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Abstract We describe the muscle synergies accompany-
ing steering of walking along curved trajectories, in or-
der to analyze the simultaneous control of progression
and balance-threatening emerging forces. For this pur-
pose, we bilaterally recorded in ten subjects the electr-
omyograms (EMGs) of a representative sample of leg
and trunk muscles (n=16) during continuous walking
along one straight and two curved trajectories at natural
speed. Curvilinear locomotion involved a graded, limb-
dependent modulation of amplitude and timing of
activity of the muscles of the legs and trunk. The turn-
related modulation of the motor pattern was highly
coordinated amongst muscles and body sides. For all
muscles, linear relationships were detected between the
spatial and temporal features of muscle EMG activity.
The largest modulation of EMG was observed in gas-
trocnemius medialis and lateralis muscles, which showed
opposite changes in timing and amplitude during curve-
walking. Moreover, amplitude and timing characteristics
of muscle activities were significantly correlated with the
spatial and temporal gait adaptations that are associated
with curvilinear locomotion. The present results reveal
that fine-modulation of the muscle synergies underlying
straight-ahead locomotion is enough to generate the
adequate propulsive forces to steer walking and main-
tain balance. These findings suggest that the turn-related

G. Courtine - M. Schieppati
Dipartimento di Medicina Sperimentale, Sezione di Fisiologia,
Universita di Pavia, Pavia, Italy

G. Courtine - M. Schieppati (D<)

Centro Studi Attivita Motorie (CSAM),

Fondazione Salvatore Maugeri,

Istituto di Ricovero e Cura a Carattere Scientifico (IRCCS),
Istituto Scientifico di Pavia, Via Ferrata 8, 27100 Pavia, Italy
E-mail: mschieppati@fsm.it

Tel.: +39-382-592008

Fax: +39-382-592081

C. Papaxanthis - G. Courtine

Equipe de Recherche Mixte 207, Institut National de la Santé
et de la Recherche Médicale (INSERM), Motricité et Plasticité,
Université de Bourgogne, Dijon, France

command operates by modulation of the phase rela-
tionships between the tightly coupled neuronal assem-
blies that drive motor neuron activity during walking.
This would produce the invariant templates for loco-
motion kinematics that are at the base of human navi-
gation in space.

Keywords Locomotion - Navigation - Balance -
EMG - Human

Introduction

Human walking differs in many aspects from other ter-
restrial locomotor modes of vertebrate (Capaday 2002).
Contrary to most mammals, which walk on four legs
with the trunk roughly parallel to the ground, humans
walk erect on two legs. A pendulum-like movement re-
sults, which converts kinetic energy into gravitational
potential energy, and inversely so, thereby increasing
gait efficiency (Cavagna and Margaria 1966; Alexander
1989).

However, bipedal locomotion is naturally unstable, in
particular in the medio-lateral plane (Winter et al. 1993;
Kuo 2001). Accurate control of propulsion and balance
during human locomotion requires the CNS to produce
highly coordinated movements of lower limb segments
and trunk (Lacquaniti et al. 1999; Courtine and
Schieppati 2004). The parallel emergence of lower limb
coordination and trunk vertical stability in toddlers
(Gramsbergen and Hadders-Algra 1998; Cheron et al.
2001) emphasizes the need for dynamic but separate
(Ivanenko et al. 2005) integration of body balance and
forward motion peculiar to bipedal walking.

The characteristics of neural drive encoding for this
dual integration have received little attention so far.
How is muscle activation modulated to propel the body
and ensure balance during locomotion? This interaction,
already present during straight-ahead walking, would
become critical during curvilinear locomotion. Indeed,
many spatiotemporal parameters of gait are adapted to



the actual curvature of the path: the orientation of
nearly all body segments—therefore of the center of
mass—shifts inwards with respect to the body trajectory
in order to counteract the gravito-inertial forces that
destabilize balance, and to implement the planned
locomotor path (Patla et al. 1999; Imai et al. 2001;
Courtine and Schieppati 2003a, b, 2004). Accordingly,
the commands delivered to the leg muscles for proper
drive of the chain of limb segments and to the trunk
muscles to preserve balance necessarily imply demand-
ing computational processes during curve-walking
(Bernstein 1967). Evidences of this complexity emerge,
when studying turning in aged persons (Thigpen et al.
2000), Parkinsonians (Stack and Ashburn 1999; Morris
et al. 2001) and cosmonauts on their return from space
(Chekirda et al. 1971).

In a previous study (Courtine and Schieppati 2003a,
b, 2004), we disclosed unifying kinematics principles, by
virtue of which the CNS achieves inter-segmental coor-
dination during straight- and curve-walking: graded,
limb-dependent tuning of a basic coordination pattern
accounted for the adaptation of left and right leg tra-
jectories to the actual curvature of the path, as well as
their coordination with trunk movement, both in the
sagittal and frontal planes. However, a common kine-
matic principle underlying straight- and curve-walking
does not imply a similar modulation of muscle activa-
tion for both locomotor tasks. For example, Grasso
et al. (1998) demonstrated that conservation of kine-
matic templates during forward and backward locomo-
tion is accomplished at the expense of a complete
reorganization of muscle synergies. The emergence of
balance-threatening forces during curvilinear locomo-
tion (Imai et al. 2001) may require the restructuring of
the motor pattern underlying straight-walking and a
significant change in the activity of those muscles that
counteract gravito-inertial forces in order to preserve
balance.

We previously reported that the SL and TA muscles
show a modest modulation of their EMG during curve
walking (Courtine and Schieppati, 2003b), certainly not
sufficient for the production of successful curvilinear
locomotion. Here, we recorded the activity of a much
larger sample of muscles acting on the legs and trunk
muscles during walking along three trajectories of dif-
ferent curvature, to investigate (1) the amplitude and
temporal distribution of lower limb and trunk muscle
activity during straight versus continuous curvilinear
locomotion, (2) the modulation of muscle synergies
across several segments, and (3) how adaptive modifi-
cations of gait mechanics are encoded in turn-related
modification of EMG. We hypothesized that continuous
steering along curvilinear locomotor paths would in-
volve graded, coordinated modulation of the muscle
synergies underlying straight-ahead walking, which
would produce the invariant templates for locomotion
kinematics at the base of human navigation in space
(Patla et al. 1999; Imai et al. 2001; Courtine and
Schieppati 2003a, b, 2004).
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Methods
Subjects

Ten healthy male adults volunteered for this experiment.
They had never participated in this kind of experiment
before. Their mean age was 25 (range 23-28), mean
height 175 cm (163-183), and mean weight 70 kg (62—
84). The subjects gave written and informed consent and
the study conformed to the Declaration of Helsinki. The
study was approved by the ethic committee of the Uni-
versity of Bourgogne.

Locomotor task

Figure 1 shows the three locomotor trajectories (black
traces) along which the subjects were required to walk.
The first trajectory was straight, in the straight-ahead
(SA) direction. The two other trajectories were curved
with radius of 4.6 and 1.2 m, and were called curve-
slight (CS) and curve-tight (CT), respectively. CS and
CT paths were curved toward the left side with respect
to the walking direction. Preliminary experiments re-
vealed no differences in the motor strategy underlying
clockwise versus counterclockwise curvilinear locomo-
tion. Each locomotor path was marked on the floor
with a black plastic band. Subjects performed at least
three gait cycles along each locomotor trajectory before
and after they entered the acquisition volume. The re-
corded and analyzed gait cycles were therefore ex-
tracted from continuous curve-walking tasks, i.e., when
the locomotor pattern had reached a plateau (Courtine
and Schieppati 2003a). Ten repetitions were made
along each path. Subjects walked at their preferred
(natural) velocity with their eyes open and received no
particular instruction concerning body, head or gaze
orientation.

Data acquisition and processing

The methods and procedures used in the present study
have been detailed in our previous reports on curve-
walking (Courtine and Schieppati 2003a, b, 2004) and
will be only briefly reported here. Both kinematic and
electromyographic (EMG) data were obtained by means
of the integrated ELITE system (BTS, Italy).

Kinematics

Eight video cameras (100 Hz) were located around the
walking area, creating an acquisition volume of 4 x4 m
(2 m high) for the recording of whole-body movements.
Reflective markers (8 mm in diameter) were attached to
the skin overlying the following body landmarks: vertex;
between the eyebrows; and for both hemi-bodies: the
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Fig. 1 Description of the locomotor task. a. The black lines show
the shape of the three locomotor paths drawn on the floor, along
which the subjects were required to walk. The gray lines depict the
actual trajectories covered by the body midpoint during ten
successive executions for a typical subject. b. The change in heading
is defined as the angle between the orientations of the vector velocity

gleno-humeral joint, anterior superior iliac spine, great
trochanter (GT), knee (lateral femur epicondyl, K),
lateral malleolus (M) and fifth metatarso-phalangeal
joint of the foot (F). In addition, two markers were
placed along the anterior and posterior body midlines,
2 cm below the belly button and at the level of L3 (see
Fig. 2b). The average value of the coordinates of these
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Fig. 2 Spatiotemporal patterns of limb and pelvis movements. a.
Mean values (+ SD) of stance duration expressed as a percentage
of cycle duration. b. Mean distance (+ SD) between the pelvis,
represented by the body midpoint (open circle in the inset), and the
stance foot at mid-stance. c¢. Relationship between stance duration
and pelvis-to-foot distance for one typical subject. The mean value
(+SD) of the correlation coefficients (r) computed for all subjects is
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at the time of two successive heel strikes for one leg. The mean
values (+ SD) of the change in heading per cycle (all subjects and all
successive strikes of both legs pooled) are reported in the histogram
bars for each locomotor trajectory. Circles indicate significant
differences between curve (CS and CT) and straight-walking (SA).
A significant difference also exists between CS and CT

two markers and the left (L) and right (R) markers
located on the ilium and great trochanter was calculated.
The resulting point, labeled body midpoint (xp; x5; zp),
provided a good approximation of the displacement of
the center of mass. The /imb axis was for each limb the
virtual straight line connecting the lateral malleolus to
the great trochanter.
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reported in the plot. d. Inter-limb timing refers to the time of heel
contact of one foot relative to the heel contact of the contralateral
foot, expressed as the percentage of the duration of the cycle period
of the contralateral limb. Open and filled circles indicate significant
differences between curve- and straight-walking for the inner and
outer legs, respectively. Bars associated with a circle show
significant differences between inner and outer leg



Electromyogram (EMG)

The skin was cleaned with alcohol swabs before applying
two electrodes (1 cm in diameter, 2 cm inter-electrode
distance) for recording the surface EMG. The electrodes
were placed over seven muscular groups of each leg:
tibialis anterior (TA), soleus (SL), gastrocnemius medi-
alis (GM) and gastrocnemius lateralis (GL), vastus lat-
eralis (VL), biceps femoris (BF), and gluteus medialis
(GLU) as well as bilaterally on the erector spinae (ES)
muscle. The electrodes were positioned as follows: for
the GM, GL, VL, BF, and GLU on the belly of the
muscle, midway between the proximal and distal inser-
tions; for the SL, on the midline, posteriorly, 2 cm below
the insertion of the gastrocnemii in the Achilles’ tendon;
for the TA, on the anterior aspect of the upper third of
the leg, just close to the shin; for the ES 3 cm laterally
with respect to L3 (Thorstensson et al. 1982). Successful
recordings were obtained from all muscles of all sub-
jects, except for BF (n=8). EMG activity of the VL
muscle was recorded in six subjects. Signals were pre-
amplified (x 100), digitized, and transmitted to the re-
mote amplifier via telemetry. Signals were sampled at
1,000 Hz, band-pass filtered (10-500 Hz), and full-wave
rectified.

Reference frame

The coordinate frames that describe body motion while
moving through space were defined in a hierarchical
manner as described in previous papers (Courtine and
Schieppati 2003a, 2004). Briefly, the instantaneous
heading direction was defined as the angle of the
instantaneous linear velocity vector of the body midpoint
in the horizontal plane with respect to the space-fixed
reference frame. The coordinates of the different mark-
ers were converted in the body-centered reference frame,
whose X axis matched the heading direction, through
coordinate transformation. The amplitude of the walk-
ing direction change during each gait cycle was calcu-
lated as the difference in heading between two successive
heel strikes of one leg (see inset of Fig. 1b).

Gait parameters

The gait cycle was defined as the time interval between
two successive heel strikes of one leg. Successive heel
strikes were set at the zero crossings of the rate of change
of the elevation angle of the limb axis. On an average,
20 £ 5 cycles were examined for each leg, each locomotor
path, and for each subject, thus representing a total of
120 cycles per subject and 1,200 locomotor cycles as a
whole. Onsets of swing phases were based on rates of
change of foot (foot marker, F) vertical translations. A
threshold of foot clearance was set at 10% of maximal
peak velocity of foot vertical displacement during the
swing phase. Classical gait parameters such as total gait
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duration, stance duration, mean velocity, stride length,
and inter-limb timing were evaluated (Courtine and
Schieppati 2003b). The distance between the stance foot
and the body (pelvis) in the medio-lateral plane was
measured (see inset of the Fig. 2b). This was the distance
at mid-stance between the position of the malleolus
marker and the trajectory described by the position of
the body midpoint. The difference between the stride
length of the left and right legs during the time interval of
a gait cycle was computed as the difference between the
distance covered by the left and right malleolus during
this period (Courtine and Schieppati 2003a, 2004).

Timing of muscle activity

EMG activity from each trial was ensemble-averaged
after time-interpolation over individual gait cycles to fit
a normalized 1,000-point time base. The procedure was
applied individually for each leg, each locomotor path
and each subject. The timing of muscle activity was
evaluated on each of these mean traces. Onsets and ends
of EMG burst activity were established at the points at
which muscle activity exceeded and fell below (for at
least 50 ms), respectively, the mean activity plus 1.5 SD
recorded during a period (200 ms) when this muscle was
least active. A mobile average (40 ms width) was first
applied on the signal to reduce the effects of signal
oscillation. The recorded muscles generally presented a
single burst during the gait cycle. However, the TA
muscle showed a well-identified double burst and was
divided into two distinct bursts whose separation was set
as the trough occurring around the center of the double
burst. Furthermore, the ES muscle exhibited two periods
of activity: a phasic burst coincided with heel strike and
was followed by a period of tonic activity. These two
periods were separately analyzed.

Amplitude of muscle activity

The mean activity was calculated as the integral of the
muscle envelope during the time-interval of the gait cy-
cle. In addition, the amplitude of the muscle bursts
during each cycle was computed by integrating the
activity of each individual EMG burst during the time
interval (onset-end) defined during walking along each
locomotor path, as described above. The difference be-
tween EMG activity of left and right muscles during
each gait cycle was also assessed. The procedure con-
sisted in normalizing the amplitude of EMG activity of
each muscle to the mean activity of the same muscle
during straight-walking. The normalization was inde-
pendently applied to each muscle and each leg as well as
to each subject. The ratio between EMG activity of left
and right muscles during each gait cycle was subse-
quently evaluated by expressing the activity of the
muscle most active as a percentage of the activity of the
muscle less active.
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Statistical analysis

For each subject, we calculated the mean values of the
different parameters computed and their SD over all
trials according to the experimental condition. Except
otherwise specified, values reported in the figures are the
averaged mean and SD values of all subjects. Repeated-
measure ANOVA was used to test the effect of the dif-
ferent conditions on the experimental parameters. The
factors examined were locomotor path (SA, CS, CT)
and body side (left or right). Post hoc differences were
assessed by means of the Newman—Keuls test.

Results

This section contains three parts. Firstly, we confirm
that successful curve-walking requires a number of
graded, side-dependent adaptations of gait (Courtine
and Schieppati, 2003a, b). The aim of this first section is
twofold: (1) to point out the continuity of the steering
process across trajectories of different curvature that was
not described in our precedent reports, (2) to provide the
reader with a comprehensive view of how segment
movements are adjusted to steer the body along a curve
in order to better understand the accompanying changes
in muscle activity. In the second part, we detail the
amplitude and temporal characteristics of EMG bursts
and show the graded, side-dependent modulation of
EMG pattern of nearly all muscles across curved paths
of different tightness. Finally, we report that the mod-
ulations of muscle activities are well coordinated and
properly correlated with the adaptations of body kine-
matics required to ensure accurate and balanced steering
of the body through space.

Spatial trajectory

The subjects easily followed the required locomotor
paths (black lines in Fig. 1a). Their locomotor trajec-
tories (gray traces in Fig. 1a) and changes in heading per
cycle were highly reproducible from cycle-to-cycle and
trial-to-trial; change in body direction per cycle gradu-
ally increased with path tightness (curve effect,

Table 1 General gait
parameters. Average values (all
subjects) of gait cycle duration,

P<0.001, Fig. 1b). No significant difference was found
for the heading change between left and right cycles
(P>0.3). The consistency of the change in heading per
cycle when walking along each of the three curves
indicates that the locomotor system had reached a pla-
teau during the recorded gait cycles.

General gait parameters

Average values of spatial and temporal features of the
gait pattern for all subjects when walking along the three
locomotor paths are detailed in Table 1. Gait cycle
duration was hardly affected by the curvature of the
path. Only the tighter curve caused a modest (40 ms,
4%), though significant increase in cycle duration (curve
effect, P<0.01; SA vs. CT post hoc comparison,
P <0.05). Conversely, mean body velocity steadily de-
creased with the increase in curve tightness (curve effect,
P <0.0001; P<0.01 for all post hoc comparisons). This
slowing was the consequence of the increasing diver-
gence between the stride length of the left and right legs
(curve X side effect, P<0.0001). The outer (right) leg
conserved or minimally reduced its stride length during
curve- with respect to straight-walking (only SA and CS
vs. CT post hoc comparisons reached significance,
P<0.001 for both comparisons). In turn, the stride
length of the inner (left) leg markedly diminished when
curve tightness increased (P<0.001 for all post hoc
comparisons).

Spatiotemporal patterns of leg and pelvis movements

There was an interaction effect on stance duration
(P<0.0001) between leg (left or right) and locomotor
paths (SA, CS, CT) (Fig. 2a). The left and right legs
exhibited similar stance durations during straight-walk-
ing (P>0.3) but showed opposite modifications of
stance duration during curve-walking (P <0.0001 for
both CS and CT comparisons). Stance duration of the
left inner leg significantly increased with curve tightness
(all post hoc comparisons, P <0.005). Changes in stance
duration of the right outer foot were less pronounced.
Stance duration decreased but significantly so only when
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mean velocity and left (inner)
and right (outer) stride length
according to the characteristics (s)
of the locomotor path

SA CS
Gait duration 1.13 £ 0.06 1.14 £ 0.06 1.17 + 0.08
Mean velocit
A y 1.19+0.12 1.14 £ 0.10 0.98 £ 0.10
(m.s™)
Inner Outer Inner Quter Inner Quter

Stride length
(m)

1.34 +0.09 1.33+0.08 1.26+0.08 1.34 +0.09 1.08£0.07 1.27 £ 0.1




stepping along the CT curve (SA vs. CT post hoc com-
parison, P=0.01).

The pelvis, reflected by its midpoint, substantially
modified its position with respect to the stance foot
during curve-walking. The histograms of Fig. 2b report
mean values of the pelvis-to-foot distance at mid-stance
according to leg and locomotor path—at this time, the
leg is fully extended and carries the body weight. Dra-
matic side-dependent changes accompanied the pro-
gression along a curve (curve X leg effect, P<0.0001).
While the pelvis-to-foot distance was similar for the left
and right legs during straight-walking (P>0.4), the
outer and inner foot gradually moved away from and
closer to the pelvis trajectory, respectively, when curve
tightness increased (all post hoc comparisons,
P <0.0001). The stance phase duration of both legs was
negatively correlated with the pelvis-to-foot distance in
all the subjects (Fig. 2¢, P<0.001; r=—0.68 £0.07). The
slope of this relationship significantly depended on the
subject’s weight, being larger in the heaviest subjects
(correlation between body weight and slope, r=0.64,
P <0.05). A concomitant changes in the mean roll trunk
orientation also was observed. The trunk significantly
(curve effect, P <0.01) tilted toward the inner part of the
curve on passing from SA to CS (0.9+0.8°) and from
CS to CT (1.8£1.1°).

A slight but significant change in timing between the
displacement of inner and outer legs was a regular fea-
ture of the progression along the curved paths. Mean
values of the inter-limb timing, i.e., the time of contra-
lateral heel contact, are reported in Fig. 2d. The timing
of inner and outer heel contacts slightly but significantly
changed, in opposite sense, with curve tightness (curve x
leg effect, P <0.0001); as a consequence, the inner leg led
with respect to the outer leg when turning (all post hoc
comparisons, P <0.05). Instead, the left and right legs
moved near perfectly out of phase during straight-
walking: the contralateral heel contact occurred at
50.3£0.7% of cycle duration. Further details on gait
adaptations to curve-walking in humans can be found in
Courtine and Schieppati (2003a, b, 2004).

Curve-dependent adjustment of patterns of muscle
activation

Figures 3, 4, and 5 illustrate the characteristics of the
muscle activation patterns of the two legs and the trunk
when walking along the SA, CS, and CT locomotor
paths. Figure 3 shows the average EMG profile (average
of the mean traces of all subjects) of trunk, hip, thigh,
and leg muscle activity over the normalized time interval
of the cycle period when walking along the three loco-
motor paths. EMG waveforms recorded on the left
(inner) and right (outer) legs are aligned on the time of
heel contact, and identified by dark and light traces,
respectively. The timing characteristics of the EMG
bursts are sketched in Fig. 4; the left and right borders
of each box indicate the onset and end of the EMG
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burst. Finally, the histograms of Fig. 5 report the mean
values of EMG burst amplitude normalized on SA
baseline.

Overall muscle activity

The EMG activity picked-up from the left and right
muscles was remarkably similar during straight-walking.
Accordingly, left and right EMG envelopes were highly
correlated regardless of the muscle considered
(P<0.0001, mean of correlation coefficients from all
muscles of all subjects, r=0.97+0.01). Walking along
the curved paths did not imply a dramatic re-organiza-
tion of the basic EMG patterns required for walking
straight-ahead. Rather, the progression along the two
curves required a subtle and graded modulation of
amplitude and temporal characteristics of EMG bursts,
which was opposite in inner and outer muscles. These
adaptations of muscle activity that accompanied steering
of the body are detailed in the subsequent sections
muscle by muscle.

Leg muscles

Soleus and GM muscles showed similar features during
straight- and curve-walking. Both muscles developed a
burst beginning 100-200 ms after the onset of the stance
phase (13+£2% and 14+4% of cycle duration for SL
and GM) and ending approximately with swing onset
(59+2% and 57+3% of cycle duration for SL and
GM). During straight-walking, the amplitude and tim-
ing of SL and GM bursts did not differ between the left
and right legs (all statistical tests on amplitude and
timing, P>0.1). During curve-walking, SL burst onset
remained unchanged; instead, GM burst onset was sig-
nificantly advanced and delayed (Figs. 3, 4) on the outer
and inner legs, respectively (curve X leg effect, P=0.001).
These changes were small (1-2% of cycle duration),
though significant (P <0.01 for all inner versus outer
post hoc comparisons for CS and CT curves). Con-
versely, the end of GM burst did not depend on path
curvature (P>0.3), whereas the end of SL bursts sig-
nificantly changed when walking in a curve (curve x side
effect, P<0.05). Post hoc test revealed that, when step-
ping along the tighter curve, the end of inner and outer
SL bursts was significantly (P <0.05) delayed and ad-
vanced (2% of cycle duration), respectively (Fig. 4). Not
only was the timing of SL and GM bursts changed
during curve-walking, but their amplitude also was
modulated (curve X side effect, P<0.001). The EMG
activity increased for GM (SA vs. CS, P>0.3; SA vs.
CT, P<0.001) or remained unchanged for SL (P> 0.8)
muscles in the outer leg (Fig. 5). On the other hand, the
amplitude of EMG bursts decreased in both SL and GM
inner muscles during curve-walking (P <0.001) for all
post hoc comparisons). This modulation was progres-
sive, the depression being more evident when walking
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Fig. 3 Muscle activity during
straight- and curve-walking.
Mean EMG waveforms
computed from all trials of all
subjects, separated according to
body side and locomotor path.
Traces from the muscles of the
outer (black) and inner (gray)
body segments are aligned on
the time of heel strike (HS). The
horizontal bars at the bottom of
the figure specify the duration
of stance and swing phases. The
time of toe off (TO) is also
indicated. The short vertical
white lines depict the time of
contralateral heel strike (CHS).
The EMG activity was
bilaterally recorded from soleus
(SL), gastrocnemius medialis
(GM), gastrocnemius lateralis
(GL), tibialis anterior (TA),
vastus lateralis (VL), biceps
femoris (BF), gluteus medius
(GLU), and erector spinae (ES)
muscles, from top to bottom

GL GM SL

TA

GLU BF

ES

e

g
7

I
w

along CT than CS curve (CS vs. CT, P< 0.001 for both
SL and GM muscles, Fig. 5). The activity decreased by
11% for SL and 17% for GM along CS, and about 21%
for both muscles along CT.

The GL was the muscle in which the maximum
changes in EMG activity were detected during curve-
with respect to straight-walking. In spite of their syner-
gistic action around the ankle joint, GL and GM mus-
cles showed opposite temporal and spatial EMG
modulation during curve-walking (Fig. 3). GL burst
onset was significantly (curve x leg effect, P <0.0001)
advanced and delayed in the inner and outer legs,
respectively, regardless of the curve followed (P <0.01
for all post hoc comparisons, Fig. 4). Changes in GL
burst amplitude were also observed (curve X leg effect,
P<0.0001). Indeed, contrary to SL and GM muscles,
activity of the GL muscle of the inner leg remained
unchanged (SA vs. CS, P>0.2) or increased (26%, SA
vs. CT, P<0.05) during curve- with respect to straight-
walking (Fig. 5). Conversely, the EMG activity dropped
in the outer muscle when steering along CS (21%) and
CT (41%) paths compared to SA path (P < 0.01).

b
CHS

=

SWING

Quter

_

Inner

The changes in TA muscle activity during curve-
walking were modest with respect to those detected in
the ankle extensors. Modulation of ankle flexor
activity was however consistent with the turn-related
adaptations of the gait parameters. During straight-
walking, the TA muscles exhibited a double-peak
burst that began at the onset of swing (62+2% of
cycle duration) and lasted up to the first third of the
subsequent stance phase (13+3% of cycle duration).
Opposite phase shift in the TA EMG burst onset
between inner and outer legs emerged during curve-
walking (curve X leg effect, P<0.0001, Fig. 3 and 4).
The outer burst was anticipated and the inner was
delayed during CS and CT walking with respect to the
straight-ahead condition (all post hoc comparisons,
P<0.05). Interestingly, TA burst onset was signifi-
cantly (p<0.01) correlated with the end of stance in
seven out of the ten subjects (r=0.73+£0.19). No
systematic changes were detected for the other tem-
poral features of TA activity (Fig. 4). Significant
changes in amplitude also were observed (curve effect,
P<0.01): EMG activity (8%) slightly decreased at the
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Fig. 4 Schematic representation of muscle activity during straight-
and curve-walking. Left and right borders of each box indicate the
onset and end (+ SD) of muscular bursts, respectively, referred to
the normalized duration of the cycle period (HS, heel strike). Open
and filled circles indicate significant differences in muscle timing
between straight-walking and curve-walking (both CS and CT)
conditions for the inner and outer legs, respectively. Bars associated
with a circle show significant differences between the timing of the
inner and outer muscle activity within a given condition of walking

beginning of stance for both inner and outer muscles
during CT vs. SA walking (p <0.05).

Thigh muscles

The activity of VL muscle has been recorded in six sub-
jects. Except for one subject, who showed significant
changes but a low level of EMG activity, walking along
either curve hardly altered the activity of the VL muscle
(Fig. 3). The only significant difference observed during
curve-walking was a weak change in the timing during the
stance phase of gait (curve effect, P<0.001). Both inner
and outer muscles significantly prolonged their burst by
3% of the cycle duration when walking along CT vs. SA
or CS paths (P <0.01; Fig. 4). Together with our previous
observation that the rectus femoris muscle shows no
adaptation in EMG activity during curve- compared to
straight-walking (Courtine and Schieppati, 2003b), the
current finding suggests that knee extensors contribute
little to the production of a curvilinear trajectory during
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human walking. We cannot exclude, however, that the
other heads of the quadriceps muscle might show signif-
icant modifications when walking in a curve as presently
observed within the triceps surae group.

The activity of the BF muscle was more strongly
modulated during curve-walking. During straight-ahead
walking, it normally exhibited a single burst that over-
lapped the swing-to-stance transition (Fig. 3). Burst
onset and end respectively occurred at 84+3% and
19+3% of cycle duration in straight-ahead condition,
but significantly changed during curve-walking (curve x
side effect, P=0.001 and P<0.05 for onset and end,
respectively). BF EMG activity rose earlier (p<0.05)
and later (P<0.05) in the outer and inner muscles,
respectively, when walking along the CT versus SA path
(Fig. 4). This difference was also significant between
inner and outer muscles for CS (P < 0.001). The BF
burst end was significantly delayed and advanced in the
inner and outer muscles, respectively (CT vs. SA post
hoc comparison, P <0.01). Significant changes in burst
amplitude also were observed (curve x side effect,
P <0.05). The activity of the inner muscle progressively
increased with curve tightness compared to the activity
of the outer muscle (inner vs. outer post hoc compari-
sons, P<0.01 for both curved paths; Fig. 5). Further-
more, an additional burst emerged in both inner and
outer muscles at the stance-to-swing transition when
stepping along the tighter curve (Fig. 3). This burst ap-
peared earlier in the outer with respect to the inner
muscles, as reported for the stance phase duration
(Fig. 2a). It is noteworthy that this additional burst was
only observed in those subjects who already exhibited a
small EMG activity at the stance-to-swing transition in
the straight-ahead condition.

Hip muscle

Hip rotation and lateral trunk leaning are important
determinants for the production of a curved path in
humans (Courtine and Schieppati 2003a). Accordingly,
the activity of the GLU muscle, a thigh abductor, might
be substantially modulated during curve-walking.
However, GLU EMG pattern did not show major
modifications when walking along either curve (Fig. 3).
Timing changed, though: GLU muscle activity increased
at the end of the swing phase in straight-ahead condition
(86 4% of cycle duration), but significantly changed its
temporal occurrence during curve-walking (curve X leg
effect, P<0.0001). The onset of GLU activity was de-
layed and advanced for the inner and outer muscles
(Fig. 4), respectively, regardless of the tightness of the
path followed (P<0.05 and P<0.01 for CS and CT
paths, respectively). In any case, the GLU muscle burst
was fully developed only after heel contact. At this time,
a peak emerged, which ceased with the end of BF and
VL bursts (Fig. 3). A high tonic activity was then
maintained throughout the remaining period of single
stance (end at 45 + 8 % of cycle duration). Whereas the
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Fig. 5 Amplitude of muscle
activity during straight- and
curve-walking. Mean values
(+ mean SDs) of muscle burst
amplitude according to the
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amplitude of the phasic burst tended to decrease, this
tonic activity significantly (curve x side effect, P <0.05)
increased in the outer muscle during curve-walking (CT
path) as did its initial burst at the end of the swing phase
(P<0.01; Fig. 5).

Trunk muscles

The lumbar (L3) ES muscle showed two distinct periods
of activity, phasic and tonic (Fig. 3). The phasic burst
occurred in relation with the contralateral heel strike
(48 £ 1% of cycle duration) and lasted up to swing onset
(65+2% of cycle duration). Afterward, a weak tonic
activation of trunk muscles was maintained throughout
the period of leg oscillation and during the first part of
the subsequent stance phase, i.e., this activity ended at
around 21 £6% of cycle duration. The timing of the ES
phasic burst was substantially modified during curve-
with respect to straight-walking (curve X side effect,
P<0.0001). Burst onset was advanced for the inner
(P<0.01) and delayed for the outer muscle, respectively
(SA vs. CT, P<0.001; SA vs. CS, P=0.09; Fig. 4).
Interestingly, a significant relationship between ES burst
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onset and the time of contralateral heel strike was found
for eight out of the ten subjects (P<0.001;
r=0.77+0.17). Significant modulation of amplitude of
ES EMG activity accompanied the smooth body steer-
ing along a curve. The activity of the phasic burst sig-
nificantly decreased (curve X side effect, P <0.01) in the
inner with respect to the outer muscle when walking
along both curves as well as compared to the activity of
the same muscle in the straight-ahead condition
(P<0.01 for all comparisons; Fig. 5). The inner muscle
conversely increased its level of tonic activity during
curve- compared to straight-walking (curve X side effect,
P <0.001, all post hoc comparisons, P<0.01). No sig-
nificant changes in the amplitude of the outer ES muscle
activity were observed during curve- compared to
straight-walking.

Coordinated spatial and temporal modulation of muscle
activity and its relation with stride length

To explore how the CNS coordinates the modulation of
muscle activity for successful body steering along a
curved path, we evaluated the degree of correlation



between muscle burst features, both in spatial and
temporal domains. Figure 6 shows typical relationships
between the activity of ankle extensors (GM and GL),
i.e., the muscles exhibiting large modulation during
curve-walking, and the activity of the other recorded
muscles; the number of subjects for which significant
correlations (P <0.05) were found is reported in each
plot. The EMG amplitude of the inner and outer legs
was inversely modulated during curve-walking; as a
consequence, their data points evolved in opposite
directions when walking along either curve. No corre-
lation or weak correlations were found in those subjects
who exhibited modest modulation in the activity of a
particular muscle; accordingly, the slope of the corre-
sponding relationship was close to zero, and the corre-
lation was not or weakly significant. In these instances,
however, a similar dissociation between inner and outer
burst amplitudes was clearly observed.

Inter-muscle coordination was also apparent at the
time of onset or end of the inner and outer leg muscle
EMG bursts relative to the onset of the ES EMG
(Fig. 7). In general, the inner and outer leg muscles were
activated prior to ES muscle. Also, during curve-walk-
ing, the outer leg muscles were activated prior to the
inner leg ones; when combining the inner and outer
muscle onsets for each stepping paradigm (SA, CS, and
CT), there was a positive slope for each muscle except
for the GL. These relationships were consistent across
subjects; mean values of regression coefficients are re-
ported to the right of each plot (P <0.001). This analysis
of the spatial and temporal structures of the motor
pattern points out the high degree of coordination in the
command to bilaterally modulate bursts of leg and trunk
muscles during straight- and curve-walking.

We also investigated whether this coordinated mod-
ulation of inner and outer muscle activity could account
for the turn-related asymmetrical adaptation of stride
length, a necessary event for curvilinear locomotion
(Courtine and Schieppati 2003b). The percent change in
EMG amplitude between inner and outer homonymous
muscles when walking along the three locomotor paths
was compared to the difference in the distance traveled
by the inner and outer malleolus during the same time
interval. Significant correlations were detected for GM,
SL, GL, GLU, ES, and BF muscles in several subjects
(P<0.05; from 5 to 8 according to the comparisons,
reported in Fig. 8). The differences between the stride
length of the left and right legs were equal to zero during
straight-walking as was the normalized EMG ratio. As a
result, SA-related data points are clustered around zero
in Fig. 8. Gradual decrease in inner compared to outer
stride length is a regular feature of curve-walking (see
above) and CS—CT related data points indeed shifted
upward in the plots of Fig. 8, i.e., the outer to inner
stride length difference increased. Interestingly, gradual
divergence in inner-outer EMG activity accompanied
this adaptation of inner—outer stride length. Opposite
modulation of inner and outer muscle activity resulted in
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differences as large as 300% between EMG amplitude of
both muscles for the tighter direction changes.

A number of significant correlations between EMG
activity and the different measured gait parameters were
observed in some subjects. For example, linear regres-
sions were detected between the changes in body mid-
point positioning/trunk roll and the activity of the
triceps surae and/or trunk muscles. However, the cor-
relations reached significance only in those subjects
showing substantial modifications in both muscle acti-
vation and gait mechanics during curve- compared to
straight walking. Accordingly, these relationships are
not reported in the present communication, and would
probably require additional conditions, such as increase
in walking speed, to emerge clearly.

Discussion

The aim of this study was to investigate the spatial and
temporal characteristics of muscle synergies during
straight versus continuous curvilinear locomotion, to
relate those EMG features to gait mechanics, and to
assess the degree of coordination in the turn-related
modulation of muscle synergies. For this purpose, we
bilaterally recorded the EMG activity of a representative
sample of leg and trunk muscles during walking along
three paths of increasing curvature. We show that con-
tinuous curvilinear locomotion involved coordinated,
side-dependent modulation of amplitude and timing of
leg and trunk muscle activity, and that this pattern was
correlated with the adaptations of gait mechanics that
are required to simultaneously control balance and
propulsion when stepping in a curve. Our findings sug-
gest that, to implement curvilinear locomotor trajecto-
ries, the descending command finely modulates the basic
oscillating circuits that shape the activity of the muscles
during straight-walking in humans. The intrinsic cou-
pling between spinal neuronal assemblies would guar-
antee the coordinated modulation of motor pool activity
and the conservation of kinematic principles that ensure
well-balanced human bipedal stepping in a variety of
locomotor tasks (Courtine and Schieppati, 2004; Lac-
quaniti et al. 2002).

Gait adaptations during curvilinear locomotion

Bipedal locomotion is naturally unstable in the lateral
plane during straight-ahead walking (Winter et al. 1993;
Kuo 2001). Curve-walking adds further complexity to
body propulsion and balance, since the change in
direction of body masses causes a significant outward tilt
of the gravito-inertial acceleration vector that threatens
lateral stability (Imai et al. 2001). We previously showed
that successful walking along a curve requires a number
of adaptations of spatial and temporal determinants of
gait. This turn-related adjustment of locomotion kine-



330

Fig. 6 Coordinated spatial 2
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matics notably includes whole-body tilt toward the inner
part of the curve, and discrepancy in the stride length of
the inner and outer legs. The former adaptation is di-
rected to counteract the outward-oriented gravito-iner-
tial forces in order to preserve balance (Patla et al. 1999;
Imai et al. 2001; Courtine and Schieppati 2003a, 2004),
while the latter generates the curved trajectory of the
body center of mass to implement the planned loco-
motor path (Courtine and Schieppati 2003b). Both
activities must be coordinated in a feed-forward mode.
In the current study, we confirm that the CNS sub-
stantially accommodates gait mechanics in order to
successfully fulfill the complex balance and propulsion
requirements accompanying curvilinear locomotion.
This includes side-dependent changes in stride length
and stance duration, modification of inter-limb coordi-
nation, and shift of the pelvis segment toward the inner
part of the locomotor trajectory (Table 1, Fig. 2). Fur-
thermore, the use of the medium-curvature path allowed
us to illustrate the continuity of the steering process, i.e.,
the progressive adaptation of gait features to curve
tightness.

Modulation of muscle activity during curvilinear
locomotion

Significant changes in balance constraints emerging
during curvilinear locomotion may necessitate drastic
adjustments of muscle activity. We pointed out in the

Introduction that conservation of locomotion kinemat-
ics across gait directions might be achieved at the ex-
pense of a complete reorganization of muscle synergies,
as demonstrated during backward compared to forward
walking (Grasso et al. 1998). However, we recorded the
activity of a representative sample of leg and trunk
muscles and found that continuous curvilinear locomo-
tion did not require major changes in the pattern of
muscle activation underlying straight-ahead walking:
successful curve-walking was accomplished through
fine-modulation in amplitude and timing of the basic
motor pattern for straight-ahead locomotion. Significant
differences in the activity of inner and outer muscles
resulted, which paralleled increase in curve tightness
(Fig. 3). Interestingly, these adaptations of muscle
activity matched the curve-dependent changes in spatial
and temporal parameters of gait that are required to
construct the assigned locomotor trajectory while pre-
serving balance.

For example, leg- and curve-dependent changes in
TA burst onset were significantly correlated with the
concurrent modifications of the stance phase duration
for both legs. Similarly, a significant relationship was
found between the onset of the phasic burst in lumbar
trunk muscles and the timing of inter-limb displacement.
During curve-walking, a gradual delay in onset of the
inner ES muscle activity accompanied the progressive
lag of the heel strike of the outer leg, and inversely for
the outer ES muscle. These results confirm that loco-
motor-related activity of lumbar trunk muscles is closely
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Fig. 7 Coordinated temporal tuning of muscle activity during
straight- and curve-walking. Relationships between onset of erector
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same in each plot, and therefore, SA, CS, and CT data points are
vertically aligned. The average values (+ SD) of the regression
coefficients computed from all individual subjects are reported
beside each scatter plot

coordinated with the timing of contralateral stance
beginning (Waters and Morris 1972; Thorstensson et al.
1982). Likewise, turn-related increase in abduction and
adduction of outer and inner legs, respectively, detected
before heel contact (Courtine and Schieppati 2004), may
explain the anticipation of the onset of the activity of the
outer gluteus medius muscle at the end of swing during
curve-walking while the inner muscle remained quies-
cent. Lastly, concomitant changes in the SL burst timing
and stance phase termination have been observed when
walking along the tighter curve in the present study
(Fig. 4). A similar modification of the peroneus longus
muscle burst was found in our previous study on curve-
walking (Courtine and Schieppati 2003b).

These new experimental results thus show that side-
and curve-dependent timing modulation of the activity
of a variety of muscles are required to produce well-
balanced propulsion when stepping in a curve. The
accuracy of this turn-related temporal modulation of
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muscle activity may be critical since bipedal walking is
inherently unstable, even when progressing along a
straight path, and less flexible than quadrupedal loco-
motion (Patla et al. 1991). Alterations to the temporal
(and spatial) features of left and right leg displacements,
for example, provoke gait instability during straight-
walking in toddlers (Clark 1995), Parkinsonian patients
(Dietz et al. 1997), and cosmonauts following their re-
turn from space (Courtine and Pozzo 2004).

Not only the timing but also the amplitude of muscle
activity was consistent with the adaptations of locomo-
tor movements during curve-walking. For example, the
ratio between the activity of the muscles of the inner and
outer sides with respect to the direction of the curved
trajectory was significantly correlated with the difference
between the stride length of the inner and outer legs
during the same gait cycle. This linear relationship, sig-
nificant in most subjects for the GM, GL, SL, ES, BF,
and GLU muscles, may simplify implementation of the
required trajectory (Fig. 8). Indeed, we previously
showed that the inner-to-outer stride length discrepancy
is tightly related to the curvature of the whole-body
trajectory, i.e., the locomotor path actually covered
(Courtine and Schieppati 2003a). This notwithstanding,
leg-dependent modulation of muscle activity during
curve-walking is intended not only to change the loco-
motor direction but also to preserve balance. The
opposite modulation pattern we detected between GM
and GL may appropriately fit propulsion- and balance-
related requirements associated with curve-walking. The
activity was anticipated and augmented in the inner
versus outer muscles for the GL, whereas the inverse
modulation pattern was observed in the inner versus
outer GM muscles when walking in a curve. Such
changes in plantar flexor activity may favor an exoro-
tation moment in the outer leg (Duysens et al. 1996;
Arndt et al. 1999), thereby producing the change in
walking direction—body turn mainly takes place on the
outer foot (Imai et al. 2001; Courtine and Schieppati
2003a). On the other hand, the concurrent increased
activity in the inner GL and BF muscles during the
stance phase may contribute to body support by
increasing knee stability (Williams et al. 2001); it is
worth noting that inner GL and BF muscle activities
appreciably increased during the single stance phase, i.¢c.,
when inward body leaning loads the inner leg (Fig. 3).
We also showed significant modulation of the inner
erector spinae muscle during curve-walking; the ampli-
tude of its phasic burst significantly decreased with curve
tightness whereas its tonic activity increased steadily.
This modulation of lumbar trunk muscle activity is
likely required to conserve trunk stability (Imai et al.
2001; Courtine and Schieppati 2003a) and thus whole-
body balance under demanding equilibrium conditions.
Interestingly, both the phasic and tonic periods of
lumbar trunk muscle activity nicely correlated with the
amplitude of GL and GM bursts (Fig. 6). Dynamical
simulation studies (review in Zajac et al. 2003) showed
that ankle plantar-flexors are the main contributors to
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support and promote progression in human bipedal
walking. In particular, Neptune et al. (2001) demon-
strated that the gastrocnemii muscles provide trunk
support during single-leg stance and pre-swing. Indeed,
these muscles may be critical for ensuring lower limb
and trunk stability when performing movements in the
medio-lateral direction, i.e., the direction in which the
bipedal erect stance shows its greatest instability (Winter
et al. 1993; Kuo 2001). This idea is consistent with
findings in the cat that showed that GM and GL muscles
exert substantial torques outside the sagittal plane
(Lawrence et al. 1993). In this line, the BF and semi-
tendinosus muscles, which share their proximal insertion
at the hip but insert at the outer and inner parts of the
knee, respectively, might also show opposite modulation
pattern during curve-walking (Duysens et al. 1998). It is
worth noting that all these modifications of trunk and
leg muscle activation patterns are specific to curvilinear
locomotion. Indeed, split-belt treadmill walking, which
similarly requires to slow down a leg with respect to the
other, does not imply such adaptations in the activity of
leg and trunk muscles (Dietz et al. 1994; Jensen et al.
1998). This points out that the dramatic postural chan-
ges that accompany curve-walking put specific con-
straints on the muscle control characteristics in order to
maintain balance. Flexible adaptations of muscle activ-
ity and gait features to split-belt treadmill locomotion
were taken as evidence that spinal neuronal networks
ensure adaptation of the walking pattern to speed in
human locomotion. Whether curve-walking specificities
in muscular control rely upon different neuronal mech-
anisms should be the focus of future investigations.

Central neural mechanisms for implementation
of curvilinear locomotion

The brain orchestrates the transformation of the internal
representation of the path to be followed into the rele-
vant motor coordinates (Berthoz and Viaud-Delmon
1999; Vieilledent et al. 2001; Ma et al. 2004). This
planning of walking direction change implies anticipa-
tory modification of body movements including head
and feet rotation toward the future traveled path
(Grasso et al. 1996; Hollands et al. 2001; Imai et al.
2001; Courtine and Schieppati 2003a). We showed in
this study that the activation of many muscles is modi-
fied during curve-walking compared to straight-walking,
thus revealing a significant modulation of the motor
pattern evoked by the descending command to turn. Our
results, however, suggest that implementation of this
motor task does not necessarily imply a transfer of the
detailed instruction for muscle activity directly onto the
relevant motoneuronal pools. We argue instead that the
descending command for steering globally tunes the
spinal oscillating circuits that shape motoneuronal
activity during straight-locomotion (Bussel et al. 1996;
Dimitrijevic et al. 1998; Edgerton and Roy 2002; Iva-
nenko et al. 2004). We addressed this possibility by
evaluating the coordination amongst muscles’ activity,
both in the spatial (Fig. 6) and temporal (Fig. 7) do-
mains. Tight relationships were detected between burst
characteristics of muscles of the two legs and the trunk,
both in amplitude and timing, regardless of the actual
walking direction. Furthermore, these relationships were
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Fig. 8 Relationship between muscle activity and stride length. The
difference between the distance traveled by the inner and outer
malleolus during the time interval of a gait cycle is represented as a
function of the ratio between the activity of inner and outer GM,
SL, GL, GLU, ES and BF muscles during the same time interval.
The EMG ratio was computed for each gait cycle by expressing the
activity of the muscle most active as a percentage of the activity of

the muscle less active —100. As such the value was 0 when the inner
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5, 6, 5 for GM, SL, GL, GLU, ES, and BF muscles, respectively)
for whom a significant relationship (p <0.01) was found is reported
above the graphs



virtually identical for inner and outer muscles in spite of
their opposite modulation patterns. Our data are com-
patible with the notion that a unifying principle is
responsible for shaping the spatiotemporal activity of
the muscles of the two body sides during straight-ahead
and curve-walking. This is consistent with the conclusion
of our previous kinematics study, showing that a basic
elementary function was enough to explain the coupling
of the two legs and the trunk during straight- and curve-
walking, both in the frontal and sagittal planes (Courtine
and Schieppati 2004). Limb-dependent tuning of this
intersegmental coordination pattern accounted for the
changes in the temporal coupling between lower limb
oscillations, and produced adequate modifications of
joint angle trajectories to steer walking. The same neural
strategy appears to be used to generate different loco-
motor modes including backward walking or changes in
gait posture (see review in Lacquaniti et al. 2002). In the
present study, we showed that the timing and amplitude
characteristics of muscle bursts were linearly related to
the temporal and spatial features of body movements
required to progress along a given curved path. Simi-
larly, linear relationships were detected between the
amplitude of walking direction change and the modifi-
cations of the intersegmental coordination pattern in the
kinematics study (Courtine and Schieppati 2004).

Taken together, the data from our kinematics and
EMG studies strongly suggest that graded, side-
dependent modulation of spinal oscillating circuits that
shape the activity of motoneurons during straight-
locomotion (Ivanenko et al. 2004) creates the coordi-
nated pattern of muscle activation to successfully steer
walking while preserving balance. This would allow the
command to turn to be readily incorporated into the
ongoing locomotor activity, and significantly facilitate
the implementation of the centrally planned walking
path. However, the current findings provide no infor-
mation regarding the way the internal representation
of the path to be followed is converted into the rele-
vant motor coordinates, nor do they indicate which
descending pathways funnel the turn-related command
to the spinal pattern generators. Future investigations
will have to assess whether the steering-related sup-
raspinal command is transferred through the corti-
cospinal projections, or whether the bulbospinal
pathways convey the sufficient information to achieve
a balanced and spatially oriented locomotion in hu-
mans (see Discussion in Courtine and Schieppati,
2004).

Putative sensory-related mechanisms during curvilinear
locomotion

Side-dependent sensory activity emergent from the
neck-vestibular system and the proprioceptors of both
legs and the spine may strengthen the influence of the
turn-related descending command on the spinal circuitry
and favor the production of curvilinear walking. For
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example, asymmetrical neck and vestibular afferent in-
puts resulting from the anticipatory head rotation that
systematically accompanies steering (Grasso et al. 1996;
Hollands et al. 2001; Imai et al. 2001; Courtine and
Schieppati 2003a; Mergner and Rosemeier 1998) likely
facilitate the production of a curved trajectory (Bove
et al. 2001; Courtine et al. 2003; Fitzpatrick et al. 1999;
Bent et al. 2000). In the walking system of mammals, the
feedback from receptors signaling the loading of the leg
influences the level of extensor muscle activity (Harkema
et al. 1997) and partly determines the onset of flexor
burst generation, i.e., stance end (Duysens and Pearson
1980; Pang and Yang 2002). Accordingly, we show in
the present study that the duration of the stance phase as
well as the onset of the TA burst are significantly cor-
related with the change in body midpoint to foot dis-
tance (Fig. 2c). Similarly, the opposite amplitude and
timing modulation of gastrocnemii medialis and lateralis
activity observed during curve-walking is consistent with
the selective loading and unloading of inner and outer
leg muscles that may result from the inward body
leaning (Duysens et al. 1996; 2000). The asymmetric
afferent input from trunk proprioceptors may also be a
source of relevant input, as shown by the capacity of
unilateral erector spinae vibration to produce involun-
tary, but otherwise normal, curved trajectory during
blindfolded walking (Schmid et al. 2005).

Conclusion

Our previous study (Courtine and Schieppati 2004)
associated with the present results provides a novel in-
sight into the organizational principles that allow the
CNS to adjust the propulsive forces in order to steer
walking while preserving body balance in human loco-
motion. We show that the coordinated modulation of
the basic pattern of muscle activation underlying
straight-walking generates the appropriate changes in
spatial and temporal determinants of gait for successful
implementation of a curved locomotor path. The coor-
dinated synergies of leg and trunk muscles suggest that
the motor pattern for stepping in a curve emerges from
the modulation of phase relationships between the
neuronal assemblies distributed along the spinal cord
that drive motor neuron activity during walking. The
operations of the spinal circuitry coupled with the
mechanical properties of limb oscillators would produce
the invariant templates for locomotion kinematics that
ensure equilibrated bipedal stepping in the variety of
locomotor tasks found in humans (Lacquaniti et al.
2002; Courtine and Schieppati 2004).
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