
T
W

E
a

b

U
c

e
F
d

A
t
a
r
p
t
k
n
t
e
s
t
a
e
c
f
t
r
t
a
e
c
o
c
c
t
s
I

*
C
F
E
A
m
b
d
E
i
m
t
a
R
s
T
a
l

Neuroscience 170 (2010) 1223–1238

0
d

RI-DIMENSIONAL AND TRIPHASIC MUSCLE ORGANIZATION OF

HOLE-BODY POINTING MOVEMENTS
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bstract—Previous kinematic and kinetic studies revealed
hat, when accomplishing a whole-body pointing task beyond
rm’s length, a modular and flexible organization could rep-
esent a robust solution to control simultaneously target
ointing and equilibrium maintenance. Here, we investigated
he underlying mechanisms that produce such a coordinative
inematic structure. We monitored the activity of a large
umber of muscles spread throughout subjects’ bodies while
hey performed pointing movements beyond arm’s length,
ither with or without imposition of postural or pointing con-
traints. Analyses revealed that muscle signals lied on a
ri-dimensional hyper-plane and were temporally organized
ccording to a triphasic pattern (three components, each one
xhibiting one single peak of activation and the peaks being
onsecutive in time). Such a functional muscle synergy was
ound to be robust across conditions. Also the activities of
he separate groups of muscles acting at each body joint
esulted tri-dimensional. In particular, those associated with
he muscles of the lower-body joints (ankle, knee and hip)
lways presented the three sequences in all conditions. How-
ver, a slightly different organization was found for the mus-
le activities of the upper-limb, suggesting a moderate level
f flexibility of the activity of such muscles to movement
onstraints. The present findings link together, in a hierar-
hical view of motor control, the joint coordination charac-
erizing whole-body pointing movements with a basic muscle
ynergistic organization, namely a triphasic pattern. © 2010

BRO. Published by Elsevier Ltd. All rights reserved.
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bbreviations: AL, adductor longus; A-P, antero–posterior centre of
ass displacement; BF, biceps femoris; Bic, biceps femoris; Bra,
rachioradialis; DA, deltoid anterior; DP, deltoid posterior; D1, target
istance 1; D2, target distance 2; EMG, electromyographic signals;
S, erector spinae; Gast, gastrocnemius; GM, gluteus maximus; IT,

mposed trajectory; K, no knee flexion; LD, latissimus dorsi; MD,
ovement duration; NNMF, nonnegative matrix factorization; OI, in-

ernal oblique; PC, principal component; PCA, principal component
nalysis; Pect, pectoralis major; Per, peroneus; PV, peak of velocity;
A, rectus abdominis; RF, rectus femoris; Rho, rhomboidus; Ser,
erratus; SM, semitendinosus; Sol, soleus; ST, semimembranosus;
ib, tibialis; TPV, time to peak velocity; Tri, triceps; VAF, variance
q
ccounted for; Vert, vertical centre of mass displacement; VL, vastus

ateralis; VM, vastus medialis.
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omplex movements.

here is a growing amount of experimental evidences
upporting the idea that the motor system use a narrow set
f solutions to achieve complex actions. Therefore, spe-
ific strategies (usually referred to as synergies) would
implify the motor command by grouping together kine-
atic or muscle variables so as to reduce the dimension of

he control space. For instance, low-dimensional organiza-
ions has been found to assemble muscular activity in the
ase of arm (d’Avella et al., 2006), head (Kakei et al., 1994;
ugiuchi et al., 2004), equilibrium tasks (Welch and Ting
008; Krishnamoorthy et al., 2003; Danna-Dos-Santos et
l., 2008) and locomotion (Ivanenko et al., 2004). However
hen the movement involves the whole body as during a

eaching from a standing posture the muscle coordination
ecomes trickier.

Recent kinematic studies performed on whole-body
ointing movement, (Berret et al., 2009; Kaminski, 2007;
homas et al., 2005) revealed a decrease of dimensional-

ty in the kinematic and kinetic spaces. Joint co-variation
haracterized natural whole-body pointing movements
hile a synergistic and modular organization of upper ver-
us lower-limb joint displacement emerged when pointing
onstraints were imposed in the task (Berret et al., 2009).
kinematic coordination can however be the result of very

ifferent activation patterns of lower and upper-limb mus-
les. During a whole body pointing the reciprocal effects of
he reaching sub-task with the equilibrium sub-task are
omplex. Thus, functionally different muscles can come

nto play at different phases of movement resulting in
everal combinations of muscle bursts.

Beside a description in term of co-variations between
uscles of virtually all segments of the body, a synergy

an also be defined as a temporal sequence of bursts of
dentified muscles. The well-known triphasic pattern re-
orded during a single-joint movement illustrates this dis-
inction: a first burst of the agonist is followed by a burst of
he antagonist and finally by a co-activation of both (see
erardelli et al., 1996). In that case, if calculated the co-
ariation between the agonist and antagonist muscle ac-
ivities would be very low. In more complex tasks, Crenna
nd Frigo (1991) recorded a specific deactivation/activa-
ion muscle pattern before the reaching onset which is
edicated to offsetting the mechanical perturbation in-
uced by the focal limb movement. Subsequent se-

uences of independent activity of trunk plus legs and arm

s reserved.

mailto:thierry.pozzo@u-bourgogne.fr
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uscles usually follow, allowing target achievement and
nal centre of mass stabilization.

These two meanings of muscle synergy (high level
imensionality reduction and single joint agonist/antago-
ist muscle grouping) might be compatible in the frame of
hierarchical schema. Physiological evidences for a mod-
lar spinal motor system in animal (Saltiel et al., 2001;
iszter et al., 1993; see Bizzi et al., 2008 for a review) and

ecently in human (Cheung et al., 2009) suggest that goal
riented tasks rely on muscle pattern specified by net-
orks in the spinal cord, as for locomotion (Grillner, 1985).

n this context, the previous grouping of kinematic vari-
bles (Berret et al., 2009) could reflect a basic organization

n the muscle space, where descending cortical command
ould be converted by a pattern generator in subcortical
nd spinal structures to activate synergistically lower and
pper limb muscles.

In light of this possibility, we recorded the EMG activ-
ties from up to twenty-four subjects’ body muscles during

pointing task beyond arm’s length to answer several
uestions: Is dimensionality reduction associated with
hole-body pointing movements described in the kine-
atic and kinetic spaces also present in the muscle

pace? If a dimensionality reduction in muscle space is
erified, does it correspond to a synergic activity of identi-
ed agonist/antagonist muscles? In addition to natural
hole-body pointing movements, further conditions were
onsidered in this study in which specific spatial or equi-
ibrium constraints were applied to either upper or lower-
imbs (as in Berret et al., 2009). In this way it was tested if
he muscle organization associated with unconstrained
atural movements was robust and invariant or dependent
n the task. Indeed, the introduction of such constraints
ould result in a completely new muscle organization driv-
ng simultaneously all-body muscle or, alternatively, in the

odification of the patterns of activation of only local
roups of muscles (for instance those acting at each body

oint).
The results revealed a robust reduction of the whole

lectromyographic activity to a tri-dimensional and tripha-
ic muscle patterns, distributed as a functional unit at each
oint and independent of constrains’ imposition. Prelimi-
ary results of these findings were previously published in
bstract form (Chiovetto et al., 2008).

EXPERIMENTAL PROCEDURES

articipants

welve healthy male subjects (ages 29�4 years, mass 74�9 kg,
eight 1.77�0.07 m), participated voluntarily in the experiment. All
ubjects were in good health condition and had no previous his-
ory of neuromuscular disease. The experiment conformed to the
eclaration of Helsinki and informed consent was obtained from all

he participants according to the protocol of the local ethical com-
ittee.

rotocol

articipants were required to point with both their index fingers the
xtremities of a wooden dowel (45 cm long, 3 cm of diameter)
ocated in front of them. It was positioned horizontally with respect j
o the ground, parallel to the subjects’ coronal plane and with its
entre intersecting the subjects’ sagittal plane. For each partici-
ant, the extremities of the dowel had a vertical distance from the
round equal to 15% of their body height. Two horizontal target
istances (measured starting from the distal end of the partici-
ants’ great toe) were tested: the first one (D1) corresponded to
% of participants’ height, the second one (D2) to 30%. Increase
f target distance could indeed result in a change of the general
uscle organization, being for such condition the equilibrium de-
and much higher for the condition with target at D1. Participants

tarted from an upright standing position with their hands initially
ocated at the external side of the thighs and thus induced hand-
ointing movements in a semipronated position. The whole move-
ent, that was assumed to be symmetrical (Kaminski, 2007), was
erformed in the sagittal plane with each side of the body moving
ogether. After verbal instruction that data recording had started,
articipants had to perform a natural pointing task (not too slow or
oo fast to induce loss of balance) and to stop at the end of the
ovement, keeping the fingers close to the bar until verbal indi-

ation from the experimenter that the acquisition had been
topped. Target accuracy was not the primary constraint during
he experiments and no instruction was given to the participants
egarding the strategy to follow to accomplish the pointing; indeed,
ue to the large number of degrees of freedom involved in the
ask, the target could be reached in many different ways (e.g. with
r without flexion of the knees, with or without trunk bending, by
oving first the arms and then the trunk plus lower limbs, etc.).
ach subject performed one block of six valid trial repetitions for
ach target distance. By not imposing any constraints, our goal
as to study whether, when performing a whole-body pointing
ovement naturally, a predominant motor strategy among all the
ossible ones existed across the participants.

dditional conditions

wo additional conditions were performed, by the same group of
ubjects, to verify whether the introduction of a postural or pointing
onstraint could change the global muscle strategy associated
ith whole-body pointing movements, if one existed. In particular,
uring the experiment, subjects were asked to reach the target
ithout flexing the knees or drawing a large and semicircular

rajectory with the index fingers, whose diameter was equal to the
istance between the initial position of the fingers and the target.
ith the imposition of such local constraints we wanted to deter-
ine a change of the dynamics associated with at least some
ody-joints and consequently to determine also a modification of
he activation patterns of some groups of muscles. For both ad-
itional conditions the target was positioned at longest distance,
hich was 30% of participants’ height. In the rest of the manu-
cript we will refer to these two as knee (K) and imposed trajectory
IT) conditions. Subjects performed one block of six trial repeti-
ions for both K and IT after performing conditions D1 and D2.

pparatus

uring trial executions, kinematic, dynamic and EMG data were
imultaneously monitored. Body kinematics was recorded by
eans of a Vicon (Oxford, UK) motion capture system while

ubjects stood in upright position on an AMTI (Watertown, MA,
SA) force platform that measured torques and forces, as well as

he motion of the centre of pressure under the feet. Eleven passive
arkers were attached on the right side of the participant’s body
n lower limb (fifth metatarsophalangeal joint of the foot, lateral
alleolus, knee interstitial joint space, greater trochanter, iliac

rest), arm (the acromion process, lateral epicondyle of the hu-
erus, the styloid process and the tip of the index finger) and head

external canthus of the eye and auditory meatus). This marker
onfiguration allowed schematizing the human body as a multi-

oint system made of seven segments (as depicted in Fig. 1):
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ead, trunk (thorax plus abdomen-pelvis), thighs (as a single
egment), shanks, feet, upper arms and forearms. Based on this
odel, the position of the global body centre of mass was com-
uted by means of standard methods and by using statistical
nthropometric data (Winter, 1990). The model and the method
sed to estimate the whole-body centre of mass (COM) trajectory
ere already validated in previous studies (Stapley et al., 1999).
arker positions were used to compute the kinematics of the

ndex finger and torques at the joints, as well as the time series of
he elevation angles of the different body links. Kinematic and
orce platform data were recorded at a sampling frequency of 100
z. Electromyographic activity was monitored by means of an
urion (Milan, Italy) wireless electromyographic system. Imped-
nce between the surface electrodes was always checked not to
xceed 5 k�: in the case of higher values, skin was rubbed by
eans of an abrasive sponge in order to decrease it. EMG data
ere amplified (gain of 1000), band-pass filtered (10 Hz high-pass
nd 1 kHz low-pass) and digitized at 1000 Hz. Up to twenty-four
ifferent muscles from the right hemibody were simultaneously
ecorded: tibialis anterior (Tib), soleus (Sol), peroneus (Per), gas-
rocnemius (Gast), vastus lateralis (VL), biceps femoris (BF), vas-
us medialis (VM), semitendinosus (ST), rectus femoris (RF),
emimembranosus (SM), adductor longus (AL), erector spinae
ES), rectus abdominis (RA), gluteus maximus (GM), internal
blique (OI), latissimus dorsi (LD), serratus anterior (Ser), anterior
eltoid (DA), posterior deltoid (DP), pectoralis superior (Pect),
homboid major (Rho), biceps brachii (Bic), triceps brachii (Tri)
nd brachioradialis muscle (Bra). The functional role of each
ingle muscle and the right placement of the electrodes were

ig. 1. Typical stick diagrams for the two main conditions (normal
ointing with target at short and long distance, respectively D1 and D2)
nd the control conditions K (no knee flexion) and IT (imposed curved
rajectory of the index fingers). Seven main segments modelling sub-
ect’s body are shown at three different instants of time: finger move-

ent onset to, instant of maximum peak of velocity tpv and end of the
ovement tf. The trajectories of knee, hip and shoulder markers (black
ashed lines) and global CoM (black thick solid line) are traced. The

wo stick figures on the most right panels define the elevation angles
nd the angles �i used for the inverse dynamics analysis. Positive
ngles always indicated counter-clockwise rotations.
ested by making subjects perform both isometric and free move- e
ents (Kendall et al., 2005). When accomplishing whole-body
ointing movements, the pointing subtask is mainly carried out by
he shoulder muscles. Additionally, knee and trunk flexions con-
ribute to the subtask as well, by moving the shoulders toward the
arget. Thus, from now on and for the sake of simplicity, upper-
imb muscles will refer to those muscles acting on arms and
houlder joints (Bra, Tri, Bic, Rho, Pect, DP, DA, Ser, LD); lower-
imb muscles will refer to the rest of the muscles of the body (Tib,
ol, Per, Gast, VL, BF, VM, ST, RF, SM, AL, GM, OI, RA, ES).

ata analysis

ata were analyzed off-line using customized software written in
atlab (Mathworks, Natick, MA, USA). Kinematic and force plat-

orm data were low-pass filtered (Butterworth filter, cut-off fre-
uency of 20 Hz). Marker velocities and accelerations were ob-
ained by numerical differentiation of their spatial positions.
orques exerted by muscles at ankle, knee, hip, shoulder and
lbow joints were derived with an inverse dynamic analysis in the
agittal plane (details are given in Appendix). For the EMG anal-
sis, muscle signals were full-wave rectified, normalized in ampli-
ude with respect to their maximum value recorded across all trials
nd conditions and low-pass filtered once more with a zero-lag
utterworth filter and a cut-off frequency of 10 Hz. To test the
ffects of the filter cut-off frequencies on some parameters of the
nalysis, some rectified EMG datasets were also filtered at 30 and
00 Hz. The level of muscle activation recorded is always depen-
ent on many variables, such as movement velocity and skin

mpedance between the electrodes: this operation of normaliza-
ion allowed comparing and averaging muscle recordings across
rials and subjects. The time instant t0 with respect to which the
uscle activation and deactivation onset delays were computed

or every trial corresponded to the pointing movement onset, at
hich the bell-shaped velocity profile of the right index finger
xceeded 5% of its peak value. For each rectified EMG signal the
eactivation or activation onset delays (called respectively offsets
nd onsets) in a time interval about t0 were determined, when they
xisted, by computing the difference between the instant of move-
ent initiation and the time at which the rectified EMG amplitude
xceeded its mean level (computed between �300 and �100 ms
rior to t0) plus two standard deviations (in the case of activation)
r decreased below the mean level minus one standard deviation
for deactivation) and remained respectively above or below such
hresholds for at least 30 ms. For activations, two standard devi-
tions instead of one were chosen to avoid confusing actual
uscle activations with slight changes of the tonic activity level

Stapley et al., 1999) or spikes due to noise and affecting the
uscle baseline at rest. For deactivation onset, the minimum time
uration of 30 ms during which a rectified EMG signal had to
emain under the threshold assured that the one recorded was
eally a deactivation from a tonic activity. Indeed, if the muscle was
ot active and the one recorded was just the muscle baseline
hen it was relaxed, muscle activity could not likely drop below
uch a threshold for a so long time period. Finally, in order to
ompute the average muscle activity across trials or subjects, the
ltered EMG signals comprised between 300 ms before t0 and 100
s after the end of the movement were normalized to a standard

ime window of 1000 samples, with the end of the movement
efined as the instant tf at which the index finger velocity profile
ropped below 5% of its peak value (reached at instant tpv).

Among the twenty-four muscles recorded during the experi-
ent for every participant, some showed a change in signal
mplitude (because of the imperfect adhesion of the electrodes to
he skin) and were excluded from further analyses (see Table 1).
owever, such a removal did not have any considerable effect on

he results. Indeed, analyses were performed by working on av-

rage (across either subjects or trials) parameters.
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uscle crosstalk

urface EMG electrodes were attached on each muscle by fol-
owing standard recommendations and procedures, as indicated
y Hermens et al., (2000). Nevertheless, contamination of the
MG muscle signals by the activations of other adjacent muscles
ould be possible and the amount of such contamination had to be
ssessed. Cross-correlation analysis between channels revealed
hat the average peaks of the cross-correlation function in an
nterval about lag zero never exceeded 0.3. Because of the diffi-
ulty of distinguishing between muscle crosstalk and synchronous
ecruitment of motor units in different muscles (d’Avella et al.,
008; Kilner et al., 2002) we did not excluded such muscles from
urther analyses. Thus, we verified that results obtained by work-
ng on different subsets of data in which muscle potentially af-
ected by crosstalk were removed did not change significantly.
inally, we tested the absence of muscle cross-talk also by pro-
iding a small control experiment in one single subject. We pro-
ided electrical stimulation to the RF muscle of his right leg and
ecorded the activities of the VL and VM, which are muscles
djacent to the RF and could be the main locus of crosstalk effect.
fter stimulation, only RF presented clear muscle activation in-
uced by the electric impulse, while for VL and VM no activity was
ecorded. This observation confirmed that the effect of muscle
ross-talk on the global muscle activity could be considered min-
mal and negligible.

rincipal component analysis (PCA) and
on-negative matrix factorization (NNMF)

CA was first applied to kinematic and kinetic data to test whether
ur experiments confirmed the results obtained in previous works
Berret et al., 2009; Thomas et al., 2005) focusing on studying the
eduction of dimensionality in the space of the elevation angles
nd in that of the joint torques. Kinematic and kinetic measures
ssociated with each single trial of each participant were time-

nterpolated to fit a standard 200-point time base, pooled together

able 1. List of muscles monitored for each single participant

uscles AM AP AS BB CM EC JS LD LL LM MB MJ

ib x x x x x x x x x x
ol x x x x x x x x x x x x
er x x x x x x x x x x x x
ast x x x x x x x x x x x x
L x x x x x x x x
F x x x x x x x x x x
M x x x x x x x x
T x x x x x x x x x x x x
F x x x x x x x x
M x x x x x x x x x
L x x x x x x x
S x x x x x x
A x x x x x
M x x x x x
I x x x x x x x x x x x
D x x x x x x x x x x
er x x x x x x x x x x x
A x x x x x x x x x x x x
P x x x x x x x x
ect x x x x x x x x x x
ho x x x x x x x x x x x
ic x x x x x x x x x x x
ri x x x x x x x x x x x x
ra x x x x x x x x x x x
nd PCA was then applied to their covariance matrixes. PCA was c
lso used to remove the intrinsic noise of measure affecting
ltered EMGs. To this aim, PCA was applied to filtered EMGs and
he cumulative percentage of variance accounted for (VAF) was
omputed as a function of the number of principal components
PCs) considered. The dimensionality D of the dataset was deter-
ined as the number of components at which the graph of the

umulative VAF presented a considerable change of slope (an
elbow”) and after which the slop of the graph became constant
Ferré, 1995). The exact point of change was quantitatively deter-
ined as the point at which two consecutive segments connecting
djacent points on the graph formed the smallest obtuse angle.
iltered EMGs were finally reconstructed and freed of noise by
sing just the first D extracted PCs. Since low-pass filtering has
sually a smoothing effect on the signals, possible influences of
ifferent cut-off frequencies on the dimension D of the analyzed
MG dataset were tested. Therefore, PCA was applied to three
eparate datasets that derived from the same initial rectified
MGs that were low-pass filtered at three different frequencies

respectively 10, 30 and 100 Hz). Obtained results were then
ompared. To identify specific patterns of activation characterizing
he different muscle datasets, de-noised filtered EMGs were ap-
lied a customized version of the NNMF algorithm proposed by
ee and Seung (1999), and based on the minimization of the cost
unction below

E2��
k�1

T

�m(tk)��
i�1

N

ci(tk)wi�2

ubject to the constraints 0�wij, ci(t)�1 and where T is the total
umber of time samples, m(tk) is a vector of M real numbers
hose elements are the activations at the instant tk of the muscles

aken into consideration, the ci(tk) (i�1,2, . . . ,N) are the combi-
ation coefficients and the wij (i�1,2, . . . ,N, j�1,2, . . . ,M) are the
lements of the basic time-invariant vectors of muscle activations
or muscle patterns) wi. The number N of combination coefficients
nd muscle vectors is a parameter of the analysis and it can be set
rbitrarily by the experimenter. Here, it was decided to set the
umber N of components based on the PCA results and conse-
uently to fix it equal to the dimension D provided by PCA per-
ormed over the filtered EMG dataset under investigation. The
nvariance of N from the specific matrix factorization algorithm was
reviously demonstrated (Ivanenko et al., 2005; Tresch et al.,
006) so as to make our choice of N licit. Tresch and colleagues
tated that, among the methods they compared to extract muscle
ynergies, “the best algorithms were independent component
nalysis (ICA) applied to the subspace defined by PCA.” The
ationale for the combined use of PCA and NNMF here was
imilarly to benefit of the easiness of interpretation of the NNMF
esults derived from the low-dimensional space provided by PCA.
fter setting the muscle patterns and combination coefficients

o random initial positive values, the minimum was sought by
terating two consecutive steps. First, the combination coeffi-
ients were updated following a gradient-descent procedure and,
econd, the same was done for the elements of the muscle
atterns wi. The iteration of these steps was stopped as soon as
he least-square error between the noise-free EMG signals ob-
ained after PCA and the reconstructed ones was minimized.
urthermore, no dependence of the muscle vector patterns from

he initial conditions was found since the same vectors were
btained over repeated optimizations starting any time from dif-
erent random values of the ci(tk) and wij.

This PCA plus NNMF algorithm was applied to different mus-
le datasets. It was applied, for D1 and D2 conditions, to the
verage filtered EMG activity of each single subject. PCA and
NMF were also applied, for each condition, to the dataset ob-

ained by pulling together the average activities of all subjects.
inally the dependency of the results on the group of muscles

onsidered was tested. PCA and NNMF were applied to the
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atrixes pooling together the average de-noised filtered EMG
ignals of each single subject of the muscles acting at each body
oint. In particular, the specific groups of muscles considered were
he following: Tib, Sol, Per and Gast for the ankle, BF, VL, VM, RF,
T and SM for the knee, RF, ST, SM, RA and ES for the hip joint,
A, DP, Pect and LD for the shoulder, Bic, Tri and Bra for the
lbow.

oodness of signals reconstruction and robustness
f the NNMF outputs

he outputs of the NNMF algorithm were, after its execution, N
lementary muscle vectors and N scalar time-varying combination
oefficients. Since they resulted from a minimization algorithm,
heir use in the reconstruction process of the original data were
onsequently a source of some variability. It was thus important to
uantify the goodness of reconstruction of the original data by
eans of the vectors and combination coefficients obtained from
NMF. The uncentered Pearson correlation coefficient R (cross-
orrelation function computed at lag zero) was used as an index to
easure similarity between the recorded muscle activities and the

orresponding one reconstructed by combining together the
NMF outputs. The correlation coefficients was also used to
ssess similarities between corresponding combination coeffi-
ients ci(t) extracted from different datasets. Note that, when
omputing such a coefficient, data are not subtracted by their
ean values. As a consequence, R results suitable to evaluate

imilarities of both shape and magnitude of two signals (Torres-
viedo et al., 2006) and a unitary value for R indicates a perfect
atching between two signals. Such coefficient revealed thus
ppropriate to quantify if two muscle signals were characterized
y similar level of baseline activity. Similarity between two muscle
ectors u and v obtained from NNMF was tested by computing the
calar product S (whose values ranged between 0 and 1) of the
wo normalized vectors (see Cheung et al., 2005). A scalar prod-
ct equal to 1 characterized two identical vectors.

tatistical analysis

single factor analysis of variance (ANOVA) was applied to
nvestigate statistical effects of the movement conditions on the
inematic parameters of motion. Student’s t-test was used to
tudy the influence of distance on activation and deactivation
nset delays. Statistical differences among the percentages of
AF explained by a same number of PCs extracted from different
ata sets were also tested. The level of significance at which the

able 2. Mean values and standard deviations of finger, centre of
onditions

D1

inger
MD (s) 0.77�0.16
PV (m·s�1) 1.46�0.27
TPV (% of trial duration) 0.48�0.08
entre of mass
A-P (m) 0.05�0.02
Vert (m) 0.29�0.03
TPV (% of trial duration) 0.49�0.08

ngles
Ankle (°) 17.03�8.91
Knee (°) 65.05�16.29
Hip (°) 103.65�8.68
Shoulder (°) 46.76�10.17
Elbow (°) 8.97�4.04
ull hypotheses were rejected was set at 5%. A chi-square good- f
ess-of-fit test was used to test the normality of the delay distri-
utions. A multiple comparison method (with Tukey–Kramer cor-
ection) was applied to test which pairs of means, among those
elative to multiple normally distributed populations, were signifi-
antly different.

RESULTS

eneral characteristics of movements and
nter-subjects variability

he mean values of some kinematic measures referring to
he finger and body centre of mass motion were calculated
nd are reported in Table 2. Such values are in line with
hose already computed in previous works (Stapley et al.,
999; Pozzo et al., 2002; Berret et al., 2009), in which it
as described in details how, for D1 and D2 conditions,
ubjects performed whole-body pointing movements in a
ery stereotyped way. More specifically, authors showed
hat the subjects’ centre of mass and finger path toward the
arget were always characterized by an initial forward dis-
lacement along the horizontal direction followed by a
ownward displacement along the vertical direction. These
ndings are illustrated by the stick diagrams relative to one
rial execution for each condition (see Fig. 1) and by the
veraged time series of the elevation angles (Fig. 2A),
hich resulted similar to those presented by Berret and
olleagues (2009) for all the four experimental conditions.
or each subject, angular displacements were always

ound to be consistent across trials (standard deviation
alues always�4 degrees). Nevertheless, ANOVA analy-
is revealed interestingly that, within each condition, the
ean values of the peak-to-peak angular displacements
ere always significantly different from subject to subject

P�0.01 for each angle), indicating that different joint strat-
gies were used (in particular, with more or less knee
exion and trunk bending). Despite this variability, PCA
erformed on the angular displacements recorded during
ach single trial confirmed that a high level of co-variation
xisted among angles for both D1 and D2 and for all
ubjects, while a noticeable decrease of co-variation was

ematic parameters and angular displacements for all experimental

K IT

3�0.14 0.93�0.15 1.10�0.21
8�0.34 1.75�0.23 1.94�0.53
3�0.06 0.46�0.05 0.54�0.16

9�0.02 0.12�0.02 0.12�0.03
1�0.05 0.28�0.01 0.35�0.08
8�0.05 0.50�0.04 0.59�0.11

7�10.29 13.80�3.75 16.81�10.85
2�21.12 17.03�8.91 59.89�28.67
3�8.21 101.46�6.52 116.18�27.74
1�10.18 109.25�6.62 100.79�20.15
0�14.92 11.59�4.59 32.77�23.71
mass kin

D2

0.8
1.9
0.4

0.0
0.4
0.4

24.5
86.5

122.6
86.6
ound for condition IT (Fig. 2B), again for all subjects.
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nother parameter dependent on subjects was the time
aken to reach the peak velocity of finger and centre of
ass in Table 2 (both expressed as percentage of trial
uration): ANOVA analyses within each condition revealed
-values always much smaller than 0.01. Therefore, even

f whole-body pointing movements were shown to be char-
cterized by global standard kinematic features (centre of
ass and finger trajectories in the sagittal plane and joint

oupling), they also presented some inter-subject variabil-
ty in both temporal (time to peak velocity) and spatial
peak-to-peak joint displacements) domains. Time series
f the average dynamic torques for each joints and condi-
ions are reported in Fig. 2C. They presented biphasic
hapes and, in accordance with Thomas and colleagues
2005), two components were required to explained most
f their variance (Fig. 2D). Note that the condition charac-
erized by the highest level of torque co-variation (highest

ig. 2. (A) Time series changes of the average elevation angles for ea
indows. (B) For each condition, percentage of VAF by the first two P

C) Time series of the average torques at the joints. Positive torques
Cs extracted from the torques at all joints.
alue of VAF captured by the first PC) was condition K: o
ndeed avoiding flexing the knees likely contributed to sim-
lify body dynamics and to apparently decrease the de-
rees of freedom of the system, given that shank plus thigh
ould be thought as a single segment. In contrast, the
ondition in which the second PC contributed the most to
he total variance (with the consequence of reducing
orque co-variation) was condition IT, in which a strong
eaching constraint was introduced.

eneral characteristics of the muscle activity

ig. 3A illustrates the raw muscle activity for participant MJ
one among the participants of the main experiment who
ad the largest number of good muscle signals recorded
imultaneously) during one single trial performed at D1.
nticipatory muscle activities preceding finger movement
nset were clear. In particular, prior to t0, the deactivation

tion. The reported average measures fit a standard 200-samples time
ted from the elevation angles associated with the experimental trials.

e counter-clockwise rotations. (D) Percentage of VAF by the first two
ch condi
Cs extrac
f a group of postural muscles (Sol, BF, ST, ES and SM)
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as accompanied by the activation of a second group of
oth lower-limb (Tib, Per, RF, OI) and upper-limb (Ser, DA
nd Pect) muscles. Note however that DP also deactivated
efore t0 as a result of the initial shoulder extension to keep
he hands on the external side of the thighs, imposed to
ach participant. Then, between t0 and tpv, a further set of
uscles activated that either previously deactivated (Sol,
F, ST, SM) or started becoming active (Gast, VL, VM,
dd L, GM, LD, DP, and Bra). The second half of the
ovement, starting after tpv, was characterized by a sig-
ificant tonic activity and co-contraction of all the muscles
hat likely contributed to stiffen the joints and stabilize the
entre of mass. The qualitative observations described
bove for one single subject remained globally valid also
hen the average filtered EMG activity across all subjects
as considered, as shown in Fig. 3B. Furthermore, the
igh mean values of the correlation coefficients reported
n the right part of each average muscle activity illustrated

n Fig. 3B demonstrate that the average muscle pattern
ssociate to movements accomplished with the target at
2 was substantially the same than the one when the

arget was positioned at D1. Interestingly, the muscles
ore affected by the distant target were mainly located on

he upper body part (OI, Ser, DA, DP, Pect and Tri) and
orresponded to a delayed action compared to the pattern
ecorded at D1.

CA and NNMF

Global analysis. PCA was conducted over the aver-
ge filtered EMGs (mean across trials) of all single partic-

pants pooled together, either for condition D1 and D2.
esults revealed that, in the graph of the cumulative VAF,
clear and unequivocal elbow happened (following the

riterion presented in the methods section) in correspon-
ence of a number of components equal to three (Fig. 4A).
he percentage of VAF was, for any number of compo-
ents considered, always higher for PCs extracted from
he D2 dataset. To test whether the cut-off frequency char-
cterizing the low-pass filter had an influence on the eval-

pper right part of the figure. The time interval between 300 ms before
ovement onset and 100 ms after the end of the pointing was con-

idered. RA, Rho and Bic are missing because, for this subject, such
uscles were not considered in the analysis. In this figure and in all the
ext ones in which muscle activities are displayed, the upper limit of
ach vertical axis was set to the maximum EMG value of that muscle
uring the time interval displayed. (B) Ensemble-averaged activity
atterns of all the twenty-four checked muscles recorded from 12
ubjects (For each muscle and subject, filtered EMGs were averaged
cross trials referring to the same experimental condition). In black

ines and shaded area are the patterns relative to the pointing with
arget at D1 and, superimposed in gray dashed lines are the ones
elative to pointing with target at D2. Averaging filtered EMG signals
cross several trials implies the achievement of smoother waveforms

hat may determine a loss of information that, at the contrary, is clear
hen checking rawer data. In this figure for example, initial deactiva-

ions of ES and DP are not as clear as they are in Fig. 2. The same is
alid for Rho, whose first notable event coincides with its activation
fter to rather than its deactivation prior to movement onset, as it was

ound from the raw data. R-values reported on the right sides of the
ig. 3. (A) Raw muscle activity of a typical subject recorded during
ne single trial with target at short distance. Muscles were ordered
ccording to their spatial location on the body, starting from the muscle
cting on the ankles and continuing with those acting on the knees,
ip, shoulders and elbows. Plotted signals were just rectified and
ormalized with respect to their maximum values recorded over all
rials. The three vertical dashed lines mark finger movement onset (t0),
ctivities in panel B indicate, for each muscle, the correlation coeffi-
ient between the activity with target at D1 and D2.
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ation of the dimension of the filtered EMG dataset ana-
yzed (or, in other words, on the number of components at
hich the elbow took place), PCA was performed on the
MG dataset relative to condition D2 filtered also at both
0 and 100 Hz. From direct inspection of the graphs in Fig.
B depicting the cumulative percentage of VAF for each
ut-off frequency, no significant effect of the cut-off fre-
uency on the number of components was found. The
ost significant change of slope indeed, always happened

or a number of components equal to three. Conversely, as
he cut-off frequency increased, the percentage of VAF
ecreased of a roughly constant amount, whatever was
he number of components considered.

Fig. 4C shows the time course, normalized at 1000
amples, of the combination coefficients ci(t), i�1,2,3 (or-
ered according to the timing of their peaks) obtained by
pplying NNMF to the matrix pooling together the de-
oised average muscle activities of all single subjects:
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ig. 4. (A) Variance account for (VAF) as a function of the number of
B) Cumulative percentages of VAF from PCA performed on the averag
t three different cut-off frequency values. In both (A) and (B) the vertic
f slope (elbow) occur. (C) Time courses of the average index finger v
nd D2 conditions are shown (solid lines for D1, dashed light lines for D
ote that any muscle can be active in more than one vector with differen

he corresponding muscle vectors of condition D1 and D2. Their value
ctivity when reaching the target at different distances.
ecause of the previous considerations, N was set equal to R
hree. Each one of them had a dominant role in one of the
hree time phases: c1(t) was the one mainly responsible for
he initiation phase, c2(t) to muscle deactivations phases,
nd c3(t) to the final co-contraction of all muscles. Such
ontributions were not unique as conversely it might have
een expected. In fact c1(t) contributed partly also to the
o-contraction phase, as well as c2(t) and c3(t), that acti-
ated between t0 and tpv, played a role also in the braking
ne. This sharing of multiple contributions from different
omponents by each time phase determined consequently
he level of the muscle activations in each one of the three
ectors wi (Fig. 4D). Goodness of the identified outputs
as proven by the computation of the correlation coeffi-
ients between each averaged muscle activation wave-
orm and its corresponding one reconstructed by means of
he three muscle vectors and combination coefficients
dentified. The average of the correlation coefficients as-
ociated with each muscle resulted R�0.94�0.05 for D1,
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uscle vectors associated with the combination coefficients of Fig. 5B.
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ays higher than 0.9, indicating no substantial difference in the muscle
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n Fig. 4C, D were also obtained when applying NNMF to
MG signals filtered at 30 or 100 Hz. Fig. 5A, B illustrate

hat, for both target distances, the shapes of the combina-
ion coefficients extracted from the average filtered EMG
ctivities of each single subject (thin solid lines) were very
imilar and asymptotic to the ones of Fig. 4C (thick dashed
ines in Fig. 5A, B). The average correlation coefficients
etween the coefficient ci from each single subject and
hose of Fig. 4B were respectively R�0.90�0.02 for c1(t),
�0.83�0.08 for c2(t) and R�0.84�0.05 for c3(t) for con-
ition D1 and R�0.91�0.01 for c1(t), R�0.89�0.02 for

2(t) and R�0.92�0.02 for c3(t) for condition D2. There-
ore, although some inter-subject variability existed, as
hown by the correlation coefficients and probably due to
he kinematic variability found across the participants, two
ain results could be extracted: the muscle space was

hree-dimensional and the underlying overall muscle activ-
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ig. 5. (A) and (B) Combination coefficients extracted from each one o
alues superimposed (solid lines) for condition D1 and D2. The light da
oefficients and muscle vectors extracted from the average muscle ac
nd IT (dotted lines) superimposed to those of the condition D2 (soli
ectors relative to conditions K and IT are reported. Their values (much
wo conditions, especially for the vectors associated with the second an
evels of activation of upper and lower-body muscles in the third vecto
ondition IT while, in opposition, in condition IT all upper-body muscle a
f muscles reflects the effects of the introduction of special constraint
ty was a triphasic muscle pattern. f
PCA and NNMF were also applied also to the K and IT
ontrol conditions to test whether they were characterized
y triphasic-like features as the robustness of the three-
imensionality and the triphasic characteristic of the mus-
le strategy. The introduction of a reaching or a postural
onstraint indeed, might influence the temporal organiza-
ion of the three components associated to natural whole-
ody pointing movements. PCA revealed that for both K
nd IT conditions, three components could be considered
o account for the variation of the two datasets. Results of
NMF applied to the average filtered EMG activities of all
ubjects pooled together for the two control conditions
eparately are depicted in Fig. 5C. Clearly the non-nega-
ive components extracted resulted in both cases similar to
he one associated to condition D2. Correlation coefficients
etween those of condition K (IT) and D2 were R�0.90
0.85) for c1(t), R�0.98 (0.96) for c2(t) and R�0.95 (0.97)
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cross conditions and different kind of whole-body pointing
ovements could be achieved by operating a re-weighting
rocess at muscle level of three basic temporal compo-
ents: muscle vectors for the K and IT dataset are shown

n Fig. 5D.
The general strategy of combined muscle deactivations

nd activations described above was quantified by investi-
ating the rectified EMGs of each subject recorded during
ach trials execution in condition D1 and D2 and by comput-

ng respectively muscle onsets and offsets. Fig. 6A depicts
he mean offset values, plotted as percentages of movement
uration. Sol, BF, ST, SM, ES and Rho deactivated almost
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ig. 6. Occurrence of muscle deactivations (offsets) and activations
onsets) calculated in all subjects and trials for the two target dis-
ances. (A) Average muscle offsets. Times are expressed in percent-
ge of the movement duration. A negative time specifies that a muscle
eactivate before t0. (B) Average muscle time onsets. Red and blue

ndicate two separate groups of muscles activating respectively before
nd after t0. For both (A) and (B), bars in darkest colours refer to
ondition D1, the lightest ones to condition D2. Asterisks indicate, for
t
given muscle, significant statistical differences (P�0.05) between

verage muscle offset or onset values relative to condition D1 and D2.
imultaneously for both D1 and D2 conditions. More specifi-
ally, multiple comparison tests revealed that only the BF
verage offset value was significantly earlier compared to ST
nd Rho for D1 while, for D2, DP offset was significantly
ifferent from those of BF, ST, SM (significance level set at
% for both distances). The mean offset values for D2 were
arlier than for D1 for ST and SM muscles (P�0.05). Fig. 6B
lots muscle onsets. Data could be dissociated in two groups:

he first one composed of muscles activating before finger
ovement onset and the second one having its elements
ctivated after t0. The overall strategy remained the same
cross conditions, except for Tib, Per, VM and VL that pre-
ented earlier onsets. VL activated even before movement

nitiation, becoming actively involved in the anticipatory activ-
ty. The reason of this change of strategy might be due to
nhance the action of ankle flexors and knee extensors to
roduce greater backward displacement of the centre of
ressure and, consequently, greater centre of mass forward
cceleration (Stapley et al., 1999) because of the longest
istance of the target. Also Pect and LD anticipated their
nsets when the target was positioned at D2, but still remain-

ng positive and consequent to t0.
To sum up, the results showed that a stereotyped muscle

ctivity was adopted by all subjects. Specifically, muscles
ere split in two separate groups acting synergistically: one
ade of a set of muscles (which, from now on, will we refer

o as agonists) whose actions resulted in the generation of
oint torques that accelerated the centre of mass forwards.
hese muscles were those with onset before finger move-
ent initiation (negative values in Fig. 6A) and that produced
nkle, knee hip and shoulder flexion. Note that such a defi-
ition of agonist muscles is a convention valid only in this
tudy. Indeed, because of the complexity of the body kine-
atics, it is hard to know when a muscle is actually contract-

ng to exert an “agonist” action: if one considered the biartic-
lar muscles for instance, it is almost impossible to say if it is
gonist or antagonist according to the usual definition. The
ther synergistic group (which, in contrast, we will refer to as
ntagonists) collected anti-gravitational muscles that either
eactivated or activated respectively before and after the
nset of the pointing motion. Temporally three phases were
istinguished. The first one coincided with the successive
eactivation of postural anti-gravitational muscles and activa-

ion of the agonists, which accelerated the body forwards and
ownwards (under the action of gravity). The second one
ccurred between finger movement onset and the instant of

ts maximum peak of velocity, in which the anti-gravitational
uscles were recruited to slow down the movement of the

entre of mass. The third one prolonged the previous se-
uence and corresponded to agonists and antagonist co-
ontraction to stabilize the whole body. Note that both upper
nd lower-limb muscles were present in each one of the three
hases.

Local analysis. All the times that PCA plus NNMF
ere applied yielding the results presented above, all the
uscles recorded during an experimental session were

onsidered. Consequently, the number and the shape of

he resulting combination coefficients represented the
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ost general muscle synergistic structure to obtain a set of
ifferent whole-body pointing movements. However, it re-
ained unclear whether this global composition summa-

izing a large subset of muscles of all body segments was
lso effective at individual joints and for specific groups of
gonist and antagonist muscles. This question makes
ense with respect to the basic definition of a synergy as a
roup of muscles acting together at one joint (see
acpherson, 1991). For instance, the muscles acting at

he ankle joint could exhibit (or not) the same three basic
ctivation pattern. In addition, a different muscle pattern
ight be expected at certain joints of the lower or upper-

imbs when performing whole-body pointing movements
nder postural (K) or focal (IT) constraints. To address this
uestion a local analysis was performed. PCA plus NNMF
ere applied to five different groups of muscles acting

espectively at the ankle, knee, hip, shoulder and elbow
see methods for the muscles belonging to each group).
nalysis was repeated separately for condition D2, K and

T. PCA revealed again that filtered EMG datasets consid-
red were always tri-dimensional (see Table 3 for the
ingle values of percentage of VAF by each PC for each
roup of muscles and condition). In Fig. 7A are depicted,
or each joint, the three combination coefficients extracted
y NNMF and associated with the three experimental con-
itions studied. The high similarity of each triplet extracted
ith the global one relative to condition D2 and depicted in
ig. 4C is proved by the value of the average correlation
oefficients between the time series of corresponding com-
ination coefficients (R�0.93�0.05). Correlation coeffi-
ient values between the coefficients ci(t) of Fig. 7A and
elative to normal condition D2, and the corresponding
nes of condition K and IT are reported in Table 3. Their
igh values demonstrated that, at each joint, the temporal
attern of muscle activation was robust across conditions.
herefore, since the coefficients ci(t) did not show any
odification across condition, also at local level different
otor behaviour had to be obtained through a re-weighting
rocess of the muscle vectors associated with the combi-

able 3. Table reporting, for each joint (and their corresponding
omponents (for D2, K and IT conditions) and correlation coefficients
T (Rc1, Rc2 and Rc3)

oint Condition % PC1

nkle (Tib, Sol, Per and Gast) D2 67.12
K 77.03
IT 60.27

nee (VL, VM, RF, ST and SM) D2 72.49
K 48.42
IT 64.16

ip (RF, ST, SM, RA and ES) D2 74.43
K 72.67
IT 74.08

houlder (DA, DP, Pect and LD) D2 75.62
K 78.76
IT 77.83

lbow (Bic, Tri and Bra) D2 70.30
K 76.26

IT 70.90
ation coefficients. To test this hypothesis the coefficient of
imilarity S was computed between the identified muscle
ectors extracted from the dataset relative to condition D2
nd the corresponding ones associated with K and IT
onditions. Results are reported in histogram form in Fig.
B. Low S values specify low similarity between corre-
ponding muscle vectors of different conditions: high val-
es, at the contrary, indicate that from one condition to the
ther the weights of the muscle vectors changed. From the
istograms it is clear that, when considering D2 versus K,

ow values characterized the vectors of the lower-body
oints: in particular, the lowest changes were found for w2

nd w3 at ankle level and for all vectors at the hip joint.
ote instead that small changes were found for the vectors
f both shoulder and elbow joints (always S�0.8). Con-
erning D2 versus IT, the S values were, for the shoulder
nd elbow joints, always lower than those relative to D2
ersus K, with a particular low level of similarity for all the
hree vectors of the shoulder joint (always S�0.45). Al-
hough the constraint imposed to subjects when accom-
lishing IT condition regarded mainly the reaching subtask,

t determined also noticeable changes at the joints of the
ower body (see in particular w2 at the ankle and all the
ectors at the hip). All together, histograms of Fig. 7B
onfirmed a reweighing in the muscle combination to per-
orm different whole-body pointing movements according
o an invariant triphasic muscle pattern. In particular, the
ntroduction of a postural constraint changing the kinematic
onfiguration of the lower-body joints (K condition) deter-
ined, with respect to the basic condition D2, a noticeable
odification of the weightings of the ankle, knee and hip
uscle vectors: in contrast the weights of the vectors
ssociated with the upper-limb joints remained unvaried.
imilarly, the introduction of the reaching constraint deter-
ined changes of the weights of the vectors of both shoul-
er and elbow joints but, in accordance to the idea that
oluntary movement automatically induces postural pertur-
ation, changes interested also the vectors of the lower-
ody joints, in particular ankle and hip.

s in parenthesis), the percentage of the VAF for the first three
n corresponding combination coefficients of condition D2 and K and

% PC2 % PC3 Rc1 Rc2 Rc3

17.2 7.13
11.59 6.20 0.90 0.96 0.97
22.23 9.52 0.87 0.98 0.99
14.28 7.47
26.07 15.73 0.97 0.99 0.97
19.35 8.52 0.96 0.96 0.94
12.63 5.95
12.59 7.12 0.99 0.99 0.99
11.67 8.19 0.99 0.96 0.98
12.50 5.27
5.24 7.00 0.99 0.95 0.99

10.66 5.69 0.93 0.90 1.00
16.98 5.12
9.49 6.54 0.93 0.93 0.99
muscle
betwee
13.98 7.52 0.99 0.98 0.96
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Finally the temporal evolutions of each combination
oefficient across the body joints within each condition
ere compared. The goal of such an analysis was to

nvestigate possible temporal changes of the same coeffi-
ients ci(t) at the different body joints: indeed, the imposi-
ion of movement constraints might introduce temporal
hifts of the muscle activities, resulting in temporal
hanges of time series of the same coefficients ci(t). Polar
iagrams reporting the cross-correlation values are shown

n Fig. 8: a separation between lower-body (L) and upper-
ody (U) joints was made and included respectively ankle,
nee and hip joints for L and shoulder and elbow joints for
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ig. 7. (A) For each joint, the combination coefficients ci(t) (i�1,2,3)
xtracted by pooling together all single subjects’ average activities of
he muscles acting at that joint are illustrated. (B) Histograms report-
ng, for each joint, the indexes of similarity between corresponding

uscle vectors wi (i�1,2,3) of condition D2 and respectively K (black
ars) and IT (light grey bars).
. Mi (i�1,2, . . . ,6) indicated mixed pairs, that is pairs of t
oints in which one belonged to L and one to U. Cross-
orrelation coefficients were computed between all possi-
le joint combinations. All the coefficients ci(t) were, for all
onditions, highly correlated when considering pairs of L

oints. However, the R-values dropped down considerably
see, for instance, M2, M4, M6 and U1 pairs relatively to
oefficient c2(t) and condition K or M1, M5 and U1 for c1(t)
nd condition IT) when comparing corresponding combi-
ation coefficients of which at least one was relative to the
lbow or shoulder muscle groups. Therefore, while the

ower-body muscle groups were always characterized by a
riphasic temporal pattern of activation independently of
he condition considered, the ones relative to the upper-
imb joints revealed being more flexible and dependent of
he constrain imposed to the movement.

DISCUSSION

C and NNMF analyses revealed that just three principal
omponents could be used to explain more than 90% of the
riginal variation associated with the twenty-four EMG sig-
als recorded during a whole body pointing beyond arm’s

ength. Our results extended those that have been obtained
or different categories of human behaviours, like walking,
rm reaching or equilibrium task (Ivanenko et al., 2004;
’Avella et al., 2006; Krishnamoorthy et al., 2003; Danna-
os-Santos et al., 2008). This is in accordance with the
ypothesis that the central nervous syetem does not control

ndividual muscles but makes use of synergistically linked
roup of muscles (Lee, 1984; Macpherson, 1991; Kakei et al.,
994; Bizzi et al., 2008 for a review). More importantly, the
ombination of muscle activation extracted from the whole
et of EMG data remained the same when separate groups
f muscles acting at each body joint were considered.

ri-dimensional and triphasic muscle organization

hile the considerable number of degrees of freedom
haracterizing a whole-body pointing task leads to very
ifferent alternative joint strategies and muscle patterns,
he activities of the twenty-four muscles recorded in the
resent study lay in a tri-dimensional hyper-plane and
ere temporally organized according to a triphasic pattern

three components, each one exhibiting one single peak of
ctivation; these peaks were consecutive in time). This
uscular organization was found to be robust across con-
itions (target distance and postural/focal constraints). In-
erestingly, a similar pattern is noticeable in several other
tudies that investigated the muscle activities but not their
patiotemporal organizations during movement compara-
le to whole-body pointing (Crenna et al., 1987; Cheron et
l., 1997; Tyler and Karst, 2004; Leonard et al., 2009). By

nspection of the typical muscle activity, it is possible to
isually identify the three components extracted from our
ata. For instance in Leonard et al. (2009) simultaneous
uscle deactivations and activations were clearly present
efore movement onset. This was followed by the activa-
ion of other muscles after motion initiation and finally tonic
ctivity of some muscles when the movement approached

o its end (Leonard et al., 2009, their Fig. 3B). This pattern
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as independent of where the target was placed within a
80° array centered along the mid-line of the body.

Ivanenko et al. (2005) also found that three compo-
ents were enough to reconstruct the activity of the twenty-
ine muscles recorded during a similar stoop-in-place task.
n particular, the first two components were found captur-
ng about the 60% of VAF, while the higher order compo-
ent resulted from trial to trial variability. The investigators
xplained the variability associated with the third compo-
ent as a consequence of the impossibility to separate
two (or more) closely spaced activation events” that could
ot be resolved by their numerical method. More likely, the
ask specificity could explain such dependency (that we did
ot found) of the third component on trials. Stooping-in-
lace is a back and forth reaching with one single arm,
ontrasting from a discrete and downward whole-body
ointing movement accomplished with both arms.

A striking result of our study is that the tri-dimensional
emporal patterning of the twenty-four muscles was also
resent in the separate groups of muscles acting at each
ody joint. Seminal experiments have demonstrated that a
ast single-joint arm movement is characterized by a similar
riphasic muscle pattern of sequential bursts of activity of the
gonist muscle, then of the antagonist and then of the agonist
gain (for a review see Berardelli et al., 1996). However, a
imilar standard pattern was a priori difficult to predict be-
ause of the biomechanical differences between a single-
oint movement and the present multi-joint whole-body point-
ng task. This suggests that the present temporal architecture

ay represent a basic functional unit of the motor system. In
avour of this hypothesis is the comparable distinctive pattern
ecorded in lower-limbs and trunk during arm raising (Friedli
t al., 1984) or rapid voluntary body sway (Hayashi, 1998).
or all these experiments the first agonist muscle bursts

nitiates the motion, the antagonist burst decelerates the
ovement toward the intended end position, and finally the

econd agonist burst stabilizes the limb after movement ter-

ig. 8. Polar diagram reporting, for conditions D2, K and T, the corr
i�1,2,3) extracted at different joints. All the possible joint combinatio
iagram corresponded respectively to the lowest (R�0) and highest (
ination by dampening oscillations. n
An important question is how and where the central
ervous system can implement such a standard sequence
f three temporal activation components available for mul-
iple pairs of agonist and antagonist muscles in order to
roduce the present multi-joint reaching task. In a recent
tudy performed with stroke patients Cheung et al. (2009)
emonstrated the robustness of muscle synergies across
rms and cortical lesions types. The authors concluded
hat cortical signals (from M1, premotor, supplementary
reas or basal ganglia) would select, activate and combine

n a flexible way specified networks in the spinal cord
nd/or in the brainstem, organizing each synergy. It might
ave been expected the muscle synergies identified by
heung and colleagues to be characterized by a triphasic
attern of activation as well. However, in their work authors
erformed NNMF by pulling together not only EMGs col-

ected during the accomplishment of simple free arm-
eaching movements, but also those collected during the
ccomplishment of more complex constrained tasks such
s reaching across multiple spatial constraints, shoulder
ircumduction or moving along a specific path. This deter-
ined an increase of the variability associated with the

ecorded datasets and a consequent increase of the num-
er of synergies extracted. Likely, for some motor tasks,
hree among all the identified synergies could have pre-
ented profiles of activation in accordance with the accel-
ration, deceleration and stabilization phases described in
his study and could have been enough to reconstruct at
east the muscle activity of the recorded unconstraint
eaching. However, the lack in Cheung’s article of an ex-
licit description of the time-varying coefficients relative to
ree one-shot movements does not allow verifying this last
ypothesis. In consonance with this idea are the results of
previous study investigating the neural command that

oordinates equilibrium and reaching subtasks in cat
Schepens and Drew, 2004). These authors reported three
ypes of major signals in the discharge pattern of the reticular

oefficient values between corresponding combination coefficient ci(t)
considered. The centre and the most external contour of each polar
missible values.
elation c
eurons in the pontomedullary reticular formation: (1) phasic
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ignals related to anticipatory postural adjustment, (2) phasic
ignals related to dynamic phase of the reaching movement,
nd (3) tonic signals related to postural stabilization. These

hree types of neurons are compatibles with the three tem-
oral components identified here and of which the first two
ere phasic components and the third one was tonic. The
uthors proposed that the signals can originate from hierar-
hically higher regions of the central nervous system, con-
erging on the pontomedullary reticular formation through the
orticoreticular axons (Schepens and Drew, 2004; see also
um and Strick, 2005).

On the basis of these considerations, we speculate
hat the triphasic muscle pattern found here would repre-
ent a fixed muscle synergy ensuring appropriate multiple
gonist/antagonist muscles activation and operating at
arious level of the musculoskeletal system. Moreover, the
eural organization encoding the triphasic muscle pattern
ould be specified by subcortical or spinal generators and
ctivated by descending signals from motor cortical areas.
his hypothesis is supported a fortiori by the robustness of

he triphasic muscle pattern also present when constraints
pplied on the focal (IT condition) or the postural (K con-
ition) subtasks induced new joint configurations. Interest-

ngly, the reweighing of each component across muscles
hown in IT and K conditions (see histograms of Fig. 7B)
uggests flexible adjustments of the descending motor
ommand that preserve the basic triphasic muscle pattern
hen the task requires a new kinematic strategy.

ierarchical motor control

he present study points out a pyramidal organization of
hole-body pointing control, which links together, in a
ingle framework, the previous identified single kinematic
imension (Berret et al., 2009) to the present two and three
imensions relative to the kinetic and muscle spaces.
ence, the twenty-four muscles activity, reduced to a

riphasic muscle pattern may be used to produce adapted
oint torques and to manage kinematic goals (centre of

ass and finger movements in extra-personal space). In
he previous investigation (Berret et al., 2009) we hypoth-
sized that angular displacements could be relevant task
ariables allowing a simultaneous control of the postural
nd focal subtasks (see also Lacquaniti et al., 1999). In

ight of this, the triphasic muscle pattern described here
ight represent the motor output of a neural controller that

ould manipulate the body geometry to generate a safe
entre of mass displacement inside the base of support
nd a precise hand displacement toward the target. In this
ay, kinematic, kinetic and muscle variables could be
pecified in the same framework.

Todorov et al. (2005) described a hierarchical frame-
ork for “approximately optimal control of redundant sys-

ems” in which the main goal was to design a “high-level
ontroller capable to exploit the natural plant dynamics
hile operating on a lower-dimensional system.” Notably,

he authors pointed out a relationship between the pro-
osed hierarchical control theory and the feedback linear-

zation property of a dynamic system (see subsection 4.1

n Todorov et al., 2005). When a system can be feedback
inearized, it can be made linear and simplified just by
perating a change of variable. Therefore, when accom-
lishing whole-body pointing tasks, the central nervous
ystem might exploit this property (which is generally ver-

fied for a rigid-body kinematic chain), to consider the
ulti-joint system as a set of multiple single-joint rotations

neglecting interaction and gravitational forces), and to
ontrol each joint by using a standard motor synergy, for

nstance a triphasic muscle pattern. The minimum-energy
ired-in synergy generator put forward by Neilson and
eilson (2005) in a form of a movement-to-muscle motor
ap also agrees with this assumption. More precisely, the

entral nervous system would select descending alpha
rives integrating local functional properties of each basic
ynergistic unit (one agonist plus one antagonist). This
ypothesis was especially verified for the lower limbs:
hese body parts exhibited very high angular co-variations
Berret et al., 2009) and a robust triphasic sequence of
uscle activation (recorded here). Nevertheless, when re-
uired by the task, it seemed that a more flexible motor
chema could be used to better control the end effector (as
evealed by the muscle activity at the elbow joint).

CONCLUSION

he present investigation reveals that the central nervous
ystem controls complex multi-joint movements using muscle
ynergies that have similarities with the control schema of
ingle-joint flexion-extension. Both upper-limb and lower-limb
uscles shared a stereotyped triphasic pattern, indicating a

ommon control of the equilibrium and reaching subtasks,
lthough a slightly more complicated muscular strategy was

ound in distal upper-body muscle groups. The key and novel
nsight regarding the mechanisms involved in the control of a

ulti-joint system is that, despite its prominent nonlinearity
nd high redundancy, we found the existence of a low-dimen-
ional combination of muscle activity, compatible with the
otion kinematics and kinetics. This possibly simplified the
roblem of constructing a motor command integrating the

ocal and the postural subtasks.

APPENDIX

nverse dynamics analysis

e used Lagrangian analysis generally applied to robotic
inematic chains (Murray et al., 1994) to compute the
uscle torques at the joints of the multi-link model of the
uman body that we have described above. This ap-
roach, which relies on the energy properties of a mechan-

cal system, allowed us writing the system dynamic equa-
ions in a simple and closed form. We considered the
ector q � (�1,. . .,�5) of the joint angles as the vector of
he generalized coordinates (see Fig. 1). After indicating as

(q, dq/dt) the kinetic and V (q) the potential energy of the
ystem, we defined the Lagrangian L as

(q, dq ⁄ dt) � T(q, dq ⁄ dt) � V(q)
� 1 ⁄ 2.dq ’ ⁄ dt . M(q) . dq ⁄ dt � V(q)
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here M(q) was the inertia matrix of the multi-link model.
ollowing the Lagrange’s theorem, equations of motion
ere given by the Lagrange’s equations

d(�L ⁄ �(dqi ⁄ dt)) ⁄ dt � �L ⁄ �qi � � i i � 1,......,5

eing �i the vector whose elements were the external
orces acting on the generalized coordinates qi. By rear-
anging the results obtained from the previous equations,
e could summarize the system dynamics as it follows:

� � M(q) . d2q ⁄ dt2 � C(q, dq ⁄ dt) . dq ⁄ dt � N(q)

here � was the vector of the muscle torques, C(q,dq/dt)
he Coriolis/centripetal matrix and N(q) was the vector of
he gravitational torques. To consider only the dynamic
orques (Gottlieb et al., 1996) the value of the gravitational
cceleration g was set to zero. The time course of the
eneralized coordinated was computed by means of trig-
nometric transformation of the Cartesian coordinates of

he reflective markers on the participants. Angular vari-
bles and dynamic torques were positive when oriented
ounter-clockwise. The model was validated by comparing
he identified torque at the ankles with the torque mea-
ured by the force plate under the feet. The two torques
ad indeed to equal one another, as it was assumed that

he feet did not move during motion and could be consid-
red as static rigid bodies.
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