induce a large degree of variability, EMG responses were
evoked during both “moderate” and “extreme” variations in postural
configuration. Additional variability in EMG responses was further
introduced within trials of the same stance conditions because we did
not explicitly monitor or prescribe the joint angles or center of
pressure location prior to each trial. For “moderate” variations in
postural configuration subjects were instructed to stand at either
narrow, normal, or wide stance widths by placing their heels on
marks located 9, 19, and 30 cm apart, respectively. These condi-
tions were previously shown to alter the magnitude of EMG
responses in humans (Henry et al. 1998, 2001). For “extreme”
variations in postural configuration subjects were instructed to
stand at the widest stance width, in one-leg stance, and in a
crouched stance. The distance between the feet in the widest stance
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FIG. 1. Example of changes in muscle activity patterns across postural configurations during electromyographic (EMG) responses to a leftward-forward
perturbation of the support surface. A: perturbations were induced by a ramp-and-hold motion of the support surface. The same parameters of platform motion
were used for perturbations in all stance conditions except for the one-leg stance, in which a smaller platform motion was used. B: example EMG activity of
tibialis anterior (TA), vastus medialis (VMED), and gluteus medius (GMED) in response to the same perturbation direction under different postural
configurations. Changes in muscle activity typically occur 100 ms following the onset of platform motion (vertical dashed line). Mean EMG activity in 3 time
bins of 75 ms (shaded areas; EMG pg;, EMG spr>, EMG ,pr3) were used in the analysis. C: representative tuning curves of external oblique (EXOB), vastus
lateralis (VLAT), and peroneus (PERO) during EMG ,pg, of a sample subject standing in all stance conditions. Directions of peak muscle activity were conserved
in the normal, narrow, and wide configurations, but could change in the one-leg, crouched, and widest stance conditions. Black traces indicate the mean response
and gray dots represent responses in each trial. Intertrial variations in EMG responses were also observed in all stance conditions, as shown by the spread in gray
dots indicating response level during a single trial.

was 60 cm, twice that of the wide stance. In the one-leg stance,
subjects were instructed to maintain their balance on their right leg
(dominant leg for all subjects) throughout the entire platform
motion, without allowing the ankle of the nonstance leg to be
braced against the stance limb. In the crouched stance, subjects
bent their knees (~20° knee flexion) while maintaining their feet in
contact with the floor and their torso relatively upright.

J Neurophysiol « VOL 103 «

On the first day, normal, narrow, wide, and widest stances were
tested; normal, one-leg, and crouched stances were tested on the
second day. The normal stance was collected on each day to act as a
control for comparisons across days. In each session, five replicates of
each condition were collected. Thus a total of ten replicates were
collected for normal stance; these data have been previously analyzed
and published (Torres-Oviedo and Ting 2007). Ramp-and-hold sup-
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port-surface translations of 12.4 cm total displacement, 35 cm/s peak
velocity, and 0.5 g (~490 cm/s?) peak acceleration were used for all
experimental conditions except for the one-leg stance, for which a
smaller perturbation of 4 cm total displacement, 12 cm/s peak veloc-
ity, and 0.2 g (~196 cm/s®) peak acceleration were used (Fig. 14).

EMG activity was recorded from 16 leg and lower-back muscles of
the subject’s right side. Electrode positions on the subject’s body were
marked to ensure similar electrode placement in both experimental
sessions. The following muscles were recorded: rectus abdominalis
(REAB), tensor fascia lata (TFL), biceps femoris long head (BFLH),
tibialis anterior (TA), semitendinosus (SEMT), semimembranosus
(SEMB), rectus femoris (RFEM), peroneus (PERO), medial gastroc-
nemius (MGAS), lateral gastrocnemius (LGAS), erector spinae
(ERSP), external oblique (EXOB), gluteus medius (GMED), vastus
lateralis (VLAT), vastus medialis (VMED), and soleus (SOL). Raw
EMG data were filtered and processed off-line using a set of custom
MATLARB routines. The entire time course of the raw EMG data was
high-pass filtered at 35 Hz, demeaned, rectified, and low-pass filtered
at 40 Hz. EMGs were normalized to their maximum mean values
measured across perturbation directions in the normal stance config-
uration. Normalizing the data in this way reduced sensitivity to
outliers.

Data processing

Postural response activity for each trial was characterized by the
mean EMG activity in each of four time bins: a 280-ms background
period (BK) that ended 170 ms before the perturbation and each of
three 75-ms time bins beginning 100 ms (automatic postural response
1 [APR,]), 175 ms (APR,), and 250 ms (APR;) after perturbation
onset (Fig. 1B). These time bins can characterize the basic temporal
phases of EMG responses of individual muscles (Diener et al. 1988;
Torres-Oviedo and Ting 2007). Data from each of the 16 muscles in
each postural configuration consisted of a vector of data composed of
4 time bins X 12 directions X 5 trials = 240 data points (480 for
normal stance). Therefore across all six postural configurations we
analyzed 26,880 data points.

To ensure the activity in all muscles was equally weighted in the
muscle synergy extraction algorithms, muscle data vectors consisting
of EMGgy, EMGppg;, EMG,pr,, and EMG ,pr5 across all pertur-
bation directions from the normal stance condition were further
normalized to have unit variance before muscle synergy extraction.
Then, muscle data vectors from all the other stance conditions were
normalized with the same normalization factors to maintain consistent
units across conditions.

Data analysis

In all subjects, muscle synergies were extracted for each stance
condition using a nonnegative matrix factorization algorithm de-
scribed in detail in the following text. We determined the number of
muscle synergies that best described each data set by choosing the
smallest number of muscle synergies that could account for 75% of
the variability of that data set using the same local and global criteria
from our previous studies (Torres-Oviedo and Ting 2007; Torres-
Oviedo et al. 2006). Previously we demonstrated that muscle syner-
gies from normal stance were not significantly different when ex-
tracted from data collected on 2 consecutive days (Torres-Oviedo and
Ting 2007). Because these results demonstrate that the differences in
electrode placement did not affect muscle synergy recruitment, we
were able to compare muscle synergies across all conditions.

To overcome the known difficulties when comparing muscle syn-
ergies across data sets, we also used an alternate approach of identi-
fying shared and specific muscle synergies across conditions as in
previous studies (Cheung et al. 2005, 2009a; Torres-Oviedo et al.
2006). We examined whether muscle synergies from normal stance
trials—the control condition—in each subject could account for mus-
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cle activation patterns in all of the other postural configurations (test
conditions). Task-specific muscle synergies were subsequently ex-
tracted when control muscle synergies could not account for important
features in the test conditions. This approach was necessary because
1) muscle synergies cannot be reliably identified in data sets where
they are not recruited (Torres-Oviedo et al. 2006) and 2) muscle
synergies that are recruited independently in one condition but covary
in another condition will appear merged and cause an apparent
reduction in the number of muscle synergies (Cheung et al. 2005;
Clark et al. 2010; Raasch and Zajac 1999; Saltiel et al. 2001; Ting et
al. 1999). We then compared the extracted muscle synergies for each
stance to the control and task-specific muscle synergies. Finally to
further cross-validate our results, we also compared them to muscle
synergies extracted from the entire data pool.

Extraction of muscle synergies from a single
postural configuration

Muscle synergies were extracted using nonnegative matrix factor-
ization, a linear decomposition technique previously presented
(Cheung et al. 2005; Lee and Seung 2001; Torres-Oviedo and Ting
2007; Torres-Oviedo et al. 2006; Tresch et al. 2006). This linear
decomposition technique assumes that each muscle activation pattern
M, evoked by a perturbation at a given time period and stance configu-
ration (e.g., Fig. 8B; Trial 1 in one-leg condition) is composed of a linear
combination of a few (N,,) muscle synergies W, each recruited by
synergy scaling coefficient c;. Thus the predicted muscle activation
pattern M takes the form

i:Nsyn
M(t) = c (W,
() 21 () @D
CiEO W,EO

The ith muscle synergy W, is represented as a vector that specifies
a spatial pattern of muscle activity identified in the control condition
data set. Each element of W, represents a muscle whose relative
contribution to the muscle synergy is time invariant and takes a value
between 0 and 1. The nonnegative scaling coefficient ¢; describes the
recruitment of the muscle synergy, representing the purported neural
command to the muscle synergy that determines the relative contri-
bution of W; to the overall predicted muscle activation pattern M. The
set of ¢; values scaling W, across all perturbation directions during
quiet stance and during the three automatic postural response (APR)
periods is the vector C,. The components of C; are tuning curves that
describe how the recruitment of W, changes as a function of pertur-
bation direction and time.

In all our subjects we extracted muscle synergies from the control
condition using an iterative process where N,,,, varied between 1 and
16, the number of muscles. Then using the control muscle synergies
we determined the coefficients that would best reconstruct the EMG
responses at each test condition: C,ue, Chivesrs Corouchear Cone-teggear
and C,,,,o0s OF Cprimar- We selected the smallest number of muscle
synergies that could adequately reconstruct background and APR
responses of each muscle in all the trials of control and test conditions.
This was determined by both global and local criteria, which ensured
that muscle synergies represented actual features in the data set and
not of the noise. We used variability accounted for (VAF), defined as
100 X uncentered Pearson correlation coefficient (Torres-Oviedo et
al. 2006; Zar 1999), to quantify the goodness of the data reconstruc-
tion by the muscle synergies. First, we plotted the overall VAF,
indicating the goodness of the fit of the overall data, against the
number of muscle synergies and looked for the inflection point
beyond which additional increase in muscle synergies caused only
small increments in VAF. Next, we used a local criterion to add
muscle synergies whose recruitment accounted for a relatively smaller
percentage of the overall VAF but provided significant improvement
(>75% V AF) in the reconstruction of a particular direction, condition,
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or muscle activity pattern. These criteria ensured that each muscle
tuning curve at all stance configurations would be well reconstructed,
so that the critical spatiotemporal features of each muscle activation
pattern were well accounted for by the muscle synergies. In general,
by satisfying our local criteria, the total VAF in the data set was well
over 90%. If the addition of a muscle synergy contributed evenly to
the VAF of directions, conditions, or muscles, it was not included
because it was considered to represent only random variations in the
data and not those due to either direction or condition.

Extraction of task-specific muscle synergies

Task-specific muscle synergies W™ were extracted in test condi-
tions where control muscle synergies extracted from the normal stance
(control condition) were not adequate to account for >75% of the
variability in muscle activation patterns. Task-specific muscle syner-
gies were relevant only to the test conditions and they were identified
by applying the same principles used in the reformulation of the NMF
algorithm by Cheung et al. (2005, 2009a). We provided the algorithm
with the test condition data and the control muscle synergies W. The
algorithm first performs a least-squares fit to determine the nonnega-
tive coefficients C,,,, that would best reconstruct the test condition
data using W. Subsequently, the algorithm determines W***’ to recon-
struct the test condition data not accounted for by W. Thus similar to
a multiple regression, the net muscle activation pattern in the test
condition M"** was obtained by the projection of the test data onto W
and W' extracted from the residual data. Stated formally

R I:N.\'yn i=N test rost »
M) = 2 coqi®Wi+ 2 OW
= = 2)
Crest i, c;eﬂ =0 W, W;ES[ =0
The ith task-specific muscle synergy W’ is a time-invariant
nonnegative vector that specifies a spatial pattern of muscle activity
featured in the test data only. The magnitude of its contribution to
M'™" is determined by ¢, representing the neural command to Wi,
Ci**" is the set of ¢! values scaling Wi across all perturbation
directions and time periods. Thus C*** describes how the recruitment
of task-specific muscle synergies W’ change as a function of
perturbation direction and time.

Validation of subject-specific and task-specific
muscle synergies

To validate the number and pattern of muscle synergies per subject,
we extracted muscle synergies independently from different portions
of the data set. Muscle synergies were extracted not only from each
stance condition but also from data pooled across all stance condi-
tions. For each subject, we calculated correlation coefficients to
compare control and task-specific muscle synergies to those extracted
from different portions of the entire data set (i.e., from each stance
condition or all stance conditions).

In addition, to test whether intertrial variability had a structure
specific to each subject, we compared the ability to reproduce each
subject’s EMG patterns in all stance conditions by synergies from
each subject’s own data versus those from the other subjects. One-way
ANOVA on the variability accounted for per muscle synergy set was
performed. The type of muscle synergies used was set as a factor with
Fisher’s least significant difference (LSD) post hoc test to determine
the effect of subject specificity and data variability on the reconstruc-
tion. We used P < 0.05 as a measure of significance for all statistical
analyses, which were completed using Statistica (StatSoft, Tulsa, OK)
software.

Statistical analysis of synergy recruitment coefficients

To determine the effect of stance configuration on muscle synergy
recruitment we first performed a functional sorting of control and
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task-specific muscle synergies across subjects. Muscle synergies of
each subject were ordered based on muscle composition and synergy
recruitment profiles rather than on percentage of contribution to the
total data variability (as in other factorization methods such as
principal component analysis). We performed a functional sorting
because subjects might use muscle synergies differently, causing
comparable muscle synergies to have large differences in contribution
to the total data variability.

To perform the functional sorting we computed averaged synergy
recruitment coefficients across all trials (C) for each muscle synergy
(W) of each subject. Then an initial sorting was performed by
grouping muscle synergies based on the similarity of W values and/or
C values (r > 0.70) to that of an arbitrary reference subject. From this
initial sorting, an averaged set of W values and C values across
subjects was computed. Then, using an iterative process, only muscle
synergies that were similar to either averaged W values or C values,
or both (r > 0.70), were kept in the group. The averaged set of W and
C vectors across subjects were updated every time a muscle synergy
was discriminated from a group. The r values obtained served not only
as a sorting parameter, but also as a measure to evaluate the generality
of muscle synergies across subjects. Therefore within each group, the
r values were used to identify similarities across subjects in both W
and C, or only W, or only C.

Subsequent to the functional sorting, we performed a repeated-
measures ANOVA on all sample times of the peak activation for each
muscle synergy. Stance condition and time bin were set as factors with
Fisher LSD post hoc test to determine the effect of posture and time
period on the synergy recruitment coefficients. Bonferroni corrections
were done in all our comparisons and we used P < 0.05 as a measure
of significance for all statistical analyses, which were completed using
Statistica software.

RESULTS

In all subjects, both moderate and extreme changes in
posture introduced variations in balance responses. Although
moderate changes to postural configuration induced mainly
changes in EMG amplitude, extreme changes to postural con-
figuration induced changes in both directional and temporal
patterning of muscle responses to perturbations. Surprisingly,
muscle synergy structures were consistent regardless of the
data set from which they were extracted. Control muscle
synergies extracted from the normal stance condition repro-
duced most of the variability in balance responses over both
moderate and extreme changes in postural configuration. Under
the extreme difference in postural configuration induced by one-
leg and crouched stance, some muscle synergies were not restruc-
tured and only one additional task-specific muscle synergy was
required. Similarities in most muscle synergies were found across
subjects, but variability in EMG responses across trials and across
conditions was best accounted for by a subject’s own muscle
synergies rather than those obtained from a different subject.

Changes in muscle activity across postural configurations

Similar to previous studies investigating the effect of stance
width (Henry et al. 2001), moderate changes in postural con-
figuration across narrow, normal, and wide stances induce
primarily changes in EMG responses amplitude (Fig. 1). Mus-
cle activity decreased as stance width increased, particularly in
proximal compared with distal muscles. Both the temporal
features (Fig. 1B) and the spatial tuning (Fig. 1C) of individual
muscle activity exhibited similar patterns across moderate
changes in postural response.
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INVARIANT MUSCLE SYNERGIES ACROSS POSTURAL CONFIGURATIONS

Across extreme changes in postural configuration in the
crouched, one-leg, and widest stances, more complex changes
in EMG response amplitude, timing, and spatial tuning were
observed (Fig. 1). Changes in amplitude were nonmonotonic in
extreme changes to postural configuration, with some muscles
increasing and others decreasing their amplitude in response to
the same perturbation (Fig. 1B). Changes in onset latencies
were observed primarily in the crouched stance. In this condi-
tion onset latencies of proximal muscles, which normally
occurred during APR,, were activated earlier during APR,,
disrupting the distal-to-proximal muscle activation order typi-
cally observed in the normal stance condition (Burtner et al.
1998; Woollacott and Shumway-Cook 2002). Changes in di-
rectional tuning of EMG signals were also observed in extreme
changes in postural configuration. For example, the directions
of maximum and minimum EXOB activity were reversed in
widest stance compared with all other conditions (Fig. 1C).

Muscle synergies are conserved across postural
configurations

In all subjects, control muscle synergies extracted from
normal stance were sufficient to account for variations in
muscle activity across moderate changes in postural configu-
ration. All subjects had five to seven control muscle synergies
(Fig. 4A), accounting for 93 = 1.4,93 = 0.8, and 93 £ 1% of
the total variability across trials in normal, narrow, and wide
stances, respectively. In six of nine subjects, the number of
muscle synergies required to reconstruct muscle activity across
moderate changes in postural configuration was the same as the
number required to reconstruct normal stance only. In the
remaining three subjects, we observed the splitting of a muscle
synergy extracted from normal stance to account for variation
in other stances. In essence, two muscle synergies were con-
trolled together in normal stance, but independently on varia-
tion in postural configurations (Clark et al. 2010; Saltiel et al.
2001; Ting et al. 1999).

Task-specific muscle synergies were sometimes needed to
account for the variability in two of the extreme configurations:
one-leg and crouched stance. Control muscle synergies ac-
counted for 92 = 1% (widest), 84 *+ 9.9% (crouched), and
84 = 4.7% (one-leg) variability across trials in extreme pos-
tural configurations. In contrast to moderate changes in pos-
tural configuration, the addition of more control synergies did
not improve the VAF values. Task-specific muscle synergies
were necessary to account for the variability in one-leg and
crouched EMG responses of four or fewer muscles of the 16
that were recorded. The mean VAF in these conditions in-
creased to 91 £ 3.6% (crouched) and 92 = 1.3% (one-leg)
with the addition of a single task-specific muscle synergy for
each condition. As an example, in subject 3 we observed that
six control muscle synergies constituted the smallest number of
synergies that accounted for >75% muscle activity during
background and APR periods of all muscles in the narrow,
normal, wide, and widest conditions (Fig. 2A, red trace).
However, not all muscle activity was well reconstructed in the
one-legged and crouched stance, as indicated by the poor
directional profile of VAF for all time periods (Fig. 2A; red
trace on one-legged and crouched panels in the second to
fourth columns from right to left) and the low VAF values of
REAB, BFLH, and ERSP (Fig. 2A; on one-legged and
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crouched panels in first column on the right). Adding one
task-specific muscle synergy to the reconstruction of these two
conditions dramatically improved the reconstruction of all
muscles and the directional profile of VAF (Fig. 2B). We did
not include more than six control muscle synergies or more
than one task-specific muscle synergy in the crouched and
one-legged conditions because the addition of further muscle
synergies accounted only for the reconstruction of noise, as
indicated by similar improvement of VAF values across all
perturbation directions for all time periods and muscles (Fig. 2,
A and B, green trace and gray trace, respectively).

Muscle synergies extracted independently from each stance
condition were remarkably similar (e.g., Fig. 3). Although not
all the control muscle synergies could be extracted from each
configuration, the ones that were identified in the test condi-
tions were similar to those extracted in the normal stance.
Across subjects, 98, 94, 92, 69, and 67% of the control muscle
synergies presented here (e.g., Fig. 3) were also identified
when using the narrow data set (0.81 = 0.08 < r < 0.97 *
0.02), the wide data set (0.86 = 0.07 < r < 0.95 = 0.04), the
widest data set (0.81 = 0.08 < r < 0.95 = 0.03), the one-leg
data set (0.72 = 0.07 < r < 0.94 £ 0.03), and the crouched
data set (0.69 = 0.12 < r < 0.92 % 0.03), respectively. The
fewest numbers of control muscle synergies were extracted
from the crouched and one-leg stances because of the low
recruitment of control muscle synergies activating proximal
muscles. This can be explained by the low activity of trunk
muscles in the crouched stance and the low activity of abdom-
inal and hamstring muscles in the one-leg stance. Also in all
subjects, control and task-specific muscle synergies presented
here (Fig. 3) were similar to muscle synergies extracted from
data pooled across all stances (0.7 = 0.07 < r < 0.97 = 0.04)
and task-specific synergies were similar to test muscle synergy
extracted from the one-leg and crouched stances alone (r =
0.87 = 0.10). SOL, PERO, VMED, and VLAT were typical
examples of muscles in which their overall activation was repro-
duced by control and task-specific muscle synergies (Fig. 4B).

Although the number and muscle synergy structure varied
considerably across subjects (Fig. 4), the same muscle synergy
structures were consistently extracted from different portions
of each subject’s data set. Overall, muscle synergies were similar
across subjects, although we also observed clear subject-specific
differences in muscle synergy structure (Fig. 4, W values on
yellow background) or recruitment (Fig. 4, W values on gray
background).

The total variability accounted for in each subject’s data set
was greatest when using subject-specific muscle synergies
(Fig. 5). We observed the variance in the data set containing all
test conditions was roughly twice that of the normal stance
alone (Fig. 5A), yet control and task-specific muscle synergies
were sufficient to account for these variations. A range of VAF
values was obtained when using others’ muscle synergies to
reconstruct a subject’s data. Overall, the goodness in the
reconstruction decreased when using others’ muscle synergies,
as indicated by the significantly lower mean and minimum
VAF values (Fig. 5B). The poor variability accounted for by
others’ muscle synergies is also indicated by the low VAF
values in the reconstruction of individual muscles (Fig. 5C).
VAF values in four of nine subjects was <62%, which is
approximately the amount of variability accounted for by using
artificial muscle synergies extracted from randomly generated
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FIG. 2. Variability accounted for (VAF) for each stance condition by using different numbers of muscle synergies in an example subject. Thick lines indicate
the number of control and task-specific muscle synergies that were chosen to reconstruct the data of this subject. A: VAF values indicating goodness of data
reconstruction when control muscle synergies were used to reconstruct EMG responses in all stance conditions. Colored lines indicate the VAF values when
different numbers of control muscle synergies were used to reconstruct each muscle’s responses across all time bins (Ist column) and EMG patterns for all
perturbation directions during background (2nd column) and 3 time bins characterizing the APR (3rd to 5th columns) in all stance conditions. Six muscle
synergies extracted from the control condition accounted for >75% VAF in all stance conditions except for the crouched and one-legged conditions (red traces).
Adding more control muscle synergies evenly improves the VAF values across all perturbation directions and muscle responses (dark green traces), indicating
the seventh muscle synergies account for the evenly distributed noise across the data set and should not be included. B: VAF when task-specific muscle synergies
were included for the data reconstruction. One additional muscle synergy improved the directional profile of VAF in the crouched and one-leg stance conditions
(dark green traces). Adding more task-specific muscle synergies accounted only for the reconstruction of noise, as indicated by similar improvement of VAF
values across all perturbation directions for all time periods and muscle responses (gray trances) and were therefore not included.

data. Similarities across subjects are revealed by the maximum
VAF values, which indicate the best reconstruction values
when using another subject’s muscle synergies.

Muscle synergy recruitment varies across postures and trials

Variations observed in individual muscle activity when
changing standing posture were mediated by changes in re-
cruitment of entire muscle synergies. Changes in control mus-
cle synergies amplitude, directional tuning, and timing are
illustrated in sample subject (Fig. 6) and group data analysis
(Fig. 7). Across moderate changes in postural configurations,

muscle synergies maintained the same preferred directions of
recruitment, increasing the level of recruitment as stance nar-
rowed (e.g., Fig. 6, W, W, and W). Only muscle synergy W;
primarily composed of hamstring muscles increased recruit-
ment level when the stance width increased at the widest
stance. These changes in muscle synergy recruitment with
stance are reflected in the group data when comparing peak
recruitment levels of muscle synergies across stance conditions
(Fig. 7). Large changes in the directional tuning of muscle
synergies were observed only with extreme changes in posture.
For example, in the one-leg and narrow stances, the directional
tuning of W, and Wj shifts from anterior—posterior to medial—
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FIG. 3. Muscle synergies extracted from each condition compared with control and task-specific muscle synergies for a sample subject. Five control and one
task-specific (W'*) were sufficient to reproduce variability in EMG responses within trials and across all postural configurations. These muscle synergies were
compared with muscle synergies extracted from each stance condition alone. Muscle synergies mainly composed of proximal muscles could not be identified
in the crouched and one-legged condition in all subjects, when these muscles are not highly recruited. However, all other muscle synergies extracted from each
stance were similar to those extracted in the normal stance (e.g., in this subject: 0.66 < r < 0.99).

lateral directions (Fig. 6, red and dark green). These changes
occur, presumably to compensate for the missing contralateral
support on medial-lateral perturbations.

Significant temporal differences in the recruitment of muscle
synergies was mainly observed in the extreme stance condi-
tions (P < 0.001). Temporal patterns of muscle synergies
recruitment by either starting at an earlier onset (e.g., C, in the
crouched stance), later onset (e.g., C, in the widest stance), or
increasing their background activity (e.g., Cy in the one-leg
stance). For example, the onset of C,, which recruited a muscle
synergy that was largely composed by quadriceps muscles,
changed to an earlier time bin APR, in the crouched stance.
Changes in background activity of muscle synergies were
mainly observed in the extreme stance conditions, such as the
larger recruitment level in C” and C, in the crouched stance
and C,, formed by ankle dorsiflexor and evertors and biartic-
ular muscle biceps femoris, in the one-leg stance.

In all stance conditions, intertrial variations in EMG activity
of individual muscles were not due to noise at the level of
muscles, but instead corresponded to intertrial variations in the
recruitment of entire muscle synergies. Similar trial-to-trial
variations of responses were observed in two trials of stances
with very different biomechanical stability conditions: the
one-leg and wide stances (Fig. 8, black dots). The changes in
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activation of individual muscles, however, were accompanied by
similar changes in the activation of all other muscles belonging to
W, (Fig. 8, yellow bars). Therefore intertrial changes in muscle
magnitude were not simply a random variation in individual
muscle activity but corresponded to modulation of an entire muscle
synergy from one trial with respect to another.

Although we observed variability in muscle synergy re-
cruitment within each stance, the average contribution of
each muscle synergy to balance responses across stances
was very consistent (Fig. 9). That is, the relative contribu-
tion of muscle synergies indicated by the VAF level per
muscle synergy is very similar in the narrow, normal, wide,
and widest stances. These results not only indicate that all
control muscle synergies were recruited in all stances but
that they were recruited similarly, suggesting there might
also be constraints on the recruitment of muscle synergies to
EMG responses for balance control. These patterns of mus-
cle synergy recruitment were shifted in the one-leg and
crouched conditions (Fig. 9).

DISCUSSION

Because muscle synergy structures were consistent across
different postural configurations, it is unlikely that they were
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FIG. 4. Control and task-specific muscle synergies for all subjects. A: 5 to 7 control muscle synergies were extracted from the normal stance data set in each
subject. These muscle synergies were sufficient to reproduce variability in EMG responses within trials and across all postural configurations. Muscle synergies
are grouped by similarities across subjects. However, differences in muscle synergy composition (W values on yellow background) and synergy recruitment
coefficients (W values on gray background) were observed in some subjects. Muscle activation patterns specified by each muscle synergy were consistently
identified in each subject’s EMG responses across all stance conditions. B: all subjects required at least one task-specific muscle synergies to reproduce muscle

activation patterns of selected muscles in the crouched or one-leg conditions.

emergent from the optimal control of a particular musculoskel-
etal configuration, nor from the pattern of multisensory inflow
at the time of perturbation. Our results demonstrate that
changes in muscle coordination across postural configurations
can be reproduced by changing the level of recruitment of a
consistent set of subject-specific muscle synergies. In balance
tasks with very different demands such as standing on one leg
or crouching, one additional task-specific muscle synergy was
activated in addition to the preexisting ones, but de novo
muscle synergies were not generated. Moreover, trial-by-trial
variability observed within a biomechanical context was also
constrained within the muscle synergy manifold, suggesting
that intertrial EMG changes arise from changes in muscle
synergy recruitment and not to random changes in individual
muscle activity. The consistency of muscle synergy structures
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for balance across postural configurations, which would induce
different somatosensory patterns, but require similar task goals,
supports the idea that muscle synergies are indeed consistent
motor modules to map intention to action. Our results suggest
that a repertoire of motor tasks is achieved through the mod-
ulation of muscle synergy recruitment but not muscle synergy
structure.

The consistency in muscle synergy structures across postural
configurations suggests that the low-dimensionality of muscle
activity does not emerge from optimal control solutions gen-
erated for each condition. Subjects continued using the same
set of muscle synergies for balance control in extreme changes
in postural configuration, whereas optimal control models
would predict muscle synergies to change as biomechanical
parameters such as joint angles, muscle lengths, and moment
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muscle synergies extracted from /) each subject’s own trials in normal stance
and 2) other subjects’ EMG responses in normal stance. A: variance in the
muscle activation patterns in the pooled test conditions is significantly larger
than that in the normal stance, from which control muscle synergies were
extracted. B: when accounting for total variability across all muscles and
conditions, similar reconstruction levels were possible when using muscle
synergies from another subject. However, the mean and minimum variabilities
accounted for were significantly decreased when using another subject’s
muscle synergies. C: variability accounted for in individual muscles is a more
sensitive indicator of the goodness of fit and the minimum VAF was signifi-
cantly lower when using other subject’s muscle synergies.

arms changed (Hamilton et al. 2004; Kurtzer et al. 2006).
Moreover, when additional biomechanical functions were nec-
essary, such as the production of medial forces during the
one-leg condition, subjects added an additional muscle syn-
ergy, rather than reshaping all muscle synergies. Our findings
are consistent with evidence demonstrating that muscle syner-
gies are preserved across biomechanically different loading
conditions, postural configurations, and locomotor tasks
(Cheung et al. 2009a; d’ Avella and Bizzi 2005; Torres-Oviedo
et al. 2006). This suggests that for a given motor task, the
nervous system recruits preexisting muscle synergies rather
than generating a specific optimal solution for each condition
(Chhabra and Jacobs 2006; Scott 2004; Todorov and Ghahra-
mani 2004a). Muscle synergies may therefore be optimal when
considering an entire movement repertoire, rather than being
specific to a particular movement condition or limb configu-
ration (Berniker et al. 2009; McKay and Ting 2008). It remains
to be investigated whether optimization processes determine
how new muscle synergies are developed in the face of new
task demands and whether preexisting muscle synergies rep-
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resent the starting point for learning task-specific muscle syn-
ergies.

The fact that differences in sensory inflow in different
postural configuration alter only the recruitment of muscle
synergies and not their structure suggests that they reflect
modularity in motor modules and that are not patterned by
sensory inflow. However, we show that differences in sensory
inflow may alter the recruitment of muscle synergies. This is
consistent with postural control studies demonstrating that
muscle stretch is not always predictive of muscle activations
for balance control (Carpenter et al. 1999; Horak and Nashner
1986; Nashner 1977; Ting and Macpherson 2004). Similarly,
our previous work in feline postural control demonstrated that
the same muscle synergies were recruited when opposite joint
angle disturbances were induced (Torres-Oviedo et al. 2006).
The idea that muscle synergies are motor modules is further
supported by the observation that deafferentation does not alter
muscle synergy structure but only their recruitment (Cheung et
al. 2005; Kargo et al. 2010).

The fact that subject-specific muscle synergies were consis-
tent across days and across postural configurations suggests
that they may reflex habitual or heuristic motor solutions
encoded in the nervous system. Although the biomechanics of
the musculoskeletal system imposes constraints on muscle
coordination patterns (Kutch et al. 2008; Valero-Cuevas 2000),
individual differences in morphology are unlikely to account
for all of the subject-specific differences in muscle synergy
number and structure. Because of the musculoskeletal redun-
dancy, multiple solutions for any given biomechanical task
exist (Bernstein 1967). Specific to standing balance control, we
have demonstrated that a high degree of flexibility in muscle
activation patterns remains when the biomechanical constraints
of standing are imposed (Bunderson et al. 2008). The similar-
ities in muscle synergy tuning curves across subjects provide
evidence that similar task constraints are imposed on all sub-
jects when the CoM is perturbed in various directions. How-
ever, individual differences in the specific patterns of muscle
activity used to achieve those tasks can vary considerably
(Torres-Oviedo and Ting 2007; Torres-Oviedo et al. 2006).
These differences might be due to the influence of training and
experience, which would affect the range of behaviors that are
used to tailor the specific structure of muscle synergies in an
individual. A similar phenomenon has been observed in neu-
ronal circuit models, demonstrating not only the necessity of
using subject-specific parameter sets rather than parameter
values averaged across subjects (Golowasch et al. 2002) but
also the wide range of possible parameter sets that generate
similar behavioral outcomes (Prinz et al. 2004). Moreover,
recent work suggests that motor cortex topological organiza-
tion reflects muscle coordination patterns that are most domi-
nant in the behavioral repertoire (Aflalo and Graziano 2006,
2007; Graziano and Aflalo 2007), which indicates the possi-
bility for experience-dependent and subject-specific shaping of
muscle synergies.

There is no clear consensus of where muscle synergies may
be encoded in the CNS and how they are modulated. Muscle
synergies for frog wiping reflexes may be encoded in spinal
centers, as shown by the consistent modular motor activity in
the frog on spinal stimulation (Hart and Giszter 2010; Saltiel et
al. 2001). Muscle synergies for locomotion and scratching may
also be located in spinal networks that are recruited by rhythm-
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FIG. 6. Mean (£SD) synergy recruitment levels across stance configurations in a representative subject. A: control muscle synergy vectors W,, extracted from
EMG responses in normal stance, and task-specific muscle synergies for crouched W< and one-leg W'* stance condition. Each bar represents the relative level
of activation of each muscle within the synergy (see METHODS section for muscle abbreviations). Task-specific muscle synergies are mainly formed by a highly
activated muscle. B: mean muscle synergy tuning curves during APR,. The mean recruitment level of control muscle synergies C; and task-specific muscle
synergies C"*' vary as a function of perturbation direction. The spatial tuning of muscle synergy recruitment was consistent across moderate changes in postural
configuration (narrow, normal, wide stances) but could shift in extreme changes in postural configuration (crouched, one-leg, widest stances).

generating circuits (McCrea and Rybak 2008). On the other
hand, muscle synergies for posture and balance control may be
mediated by brain stem nuclei. Reticulospinal neurons (RSNs)

J Neurophysiol « VOL 103 »

project to multiple motoneuronal pools and RSN are activated
during postural adjustments across different behavioral and
biomechanical contexts (Schepens and Drew 2004, 2006;
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stance not significantly different to all other stances
Il stance significantly different to all other stances (unless noted)
Schepens et al. 2008; Stapley and Drew 2009). Damage to the structure in either walking or reaching (Cheung et al. 2009b;

cerebrum following stroke has recently been shown to impair Clark et al. 2010), suggesting that muscle synergies are not
the independent recruitment of muscle synergies but not their encoded by cerebral projections to motorneuronal pools.
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FIG. 8.  Example of muscle synergy contributions to trial-by-trial variations in muscle activation patterns within and across postural configurations. A: example
control muscle synergy extracted from normal stance. B: reconstruction example of muscle activation patterns (black dots) in 4 postural response trials collected
in 2 very different stance configurations. Black dots indicate the level of muscle activity elicited in time bin 1 during each trial. The magnitude of the colored
bars represents the contribution of each muscle synergy to the postural response across all muscles. This figure illustrates how W,, representing a multimuscle
pattern identified in the normal stance, is also identified in EMG responses in conditions with very different mechanical stability: the one-legged and wide stance.
This figure also shows that from one trial to the next the whole muscle synergy changes its activity and not just individual muscles within the muscle synergy.
Trial-to-trial variations in EMG responses result from variations in muscle synergy recruitment, modulating the entire pattern of muscle activity across multiple
muscles. For example, all muscles activated by muscle synergy W, (yellow bars) increase in trial 1 of the one-leg condition and decrease in trial 3. Similar
observations can be made in the wide stance condition.
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FIG. 9. Muscle synergy contributions to EMG responses at each stance configuration averaged across subjects. Muscle synergies are recruited differently
across subjects, as shown by the spread in colored dots indicating the mean contribution of each synergy in a particular subject in each condition. However, similar
recruitment profiles of muscle synergies were observed for the narrow, normal, wide, and widest stance. Although most of the muscle synergies contribute to
the EMG responses in the crouched and one-leg stances, the recruitment profiles of muscle synergies are very different from those observed in the other stances.

Rather, cortical projections may modulate muscle synergy
recruitment. Accordingly, projections from motor cortex to
multiple motoneuronal pools for reaching (Holdefer and Miller
2002; Schwartz et al. 1988) have been shown to change their
level of recruitment as a function of postural configuration
(Kakei et al. 1999; Scott and Kalaska 1997). Moreover, stim-
ulation of different cortical sites can recruit similar low-
dimensional hand movements (Gentner and Classen 2006).
Intertrial variations in muscle synergy recruitment may be
explained by variations in activity of hierarchal neural struc-
tures regulating movement. Recent studies demonstrate that
variability in the firing of premotor structures is correlated to
trial-by-trial variability in behavioral features such as pitch in
birdsong (Sober et al. 2008), reaching speed in monkeys
(Churchland et al. 2006), and eye movement in monkeys
(Medina and Lisberger 2007). Variability in motor output may
therefore be centrally controlled and passed to the behavior
through downstream sensorimotor transformations (Soechting
and Flanders 2008; Yanai et al. 2008) of reduced dimension
(Flash and Hochner 2005; Lockhart and Ting 2007). Similarly,
intertrial variations in muscle synergy activations might arise
from descending influences such as expectation, habituation, or
emotion, which are factors that have been shown to affect
EMG responses (Carpenter et al. 2004; Woollacott and Shum-
way-Cook 2002). Alternately, the influence of biomechanical
context in muscle synergy recruitment that we observe could
explain the intertrial variations in EMG patterns. It is possible
that trial-by-trial variations were due to small variations in
biomechanical configuration at the onset of the perturbations,
since we did not strictly regulate the initial postural configu-

ration of the subject. Likewise, it is possible that the trial-by-
trial variations we observed were due to small differences in
the sensory inflow arising from small variations in biomechani-
cal configuration from one trial to the next.

Why are muscle synergies useful?

Muscle synergies may provide a simplifying mechanism for
muscle coordination, not because they reduce the number of
variables controlled by the nervous system, but because they
map high-level task goals into actions. Control of task-level
variables by muscle synergies has been identified in reaching
studies showing modular control of limb endpoint forces
(Georgopoulos et al. 1992) or endpoint motions (Holdefer and
Miller 2002; Schwartz et al. 1988; Scott and Kalaska 1997). In
balance control, this mapping would allow standing balance
through the control of encoded task variables rather than
individual muscles. Accordingly, muscle activity in balance
control is modulated over time in response to changes in CoM
kinematics rather than individual joint motions (Lockhart and
Ting 2007; Welch and Ting 2008). Moreover, we have found
consistent relationships between the recruitment of muscle
synergies and the modulation of endpoint forces across pos-
tural configurations (Torres-Oviedo et al. 2006). Thus the
nervous system might use these relationships to reliably coor-
dinate the redundant structures of the limb across different
biomechanical contexts. Muscle synergies controlling task
variables would thus allow for the rapid reconfiguration of
muscle coordination patterns in a context-dependent manner.
This idea is analogous to the concepts in sparse coding of
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sensory inputs (Olshausen and Field 2004), where representa-
tions of images are based on a small set of basis functions
selected from a large library. Therefore a few muscle synergies
may be controlled by the nervous system in any given motor
behavior, but a whole library of muscle synergies may be
available for the construction of movements (Chiel et al. 2009;
McKay et al. 2007). Muscle synergies may therefore provide a
consistent mapping between task-level and execution-level
control of balance. Such a modular organization may be
advantageous in reducing the number of output variables that
are modulated during the rapid adaptation to changing task
demands (Fiete et al. 2004; McKay et al. 2007), by providing
faster convergence to new solutions during learning (Chhabra
and Jacobs 2006; Todorov and Ghahramani 2004b). Using
motor modules that define task-level actions may therefore be
advantageous for the adaptive neural control of movement.
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