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Background: Physiological co-activation of antagonistic muscles during gait allows stability of loaded joints.
Excessive co-activation restrains motion and increases energy expenditure. Co-activation is increased by gait
speed and in the case of upper motor neuron lesions. This study aimed to assess the pathological component
of co-activation in children with unilateral cerebral palsy.
Methods: 10 children with unilateral cerebral palsy and 10 typically developing children walked at spontaneous,
slow and fast speeds. The spatio-temporal parameters and electromyographic activity of the rectus femoris, vastus
medialis, semi-tendinosus, tibialis anterior and soleus of both lower limbs were recorded. A co-activation index
was computed from the EMG envelopes. A mixed linear model was used to assess the effect of walking speed

on the index of the antagonistic muscle couples (rectus femoris/semi-tendinosus, vastusmedialis/semi-tendinosus
and tibialis anterior/soleus) in the different limbs.
Findings: A greater effect of walking speed on co-activation was found in the involved limbs of children with
cerebral palsy for all muscle couples, compared with their uninvolved limbs and the limbs of typically developing
children. In typically developing children, but not in children with cerebral palsy, the effect of gait speed on the
co-activation index was lower in the rectus femoris/semi-tendinosus than in the other agonist/antagonist muscle
couples.
Interpretations: In children with cerebral palsy, a pathological component of muscle activationmight be responsible
for the greater increase in co-activation with gait speed in the involved limb. Altered motor control could explain
why the co-activation in the rectus femoris/semi-tendinosus couple becomes more sensitive to speed.
© 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Children with cerebral palsy (CP) present with pathological gait
patterns which are a mixture of primary, secondary, and tertiary
abnormalities (Gage and Schwartz, 2009). The primary abnormalities
are directly related to the lesions of the brain structures involved in
motor control. Musculo-skeletal deformities are the consequences of
the abnormal forces due to the brain injuries and are referred to as
the secondary abnormalities. The tertiary effects of the brain injury
are the coping mechanisms used by the child. It is important to distin-
guish between these three levels using comprehensive gait analysis
since the primary and secondary abnormalities are impairments and
must be corrected as much as possible, while the tertiary ones should
per.
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resolve following the treatment of the impairments (Gage and Schwartz,
2009). Primary impairments include loss of selective control of muscles
(synergies and co-activations), motor weakness, balance impairment,
and abnormal muscle tone (usually spasticity). Co-activation (CA) is
defined as the simultaneous electrical activity of agonist and antagonist
muscle groups (Ikeda et al., 1998). CA induces co-contraction (CC), the
mechanical action of two antagonist muscles which cross the same
joint and act in the same plane (Olney, 1985). CA is a normal, physiolog-
ical aspect of motor behavior, but inappropriate CA is one of the main
abnormal findings in patients with upper motor neuron lesions. The
positive effects of CC have been reported in many studies (Bowsher
et al., 1993; Damiano, 1993; Detrembleur et al., 1997; Hubley-Kozey
et al., 2008). Indeed, CC increases joint stiffness and therefore improves
joint stability, pressure distribution over joint surfaces, as well as motor
precision (Humphrey and Reed, 1983; Johansson and Westling, 1988;
Valero-Cuevas, 2005). Inappropriate CC has been considered as detri-
mental to functional performance in children with CP during gait
(Leonard et al., 1991; Unnithan et al., 1996a). The simultaneous activity
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of antagonist muscles creates opposing joint moments (Unnithan et al.,
1996b) thus decreasing agonist force production and restraining
movement. Walking speed is therefore reduced and energy expenditure
increased (Winter, 2009). The paradox of normal, useful CA versus
pathological CA raises a problem in the interpretation of dynamic EMG
deviations in children with CP (Table 1).

It is important to consider walking speed when investigating CA.
In typically developing (TD) children, speed significantly increases
the relative duration of myoelectrical activity (EMG-time pattern) in
the shank muscles (triceps surae, tibialis anterior, and peroneus
longus), which means there is a greater overlap in the duration of
agonist/antagonist activation with gait speed (Detrembleur et al.,
1997). Unnithan et al. (1996a) showed that CA increases in both TD
and CP children in the lower limb muscles when gait speed is
increased. Thus, CA appears to be influenced by two main factors in
children with CP: walking speed, similarly to TD children, and the
upper motor neuron syndrome. This could lead to confusion when
interpreting EMG data during gait analysis and for decision-making
processes. It is therefore important to be able to differentiate between
EMG changes related to variations in gait speed and changes related
to the pathology. Because of the heterogeneous nature of children
with CP and the use of varied methodologies, this question has been
little studied. Moreover, the relative influences of the pathology and
gait speed on the distal and proximal segments of the same limb
have not been studied. This could provide some insights into the
motor control of the lower limb during gait.

The aim of this study was therefore to analyse the pathological
component of CA in children with unilateral CP. To this end, we investi-
gated the impact of gait speed onCA, inmuscles of the thigh and shank in
children with unilateral CP and matched TD children. We hypothesized
that the effect of gait speedwould be different depending on the healthy
or pathological nature of the limb, with a greater impact on the involved
spastic limbs (IL) than in the uninvolved limbs (UL) or in the normal
limbs of TD children (TDL). We also looked for differences of the effect
of speed between segments (thigh vs. shank).
2. Methods

Approval was obtained from the institutional ethical committee and
all children and parents provided informed consent. Ten hemiplegic CP
children (mean age=10.2 years, SD=3.6) and 10 age-matched TD
children (mean age=10.2 years, SD=2.04) were recruited for the
study. The number of children was chosen for this observational study
based upon previous works (Unnithan et al., 1996a). Inclusion criteria
for hemiplegic CP children were: i. unilateral, spastic CP as defined by
Bax et al. (2005); ii. ability to walk independently at least 10 m, and
iii. age between 6 and 18 years. This age range was chosen because
Beck et al. (1981) showed that a mature gait pattern is present by the
age of 5 years in the typical development of human walking. Exclusion
criteria were: i. a previous orthopedic or neurosurgical intervention, ii.
botulinum toxin injections within the last twelve months. iii. inability
to understand the instructions given during the gait analysis. Exclusion
criteria for TD children were: i. any previous neurological lesion or
orthopedic surgery, ii. lower limb length difference greater than
Table 1
Subjects' characteristics and between-group comparisons (CP: children with cerebral
palsy; TD: typically developing children).

Variable CP children (n=10)
Mean
(Standard deviation)

TD children (n=10)
Mean
(Standard deviation)

Wilcoxon test
(W/p-value)

Subject characteristics
Age (years) 10.1 (2.4) 10.2 (4.1) 59.5/0.78
Height (mm) 1410 (183) 1384 (145) 46.5/0.57
Body mass (kg) 33.8 (12.1) 33.3 (9.8) 53.0/0.91
0.5 cm, iii. scoliosis, and iv. any injury of the lower limbs within the
last 12 months.

A wireless surface EMG system (ZeroWire EMG, Aurion S.r.l.,
Milano, Italy) was used to acquire the electromyographic activity of
5 muscles on each lower limb: rectus femoris (RF), Vastus Medialis
(VM), Semitendinosus (ST), Tibialis Anterior (TA) and Soleus (SO).
After skin preparation (shaving if necessary, alcohol rubbing, cleaning
with water, drying), surface-EMG electrodes were placed according
to the SENIAM recommendations (Hermens et al., 2000). The inter-
electrode distance was 20 mm in order to minimize cross-talk.

Children were asked to walk barefoot and unassisted down a
12-meter walkway in the gait lab in three different speed conditions.
First, they were asked to walk at their self-selected speed, next, they
were instructed to walk as fast as possible without running and
finally, they were instructed to walk markedly slower than their
spontaneous gait, without stopping. It has been shown that the spon-
taneous walking speed of TD and hemiplegic CP children is compara-
ble, as well as their speeds in slow or fast gait (Fonseca et al., 2001).
Therefore we used this simple speed instruction protocol to obtain a
range of speed in each population. For each speed condition, three
practice trials were performed so that the child could accommodate
his/her gait. Four successive gait trials were then recorded. Six
optoelectronic Vicon MX-F40 cameras (Oxford Metrics, Oxford, UK)
recorded the displacement of reflective markers which were posi-
tioned on the feet (second metatarsal, heel and lateral malleolus)
according to the Plug-in Gait conventions (Davis et al., 1991). These
three markers were used for the automatic detection of gait events
(Desailly et al., 2009) which was then refined using synchronized
high-speed videos. EMG data were simultaneously recorded at 1000 Hz.

A customized Matlab program (the Mathworks, Natick, MA, USA)
written using the Biomechanical ToolKit (Btk Development Core
Team, 2011), was used for post-processing of the data files (c3d).
Spatio-temporal parameters were calculated from the gait events
and were scaled to the body size, as proposed by Hof (Hof, 1996), in
order to improve comparisons between subjects despite variations
in height and weight. Thus, gait speed (v) was scaled to the leg length
(l0: from greater trochanter to ground) and the acceleration of gravity
(g) in order to obtain a non-dimensional gait speed (v*)

v� ¼ v=√ g:l0ð Þ:

EMG measurements were full wave rectified and filtered using a
fourth-order Butterworth 8.9 Hz low pass filter (Shiavi et al., 1987)
with phase correction to create the linear envelope for each recorded
gait cycle. The CA index was calculated following the method
described in Unnithan et al. (1996a) for three agonist–antagonist
muscle couples (RF/ST, VM/ST, SO/TA) for both legs in the CP children
and the TD children. For each muscle, the maximal value provided
from all gait trials was used to normalize the range of the linear
envelope. This normalization method was preferred to the use of
a maximal voluntary contraction performed on a dynamometer
because of the difficulty for children, especially with CP, to produce a
sufficient and reproducible level of voluntary muscle activation
(Damiano et al., 2000). Integration of the overlapping area between
the two normalized linear envelopes defined the CA index (Fig. 1).

3. Statistical analysis

Between group differences for age, height, and body mass were
examined using a Wilcoxon test.

A repeatedmeasures Anovawas used to test the effect of each speed
condition (slow, spontaneous, fast) on the measured non-dimensional
gait speed values (dependent variables) in the UL, IL, and TDL.

A linear mixed ANCOVA modeled the CA index (dependent
variable) as a function of the non-dimensional gait speed and type
of lower limb (covariates) with regard to subject repeatability



Fig. 1. Illustration of the co-activation index computation (co-activation area) for a
typically developing child limb in the rectus femoris (rf)/semitendinosus (ST) muscle
couple.

Fig. 2. Changes in the CA index as a function of the non-dimensional gait speed for all
children and effect of the limb type on the regression between CA and non-dimensional
gait speed. Gait speed had a significant effect on the CA index for all the muscle couples
and the lower limb types. The linear regressions show no differences between the UL
and the TDL. Contrary, the effect of gait speed on the CA index in the IL was higher than
its effect in the UL and TDL for all themuscle couples. UL: uninvolved limbs of CP children.
IL: involved limbs of CP children. TDL: limbs of typically developing children.
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(random variable). The random variable allows linking all measure-
ments obtained for the same subject and thus correlation between
them. It also distinguishes within-individuals variance from between-
individuals variance. The first mixed model tested the effect of the type
of lower limb (fixed independent variables): IL, UL, and TDL for a muscle
couple. The second mixed model evaluated the behavior of the three
muscle couples (fixed independent variables): RF/ST, VM/ST and SO/TA
within the same lower limb type. If there were significant interactions
with gait speed, pairwise contrasts were used to statistically identify
differences in the CA slopes.

All statistical analyses were carried out using R 2.13. (R Development
Core Team, 2011) for Windows XP. The “nlme” package was used to
implement a linear mixed model. The alpha-risk was set at 0.05.
Bonferroni adjustment was used for pairwise comparisons involving an
alpha-risk at 0.016 (0.05/3) for the comparison between two groups.

4. Results

No significant differences between CP and TD children were found
for age (P=0.78), height (P=0.57) or body mass (P=0.91).

No significant differences were found between the three different
types of limbs (IL, UL, and TDL) for the effect of speed condition on the
non-dimensional gait speed values (slow: F=0.08, P-value 0.92,
spontaneous: F=0.17, P-value 0.84, fast: F=0.23, P-value 0.79).

Fig. 2 shows changes in the CA index as a function of the non-
dimensional gait speed for all children. Gait speed had a significant
effect on the CA index for all the muscle couples and the lower limb
types (Table 2). CA increased with gait speed in each case.

Interactions (Table 2) showed the effect of the limb type on the
regression between the CA index and the non-dimensional gait speed.
Comparison of the two groups of children showed significant differences
between the IL and the TDL for all muscle couples but no differences
between the UL and the TDL. In the CP group, the effect of gait speed
was significantly greater in the IL compared with the UL.

The effect of gait speed on the CA index for the three muscle
couples within each limb was analyzed using the second mixed
model. A significant interaction was found in the TDL (Table 3).
Pairwise contrasts revealed a different behavior of the RF/HA muscle
couple, with a smaller increase in the CA index with gait speed than
the other two muscles couples (Fig. 3c). There were no differences
between the slopes of the VM/HA and SO/TA couples. In contrast, in
the CP group no interactions were found (Table 3) for either the IL
or UL. This indicates that the impact of gait speed on the CA index
was similar for the three muscle couples (Fig. 3a and b) in CP children.
5. Discussion

The aim of this study was to determine the respective effects of
gait speed and impairments caused by an upper motor neuron
syndrome on CA in the lower limbs during gait. The effect of gait
speed on muscle CA values in the lower limbs of hemiplegic CP and
TD children was characterized. As hypothesized, the CA index
was speed-dependent in both populations and this effect was most
pronounced in the IL. Speed-dependent changes in CA occurred in
both thigh and shank muscles. However, the level of speed-
dependent CA differed between segments for the TD children (the
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Table 2
Mixed model results indicating the effect of the type of lower limb (TDL: typically developing children limbs; IL: involved limbs; UL: uninvolved limbs) on the regression between
the non-dimensional gait speed and the CA index for the three different muscle couples. The CA index increases significantly with gait speed in all muscle couples and lower limb
types. Significant interactions show that the increase of the CA index with gait speed is higher in the IL than in the UL or in the TDL, whatever the muscle couple. No difference is
present between the UL and the TDL.

Slope of the regression Dimensionless gait speed effect Interaction effects
Lower limb type/dimensionless
gait speed

Inter-subject comparisons
(with TDL as reference)

Inter-CP children comparisons
(with UL as reference)

Muscle couples F-value(dof) (P-value) F-value(dof) (P-value) F-value(dof) (P-value)

Rectus femoris/semi-tendinosus
TDL 0.11 131.19(1,1250) (b0.001*)
UL 0.26 44.85(1,1250) (b0.001*) 0.24(1,1250) (0.62)
IL 0.47 44.85(1,1250) (b0.001*) 42.66(1,1250) (b0.001*) 21.55(1,533) (b0.001*)

Vastus medialis/semi-tendinosus
TDLs 0.17 316.22(1,1250) (b0.001*)
UL 0.28 152.54(1,1250) (b0.001*) 0.42(1,1250) (0.5125)
IL 0.40 152.53(1,1250) (b0.001*) 35.09(1,1250) (b0.001*) 8.72(1,533) (0.003*)

Soleus/tibialis anterior
TDLs 0.19 204.79(1,1250) (b0.001*)
UL 0.23 78.01(1,1250) (b0.001*) 2.95(1,1250) (0.08)
IL 0.36 78.01(1,1250) (b0.001*) 9.78(1,1250) (0.002*) 12.52(1,533) (0.001*)

Bold p-values associated with * indicate statistical significance (pb0.05).
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RF/ST muscle couple was less affected by walking speed than the
shank muscle couples) but not for the children with CP.
5.1. Computation of the co-activation index

In the literature, CC and CA have been measured during different
motor tasks, whether analytical evaluations (dynamometric exertions)
or functional tasks (stepping, jumping, walking, running). Various
methods of EMG data processing have been used in order to quantify
CA using indices (Damiano et al., 2000; Falconer, 1985; Ikeda et al.,
1998; Unnithan et al., 1996a). These studies all used different CA
index computing processes. We chose to use a CA index computation
methodwhichwas very similar to the “co-contraction index” described
by Unnithan et al. (1996a), based only on EMG data. This choice was
made because to date, that study is the only one which investigated
CA in TD and CP children in both thigh and shank muscles during gait,
similarly to the present study. The intensity of electrical muscular
coactivation (CA index) provides information about coactivation of
agonist/antagonist muscle couples and therefore insights into motor
control, as EMG is the primary signal to describe the input to the
muscular system (Winter, 2009).
Table 3
Results of the mixed linear model comparing the impact of dimensionless gait speed on
the CA index in the three muscle couples (rectus femoris (RF)/semi-tendinosus (ST),
vastus medialis (VM)/semi-tendinosus and soleus (SO)/tibialis anterior (TA)) for the
different limb types: typically developing children limbs (TDL) and involved limbs
(IL), uninvolved limbs (UL) of CP children. The interaction effect (muscles/non dimen-
sional gait speed) indicates a significant effect of the muscle couple, i.e. the regressions
between CA and speed present significantly different slopes for the different couples.
Consequently, pairwise comparisons were used to identify differences. The results
show that the CA index as a function of gait speed is significantly different (lower)
for the RF/ST than for VM/ST and SO/TA, in the TDL only.

Interaction effect
Muscles/dimensionless gait speed
F-value(dof) (P-value)

Pairwise comparisons of slopes

Muscles F-value(dof) (P-value)

IL 2.14(1,791) (0.11)
UL 2.35(1,818) (0.10)
TDL 24.61(1,2176) (b0.001*) RF/ST — VM/ST 23.69(1,2176) (b0.001*)

RF/ST — SO/TA 25.54(1,2176) (b0.001*)
VM/ST — SO/TA 0.32(1,2176) (0.57)
Cross-talk betweenmuscles is known to be an important source of er-
rors when using surface EMG electrodes. Surface EMG studies of agonist/
antagonist behavior can be susceptible to cross-talk where the activity of
distant but more strongly activated antagonist muscles contaminates the
agonist EMG recording (De Luca and Merletti, 1988). Cross-talk from an
antagonistic muscle could render the CA index inaccurate. In this study,
the CA index was compared between the two legs of CP subjects, and be-
tween CP subjects and TD children who were age-matched. Therefore
any cross-talk which occurred should be almost the same between
groups although an interaction cannot be excluded. Although fine wire
electrodes are known to reduce cross-talk (Nene et al., 2004), we chose
not to use such an invasive technique.

Another possible confounding factor in the study of CA in CP and
TD children is the different walking speeds in these two populations
(Gage and Schwartz, 2009). Using the scaled data, the gait speed
in the slow, spontaneous, and fast walking conditions was similar
between the TD and CP children, therefore CA was assessed on a
comparable range of walking speeds. Although the use of a treadmill
would have offered a more accurate control of gait speed, it has been
shown that during treadmill walking, hip flexion is altered and other
gait disturbances occur (Alton et al., 1998; Lee and Hidler, 2008). In
this study, the inter-subject variability was mastered by the use of a
non-dimensional gait speed, and the intra-subject variability (from
cycle to cycle) was mastered by the mixed linear model.

5.2. Effect of gait speed on CA

Our results are in accordance with previous studies that showed
an increase in muscle CA with gait speed in children with CP
(Damiano et al., 2000; Unnithan et al., 1996a) and in TD children
(Detrembleur et al., 1997; Frost et al., 1997; Unnithan et al., 1996a).
Similar results have also been found in healthy adults (Peterson and
Martin, 2010). It has been suggested that in TD children, the increase
in CA with gait speed is a strategy to increase joint stability, which is
challenged by higher mechanical constraints during faster gait
(Detrembleur et al., 1997).

For all muscle couples (RF/ST, VM/ST, and TA/SO), there was a
greater effect of gait speed on the CA index in the IL of the CP children
compared with their UL or with the TDL. This greater effect of speed
on CA values on the affected side of CP children could be related to
the altered velocity threshold of the stretch reflexes due to the



Fig. 3. Effect of themuscle couple: rectus femoris (rf)/semitendinosus (ST), vastusmedialis
(vm)/semitendinosus (st) and soleus (so)/tibialis anterior (TA) on the co-activation index
(CA) evolution with gait speed for the three lower limb types: a) involved limbs (IL);
b) uninvolved limbs (UL) and c) typically developing children limbs (TDL). Linear regres-
sions only revealed a significant difference for the TDL (Fig. c): the impact of gait speed in
the CA index was lower in the RF/ST than in the other muscle couples.
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cerebral lesions. It might also be related to increased short-latency
reflex bursts following foot-contact in leg muscles (Leonard et al.,
1991). Our results suggest that a pathological component of muscle
activation due to the upper motor neuron lesion and consequent
lack of reciprocal inhibition might be responsible for the increase in
CA with gait speed in the IL. These results are in contrast with data
in adult hemiplegic patients, who present more co-activation on
their non-paretic side, probably by compensatory, stabilization mech-
anisms (Lamontagne et al., 2000). A more precise characterization of
the nature and origin of the pathological component in this excessive
co-activation might require timing analysis of the EMG, to test for
spasticity. Timing analysis is performed to detect muscle activation
(Hortobágyi et al., 2009). We are not aware of studies using timing
quantitative analysis to characterize the time delay of initiation of
muscle firing, for instance to test for spasticity. Investigations using
a musculo-skeletal model could also be used to evaluate the correla-
tion between CA and muscle stretch to test this hypothesis.

In the TDL, the effect of walking speed on the CA index was signif-
icantly lower for the RF/ST muscle couple than for VM/ST and SO/TA.
In contrast, in the CP children, no differences in the degree of CA
between the different muscles were found in either the UL or the IL.
These results indicate that physiologically, CA in the RF/HA couple is
less sensitive to gait speed that in the other muscle couples. This
specific aspect of motor control in this couple appears to be altered
in CP children. In healthy subjects, the RF has been shown to contract
only during the stance-to-swing transition, to allow limb advance-
ment, especially at higher gait speeds (Nene et al., 2004). The
hamstrings contract from terminal swing until the end of the loading
response (LR) to decelerate knee extension and stabilize the knee
during the LR (Perry, 2010). Since the RF and HA contract at opposite
times of the gait cycle, there is little CA in this couple, even during fast
gait. This probably explains why speed has little effect on the CA
index in this muscle couple in the TD children. However, in the IL of
CP children the CA in the RF/ST could be more affected by speed
because of inappropriate activity related to spasticity. Larger, more
controlled studies are needed to confirm that the upper motor neuron
lesions in CP children reduce the ability to enhance selective muscle
contraction. Two hypotheses could be put forward to explain why
this difference was also found in the UL. Firstly, spasticity could be
present in the uninvolved side. Even if the children were classified
as having unilateral forms of CP according to the current taxonomy,
it is possible that an upper motor neuron syndrome may also affect
the uninvolved limb (Bax et al., 2005). Secondly, the increased CA of
the RF/HA couple in the UL could attempt to compensate for the
impairments of the IL. If this increased CA in the unaffected side
occurs during stance phase, particularly during double-support, it
may improve stability at faster gait speeds. The decomposition of
the gait cycle into phases and computation of a CA index for each
phase could answer this question in future studies.

5.3. Limitations of the study

The clinical applications of the results of this study might be
restrained by the small sample size. Larger studies into the CA of
children with hemiplegic CP must be carried out in order to confirm
our results even if, like Unnithan et al. (1996a), we obtained significant
results. As aforementioned, the assessment of muscular activation by
the use of a CA index does not allow interpretation of the nature of
the excessive activation. Amarkedly differentmethodology is necessary
for that purpose, for example timing analysis.Moreover,we calculated a
CA index for the entire gait cycle, while the computation of indexes for
the different sub-phases of the cycle might be necessary for a better
identification of the pathological and adaptive components of CA in
the involved and uninvolved limbs. The precise nature of the link
between gait speed and co-activation is unattainable by our results:
a different testing protocol, using a treadmill and multiple speeds
separated by small intervals would be necessary to precise the effect
of speed on CA in the different limbs (linear or exponential).

5.4. Potential clinical applications

Excessive muscular co-activation is present in the involved limbs of
unilateral CP children when they increase walking speed. As the ability
to increasewalking speed in this population is decreased (Fonseca et al.,
2001), a hypothesis can be made about the causal link between
increased co-activation and decreased ability to accelerate in these
children. In this way, our results bring arguments for the use of
treatments of muscular hyperactivity (for instance botulinum toxin)
to improve walking speed in this population of unilateral CP children.
The effects of such treatments on muscular co-activation should be
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evaluated. Moreover, our findings should help the clinicians performing
dynamic EMG analysis of these children to understand the changeswith
time, or treatment, for a single individual, in the light of walking speed.
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