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Modulation of corticospinal 
excitability and muscle synergies 
during visuomotor locomotor 
task in individuals with and 
without cerebral palsy: a TMS and 
EMG study

Yosra Cherni 1,2†, Marco Ghislieri 3,4, Laurent Bouyer 1,2 and 
Catherine Mercier 1,2*
1Centre interdisciplinaire de recherche en réadaptation et intégration sociale (Cirris), CIUSSS de la 
Capitale-Nationale, Québec, QC, Canada, 2École des sciences de la réadaptation, Université Laval, 
Québec, QC, Canada, 3BIOLAB, Département de l'électronique et des télécommunications, École 
polytechnique de Turin, Turin, Italy, 4PolitoBIOMed Lab, École polytechnique de Turin, Turin, Italy

Introduction: Studies using transcranial magnetic stimulation and electromyog-
raphy suggest that disrupted functional corticospinal connectivity significantly 
contributes to difficulty in initiating and controlling voluntary movements such as 
walking. In individuals with Cerebral Palsy (CP), the corticospinal tract (CST) may 
therefore be identified as a potential target for improving gait control. Increasing 
corticospinal excitability may enhance voluntary control of lower-limb muscles 
and improve selective activation patterns during gait. However, it remains uncer-
tain whether this pathway can be further activated given the damage caused 
by the brain lesion. Moreover, muscle synergies, a cooperative activation of 
groups of muscles, play an essential role in efficient and adaptive locomotion. 
Disrupted CST projections may reduce the specificity and strength of descending 
commands, which can lead to the fusion or splitting of muscle synergies. This 
impaired descending modulation could explain the reduced number of synergies 
and lower variance often reported in people with CP. Understanding and improv-
ing the modulation of these synergies could lead to better rehabilitation strate-
gies for individuals with CP. The objective of this study was to assess whether a 
visuomotor walking task promotes an increase in corticospinal excitability and a 
modulation of muscle synergies compared to a simple walking task in individu-
als with CP.
Methods: Sixteen individuals with CP were initially recruited, muscle synergy 
analyses were conducted in 14 participants and TMS-based corticospinal excit-
ability assessments in 11 participants, due to contraindications to TMS or techni-
cal issues. In addition, 14 control subjects took part in this study. Each participant 
performed a simple walking task and a visuomotor walking task (i.e., stepping 
onto virtual targets) at comfortable speed, in counterbalanced order. Transcranial 
magnetic stimulations were delivered during walking at approximately 40% of the 
gait cycle (late stance phase), corresponding to minimal tibialis anterior activity. 
Muscle synergies were extracted from full gait cycles recorded throughout each 
condition. Motor evoked potentials (MEPs) in the tibialis anterior muscle were 
induced using transcranial magnetic stimulation. Muscle synergies were extracted 
from surface electromyography signals acquired from six key lower-limb muscles 
during both tasks. Values were expressed as (median [Q1–Q3]).

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2026.1669546&domain=pdf&date_stamp=2026-03-04
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2026.1669546
mailto:catherine.mercier@rea.ulaval.ca
https://doi.org/10.3389/fneur.2026.1669546
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fneur.2026.1669546/full
https://www.frontiersin.org/articles/10.3389/fneur.2026.1669546/full
https://www.frontiersin.org/articles/10.3389/fneur.2026.1669546/full
https://www.frontiersin.org/articles/10.3389/fneur.2026.1669546/full
https://www.frontiersin.org/articles/10.3389/fneur.2026.1669546/full
https://www.frontiersin.org/articles/10.3389/fneur.2026.1669546/full


Cherni et al.� 10.3389/fneur.2026.1669546

Frontiers in Neurology 02 frontiersin.org

Results: In the visuomotor task, MEPs increased by 59.4% in the CP group (simple 
task MEP = 1.89 [1.00–3.09] a.u vs. visuomotor task MEP = 2.70 [1.59–4.80] a.u; 
p ≤ 0.01) and 113.8% in the control group (simple task MEP = 1.95 [0.99–
2.72] a.u vs. visuomotor task MEP = 2.91 [1.97–3.66] a.u; p ≤ 0.01). An increase 
in the number of synergies was observed during visuomotor task in CP group 
(p = 0.018).
Conclusion: These results suggest that performing a visuomotor walking task 
allows to enhance the corticospinal excitability in both individuals with CP and 
control subjects. Moreover, CP individuals showed that either the number or the 
structure of synergies are modulated by the visuomotor task, in comparison to 
control subjects. Longitudinal studies are recommended to assess the impact of 
the integration of complex tasks in gait rehabilitation interventions.

KEYWORDS

cerebral palsy, EMG, gait, locomotion, motor control, motor modules, transcranial 

magnetic stimulation

1 Introduction

Cerebral palsy (CP) is the most common motor disability in child-
hood, often resulting from a defect or lesion in the developing brain 
(1). While the etiology of CP varies, damage to the corticospinal tract 
(CST), which connects the cerebral cortex to the spinal cord and plays 
a key role in voluntary motor control, is a common feature of CP (2, 
3). This damage affects the signals that are sent from the motor cortex 
to the muscles, leading to a range of motor deficits. Studies using non-
invasive neurophysiological assessment tools, including transcranial 
magnetic stimulation (TMS) and surface electromyography (sEMG), 
have shown that alterations in corticospinal tract (CST) integrity are 
strongly associated with motor impairments in individuals with CP 
(4–6). For example, magnetic stimulation often elicits less selective 
motor evoked potentials (MEPs), with simultaneous activation of 
antagonist muscles such as the tibialis anterior and soleus (4, 7), rather 
than the more specific responses observed in healthy individuals (4). 
These alterations reflect a disruption of descending motor commands, 
which may compromise the initiation, modulation, and precision of 
voluntary movements (6, 8). These deficits are particularly significant 
for functional activities of daily living, especially walking, which 
requires continuous integration of voluntary control and automatic 
motor processes (9–11). Enhancing CST excitability, whether through 
specific tasks (12, 13) or neuromodulatory interventions (14, 15), may 
promote neuroplasticity within preserved corticospinal projections 
and strengthen voluntary control of key muscles involved in foot 
placement and limb propulsion. Therefore, targeting the CST may 
improve gait control and adaptability by promoting more efficient 
recruitment and modulation of locomotor muscle activity (8, 13).

On the other hand, muscle synergy theory has been recently pro-
posed to quantitatively and non-invasively assess the motor control 
system both in physiological and pathological conditions (16, 17). This 
theory suggests that instead of independently controlling each muscle, 
the central nervous system may coordinate the activation levels and 
timing of all muscles involved in a specific movement using a small 
number of neural commands. Specifically, the muscle synergy theory 
can be derived from sEMG data using specific factorization methods, 
enabling the study of underlying motor control patterns and strategies 
that are believed to reflect neural function (17). Even if the neural 
origin of muscle synergies is still a topic of discussion among the 

scientific community (18), several studies have demonstrated the use-
fulness of the muscle synergy theory in describing motor control 
system of patients with orthopedical and neurological diseases affect-
ing movements (19–22).

From this perspective, muscle synergies may represent a valuable 
tool for studying motor control alterations in CP patients in whom 
corticospinal excitability is known to be altered. Changes in cortico-
spinal excitability are thought to reflect underlying neuroplastic pro-
cesses (23), which may influence the neural organization of movement. 
Therefore, alterations in corticospinal drive may disrupt both the 
composition and the number of muscle synergies (24, 25), leading to 
less flexible, more stereotyped motor patterns and reduced coordina-
tion. In some cases, individuals may also rely on pathological move-
ment patterns to compensate for the motor deficits. Human 
locomotion is a widely studied movement for assessing motor control. 
It is one of the most important activities of daily living and can be 
easily performed by patients who can walk independently without aid 
or external support. In daily-life activities, humans often must adapt 
their gait to avoid obstacles or speed changes. Unpredictable distur-
bances, such as any deviation from regular walking, can lead to falls 
and injuries (26, 27). Much of the existing research has focused on the 
automatic control of walking by studying repetitive movements in 
highly controlled conditions (e.g., walking on a straight-line path or 
treadmill). These “simple” walking tasks predominantly engage auto-
matic neural circuits, like the spinal structures, and depend less on 
voluntary control circuits, such as the CST (28), which are crucial for 
daily-life adaptations. Measuring corticospinal excitability and sEMG 
data during walking conditions mainly involving voluntary control 
circuits (i.e., the corticospinal tract) may provide insights into how the 
CNS controls lower-limb muscles in a more ecological environment. 
This is crucial for understanding the neural mechanisms of gait, which 
is a complex and fundamental task of daily living. In healthy individu-
als, a visually guided walking tasks showed greater cortical activation 
and higher corticospinal excitability than a simple walking task (12, 
29). In addition, muscle synergies are thought to emerge from a dis-
tributed neural control system involving both spinal and supraspinal 
structures. Although spinal circuitry may contribute to the basic orga-
nization of synergies, evidence from stroke and cerebral palsy demon-
strates that cortical damage and altered corticospinal drive can modify 
the number and composition of muscle synergies, underscoring the 
importance of supraspinal inputs for flexible and goal-directed motor 
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control (30–33). In control subjects, evidence suggests that fundamen-
tal muscle synergy structures (synergy weights or vectors) remain 
consistent despite external environmental changes during walking (34, 
35), such as varying gait speeds (36, 37), different slopes (38), or dis-
tinct walking tasks (e.g., nordic or beam walking) (39, 40). However, 
in children with CP, Kim et al. (30) showed that muscle synergies are 
more sensitive to changes during walking tasks (e.g., self-selected 
speed, variable speed, and restricted width) than in typically develop-
ing children. Investigating both corticospinal excitability and muscle 
synergies during regular and visuomotor walking tasks may improve 
our knowledge about locomotor control in individuals with CP and 
refine rehabilitation intervention.

The objectives of this study were to: (1) assess whether a visuomo-
tor walking task promotes an increase in corticospinal excitability and 
a modulation of muscle synergies compared to simple walking task in 
individuals with CP and controls and (2) to evaluate whether the 
changes in corticospinal excitability and muscle synergies are different 
between the two groups. We hypothesized that the visuomotor walk-
ing task would induce an increase in corticospinal excitability, reflect-
ing a greater functional contribution of corticospinal control to 
walking compared to simple walking, and would also modulate the 
organization of locomotor muscle synergies. Moreover, it was expected 
that control subjects would show a greater increase in corticospinal 
excitability compared to individuals with CP. In terms of muscular 
synergy, we expected a modulation of the number and structures.

2 Materials and methods

2.1 Participants

CP and control groups were recruited for this study. For both 
groups, the inclusion criteria were: (1) to be aged between 12 and 
45 years; (2) to be able to walk without walking aid for approximately 

3 min. To be eligible to perform the corticospinal excitability assess-
ment part of the study, participants must not have any exclusion cri-
teria for TMS as detailed by Rossi et al. (41). Inclusion criteria specific 
to the CP group required participants to have a confirmed diagnosis 
of unilateral or bilateral cerebral palsy and an ability to understand 
simple instructions (e.g., walks normally, walks on targets, etc). For 
both groups, the exclusion criteria were any unstable health condition 
that could affect task performance. Participants with contraindications 
to TMS performed part of the protocol, which involved only sEMG 
measurements without TMS. Prior to taking part in the study, all par-
ticipants provided their informed consent for the experimental pro-
cedure in accordance with the Declaration of Helsinki. The study was 
approved by the Quebec City Rehabilitation Institute Ethics Review 
Board (2021-2209, RIS).

2.2 Experimental protocol

Individuals with CP eligible for TMS were assessed during two 
evaluation sessions. The first session involved Magnetic Resonance 
Imaging (MRI) to obtain the patient-specific brain anatomical struc-
ture, which was then used to guide the experimenter in positioning 
the TMS coil. During the second session, CP patients underwent 
neurophysiological measurements (i.e., motor evoked potential 
(MEP) and sEMG) while performing two consecutive treadmill 
walking tasks at a comfortable self-selected speed (Figure 1): (a) a 
Simple Walking (SW) task and (b) a Visuomotor Walking (VW) 
task. As developed in our previous study (12), the VW task involves 
walking on a treadmill and placing the feet on virtual targets pre-
sented at different intervals (80, 100, 120% of the normal step 
length) on a screen facing the subject. The real-time positions of the 
feet were also displayed on the screen as feedback, with each foot 
represented by a small sphere centered on the position of the heel. 
The distance between the visual targets in the sagittal plane varied 
randomly with each step. The target is displayed in red by default. 
When the participant touches the target with their foot, it turns 

FIGURE 1

Experimental protocol. During the simple walking (SW) task, participants walked normally and saw only the real-time position of their feet (left picture). 
During visuomotor walking (VW) task, each participant had to walk at a comfortable speed on virtual targets projected on a screen (right picture). SW 
consists of walking normally at their comfortable speed. Transcranial magnetic stimulation was applied during both SW and VW tasks at 40% of the gait 
cycle, i.e., in the late stance phase.
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green, indicating that the target has been successfully reached. 
Control participants attended only the second evaluation session 
(i.e., neurophysiological measurements), a template brain being used 
for the positioning of the TMS coil. The control group performed 
both tasks (VW and SW) according to the same protocol as the 
CP group.

2.3 Data acquisitions

2.3.1 Corticospinal excitability

MEPs from Tibialis Anterior (TA) muscle were assessed using 
single-pulse TMS [Magstim Rapid2; custom “batwing” coil (12, 42)] 
applied to the motor cortex (contralateral to the most-affected lower 
limb in CP subjects and the non-dominant lower limb in control sub-
jects). The hotspot and active motor threshold were determined while 
the participant was in a seated position, with knees flexed at 90 degrees 
and maintaining approximately 20 degrees of dorsiflexion against 
gravity to facilitate MEPs. The hotspot was identified as the zone that 
evokes MEPs at the lowest stimulation intensity (43). The active motor 
threshold (aMT) was determined at the hotspot as the lowest stimula-
tion intensity required to evoke a MEP in 5/10 trials (44). Then, single-
pulse stimulations at 110% of the aMT were administered during 
walking, with 25 stimulations per condition. These stimulations 
occurred around 40% of the gait cycle, specifically in the late stance 
phase when the activity of the TA muscle is minimal, to ensure con-
sistency in comparisons across different conditions (12). The timing 
corresponding to 40% of the gait cycle was determined in real time 
using the treadmill force plates. A neuronavigation system (Brainsight, 
Rogue research, Montreal, Canada) guided the experimenter while 
positioning the coil above the experimentally determined hotspot. The 
position of the coil at the moment of application of each pulse was 
recorded to allow offline rejection of off-target stimuli and compari-
son of coil positioning across conditions. Additionally, the position of 
each foot was tracked using 3 photo-reflective markers and visualized 
in real-time using an optoelectronic system equipped with 8 infrared 
cameras (Vicon Motion Systems). To avoid patrticipants’ anticipation, 
stimulations were provided on random gait cycles. On average, a 
single pulse stimulation was provided every 5 strides with a range of 
3–7 strides. Participants not eligible for TMS took part only in the 
protocol assessing muscle synergies, described in the following 
section.

2.3.2 Muscle activity

sEMG signals of the most affected (CP group) or non-dominant 
(control group) lower limb were recorded by focusing on the muscles 
involved in the walking tasks. In particular, the following 6 lower-limb 
muscles were monitored: TA, Soleus (SOL), Gastrocnemius lateralis 
(GL), Rectus femoris (RF), Vastus lateralis (VL), and Semitendinosus 
(ST). The ground electrode was positioned on the patella. Ag/AgCl 
electrodes (Kendall Medi-trace 200, Covidien) were placed on the 
volunteers’ skin over the belly of each muscle. Prior to electrode place-
ment, the skin was shaved and cleaned to minimize the impedance 
between the skin and the electrode. Each electrode location was deter-
mined according to the recommendations of Surface EMG for Non-
Invasive Assessment of Muscles (SENIAM) (45). The ground electrode 
was positioned on the patella of the homolateral lower limb. All sig-
nals were sampled at 1000 Hz.

2.4 Data analysis

2.4.1 MEP analysis

To quantify corticospinal excitability, the area under the curve was 
calculated for each rectified MEP and then averaged for each task and 
participant (12). In each group, the CST excitability change between 
the two tested conditions (i.e., MEP modulation) was measured as 
follows:

	

( ) −
×  

 

MEPs visuomotor task MEPs simple task
100

MEPs simple task

The error in TMS coil location was measured through the neuro-
navigation software as the distance between the location of each stim-
ulation and the hotspot (expressed in millimeters). Finally, the mean 
background sEMG amplitude was measured (considering 50-ms win-
dows preceding every TMS stimulation) and compared across task 
conditions. All data were analyzed offline by using custom MATLAB 
routines (MATLAB r2018a, The MathWorks Inc., Natick, MA, USA).

2.4.2 Muscle synergy extraction

Raw sEMG signals were band-pass filtered between 10 Hz and 
450 Hz by means of a zero-lag 4th-order Butterworth filter (46). 
Thereafter, filtered sEMG signals were full-wave rectified and the 
sEMG envelopes were obtained using a 4-th order low-pass 
Butterworth filter with a cut-off frequency set at 10 Hz (47). Then, 
separately for each muscle, the resulting envelopes were amplitude-
normalized by the maximum of each sEMG envelope obtained during 
the SW task. A 5% body weight vertical cut-off force threshold was 
applied to the ground reaction forces to identify gait events. Gait 
cycles duration was normalized to 1,000 samples to avoid biases due 
to different gait cycle durations.

The Non-Negative Matrix Factorization (NNMF) was used to 
extract locomotor muscle synergies during both walking conditions 
(48–50). The NNMF algorithm involves an iterative factorization of 
the sEMG envelope matrix E , which has dimensions ×t m . It decom-
poses E  into two matrices: the activation coefficient matrix C  with 
dimensions ×t s  and the weight vector W  with dimensions ×s m . 
This can be expressed as follows:

	 = × +E W C residuals

The iterations continue until the Frobenius norm of the residuals 
is minimized. In this context, t  represents the number of time 
instants, m  represents the number of muscles, and s  represents the 
final number of muscle synergies. For further details, please refer to 
Hug et al. (51).

In the present study, matrix E  contains the time- and amplitude-
normalized sEMG envelopes It has dimensions ( )× ×N t m , with N  
denoting the number of gait cycles, t  representing the number of time 
instants (t  = 1,000), and m  representing the number of acquired 
muscles (m  = 6). Different NNMF solutions were tested by running 
several times the algorithm on the same sEMG data changing the 
muscle synergy number (s) between 1 and 6 (i.e., the total number of 
muscles acquired). For each number of muscle synergies, the recon-
struction quality was assessed using the Variance Accounted For 
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(VAF) parameter. Consequently, the final number of muscle synergies 
required to properly reconstruct the original sEMG signals was 
defined by choosing the smallest number of synergies granting a VAF 
value equal or greater than 90% (52). Muscle synergies were extracted 
through custom MATLAB routines (MATLAB r2018a, The 
MathWorks Inc., Natick, MA, USA).

2.5 Statistical analysis

For the groups’ characteristics, parameter estimates are repre-
sented as median and interquartile (median [Q1–Q3]). In all the 
analyses, the significance level (α) was set to 0.05. Mann–Whitney 
U-tests were used to test differences in anthropometric characteristics 
between groups (i.e., CP and control).

To test our first objective related to corticospinal excitability, the 
nparLD test (53), a non-parametric test equivalent to a repeated-mea-
sures ANOVA, was applied to MEP results (i.e., MEP under the curve 
area, EMG background and coil error), with the within-subject factor 
Condition (i.e., SW and CW tasks) and the between-subject factor 
Group (i.e., CP and control). In the presence of significant interaction, 
post-hoc analyses were carried out. NparLD analysis was carried out 
using RStudio software. Between groups’ MEP modulations were 
compared using a Mann–Whitney U test. The effect size based on 
Cohen’d has been calculated for significant results (54).

To test our second objective related to muscle synergies, a 
Wilcoxon test was used to compare the final number of muscle syner-
gies between SW and CW tasks in CP subjects. Note that there is no 
group factor in this analysis as the control group served as a reference. 
The number of synergies was determined for each condition in the 
control group. Specifically, the N synergies identified in the control 
group during the SW were used as a reference for comparison with 
the synergies of the CP group performing the same task. Similarly, the 
N synergies identified in the control group during the CW served as 
a reference for comparison with the synergies of the CP group in that 
task. To assess differences in motor control strategies between indi-
viduals with CP and control participants, the average activation coef-
ficients (C) and weight vectors (W ) extracted during the walking tasks 
of control individuals were used as a reference. Then, the Cosine 
Similarity (S ) was used to assess the similarity between the muscle 
synergies of each CP individual and the reference (i.e., muscle syner-
gies averaged over control group) considering both C  and W  vectors. 
The S  value may range between 0 (totally dissimilar) and 1 (totally 
similar) (55). Muscle synergies characterized by a CS  value below 0.8 
were classified as subject-specific muscle synergies, whereas muscle 
synergies characterized by a S  value equal to or higher than 0.8 were 
classified as shared (or common) muscle synergies. Muscle synergies 
were compared using custom MATLAB scripts.

3 Results

3.1 Participants

Although 16 participants with CP were recruited for the present 
study, only 14 underwent muscle synergy analysis and 11 underwent 
excitability assessment via TMS. For TMS assessment, the loss of par-
ticipants was due to contraindications to TMS and technical problems 
related to EMG. For synergy section, technical problems occurred for 

two participants. In addition to CP group, 14 control subjects were 
included in the present study. Groups’ characteristics are reported in 
Table 1. Individuals with CP had Gross Motor Function Classification 
System (56) (GMFCS) scores of I (n = 3), II (n = 8) and III (n = 3). 
Three participants had contraindication to TMS due to a history of 
epilepsy. Consequently, corticospinal excitability measurements were 
conducted on 11 CP patients and 14 healthy controls. The character-
istics of the CP individuals and controls included in the study are 
detailed in Table 1.

3.2 Corticospinal excitability

Figure 2 shows results related to corticospinal excitability (i.e., 
MEP under curve area and MEP modulation), presented as median 
and interquartile range across each group. The NparLD results showed 
a significant effect of the condition (SW vs. CW; p < 0.0001), but not 
of the group (CP vs Control; p = 0.905) nor a condition x group inter-
action (p = 0.332). MEPs under curve area increased in the CP group 
(simple task MEPs = 1.89 [1.00–3.09] a.u vs. visuomotor task 
MEPs = 2.70 [1.59–4.80] a.u; p ≤ 0.01 and ES = 0.617) and in the con-
trol group (simple task MEPs = 1.95 [0.99–2.72] a.u vs. visuomotor 
task MEPs = 2.91 [1.97–3.66] a.u; p ≤ 0.01 and ES = 0.887). Based on 
the Mann–Whitney U test, MEP modulation did not differ signifi-
cantly between groups (p = 0.396, Figure 2B). An effect of the condi-
tion was observed in the sEMG background (p = 0.015, ES ≤ 0.1), 
without any effect of the group or condition x group interaction 
(p = 0.691 and 0.626, respectively). Regarding the coil placement 
during walking tasks, the target errors of the included stimulation 
were less than 5 mm and no significant effects of group, condition, or 
group x condition interaction were observed (p > 0.05).

3.3 Muscle synergy analysis

On average, four muscle synergies were required to properly 
reconstruct the sEMG envelopes of control participants during both 
walking conditions (i.e., SW and VW), with an average VAF value of 
93 ± 2% during both SW and VW tasks, respectively. For individuals 
with CP, an increase in the number of muscle synergies (p < 0.05) was 
observed during the VW task (n = 4 [4–4]) compared to the SW task 
(n = 3 [3–4]). An average VAF of 93% ± 1% and 92 ± 2% were 
obtained during SW and VW tasks (p > 0.05), respectively.

Reference muscle synergies, obtained by averaging the muscle 
synergies of the control participants, are shown in Figure 3. Figures 4 
and 5 show the weight vectors (W) and the activation coefficients (C) 

TABLE 1  Characteristics of CP and control groups.

Sex Age
(years)

Mass
(kg)

Heigh
(cm)

aMT
(%)

CP 

(n = 14)
5♀ 27 [16–35]

63 

[56–80]

166 

[162–175]

65 

[64–70]*

CTL 

(n = 14)
8♀ 25 [23–28]

64 

[58–79]

170 

[165–178]

59 

[55–64]

p-value 0.276 0.322 0.662 0.433 0.005

Parameter estimates are represented as mean ± standard deviation over the group. p-values 
represent the results of the comparison between groups using Mann–Whitney U-tests. 
CP, Cerebral Palsy participants; CTL, Control participants; aMT, active motor threshold. 
*only 11/14 CP participants had TMS assessments. Significant statistical differences are 
highlighted in bold italic.
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of each CP patient during both walking tasks with the indication of 
the shared and specific muscle synergies.

In addition, results showed the presence of subject-specific syner-
gies (i.e., considered to be dissimilar to those of CTL participants) in 
11 out of 14 CP participants. Only the three CP participants showing 
a GMFCS score of I (CP09, CP13, CP14) presented 4 shared muscle 
synergies (i.e., similar to those of CTL participants, with CS scores 
ranging from 0.87 to 0.99).

4 Discussion

The objective of this study was to assess the effect of a VW task on 
CST excitability and muscle synergies in individuals with and without 
CP. The two main findings are that: (1) compared to the SW task, the 
VW task induced a significant increase in corticospinal excitability 
and a modulation of muscle synergy structure in individuals with CP; 
and (2) both groups showed increased CST excitability during the VW 
task, no significant differences between groups were observed for this 
metric. This study is the first to investigate corticospinal excitability 
during walking in individuals with CP, providing essential informa-
tion on the neuromuscular adaptations in this population.

4.1 Corticospinal excitability

Partially consistent with our first hypothesis, both groups 
increased their CST excitability under the VW task. However, no dif-
ferences in terms of MEP increase between groups were observed. 
Although the relationship between movement complexity and MEP 
size has not yet been established in the literature, our results align with 
several previous studies highlighting that complex motor tasks 
increase CST excitability in healthy subjects during manual (28, 57, 
58) or locomotor tasks (12, 59). For example, Barthélémy et al. (59) 
observed an increase in corticospinal excitability when participants 
walked against resistive forces. These results support the idea that CST 
excitability is modulated in a task-dependent manner, and may sug-
gest that complex walking tasks can serve as powerful stimuli for 
motor system engagement. Moreover, it is acknowledged that MEP 
amplitude can be sensitive to cognitive processes such as precision 
demands (60) or decision-making (61). Thus, it is reasonable to specu-
late that heightened cognitive processing during the preparation of 
our visually guided task may lead to an increase in CST excitability. 
Even if differences in MEPs amplitudes and shape were demonstrated 
between stroke survivors and healthy controls (62), our results 
revealed no differences in MEP area under the curve and increase 
between individuals with CP and controls. This is likely because the 

FIGURE 2

Top by (A) Corticospinal excitability during simple walking (SW, blue) and visuomotor walking (VW, purple) tasks in cerebral palsy (CP, ■) and control 
(CTL, ■) groups. NparLD p-value for the condition effect (SW vs. VW) is displayed. No significant effect for the group factor (CP vs. control) nor at the 
interaction level (condition x group) are observed. Bottom by (B) Modulation (%) between the two tasks in terms of motor evoked potential (MEP) and 
EMG background.
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CP individuals included in this study were only mildly affected, as the 
majority have a GMFCS level of I or II. Then, the lack of group differ-
ence in MEP modulation may suggest that individuals with mild CP 
retain the capacity to modulate CST excitability in response to 
increased task demands, comparable to controls. However, the CP 
group showed a higher aMT than the control participants. This sug-
gests that the higher stimulation intensity used relative to aMT in the 
CP group may have compensated for reduced corticospinal excitabil-
ity, and then masking potential differences between the groups. Thus, 
similar MEP responses do not necessarily reflect equivalent CST reac-
tivity (15), but may rather indicate reduced recruitment efficiency in 
CP, requiring greater stimulation to evoke comparable outputs. In 
conclusion, these preliminary results support that MEP may serve as 
valuable as a dynamic marker of CST function during functional tasks 
such as walking. It might be preferable to measure MEPs when people 
are moving rather than when they are at rest as this provides a better 
picture of their ability to function and adapt to their motor 
impairments.

4.2 Muscle synergy modulation

Overall, individuals with CP recruited fewer muscle synergies 
than healthy controls during the SW task, indicating a general reduc-
tion in the complexity of their motor control system, which is often 
linked to poorer motor performance (16). In motor control systems 
with fewer muscle synergies, the central nervous system’s ability to 
independently control synergies responsible for different biomechani-
cal functions is significantly compromised (21, 52, 63). The reduction 
in motor control system complexity can be observed through 
increased muscle coactivation, where weight vectors show the 

activation of a larger number of muscles, and decreased independence 
of neural control signals, indicated by activation coefficients that are 
more similar to each other and more overlapping throughout the task 
duration.

When moving from the SW task to the VW task, results showed 
a reorganization in CP muscle synergies, in general revealing an 
increased number of muscle synergies, lower cosine similarity values 
compared to the reference muscle synergies, and an increased number 
of subject-specific muscle synergies. In other words, individuals with 
CP require a reorganization of their motor control strategies (in terms 
of both activation timing and muscle enrollment throughout the task 
duration) to cope with the new, more complex walking tasks. It aligns 
with studies suggesting that motor modules in individuals with neu-
rological impairments can be modulated in response to environmental 
or biomechanical demands (64, 65). CP group showed that either the 
spatial (i.e., weight vectors) or temporal (i.e., activation coefficients) 
components of the muscle synergies differed when compared to refer-
ence synergies of controls, who maintained highly consistent muscle 
synergies across walking conditions.

4.3 Clinical implications

The findings of the current study highlight the potential for 
enhancing corticospinal excitability during a VW task. The results of 
this study showed a significant increase in CST excitability in both CP 
and control participants. These results suggest that individuals can 
increase their CST excitability to facilitate precise movement control 
in VW scenarios that demand accurate foot placement. Regarding 
muscle synergies, our results are in line with the literature highlighting 
that individuals with CP often employ simpler motor control 

FIGURE 3

Reference muscle synergies extracted from control participants during the SW (blue) and the VW (purple) task. TA, tibialis anterior; SOL, soleus; GL, 
lateral gastrocnemius; RF, rectus femoris; VL, vastus lateralis; and ST, semitendinosus.
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strategies during gait compared to their typically developing peers 
(16). However, to obtain effective motor control during more complex 
locomotor tasks, individuals with CP required modulation of their 
muscle synergies by increasing motor control complexity (i.e., increas-
ing the number of muscle synergies). Since MEPs quantify the CST 
excitability of a muscle at a specific phase of gait, while synergies cap-
ture multi-muscle coordination throughout the gait cycle, these mea-
sures reflect different levels of motor control. They should therefore be 
considered as complementary indicators of task-dependent neural 

adaptation. Such enhanced CST excitability could support the emer-
gence of additional or more task-specific synergies, particularly in 
individuals with CP who typically present reduced modular control. 
Overall, the parallel increase in CST excitability and modulation of 
muscle synergies during the VW task in individual with CP suggest 
that task complexity may act as a promising modality to improve 
neural and muscular adaptations. These results underline the value of 
implementing cognitively and sensorimotor challenging walking tasks 
in rehabilitation.

FIGURE 4

Synergies’ weight vectors of CP participants during simple (SW) and visuomotor (VW) tasks. Shared weight vectors are shown in blue and purple colors, 
while patient-specific weight vectors are shown in pink. For each weight vector, the cosine similarity (CS) value between the specific vector and the 
corresponding reference synergy is represented. TA, Tibialis Anterior; SOL, Soleus; GL, Lateral Gastrocnemius; RF, Rectus Femoris; VL, Vastus Lateralis; 
and ST, Semitendinosus.
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4.4 Limitations

Some limitations of this study need to be highlighted. First, the 
sample size is relatively small sample size, which increases the risk of 
type 2 error and may impact the generalizability of the findings. 
Second, it is important to consider that the level of attention during 
the two walking tasks was not controlled, potentially affecting CST 
excitability. Third, the study did not include an analysis of the biome-
chanical changes and gait spatiotemporal parameters associated with 
the reduced number of muscle synergies in individuals with CP. Future 

studies should consider incorporating these elements to provide a 
more comprehensive understanding of the gait dynamics and func-
tional implications in CP population.

5 Conclusion

This study has contributed to elucidating the mechanisms of gait 
control in CP. Additionally, our results clarified the increased 

FIGURE 5

Synergies’ activation coefficients of CP participants during simple (SW) and visuomotor (VW) tasks. Shared activation coefficients are shown in blue and 
purple colors, while patient-specific activation coefficients are shown in pink. For each activation coefficient, the cosine similarity (CS) value between 
the specific vector and the corresponding reference synergy is represented. TA, tibialis anterior; SOL, soleus; GL, lateral gastrocnemius; RF, rectus 
femoris; VL, vastus lateralis; and ST semitendinosus.
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involvement of the CST and the reorganization of motor control strat-
egies in CP patients during more challenging walking tasks. These 
results pave the way for improved gait rehabilitation in CP by targeting 
complex tasks. Although our study measured CST excitability only in 
the TA muscle, future research should also investigate the SOL and RF 
muscles, as they play significant roles in walking.
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