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Objective: To address the question of how the CNS generates muscle activation patterns for complex ges-
tures, we have chosen to study a figure-eight movement. We hypothesized that the well defined rhyth-
mic aspect of this figure will provide further insights into the temporal features of multi-muscular
commands.

Methods: Subjects performed, as fast as possible, figure-eights initiated in the center of the figure with 4
different initial directions and 2 positions of the shoulder. We extracted the temporal modulation of the
EMG patterns by calculating conjugate cross-correlation functions.

Results: (1) The muscular command was tuned with respect to the rotational direction of the figure-eight,
(2) two sets of synergistic muscles acted in a reciprocal mode, and (3) these reciprocal commands pre-
sented an invariant temporal correlation with the spatial component of the velocity having the highest
frequency.

Conclusion: Our results suggest that the rhythmic features of certain drawing movements favor the par-
titioning of the muscles into synergistic groups acting in a reciprocal mode. The inclusion of an individual
muscle in one group or the other takes into account the expected number of changes of direction in the
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movement as a whole.

Significance: Muscular temporal synergies may depend on the rhythmic features of the trajectory.
© 2009 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

reserved.

1. Introduction

A central problem in motor control research has been to under-
stand the different processes that link the planning and execution
of goal-directed movements. For any such movement at least two
main processes must be carried out by the CNS: (1) coordinate
transformation of sensorimotor information (Soechting et al.,
1986; Flanders and Soechting, 1992; McIntyre et al., 2000) and
(2) serial ordering of motor sequences (Lashley, 1951; Carpenter
et al., 1999; Averbeck et al., 2002). Sensorimotor coordination be-
gins with the integration of multiple sensory signals conveying
information about the spatial field of action, represented in an
extrinsic coordinate frame, and ends in the building of muscle acti-
vation patterns expressed in an intrinsic coordinate frame. In addi-
tion, when the movement consists of producing an integrated
motor sequence, such as when manipulating a tool or drawing a
learned shape, a serial ordering of motor sequences is organized
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even before the action begins (Averbeck et al., 2002, 2003). Given
the complexity of such processes, a remarkable feature of human
motor control is the ability to rapidly reproduce the same gesture
in different directions and in different regions of external space,
without the apparent need for extensive reprogramming or adap-
tation. This performance requires the selective mapping and
sequencing of the central command, taking into account the dy-
namic behavior of the musculoskeletal system (d’Avella et al.,
2006; Buneo et al., 1997).

Insight has been gained into the processes of sensorimotor
transformations by examining the coordinate frames that are
represented at different levels of the motor system. In motor
cortex (M1), neurons involved in extrinsic (Georgopoulos et al.,
1982, 1986; Georgopoulos, 1999; Schwartz, 1992; Fu et al,
1993; Moran and Schwartz, 1999) and intrinsic encoding coexist
(Evarts, 1968; Kalaska and Crammond, 1992; Kalaska et al,
1997; Kakei et al., 1999; Wu and Hatsopoulos, 2006). The trans-
formation from extrinsic to intrinsic coordinates can also be pro-
duced by spinal mechanisms, like those described in the frog
(Saltiel et al., 1998; Tresch et al., 1999, 2002), or in the cat
(Poppele and Bosco, 2003). Finally, at the muscular level, both
intrinsic and extrinsic coordinates of the movement modulate
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the patterns of muscle activity, reflecting processing carried out
at each of these levels.

Spatial and temporal aspects of a muscle’s activation depend
heavily on its mechanical action, which depends directly on joint
position (Buneo et al., 1997; Hogan, 1985) while electromyo-
graphic (EMG) patterns are also known to be modulated by move-
ment direction in 3D space. Two fundamental types of EMG burst
modulations have been described: namely amplitude grading in
step tracking (Hoffman and Strick, 1999) and shifted timing in
reaching movements (Flanders, 1991; Flanders et al., 1994,
1996). It has been proposed that the CNS generates the appropriate
muscle patterns through the organization of muscle synergies be-
cause such a mechanism does not require an analytical control of
the musculoskeletal system (d’Avella et al., 2003, 2006). Indeed,
d’Avella et al. (2006) showed that combinations of a small number
of time-varying muscle synergies capture the organization of the
muscle patterns observed during fast-reaching movements. The
synergistic organization is flexible, however, such that a single
muscle may be a member of more than one synergy (Tresch
et al., 1999; Weiss and Flanders, 2004).

In this context, it is interesting to study the muscular activa-
tion patterns for more complex movements like handwriting or
geometrical drawing (Accornero et al., 1984; Lacquaniti, 1989;
Viviani and McCollum, 1983; Viviani and Flash, 1995), for which
these pioneering studies and others (see below) have revealed
some simplification rules based on kinematics. According to
these simplifying principles, complex movements are organized
into segments with bell-shaped velocity profiles (Atkenson and
Hollerbach, 1985; Plamondon, 1995a,b) reflecting the Isochrony
Principle (Viviani and Terzuolo, 1982; Viviani and Cenzato,
1985) and presenting stable covaration between tangential
velocity and curvature of the path (i.e., the 2/3 power law) (Lac-
quaniti et al.,, 1983; Soechting et al., 1986). To address the ques-
tion of how the CNS generates the appropriate multi-muscular
activation pattern in such complex movements, we chose to
study the drawing of a figure-eight. This figure is of particular
interest because: (1) this drawing movement implies the dis-
placement of the end-effector segment in all directions within
the drawing plane and (2) the vertical and horizontal frequency
components are in an exact ratio of two (Buchanan et al., 1996),
as is the case for a Lissajous curve. We hypothesized that the
well defined rhythmic aspect of this figure will allow further in-
sights into the temporal features of multi-muscular commands.
Overall, we ask the question: how is the temporal multi-muscu-
lar command organized specifically for the figure-eight
movement?

2. Experimental procedures
2.1. Subjects and experimental conditions

Data were collected from four right-handed subjects aged be-
tween 21 and 40 years. They were in good health, free from neuro-
logical disease, and had given informed consent to take part in the
study, which was approved by the local ethics committee. They
were asked to draw, as fast as possible, 2 series of figure-eight
movements with the right arm extended in free space (Fig. 1).
Movements were initiated in the center of the figure with an initial
up-right (UR), down-right (DR), up-left (UL) or down-left (DL)
direction with respect to external coordinates. The task was per-
formed in the frontal (Fig. 1A) or in the sagittal (Fig. 1B) workspace
depending of the flexion or the abduction posture of the shoulder.
In a control experiment, one subject was asked to perform up-
down and right-left cyclic movements in the frontal workspace.
Each series of cyclic movements was repeated three times.

Frontal plane

Sagittal plane

R

Fig. 1. Dissociation of muscle action from either an extrinsic or joint frame of
reference. Subjects performed figure-eight movement in two shoulder positions,
with the arm flexed at 90° (frontal workspace, upper panel) and with the arm
abducted at 90° (sagittal workspace, lower panel). In each workspace, subject
performed the figure-eight with 4 different initial directions, starting from the
central point. The figure-eight were drawn without following a visual model.

2.2. Data acquisition

The movements of the arm were recorded and analyzed using
the optoelectronic ELITE system (BTS, Milan) (Ferrigno and Pedotti,
1985). This system consists of 2 CCD-cameras detecting retro-
reflective markers at a sampling rate of 100 Hz. The cameras were
placed 4 m apart from each other and 4 m from the subject. Four
markers were attached to the arm (on the acromion, the lateral
condoyle of the humerus, the radial apophysis of the wrist and
the index finger). Velocity signals were obtained by digitally differ-
entiating position signals using a fifth-order polynomial approxi-
mation. As the movements were performed with the extended
limb, the information from the 4 markers is partly redundant.
The reconstruction of the arm movement by the ELITE system
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using the trajectories of the 4 markers confirmed the visual obser-
vation that the upper arm, forearm, hand and index finger acted as
a rigid link (Cheron et al., 1996). Thus, we analyzed here only the
index-finger marker, which was the one with the best definition
related to the representation of the figure-eight.

Surface electromyographic activity (EMG) was recorded with
the TELEMG system (BTS, Milan) synchronized with the kinematic
data. Silver-silver chloride electrode pairs (inter-electrodes dis-
tance of 1 cm) were placed over the belly of the following 6 mus-
cles: posterior deltoid (PD), anterior deltoid (AD), median deltoid
(MD), pectoralis major superior and inferior (PMS and PMI), and
latissimus dorsi (LD). Raw EMG signals (differential detection)
were amplified 1000 times and transmitted to the main unit with
a telemetry system (Telemg, BTS). A functional resistance test that
isolated specific muscles was made in order to verify the absence
of cross-talk between adjacent muscles. Thereafter, EMGs were
bandpass filtered (10-500 Hz) digitized at 1 kHz, full-wave recti-
fied and smoothed by means of a third-order averaging filter with
a time constant of 20 ms (Hof and Van Den Berg, 1981).

2.3. Cross-correlation analysis

In order to compare the temporal modulation of the EMG pat-
terns between the different initial directions, conjugate cross-cor-
relation functions (CCF) were calculated. The cross-correlation
coefficient represents the correlation between two series, d; and
d,, for different amounts of time-lag 7 between the two signals.
The CCF between two signals, e.g., d; and d, (EMG1 and EMG2),
was defined as:

1

CCFqq4, (7) = To,0,

T
/0 (dh (6) — 1) (ot +7) — piy)dt

where (; and ¢4 are the mean value and the variance of d; and 7 is
the lag between the two functions, expressed in ms. Note that the
cross-correlation function is not symmetrical about the lag of 0 that
is, different correlations will emerge depending on whether d, is
shifted forward or backward in time with respect to d,. Positive val-
ues of 7 denote a time lead of d(t) relative to d(t), whereas nega-
tive values denote a time lag. The time window (T) represents the
total shift (lead and lag) for which the correlation between all the
duration of the two signals is calculated.

The CCF can provide valuable information concerning the kind
of modulation, depending on the sign of the cross-correlation,
ranging from —1 to +1. When the signals d,(t) and d(t) are statis-
tically correlated for a given time shift their CCF displays a peak (a
significant CCF maximum) or a trough (a significant CCF minimum)
at the corresponding value of t (abscissa). A significant CCF peak at
7 (ms), corresponding to a p < 0.05 (StatSoft, Inc.), means that the
two signals present the same temporal sequence with a shift of t
(ms). Conversely, a significant CCF trough at T (ms) means that
they present an opposing temporal pattern with a shift of 7 (ms).

Our interest in the first part of this study was to analyze the
modulation of the temporal command of each recorded muscle
across different movements. To this end we computed CCFs be-
tween EMG signals for each pair muscles and each pair of differing
movements. To establish a baseline for the stability of the mea-
surements across trials, we computed the CCF between signals
from the same muscle for each of the two repetitions of the same
movement condition (initial direction and workspace). To look for
differences between commands of the same and different initial
directions, we used ANOVA analyses. These statistical analyses
were performed using Statistica (StatSoft, Inc.).

In the second part of our study we look for the invariance in the
temporal relationship between the multi-muscular command and
the velocity components of the figure-eight. In order to better char-

acterize the temporal relationships between muscles, we com-
puted the difference between activities of 2 different muscles by
subtracting one rectified EMG signal from the other. This was made
without any anatomical a priori and gave rise to a compound signal
for all the possible pairs of muscles. This procedure allowed us to
accentuate the command type (reciprocal or co-activation) re-
ceived by each pair of muscles. Before subtracting the EMG signals,
we normalized each signal. For each EMG signal (i.e., for each of the
6 channels), the maximum value over each entire figure-eight was
used to normalize the peak. This resulted in signals ranging from 0
to 1 for each muscle. This type of normalization enhanced the tem-
poral aspect of the command. In a second step, we analyzed the
temporal relationships between these compound signals and the
velocity profile of the movement. In this part of the analyses the
first function for the CCF analyses is the vertical or the horizontal
component of the velocity index and the second function is the
EMG compound signal. Finally, we compared the resulting CCF pro-
files two-by-two across the different initial directions. In order to
quantify the likeness of the obtained CCF curves, we calculated a
similarity index (SI) using the following equation:

SI= [fih(t)dt |
[(ffl (t)Zdt) (ffz(t)zdt)]f
If fi(t) = f>(t), then SI = 1.

3. Results

Fig. 2A and B show the superposition of two figure-eights drawn
by 4 different subjects (columns) for the four different initial direc-
tions (rows). As the task requirement was to perform the movement
as fast as possible, emphasis was not placed on the precise shape of
the figure-eight and so the path followed by the hand varied consid-
erably across subjects and initial directions. However, the shape of
the figure remained relatively constant between the first and the
second repetition. Average vertical size of the figure across subjects
and conditions was 752.48 + 158.6 mm for the first repetition and
735.81 £ 151.01 mm for the second. Measures of the horizontal size
of the first loop (mean and sd 418.89+91.71 mm and
409.34 £ 101.57 mm, for the first and second repetition, respec-
tively) and the second loop (mean and sd 360.95 + 111.56 mm and
349.49 + 118.43 mm) were similarly constant between repetitions.
An ANOVA with repeated measures analysis on these three values
with initial direction, workspace and repetition as within subjects
factors revealed no main effect of the repetition factor and no cross
effects, consistent with the observation that subjects produced
more-or-less the same shape from one repetition to the other within
the same condition. (p > 0.2).

In order to define a baseline for similarity between EMG signals
from different movements, we first verified the reproducibility of
the EMG patterns for two repeated movements performed with
the same initial direction and in the same workspace. Fig. 2C and
D show the reproducibility of CCF profiles across subjects and ini-
tial movement directions for each muscle. Comparisons between
EMG recordings from the same muscle for two trials having the
same initial direction all showed significant CCF values (p < 0.05)
and their lag distributions were in a range of values centered
around O ms (see Table 1). The variability of CCF values for the
same muscle on different trials (peak and associated lag) is an indi-
cator of the reproducibility of the timing of the global activation
command. These lag values will be considered as the reference
for statistical analyses when comparing CCFs for movements with
two different initial directions. Given the fact that for a lag or lead
of 150 ms the temporal relation of our signals reverses, we chose
for the subsequent CCF analyses a time window (T) of 300 ms.
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Fig. 2. Superimposition of movement trajectories initiated with the same initial direction, in the frontal (A) and sagittal (B) planes. Each column corresponds to one of the 4
subjects. Each line corresponds to one of the 4 initial directions. Reproducibility of the temporal sequence of the command (C and D). Each graph shows the CCF curves for each
muscle (PD: posterior deltoid, PMS: pectoralis major superior, MD: median deltoid, PMI: pectoralis major inferior, AD: anterior deltoid, LD: latissimus dorsi). In each graph,
there are 16 curves. For a given muscle, each CCF curve corresponds to the correlation between the EMG from the two repetitions of the same movement. The 4 colors
correspond to the 4 subjects (S1, S2, S3 and S4) and for each subject there are 4 different initial direction movements (DR: down-right; DL: down-left; UR: up-right; UL: up-left).

3.1. In-phase and anti-phase temporal activation commands

The figure-eight movements were characterized by complex
combinations of EMG activities (Fig. 3). Despite the different direc-
tions of the drawings (see the corresponding trajectories in the
squares), the durations of the 4 movements were approximately
the same (all the movements across subjects lasted on average
980 £ 90.4 ms). The multiple EMG patterns differed according to
the initial direction of movement. For example, movements initi-
ated toward the right were consistently associated with an initial
burst in PD and MD (Fig. 3A and B), whereas movements initiated
toward the left started with a burst in PMS and PMI followed

Table 1
CCF and lags for the reproduction of the same movement.
Frontal Sagittal
CCF Lag (ms) CCF Lag (ms)
MD 0.62+0.16 5.0+15.0 0.72+0.11 1.3+19.6
PD 0.72 £0.16 7.5+23.8 0.78+0.11 1.3+126
PMS 0.63 +0.15 7.5+21.8 0.70£0.11 20+13.7
PMI 0.64+0.13 3.1+21.8 0.68+0.13 63+17.8
AD 0.57+0.14 6.9+18.9 0.65+0.13 -3.1+£20.2
LD 0.54 +0.15 5.0+29.2 0.60 £ 0.21 3.1+19.6

Values are means + SD, n = 16.

shortly by a burst of AD activity (Fig. 3C and D). For most muscles
clear bursts were recognized, albeit with variations in intensity and
duration, while LD showed variable tonic activities.

To test how the temporal pattern changed for a given muscle as
a function of direction of the figure-eight movement, we per-
formed a CCF analysis on pairs of EMG traces for the same muscle
from movements with different initial directions. All such tempo-
ral comparisons are illustrated in Fig. 4 for the PD muscle and for
one subject. In the upper-right corner of the figure, the CCF curves
for all the combinations from movements realized in the frontal
plane are illustrated. Amongst the 6 CCF profiles for movements
in this workspace region, only single peak or trough shapes (cate-
gories 1 and 3, according to McKiernan et al., 2000) appear. CCF
peaks (positive values) were seen when the horizontal component
of the initial direction was the same (e.g., up-right and down-right,
Fig. 4B), while CCF troughs (negative values) occurred when the
horizontal component differed (e.g., down-left and down-right,
Fig. 4A). Thus, instead of a complex temporal tuning used to pro-
duce all figure-eights for this muscle, the relative timings seem
to fall into two classes, in-phase or anti-phase. The same results
were obtained for the movements realized in the sagittal plane
(bottom-left corner of the figure).

A total of 96 CCF comparisons were made in this part of the
analysis (4 subjects * 2 series per subject * 6 initial direction com-
binations « 2 workspaces). We counted how many of these 96
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Fig. 3. EMG activity during figure-eight movements with different initial directions. From top to bottom: hand trajectory (inset), velocity profile of the finger in the vertical

(vy) and horizontal (vz) directions; filtered (20 ms) and rectified EMG activities for each of 6 muscles: posterior deltoid (PD), median deltoid (M

D), anterior deltoid (AD),

pectoralis major superior and inferior (PMS and PMI), and latissimus dorsi (LD). Columns correspond to the figure-eight realized with different initial directions: down-right

(A), down-left (B), up-right (C) and up-left (D).

comparisons obeyed the empirically observed rule of two opposing
CCF patterns noted above, that is, a CCF peak for the movements
with an initial direction where the horizontal component is con-
served and a CCF trough for the other combinations. The number
of comparisons respecting this trend was 91 for PD (95%), 94 for
PMS (98.1%), 76 for DM (79.3%), 86 for PMI (90%), 68 for DA
(71.2%) and 63 for LD (65.6%).

For each muscle, the distributions of lag values were not statis-
tically different with respect to the reference ranges (Table 2), indi-
cating that the observed variability reflects random fluctuation
linked to movement reproduction without any effect of the motor
command. The amplitudes of the obtained CCF peaks were signifi-
cantly smaller when the initial movement directions were different
(0.41 £ 0.04, in absolute values) versus when they were the same
(0.62 £ 0.06), but the CCF values for pairs of movements with dif-
ferent initial directions were nevertheless statistically significant
(p <0.05). The sign of the CCF peak depended on the combination
of initial directions for the pair of movements. A total of 96 CCFs
were between movements having the same initial horizontal direc-
tion (UR-DR, UL-DL) within a given workspace (2 movements hav-
ing the same horizontal initial directions x 4 subjects x 2 series per

subject * 6 muscles). Of these 96 comparisons, 66.3% and 78.1% of
the CCFs performed had the same sequence of activation whether
they were performed in the frontal or sagittal field, respectively.
Only 13.5% and 3.1% had the opposite sequence of activation
whereas 20.2% and 18.2% of the CCFs were non-significant for the
frontal and sagittal field, respectively. Conversely, for movements
initiated in a direction where the horizontal component was differ-
ent (DL-DR, UL-DR, UR-DL, UL-UR), 61.5% and 69.3% of the 192
CCFs (4 combinations of different horizontal initial directions x 4
subjects * 2 series per subject x 6 muscles) had opposing sequences
of activation for the frontal and sagittal workspace, respectively.
Only 16.7% and 10.9% had the same sequence of activation whereas
21.8% and 19.8% of the CCF were non-significant for the frontal and
sagittal field, respectively.

3.2. Muscle grouping based on the horizontal component

In the preceding analysis we saw that for each muscle only two
types of temporal modulation of the command could be observed
despite the four different initial directions and the two workspaces.
But a new question emerges concerning the multi-muscular tempo-
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Fig. 4. Temporal modulation of the PD muscle for all different initial directions of movement. The upper-right corner shows the 6 CCF curves obtained from the combination
of all the different initial directions in the frontal workspace. For example, graph A represents the CCF for PD activations between figure-eights initiated down and to the left
(PD-DL) and down and to the right (PD-DR). The lower-left corner illustrates the same combinations for the sagittal workspace.

ral modulation: Is the temporal activation of the set of 6 muscles re-
corded here organized in a simple global mode of activation (recipro-
cal or synergistic)orin a more complex pattern? In order to study the
relative timing between the different muscles, we analyzed the rela-
tionship between the activations of pairs of different muscles for fig-
ure-eight movements initiated in different directions. Extending the
analysis to all possible muscle combinations, two groups of muscles
emerged. Combinations between AD, PMS and PMI showed in-phase
CCF patterns, as do combinations between MD, PD and LD. The cross-
correlations between these two groups showed anti-phase CCF pat-
terns. When the movement was initiated with the same horizontal
component, intra-group combinations showed significant positive
CCF signs (78.8% (frontal workspace) and 87.8% (sagittal work-
space)). In contrast, for the same condition 75% and 78% of the CCF
signs obtained for inter-group combinations were negative. Con-
versely, when the initial horizontal components were not conserved
59.2% and 70.6% of the CCF signs were negative for the intra-group
and 79% and 80% of the CCF signs were positive for the inter-group
combinations, respectively.

3.2.1. Choice of in-phase or anti-phase CCF configuration
The presence of muscle pairs activated only in-phase or anti-
phase point to the prevalence of a dual mode of activation: recipro-

Table 2
CCF and lags for movements with different initial directions.
Frontal Sagittal
CCF Lag (ms) CCF Lag (ms)
MD 039%0.13(n=39) -69+374 038+0.11(n=39) 9.2+364
PD 0.46 £0.15 (n = 44) 1.1£329 048+0.15(n=48) 73+213
PMS 0.46+0.14 (n=42) 7.1+244 0.44+0.15(n=46) 6.1+£29.6
PMI 040%0.14(n=36) 13.9+27.5 038+0.14(n=39) -13+333
AD  038+0.12(n=30) -2.7+41.6 0.37%0.12(n=32) 7.2+£34.1
LD 0.37+0.10 (n=31) 26+33.1 0.33+0.08(n=30) -14.0%+34.0

Values are means (expressed in absolute values) + SD.

cal or synergistic. However, the shoulder muscles have different
lines of action and a given muscle can potentially contribute to
both horizontal and vertical components of the movement. To bet-
ter understand what determined the reciprocal or synergistic rela-
tionship between two muscles for a given figure, we compared
activation patterns and the CCF type for movements performed
only along the horizontal or vertical axis and compared these to
those observed for the more complex figure-eight movements.

When the arm was rapidly displaced along the horizontal axis
(Z) (left-right oscillation) (Fig. 5A), PD and MD were activated syn-
ergistically (see positive CCF in Fig. 5C), while PMS was reciprocally
activated (Fig. 5B) with respect to these two muscles (see negative
CCF in Fig. 5C). In contrast, when the same type of movements
were performed along the vertical axis (Y) (up—-down oscillation)
(Fig. 5D), PMS was synergistically activated with respect to MD
and PD (Fig. 5E) (see positive CCF for PD-PMS in Fig. 5F). This in-
phase or anti-phase behavior of the muscular sequence that de-
pended on the horizontal or vertical direction of the movement
raises the problem of “choice”. When the drawing movement in-
cludes both horizontal and vertical components, which pattern will
be observed? We showed that in the case of figure-eight move-
ments, PMS was reciprocally activated with respect to the PD
and MD muscles (anti-phase CCF) (Fig. 5G) as was the case for
left-right oscillations along the horizontal axis.

3.3. Temporal relationship between the reciprocal command and the
horizontal and vertical velocity components

To further characterize the reciprocal relationship between
muscles, we constructed compound signals by subtracting rectified
EMG activities two-by-two for different pairs of muscles. This was
made systematically for all possible pairings, without any a priori
assumption based on anatomy. With this procedure, we obtained
EMG profiles for which alternative bursting in positive and nega-
tive values reflected a reciprocal command of the two muscles
(e.g., the ad-pd signal in the Fig. 6). Conversely, the absence of such
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Fig. 5. Modulation of synergistic and antagonistic muscles for unidimensional cyclic movements performed in the frontal plane. Left column corresponds to the data of a
cyclic up-down movement and the right column shows the data of a right-left cyclic movement. The traces correspond to the mean curves of three movements. (A) Velocity
profile of the finger in the vertical (vy) and horizontal (vz) directions, presenting the same number of directional changes as the horizontal velocity component of an up-right
figure-eight. (B and E) EMG activities for each of 3 muscles: posterior deltoid (PD), median deltoid (MD), pectoralis major superior (PMS). (C and F) CCF profiles for PD and MD
(black solid line), and PD and PMS (grey dotted line). (G) CCF profiles for the same pairs of muscles of the four figure-eights in the frontal plane.

alternating bursts indicates co-activation or the presence of syner-
gist bursts (ad-pms signal in Fig. 6). In order to analyze the tempo-
ral relationship between activation of muscle pairs and movement
velocity, we calculated the CCF of compound EMG signals for a gi-
ven pair versus the horizontal and vertical components of the
velocity. For the muscle pairs showing reciprocal activation be-
tween them, the CCF profiles for the compound signal versus hor-
izontal velocity (e.g., Vz versus ad-pd), were very similar (Fig. 6D,
D', D” and D) whatever the initial direction of movement, whereas
the CCF between compound signals (ad-pms) of co-active muscle
pairs against horizontal velocity showed different profiles even
when the CCF peaks were significant (Fig. 6C, C', C” and C"). CCF
profiles of muscle pairs (both reciprocal and co-activated) against
vertical velocity (Vy) were different for the different initial direc-
tions (6B, B, B” and B” and 6A, A’, A” and A").

Fig. 7 summarizes for all subjects, these CCF analyses performed
for all compound muscles versus the vertical (below the diagonal)
and horizontal (above the diagonal) velocity, for the sagittal work-
space. Each graph presents the superposition of 4 curves, each cor-
responding to the mean CCF (n = 8; 2 movements * 4 subjects) for a
given initial direction. For example, graph A (Fig. 7) shows the CCF
between the horizontal velocity component and the compound
EMG signal obtained from the subtraction of the PMS activity (col-
umn label) from the AD activity (row label).

We quantified the reproducibility of the CCF curves throughout
the movements by a similarity index. In each of these graphs the
background is filled with color tiles, one for each subject and
movement performed. Each tile reflects the value of the similarity
index for a given trial; the higher the similarity index, the redder
the color. Tiles were sorted in an increasing order, from left to right
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figure-eight graph.

and bottom to top, across all trials. The color of the background
therefore gives a global view of the reproducibility between trials.

It is evident that green dominates the graphs of the bottom part
of Fig. 7, indicating weak reproducibility of the correlation between
the vertical velocity profile and each of the 15 compound muscle
activities. We observe this result for both planes of action. Few
pairs of muscles showed a constant temporal relationship with
the vertical component of the velocity across the 4 different initial
directions. This is the case of the pairs formed by MD-PD (graph
M'), AD-PMI (graph B’). Their mean CCF peak values were signifi-
cant (0.45 £ 0.05) with a lag of 110 + 10 ms. For the other combina-
tions summarized in the bottom part of Fig. 7 one can observe large
variations in mean CCF profiles (and low similarity indices).

In contrast, the backgrounds of the top part of Fig. 7 are pre-
dominantly red, indicating the greater similitude between the
compound EMG signals and the horizontal velocity component.
In fact, the muscle pairs receiving a reciprocal command (AD-
MD, AD-PD, AD-LD, PMS-MD, PMS-PD, PMS-LD, PMI-MD, PMI-
PD and PMI-LD) showed an invariant relationship with the hori-
zontal component of the velocity (color close to red in the graphs
C D,E G, H 1], K, and L); whereas, the muscles pairs receiving a
synergistic command (AD-PMS, AD-PMI, PMS-PMI, MD-PD and
MD-LD) showed smaller indices of similarity (predominant green
color in the graphs A, B, F, M, and N). Even if the muscles pairs

formed with the LD (DA-LD, PMS-LD and PMI-LD) showed simi-
larity indices lower than the pairs formed with AD, PMS, PMI and
MD, PD; their invariability was greater than the muscles receiving
a synergistic command (AD, PMS and PMI, and DM, DP, LD) (Ta-
ble 3). This was true for all muscle compounds, except for AD-LD
and PD-LD, which showed similar Sls in the frontal plane. Globally,
the temporal relation between the compound EMG, showing a re-
ciprocal activation, and the horizontal velocity presented similarity
indices that were bigger, in a highly significant way, than the same
compound EMG with respect to the vertical component of the
velocity (0.4 £0.21 versus 0.06 £ 0.09 for the frontal workspace,
and 0.46 + 0.18 versus 0.06 + 0.09 for the sagittal workspace), and
than a synergistic compound EMG versus either velocity compo-
nent (0.08 £ 0.13 and 0.07 + 0.11 for the horizontal velocity compo-
nent and 0.11+0.11 and 0.10+0.10 for the vertical velocity
component, for the frontal and the sagittal workspaces, respec-
tively) (F(3,1436) = 455,44; p <0.0001) for the frontal plane and
F(3,1436) = 856,03; p < 0.0001 for the sagittal plane).

4. Discussion

Three main findings emerge from the present results: (1) the
temporal activation of the muscular command for a figure-eight
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the CCF function for a single composite EMG signal (row muscle-column muscle) versus the corresponding velocity component. Graphs above the diagonal (top-right corner
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different initial directions (6 direction combinations (up-left versus up-right, up-left versus down-right, etc.) « 4 subjects « 2 movements = 48 samples organized ina 8 x 6

grid, sorted for increasing similarity value from left to right and from bottom to top.

depended on the rotational sense of the global figure. (2) Two sets
of synergistic muscles acting in a reciprocal mode was at the basis
of this complex movement. (3) These reciprocal commands were
highly correlated with the spatial component of the velocity pre-
senting the highest frequency and these correlations remained
invariant whatever the initial direction of the movement. These
findings show the existence of at least two simplifying processes

Table 3
Similarity indices for the compound EMG and the horizontal component of the
velocity.

Frontal Sagittal

IS (mean £ SD) IS (mean + SD)
AD-PMS 0.09+0.12 0.08 £0.12
AD-PMI 0.04 £ 0.08 0.07 £0.10
PMS-PMI 0.05 + 0.06 0.03 + 0.06
MD-PD 0.06 £0.18 0.02 +0.04
MD-LD 0.07 £0.09 0.09+0.12
PD-LD 0.19+0.15 0.16+0.14
AD-MD 0.41+0.19 0.54+0.11
AD-PD 0.41%0.15 0.49+0.14
AD-LD 0.18+0.17 0.20+0.15
PMS-MD 0.47+0.19 0.51+0.15
PMS-PD 0.59+0.17 0.61+0.15
PMS-LD 0.33+0.17 0.36+0.17
PMI-MD 0.36+0.19 0.45+0.14
PMI-DP 0.54+0.16 0.59+0.11
PMI-LD 0.28+0.17 0.35+0.12

in the CNS for rapid drawing movements of complex shapes. One
simplification is that the central command is not made muscle
by muscle, but rather through a neural network organized into
agonistic and antagonistic muscles groups. The other simplification
arises at a higher level of the trajectory planning where the behav-
ioral synergies and the temporal commands seem to be pro-
grammed depending on the global aspects of the figure-eight. In
the following we develop further the reasoning behind each of
these assertions and the resulting conclusions.

4.1. Global versus local tuning of muscle activations

In humans, the temporal aspects of muscle activations depend
on both muscle mechanical action (intrinsic constraints) and
movement direction in space (extrinsic parameters) (Buneo et al.,
1997; Hogan, 1985; Flanders et al., 1994, 1996). In this context,
one would expect to find a complex modulation of the muscular
activation sequences depending on the shoulder position and/or
the initial direction of the figure-eight movement. Yet, despite
the changes in the movement direction induced by our protocol
the CCF analyses revealed only two types of activation patterns
for the full set of 6 muscles and these two types of activation se-
quences were in anti-phase. The CCF revealed that movements ini-
tiated with the same horizontal component, despite having
opposing vertical components, presented the same sequence of
activation for each muscle. By contrast, movements that were ini-
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tiated with opposing horizontal components but having the same
vertical components were activated in anti-phase. Furthermore,
this limited set of temporal sequences was the same for each mus-
cle in both shoulder positions despite the modification in their
mechanical actions.

It could be criticized that our results emerges from the global
nature of the CCF analysis itself; i.e., that we have prioritized the
global modulation of the EMG signal rather than the detailed mod-
ulation of each burst. In fact, the CCF method is relatively insensi-
tive to the modulation in the amplitude of each burst, but
amplitude modulation is, of course, critical as well. For instance,
Hoffman and Strick (1999) demonstrated that the direction of
wrist movements in a step-tracking task was mainly determined
by modulating the amplitude, rather than the phase, of fixed mus-
cle bursts. Even in our experiment, it is inherently obvious that
only two activation patterns could not produce a total of 8 different
movements. Something must have changed to create these differ-
ent movements, and if it was not the temporal pattern then it must
be the amplitude. Indeed, identification of the EMG patterns mea-
sured here using a dynamic recurrent neural network (DRNN),
which can take into account both timing and amplitude, was able
to differentiate between different movement directions and differ-
ent areas of the workspace (Bengoetxea et al., 2005). Nevertheless,
given the variety of preferred directions for the muscles used in
this task (Cheron et al., 1996; Herrmann and Flanders, 1998; Flan-
ders et al., 1994) one would expect to see a more nuanced set of
CCF outcomes when drawing a figure-eight, considering the fact
that the figure-eight requires movement in all possible directions
within the plane. For example, muscles like MD that have a vertical
preferred direction, or even AD and PMI, that have oblique pre-
ferred directions, showed a modulation of the temporal sequence
of activation according to the horizontal component of the hand
velocity. Why were the vertically-acting muscles not more corre-
lated with the vertical velocity component? Why were phase rela-
tionships other than in-phase (0°) or out-of-phase (180°) not
detected? The temporal pattern of activations does not seem to
be strictly determined by the extrinsic parameters (3D direction)
of the movement.

The CCF analysis also failed to capture differences in intrinsic
constraints such as the changes in the mechanical action of mus-
cles in the two different workspaces. This lack of dependence on
workspace could be explained by the fact that the chosen shoulder
positions, flexed at 90° or abducted at 90°, did not modify the mo-
ment arms of muscles in a substantial way. Indeed, Buneo et al.
(1997) showed that it is the vertical position of the humerus that
primarily influences the biomechanical action of the muscle AD.
In our paradigm, the change of the shoulder position was made
in the horizontal plane, which would explain why we did not see
a change in temporal activation according to the change of the
shoulder position. Nevertheless, the same dynamic recurrent neu-
ronal network mentioned above, when trained with figure-eight
movements from one workspace, was able to reproduce the kine-
matics of movements from the EMG patterns only for movements
performed in the same workspace; it was unable to correctly
reproduce movement trajectories in the other workspace (Ben-
goetxea et al., 2005). Even if the shoulder positions of our protocol
did not change the mechanical action of muscles in a significant
way, the DRNN identified a difference between the multi-muscular
commands corresponding to each workspace. It is interesting to
note that when applied to EMG patterns from the ‘other’ work-
space, the DRNN reproduced the horizontal, but not the vertical,
component of the finger velocity.

The fact that the muscular activation sequence was not modu-
lated specifically according to the preferred direction of activation
of each muscle suggests that the modulation is instead in relation
with a feature inherent to the figure-eight as a whole, rather than

to local components such as the instantaneous velocity or acceler-
ation. This global feature may be revealed by considering how the
figure-eight is composed. Even if the figure-eight is made with 4
different initial directions and with 8 different joint initial direc-
tions, it has only 2 directions of global rotation: Whenever the hor-
izontal component of the initial direction is conserved, the sense of
rotation of the figure-eight is the same. For instance, if the figure-
eight is initiated towards the right, whether it be upward and to
the right or downward and to the right, will have an upper loop
that turns counter-clockwise and a lower loop that turns clock-
wise. The only difference between these two cases is whether the
upper or lower loop is drawn first. On the other hand, when the
vertical component of the initial direction is conserved between
two drawings (i.e., upward to the right versus upward to the left)
or when the figure-eights are initiated in diametrically opposed
directions (upward to the right versus downward to the left), then
the sense of rotation of the two figures is opposed. The temporal
patterns appear to reflect the global characteristics of the figure-
eight itself, rather than being tied to either intrinsic (muscle ac-
tions) or extrinsic (movement direction) parameters. The CNS
may exploit this characteristic of the figure-eight (and other Lissaj-
ous-type figures) to simplify motor planning.

4.2. Muscle grouping acting in rhythmic and reciprocal mode

Our CCF analysis also revealed that muscle temporal coordina-
tion for drawing a figure-eight is organized into ensembles of mus-
cles acting in a synergistic (in-phase) or a reciprocal (anti-phase)
mode. This result is yet another demonstration that despite the
large degree of redundancy and the numerous muscle combina-
tions that are available for performing a given spatial, only a few
possibilities are actually performed (Bernstein, 1967; Morasso,
1981; Kelso et al., 1979; Atkenson and Hollerbach, 1985; d’Avella
et al,, 2006). This question of synergies and reduced degrees-of-
freedom has been extensively studied for fast-reaching movements
of the arm with different end-points (d’Avella et al., 2006). The fig-
ure-eight that we have studied here differs fundamentally from
simple reaching. In fact, if reaching can be considered as a discrete
movement, a figure-eight can be considered as a combination of
both rhythmic and discrete movements (Hogan and Sternad,
2007; see below). Further analysis of how the degrees-of-freedom
are reduced when drawing a figure-eight is therefore warranted,
given the neurophysiological evidence and theoretical basis sup-
porting the idea that rhythmic and discrete arm movements rely
on different control processes (Schaal et al., 2004; Miall and Ivry,
2004; Zelaznik et al., 2005).

To illustrate the contrast between performing a discrete reach-
ing movement and drawing a figure-eight, consider the following
observations: A figure-eight movement, like reaching, can be con-
sidered to be discrete in the sense that the movement lasts a finite
duration with the hand starting and ending at zero velocity. The
figure-eight differed, however, from discrete point-to-point move-
ments by the presence of multiple peaks in the endpoint velocity
profile (Richardson and Flash, 2002). Nevertheless, one could con-
sider a figure-eight to be composed of a series of superimposed dis-
crete segments, thus allowing for a common control structure for
these two classes of movement. But kinematic segmentation
doesn’t imply a segmented control of the movement (Sternad
and Schaal, 1999). Indeed, the figure-eight can be just as easily de-
scribed as the result of two coupled oscillators acting in perpendic-
ular directions over a finite number of cycles (two horizontal cycles
and one vertical cycle, to be exact). That fact, plus the observation
that the act of drawing figures is associated with emergent timing
properties involving different parts of the SNC (Ivry et al., 2002),
argue for different control schemes for discrete movements versus
figure-eights. In this context our temporal EMG analysis showing a
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rhythmic EMG activation pattern suggests that pattern-generator
circuits may be involved in the control of figure-eight drawing
movements. This concept of a central pattern generator (CPG) pro-
posed for human locomotion (Dimitrijevic et al., 1998; Dietz, 2002)
has been enlarged to the upper limb (Zehr et al., 2004).

Why did the muscle grouping for this complex movement cor-
respond to the directional grouping of a cyclic right-left movement
and not that of an up-down movement? In a previous work (Cher-
on et al., 1999), we showed that the temporal aspect of the hori-
zontal velocity component presents the same features as the
tangential velocity and is invariant whatever the initial direction
of the vertical figure-eight movement. If we consider that each
phase of the tangential velocity corresponds to a change in the
direction of the hand, one can see that the temporal sequences of
the horizontal velocity component correspond to directional
changes in the up-right figure-eight. We therefore propose a more
general hypothesis that the groupings of muscles for figure draw-
ing are determined by the component of the movement with the
highest frequency of directional changes (Buchanan et al., 1996).!

If this grouping we found for a vertical figure-eight corresponds
to a right-left cyclic movement, the question remains as to what
level is this grouping and its timing of activation defined? Neuro-
physiologic evidence exists for the grouping of muscles into func-
tional working groups at both cortical (Jackson et al., 2003; Fetz
et al., 1989, 2002) and subcortical levels (Bizzi et al., 2000; Mus-
sa-lvaldi et al., 1994; Engberg and Lundberg, 1969; Jankowska
et al., 1965). In the performance of the figure-eight movement,
the grouping of muscles into agonists and antagonists could occur
at any one of these levels. But the selection of agonist and antago-
nist groupings appears to be a supraspinal process, because each
muscle has more than one preferred direction (Desmedt and God-
aux, 1977; Herrmann and Flanders, 1998) and the action of the two
muscular groups that emerged depended on one of the two com-
ponents of oscillations of the figure-eight movement.

The role of higher neural structures is supported by the studies
of Schwartz and Moran (1999) in which monkeys drew lemnis-
cates and spirals. They clearly demonstrated that the timing of cor-
tical activity was well related to hand velocity profiles, EMG
patterns and movement segmentation. Neural population and
movement vectors displayed the same number of action sequences
(5 components) as in the present EMG study (3 agonistic bursts
interspersed with 2 antagonistic bursts). These experimental re-
sults support the hypothesis that the timing of muscle activation
is generated by the central neural structures (Averbeck et al.,
2003; Carpenter et al., 1999; Schwartz, 2007). Concerning recipro-
cal activation, the activity of a subset of neurons are correlated in
cortical maps, with activation of one group of muscles linked to a
simultaneous decrease in the activity of the opposing set of mus-
cles (Cheney et al., 1985; Jackson et al., 2003, 2007; Capaday,
2004). This functional grouping could be viewed as resulting from
a motor binding process (Sanes and Truccolo, 2003) such as that in-
ferred from the neural synchrony of M1 cells (Jackson et al., 2003;
Hatsopoulos et al., 2003, 2007; Rubino et al., 2006) forming func-
tional assemblies more often when a pre-programmed (bound)
movement is realized (Hatsopoulos et al.,, 2003, 2007). These
neurophysiological data suggest that primary motor cortex and
the adjacent premotor cortex may be the level where the grouping
is made, depending on the movement trajectory.

1 The principle of grouping based on the highest frequency of directional changes
would explain why for an up-right figure-eight PMS and PD act as they did for a right-
left cyclic movement and not to an up-down movement. Since the directional
changes in a figure-eight drawn on its side follow the temporal sequence of the
vertical velocity component, the PMS-PD grouping corresponding to an up-down
movement is to be expected. Currently our experiments focus on verifying this
hypothesis.

In conclusion, our study shows that the drawing of regular fig-
ures such as a figure-eight present muscular temporal synergies
specifically organized according to the rhythm of the end-effector
trajectory. This result supports the idea that arm gestures that
combine features of both rhythmic and discrete movements differ
in the control processes as compared to more simple discrete mo-
tions such as reaching to a target. The CNS takes advantage of the
rhythmicity by partitioning the muscles into sets of synergistic
muscles acting in a reciprocal mode, assigning muscles to one
group of another depending on the anticipated number of direction
changes in the overall movement.
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