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A B S T R A C T

In children with cerebral palsy (CP), gait impairments originate from altered neuromuscular control and result in 
abnormal biomechanical outcomes. Muscle synergy analysis has been used to investigate modular motor control, 
but it relies exclusively on electromyographic (EMG) data. Kinematic-muscular synergies integrate EMG signals 
and kinematic variables, associating the neural commands with the biomechanics of the movement. This study 
examined kinematic-muscular synergies during gait in children with CP to identify alterations in both synergy 
structure and temporal activation. Seventeen children with CP were stratified based on their age (children, 
adolescents, and young adults). Twenty-two typically developed (TD) children served as the reference. Mixed- 
matrix factorization was used to extract kinematic-muscular synergies from 8 lower limb muscles and four 
joint accelerations in the sagittal plane. Spatial synergy structures were more consistent in TD and children than 
in adolescents (p = 0.04) and young adults (p = 0.001), while consistency of temporal coefficients was higher in 
TD (p < 0.001). Comparisons of patients with TD children revealed generally moderate preservation of spatial 
synergy structure, but temporal recruitment patterns diverged with age. Kinematic-muscular synergy analysis 
provides a quantitative link between impaired muscle coordination and altered biomechanics in CP gait, offering 
a promising tool for enhanced gait assessment and personalized rehabilitation planning.

1. Introduction

Cerebral Palsy (CP) is a group of permanent, non-progressive motor 
and postural disorders caused by lesions or malformations in the 
developing brain (Tang et al., 2019). It is one of the most prevalent 
motor disabilities in childhood (Patel et al., 2024), commonly associated 
with impaired motor control, abnormal muscle tone, and coordination 
deficits that often persist throughout life. Functional severity is 
commonly evaluated with the Gross Motor Function Classification Sys
tem (GMFCS) (Palisano et al., 1997), which categorizes individuals into 
five levels according to self-initiated mobility and reliance on assistive 
devices (Rosenbaum et al., 2007; Wood and Rosenbaum, 2000). Another 
scale used for CP children is the Functional Mobility Scale (FMS), which 
classifies the functional mobility taking into account the assistive 

devices a child might use for covering 5 m, 50 m, and 500 m (Graham 
et al., 2004). These frameworks allow clinicians and researchers to 
describe motor performance, stratify cohorts, and compare outcomes 
across studies.

Overground walking develops throughout childhood, reflecting the 
maturation of neuromuscular control and postural coordination 
(Dominici et al., 2011; Ivanenko et al., 2013). In typically developed 
(TD) children, gait patterns evolve from variable, co-contracted patterns 
to more stable and efficient coordination (Xiong et al., 2022). Under
standing how gait pattern develops through age in people with CP is 
crucial to identify deviations from typical maturation, providing insight 
into compensatory mechanisms and residual motor control capacity.

During tasks such as postural control and walking, electromyo
graphic (EMG) analyses have revealed abnormalities in CP, including 

* Corresponding author.
E-mail address: cristina.brambilla@cnr.it (C. Brambilla). 

1 These authors share the first authorship of the work.

Contents lists available at ScienceDirect

Journal of Electromyography and Kinesiology

journal homepage: www.elsevier.com/locate/jelekin

https://doi.org/10.1016/j.jelekin.2026.103191
Received 19 February 2026; Received in revised form 15 May 2026; Accepted 28 July 2026  

Journal of Electromyography and Kinesiology 90 (2026) 103191 

Available online 29 July 2026 
1050-6411/© 2026 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by- 
nc-nd/4.0/ ). 

mailto:cristina.brambilla@cnr.it
www.sciencedirect.com/science/journal/10506411
https://www.elsevier.com/locate/jelekin
https://doi.org/10.1016/j.jelekin.2026.103191
https://doi.org/10.1016/j.jelekin.2026.103191
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jelekin.2026.103191&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


altered activation timing and excessive antagonist co-contraction (Steele 
et al., 2015). Muscle synergy analysis has been widely used to investi
gate motor control, which suggests that the central nervous system 
(CNS) simplifies motor control by activating a limited set of spatial and/ 
or temporal patterns (Bizzi et al., 2008), or muscle synergies, extracted 
from EMG signals. In locomotion, studies converge on the existence of 
four to five synergies associated with key biomechanical functions (Chia 
Bejarano et al., 2017; Ghislieri et al., 2020; Ivanenko et al., 2004; Rimini 
et al., 2017), including weight acceptance, propulsion, swing initiation, 
and limb deceleration. In addition, these modules seem to be robust 
across individuals and walking conditions (Chvatal and Ting, 2013), 
such as changes in walking speed (Marino et al., 2024; Rimini et al., 
2017), body weight support (Ivanenko et al., 2004), or shift from 
walking to running (Cappellini et al., 2006). In contrast, pathological 
control is marked by a general reduction in the number of synergies, 
proportional to impairment severity (Bowden et al., 2010). Indeed, 
children with CP often recruit fewer synergies during walking compared 
to TD children, suggesting reduced motor complexity (Bekius et al., 
2020; Beltrame et al., 2023; Steele et al., 2019). Moreover, children 
with CP demonstrate altered synergy structure and increased stride-to- 
stride variability of synergies compared to TD children (Kim et al., 
2018; Shuman et al., 2016).

Conventional synergy analyses rely solely on EMG signals, limiting 
the direct interpretation of biomechanical outcomes. A promising 
approach is the kinematic-muscular synergy model, which integrates 
EMG activation patterns and kinematic variables within the same 
modular framework (Scano et al., 2022). This hybrid method directly 
links muscle coordination to kinematic execution, strengthening the 
interpretation of motor modules in functional biomechanical terms. 
Kinematic-muscular synergies have been shown to effectively describe 
locomotor biomechanics in healthy adults (Lanzani et al., 2024). 
Although applications in patient populations have yet to be analyzed, 
kinematic-muscular synergy analysis has the potential to reveal im
pairments in motor coordination and compensatory strategies in chil
dren with CP. Most previous studies have compared children with CP to 
TD peers, often without considering the age-related changes within the 
CP population. Therefore, to reduce age-related confounding effects, 
participants with CP were grouped by age, allowing the investigation of 
how motor control strategies evolve across maturation within the CP 
population. In fact, motor control and gait patterns in CP may continue 
to evolve beyond childhood, influenced by maturation, therapy, and 
compensatory mechanisms (Johnson et al., 1997). Investigating how 
muscle coordination changes across age in CP can therefore offer insight 
into the developmental trajectory of neuromuscular control. Accord
ingly, the aim of this study was to examine kinematic-muscular syn
ergies during gait in TD children and in individuals with CP across age 
groups. We hypothesized that individuals with CP would show age- 
dependent changes in the composition and temporal activation of syn
ergies, reflecting ongoing adaptation of motor control strategies.

2. Materials and methods

2.1. Participants

Seventeen children with Cerebral Palsy (11 M, 6F; age: 13.3 ± 3.8 
years old, weight: 49.0 ± 16.3 kg, height: 154.0 ± 16.7 cm), were 
recruited for the study. The normative group consisted of twenty-two 
typically developed (TD) male children (age: 9.0 ± 1.4 years old, 
weight: 30.3 ± 7.5 kg, height: 134.5 ± 10.2 cm), with no history of 
musculoskeletal disorders. Children with pain, traumatic injuries, or any 
musculoskeletal or neurological conditions were excluded.

This study was conducted at the Movement Analysis Laboratory of 
the Humanitas Research Hospital (Rozzano, Milano, Italy), in collabo
ration with the Italian Council of National Research (CNR, Milan, Italy). 
Written informed consent was obtained from all participants before 
participation. The study protocol complied with the principles of the 

Declaration of Helsinki and was reviewed and approved by the 
Humanitas Ethical Committee.

2.2. Experimental protocol

Participants underwent a single evaluation session that included 
three-dimensional gait analysis. Each subject was asked to walk barefoot 
along a 5-m walkway at a self-selected comfortable speed. Kinematic 
data were recorded using an 8-camera optoelectronic motion capture 
system (Vicon 8 TVC system, Oxford, UK), synchronized with a 45x50cm 
force platform (AMTI 100 MHz, Advanced Medical Technologies, 
Watertown, Massachusetts). Before the trials, anthropometric mea
surements were collected. Sixteen reflective markers were placed on 
anatomical landmarks according to the Helen Hayes marker set, 
implemented in the Vicon Plug-in-Gait (PiG) model. Markers were 
positioned on the anterosuperior and posterior-superior iliac spines, 1/3 
of the lower lateral surface of the thigh, the lateral femoral epicondyle, 
1/3 of the proximal tibia, the lateral malleolus, the head of the second 
metatarsal, and the calcaneus.

Surface EMG was recorded using 16 bipolar electrodes (Cometa, 
Italy), with eight placed on each side. Electrodes were placed over the 
muscle belly, aligned with the muscle fiber direction, following the 
SENIAM recommendations when available (Hermens et al., 2000). The 
electrode positions were identified by palpation and by visual inspection 
of the contracting muscles. Before placement of the electrodes, the 
surface of the skin over the muscles of interest was shaved and rubbed 
with an alcohol-damp swab in order to remove dirt, sweat, and dead 
skin. Electrodes were circular (radius 8 mm), and the center-to-center 
electrode distance was 20 mm. The following muscles were recorded: 
Tibialis Anterior (TA), Gastrocnemius Lateralis (GL), Gastrocnemius 
Medialis (GM), Rectus Femoris (RF), Semitendinosus (ST), Biceps Fem
oris (BF), Adductor Magnus (ADD), and Gluteus Maximus (GI). EMG 
data were synchronized with the kinematic recordings and acquired 
simultaneously. All assessments were performed by the same two 
physiotherapists, both experienced in gait analysis, to ensure 
consistency.

2.3. Data analysis

Raw marker trajectories were low-pass filtered at 6 Hz, while force 
platform signals were filtered at 40 Hz using a fourth-order, phase- 
corrected Butterworth filter. The gait cycle was defined as the interval 
between two consecutive heel strikes of the same foot. The Heel-Strike 
events were first identified from the force plate data and then 
confirmed using the Vicon autocorrelation pipeline, followed by visual 
inspection of the vertical displacement of the heel marker (Fellin et al., 
2010). Spatiotemporal parameters such as cadence (steps/min), walking 
speed (m/s), stride time (s), stride length (m), and foot off (% gait cycle) 
were computed. Spatiotemporal parameters were averaged across all 
recorded gait cycles from both limbs. For hemiparetic participants, this 
includes both paretic and non-paretic strides. This aggregated approach 
was chosen to provide a representative, macroscopic overview of the 
cohort's global walking performance, preventing excessive data frag
mentation that would result from separating limb-specific parameters 
across the diverse clinical subtypes included in the study. Pelvis, hip, 
knee, and ankle kinematics in the sagittal plane were low-pass filtered at 
6 Hz and resampled to 101 points per stride. Angular accelerations of 
these joints were calculated as the second derivative of the corre
sponding joint angles. Each acceleration profile was normalized to the 
maximum absolute value (range: − 1 to 1) and resampled to 101 points 
per stride. Acceleration was chosen as it better reflects dynamic de
mands rather than posture, and couples in a reasonably linear way with 
EMG (force).

For EMG analysis, bilateral EMG signals were collected at 2000 Hz, 
band-pass filtered between 20 and 450 Hz, rectified, and then low-pass 
filtered at 10 Hz to generate envelopes (d'Avella et al., 2006). To enable 
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inter-subject comparison, EMG envelopes were normalized to the peak 
activation of each muscle and resampled to 101 points per stride. For 
each participant, the filtered and normalized EMG envelopes were 
combined with the joint angular accelerations to create pooled matrices 
for input into the synergy extraction algorithm. Approximately ten gait 
cycles were recorded for each participant, and the cycles affected by 
artifacts or noise were excluded. A mean of 9.1 ± 1.9 gait cycles was 
used for TD participants, and a mean of 8.8 ± 4.3 gait cycles was used 
for patients. Kinematic and EMG data were processed bilaterally. Syn
ergies were extracted independently for each limb (left and right), 
resulting in a total pool of 44 limbs for TD participants and 34 limbs for 
patients, analyzed as separate observations to account for the potential 
pathological asymmetries.

2.4. Synergy extraction and clustering

Synergy extraction methods decompose the multichannel input sig
nals x(t) into the product of n time-invariant synergy vectors wi, which 
are shared across all stride repetitions, and corresponding time-varying 
activation coefficients ci(t), which are stride-specific: 

x(t) =
∑N

i=1
ci(t)wi 

Here, x(t) represents the recorded kinematic and muscular data at 
time t, and N is the total number of extracted synergies. Kinematic- 
muscular synergies were extracted using the mixed-matrix factoriza
tion (MMF) algorithm (Russo et al., 2024; Scano et al., 2022), an 
extension of the widely used non-negative matrix factorization (NMF) 
approach (Lee and Seung, 1999). Unlike NMF, MMF removes the non- 
negative constraint for selected channels (joint accelerations, which 
can assume positive or negative values). The algorithm iteratively de
composes x(t) via gradient descent, with setup parameters λ = 100 and 
μ = 0.1, empirically tuned to balance reconstruction accuracy and 
computational efficiency (Scano et al., 2022).

The number of synergies, s, was increased from 1 to 12 (maximum 
channels per leg). For each s, MMF was repeated 100 times to avoid local 
minima, and the solution explaining the variance was selected. Recon
struction accuracy was assessed by R2 = 1 – SSE/SST, where SSE is the 
sum of the squared residuals, and SST is the total sum of squares relative 
to the mean EMG vector (d'Avella et al., 2006). The final number of 
synergies N was defined as the minimum number of modules required to 
account for at least 85% of the signal variance (R2 > 0.85). This 
threshold was selected to balance reconstruction accuracy with model 
parsimony, preventing the over-factorization of noise-driven compo
nents often observed in clinical data. This criterion provides a consistent 
and reproducible evaluation across participants and aligns with previous 
synergy literature (Barroso et al., 2016; Lanzani et al., 2024).

Since TD participants fell within a relatively narrow age range, they 
were treated as a single reference cohort representative of physiological 
motor coordination patterns within the investigated developmental 
stage. In contrast, the CP cohort spanned a substantially broader age 
range and exhibited greater inter-subject variability, making stratifica
tion necessary to specifically investigate maturation-related changes in 
pathological motor control. Patients were divided by age into (1) CP 
children (6 to 11 years), (2) CP adolescents (12 to 15 years), and (3) CP 
young adults (16 to 20 years). For each group of participants, spatial 
synergies were matched based on cosine similarity. Pairwise similarity 
between synergies was computed, and synergies with the highest simi
larity were clustered together. The maximum number of clusters was set 
equal to the maximum number of synergies extracted from each 
participant. For each cluster, a representative synergy was obtained by 
averaging the spatial patterns of all included synergies.

2.5. Outcome measures and statistics

To compare differences in motor control dimensionality across 

groups, the number of synergies extracted at the reconstruction 
threshold of R2 > 0.85 (Barroso et al., 2016; Lanzani et al., 2024) was 
assessed. Since the data did not satisfy the normality assumption, the 
non-parametric Kruskal-Wallis test was applied, followed by a post-hoc 
test with Bonferroni correction for multiple comparisons across the 
different groups. Intra-cluster similarity of spatial synergies was quan
tified using the scalar product between all pairs of synergies within each 
cluster, while intra-cluster similarity of temporal coefficients was 
computed using Pearson's correlation coefficient between all corre
sponding pairs of temporal profiles. These measures provide indices of 
synergy consistency within each group. Group differences in both spatial 
and temporal intra-cluster similarities were evaluated using the Kruskal- 
Wallis test, followed by Bonferroni-corrected post-hoc comparison. 
Statistical significance was set at α = 0.05 for all analyses.

To evaluate whether the synergy structure and timing were pre
served in patient groups, clusters derived from each patient group were 
matched to those from the TD group. Inter-cluster similarity was 
computed as the scalar product between matched mean spatial syn
ergies, and inter-cluster temporal similarity was quantified as the cor
relation coefficient between matched mean temporal profiles. These 
inter-cluster metrics characterize the extent to which synergy compo
sition and temporal organization are maintained in patients with respect 
to the normative group. To better assess the differences in the temporal 
profiles across groups, circular cross-correlation was computed (Frère 
and Hug, 2012; Kaufmann et al., 2024). The maximum cross- 
correlation (rmax) was used as a measure of similarity in the shape of 
the temporal coefficients, whereas the corresponding lag (Lag%) was 
used to quantify temporal alignment between signals. The shift was 
expressed as a percentage of the total cycle duration, allowing inter
pretation of timing differences, with positive values indicating a delayed 
(lagged) signal and negative values indicating an earlier (advanced) 
signal.

3. Results

3.1. Clinical outcomes

Table 1 summarizes patients' data and clinical scales (GMFCS, FMS 
50 m, and FMS 500 m). In the table, the clinical diagnosis of the gait 
pattern of the groups is reported. The age difference between groups is 
statistically significant (p < 0.005).

3.2. Kinematics

The number of children in each group was: five in the CP children 
group, seven in the CP adolescent group, and five in the CP young adults 
group. In Fig. 1, joint angles of pelvis, hip, knee, and ankle in the sagittal 
plane are shown as averages for each of the groups.

Articular angle trajectories in the TD group exhibit typical gait pat
terns and demonstrate high consistency across participants, with slight 
variability only in the pelvis orientation. For participants with CP, 
Children display increased anterior pelvic tilt, reduced hip extension, 
and a diminished knee and ankle range of motion. CP Adolescents pre
sent greater variability in kinematic profiles, characterized by less ankle 
plantarflexion. CP Young adults show higher pelvic range of motion, but 
less movement in the other joints. All patient groups show greater 
variability with respect to TD children.

In Table 2, spatiotemporal parameters are reported. The cadence of 
CP adolescents and CP young adults was lower than that of TD (p <
0.001) and CP children (p = 0.004, p = 0.005). TD children walked faster 
than all patients (p < 0.001). The stride time was lower for TD children 
than for all patients (p < 0.001), and for CP children than for CP ado
lescents (p = 0.006) and CP young adults (p = 0.02). The stride length 
was greater for TD children than for all patients (p < 0.001) and was 
lower for CP children than for CP adolescents (p < 0.001) and CP young 
adults (p < 0.001). The foot off was lower for TD than for all the patients 
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(p < 0.001).

3.3. Synergy analysis

In Fig. 2, the reconstruction R2 of TD participants and all patient 
groups is shown. The number of synergies extracted at R2 > 0.85 was 5.4 
(0.5) in the TD group, 5.0(0.7) in the CP children group, 4.9(0.7) in the 
CP adolescents group, and 5.0(0.5) in the CP young adults group.

Figs. 3 and 4 present the clustered synergies and their corresponding 
temporal coefficients for all groups. W1 reflects hip and knee extension 
during early stance, driven by gluteus activation together with RF, while 
ST and BF contribute to knee stability through co-activation. Patients 
preserved joint kinematics but showed altered muscle recruitment, with 
reduced gluteus activation and greater variability in temporal co
efficients. W2 corresponds to late stance propulsion, with gastrocnemii 
activation and ankle plantarflexion. Structure was preserved in CP 
children, while CP adolescents and CP young adults showed increased 
co-contraction and progressive divergence in temporal patterns. W3 
marks the early swing with hip and knee flexion. All groups of patients 
maintained kinematic loads of the hip and knee joints only, but they 
showed changes in the ankle joint and exhibited marked co-activation of 
all muscles. Additionally, CP young adults showed reduced temporal 

modulation. W4 involves knee extension and ankle dorsiflexion during 
mid-swing and was the most similar synergy between patients and TD, 
except for CP young adults, who did not match the activation of RF and 
ADD. W5 reflects late swing knee flexion driven mainly by kinematics 
and TA; patients showed additional hip and knee extensor recruitment 
and reduced temporal modulation. W6 represents stride preparation 
(TA, ST, BF activation) and diverged in patients, with altered recruit
ment and absence of a clear late-swing activation peak.

In Table 3, intra-cluster and inter-cluster similarities of synergy and 
temporal coefficients are reported. Consistency of spatial synergies was 
highest in the TD group, with a mean intra-cluster similarity of 0.68. 
Similarly, temporal recruitment patterns showed the highest consistency 
in the TD group, with a mean intra-cluster correlation of 0.68. Spatial 
intra-cluster similarity of the TD group was higher than all patient 
groups (p < 0.001), and the similarity of the CP children group was 
higher than CP adolescents (p = 0.04) and CP young adults (p = 0.001). 
Temporal coefficients intra-cluster correlation of the TD group was 
higher than all patient groups (p < 0.001). Comparisons of patients with 
TD children (inter-cluster similarity) revealed generally moderate 
preservation of spatial synergy structure, except W6, which showed the 
worst similarity. Temporal recruitment patterns were maintained better 
in the CP children group, while they became more different with age, as 
shown by the inter-cluster correlation. In this case, C5 is the least pre
served temporal coefficient. When comparing the shape of temporal 
coefficients between patients and TD participants, CP children showed 
the lowest correlation in C5 and C6, whereas CP young adults exhibited 
the lowest correlation in C3. Regarding temporal alignment, C5 in CP 
children and C6 in CP adolescents were delayed relative to TD, while C3 
in CP young adults showed an anticipatory shift.

In Fig. 5, the color maps represent the similarity of spatial synergies 
and the correlation of temporal coefficients of each synergy for all 
pairwise comparisons between groups. The mean random similarity, 
computed by randomly pairing all spatial synergies, is 0.23(0.37). The 
mean random correlation, computed by randomly correlating all tem
poral coefficients, is 0.02(0.45). Across all synergies, similarity values 
range from low to moderate. Higher similarity values are generally 
observed in comparisons involving TD and CP children, while lower 
values are found in comparisons involving CP young adults. Among 
spatial synergies, W6 shows the lowest similarity values across most 
group comparisons. The mean similarity across all spatial synergies in
dicates higher mean similarity for CP children compared with CP ado
lescents and CP young adults. Correlation values are moderate to high 
across most comparisons. Higher correlations are observed between TD 
and CP children and between CP adolescents and CP young adults, 
whereas lower correlations appear in comparisons between CP children 
and CP young adults. Among the temporal coefficients, C5 and C6 show 
lower correlation values compared with the other coefficients. C5 shows 
the highest values, exceeding 0.80 in all the comparisons. The mean 
correlation values confirm these trends across coefficients. Considering 
the shape of the temporal coefficients, C4 showed the highest similarity 
across all comparisons, together with relatively small shifts. CP young 
adults exhibited the lowest similarity for C3 compared with all other 
groups, whereas CP children showed the lowest similarity for C5 relative 
to TD participants. Regarding temporal alignment, CP young adults 
displayed an anticipatory pattern in C3 with respect to TD, as well as in 
C1 and C6 when compared to CP adolescents. In contrast, CP children 
showed a delayed pattern in C5 relative to TD, while CP adolescents 
exhibited a delay in C6 with respect to TD.

4. Discussion

4.1. Summary of the results

In this study, gait patterns were assessed in TD children and in 
children with cerebral palsy by means of the novel kinematic-muscular 
synergy analysis. Children with CP were divided into subgroups 

Table 1 
Patients' personal data and clinical scales. Clinical diagnosis is reported for 
descriptive purposes only and was not used for subgroup stratification due to the 
uneven age distribution across diagnostic categories.

CP Children

ID age GMFCS FMS 
50 m

FMS 
500 m

Diagnosis

01 6 2 4 2
Spastic diplegia, bilateral 
valgus condition

02 7 1 6 5 Left hemiparesis
03 8 2 4 2 Right hemiparesis

04 11 2 4 2
Lower-limb deformity and 
bilateral equinus

05 11 1 6 5 Right hemiparesis

​
8.6 
(2.3)

1.6 
(0.5)

4.8 
(1.1)

3.2 (1.6) ​

CP Adolescents

ID age GMFCS FMS 
50 m

FMS 
500 m

Diagnosis

06 13 1 6 5 Spastic diplegia
07 13 2 4 2 Spastic diplegia
08 13 2 4 2 No definitive diagnosis
09 13 2 4 2 Spastic diplegia, crouch gait
10 14 1 6 5 Spastic diplegia
11 15 3 2 1 Spastic diplegia
12 15 1 6 5 Spastic diplegia

​
13.7 
(0.9)

1.7 
(0.8)

4.6 
(1.5)

3.1 (1.8) ​

CP Young adults

ID age GMFCS
FMS 
50 m

FMS 
500 m Diagnosis

13 16 2 4 2
Lameness, gait with a 
dragging foot

14 16 1 6 5
Spastic diplegia, intra- 
rotation of the left femur

15 17 2 4 2 Spastic diplegia, bilateral 
equinus condition

16 18 1 6 5 Spastic diplegia

17 20 2 4 2
Spastic diplegia, equinus, 
adductor retraction

​
17.4 
(1.7)

1.6 
(0.5)

4.8 
(1.1) 3.2 (1.6) ​
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according to their age in order to investigate the alteration of motor 
strategies during maturation. From a spatiotemporal perspective, TD 
children exhibited faster walking speed, longer stride length, and shorter 
stride time compared with all patient groups, reflecting a more efficient 
gait. In contrast, CP adolescents and CP young adults showed reduced 
cadence and slower gait, suggesting a progressive shift toward slower 
and more cautious walking strategies with age. Spatial synergy struc
tures demonstrated moderate intra-group consistency across all cohorts. 
Temporal recruitment profiles exhibited higher variability in children 
with CP. When comparing patient groups with TD children, spatial 
synergies appeared moderately preserved, although with greater 
muscular co-activation. Temporal synergy profiles, instead, showed 
substantial deviations in the timing of muscle activation in the swing 
phase. Kinematic-muscle synergies integrate muscle activity with joint- 
level biomechanical output. Our approach allows to distinguish between 
preserved kinematic patterns and altered muscle recruitment, identify 
how abnormal muscle coordination translates into specific kinematic 
deviations, and capture both structural and temporal alterations, 
including changes in activation timing and phase shift.

Fig. 1. Sagittal plane angular kinematics. Pelvis, hip, knee, and ankle angles during the gait cycle are reported in the rows, and groups (TD, CP children, CP ad
olescents, and CP young adults) are reported in columns. Thick lines represent the mean values across participants, and shaded areas represent the stan
dard deviation.

Table 2 
Spatiotemporal parameters are reported for each group as mean and standard 
deviation (in brackets). Parameters were averaged across all recorded gait cycles 
from both limbs. For hemiparetic participants, this includes both paretic and 
non-paretic strides.

Parameter TD CP children CP 
adolescents

CP young 
adults

Cadence (steps/ 
min)

119.2 
(13.7)

114.7 
(27.2)

101.9 
(14.5)*^

101.6 (10.9)*^

Walking speed 
(m/s)

1.08 
(0.18)

0.65 
(0.24)*

0.71 (0.24)* 0.66 (0.13)*

Stride time (s) 1.01 
(0.13)

1.11 
(0.36)*

1.20 (0.22)*^ 1.20 (0.15)*^

Stride length (m) 1.07 
(0.15)

0.65 
(0.18)*

0.81 (0.20)*^ 0.76 (0.14)*^

Foot off (%) 58.4 (3.3) 63.9 (6.5)* 65.1 (7.3)* 65.7 (7.2)*

*p significant when compared to TD; ^p significant when compared to CP 
children.

0
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Typically developed CP Children CP Adolescents CP Young adults

1 2 3 4 5 6 7 8 9 10 1112 1 2 3 4 5 6 7 8 9 10 1112 1 2 3 4 5 6 7 8 9 10 1112 1 2 3 4 5 6 7 8 9 10 1112
Number of synergies Number of synergies Number of synergies Number of synergies

Fig. 2. Mean and standard deviation of the reconstruction R2 across participants of each.
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4.2. Kinematic-muscular synergies reflect the biomechanics in patients

Kinematic-muscular synergies describe both muscle coordination 
and its biomechanical role. In the TD group, synergies are well-defined, 
showing selective muscle recruitment and consistent temporal activa
tion. Each module corresponded to a specific biomechanical function: 
W1 supported the early stance through the hip extension; W2 generated 
plantarflexor-driven propulsion in late stance; W3 coordinated hip and 
knee flexion at swing onset; W4 controlled mid-swing dorsiflexion and 
knee extension for toe clearance; W5 mainly reflected inertial limb 
advancement and TA activation; and W6 prepared foot placement for 
the next stride.

Across all CP groups, the overall spatial structure was moderately 
preserved. However, this was accompanied by increased muscle co- 
activation, particularly in CP adolescents and CP young adults, indi
cating reduced motor selectivity. This was especially evident in swing- 
related synergies (W3 and W4), where these groups of patients exhibi
ted simultaneous activation of multiple muscle groups despite relatively 
preserved joint kinematics. An interesting result is the dissociation 

between spatial structure and temporal organization. While spatial 
modules remained relatively stable across groups, temporal coefficients 
showed substantial alterations, including reduced modulation, 
increased variability, and phase shifts. These alterations were particu
larly evident in late swing synergies (W5 and W6), which showed the 
lowest inter-group correlation and the greatest deviations in temporal 
recruitment in all groups. The analysis of temporal alignment revealed 
that differences between groups were not limited to waveform shape but 
also involved time shifts. For example, delays were observed in C5 in CP 
children and in C6 in CP adolescents, whereas CP young adults exhibited 
anticipatory activation in C3. These findings suggest that impaired 
motor control in CP is not only characterized by altered activation 
patterns but also by misalignment in the timing of muscle recruitment 
within the gait cycle. Among all modules, W4 emerged as the most 
preserved synergy across groups, both in structure and timing, sug
gesting that mid-swing control for toe-clearance may be relatively 
robust to pathology. In contrast, W6 showed the lowest similarity and 
the greatest temporal disruption, indicating that late swing preparation 
is particularly vulnerable in CP. Overall, CP children showed patterns 

Fig. 3. Synergy compositions of all groups are reported in columns (TD in black, CP children in dark blue, CP adolescents in blue, and CP young adults in light blue). 
Bold bars are the mean synergy of the cluster, while the grey bars represent all the synergies belonging to the cluster. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.)
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closest to TD, while CP adolescents and CP young adults progressively 
diverged, reflecting disease-related reorganization rather than normal 
development, as spatiotemporal parameters did not follow typical age- 
related trends (Voss et al., 2020).

Our findings align with prior studies reporting early stance and late 
swing deviations in CP, earlier activation of gastrocnemius-dominated 
synergies, and reduced TA and RF-related activity (Steele et al., 2015). 
Similar synergy structures were observed by Goudriaan et al. 
(Goudriaan et al., 2022), although in our analysis, the TA and RF-related 
synergies appear as distinct modules, reflecting different underlying 
kinematic functions. Moreover, previous studies suggested that both the 
number and structure of muscle synergies may serve as markers of the 
severity of movement disorders (Tang et al., 2019). Finally, broader and 
flatter temporal activation profiles, previously described in CP, were 
also observed here, suggesting impaired timing and reduced modulation 
of muscle recruitment (Cappellini et al., 2020, 2016).

4.3. Age-related evolution of spatial and temporal components of 
kinematic–muscular synergies

Age-based stratification in CP revealed distinct effects of maturation 
on spatial and temporal components of kinematic-muscular synergies. 
Spatial structures were moderately preserved across age groups, despite 
increased co-activation compared with TD. This suggests that basic 
modular organization linking muscle activity to biomechanics is estab
lished early and remains relatively stable, with differences from TD 
reflecting long-term adaptations rather than structural reorganization.

In contrast, temporal activation profiles showed clear age-related 
divergence. Children with CP displayed timing patterns closer to TD, 
particularly during stance, whereas CP adolescents and CP young adults 
showed reduced temporal modulation and greater variability, especially 
in swing-related synergies. This indicates that maturation in CP 

primarily affects the timing and scaling of synergy recruitment rather 
than their composition, consistent with evidence from typical motor 
development (Dominici et al., 2011; Ivanenko et al., 2013). Temporal 
differences arise from both changes in waveform structure and phase 
shifts. For instance, delays in late swing were observed in younger pa
tients, while anticipatory patterns emerged in specific modules in CP 
young adults. This suggests that maturation in CP is associated not only 
with increased variability but also with reorganization of the temporal 
coordination of gait. Moreover, the late swing modules showed the 
greatest age-related divergence, indicating that more complex and finely 
tuned phases of gait, such as swing and stride preparation, may be more 
susceptible to developmental alterations in CP. Changes in synergy 
timing may also be related to differences in walking speed between 
patients and TD children. Walking speed could not be experimentally 
controlled because of the motor limitations of the patients; however, 
reduced walking velocity is itself a characteristic feature of CP. There
fore, it should not be considered a confounding factor, but rather an 
intrinsic component of the pathological gait pattern and of the overall 
motor strategy adopted by these individuals.

Importantly, these age-related differences cannot be explained by 
typical developmental changes in gait, as spatiotemporal parameters did 
not follow the maturation trends observed in TD populations (Voss et al., 
2020). Instead, progressive temporal alterations likely reflect compen
satory strategies, growth-related biomechanical changes, or cumulative 
deficits in selective motor control, contributing to slower and more 
cautious gait in older individuals with CP (Johnson et al., 1997). 
Compensatory strategies include increased co-contraction to enhance 
joint stability, delayed or prolonged activation to support foot place
ment, and anticipatory muscle recruitment to facilitate limb advance
ment and prepare for ground contact. Such adaptations may compensate 
for impaired selective motor control and contribute to the slower and 
more cautious gait. Moreover, kinematic-muscular synergies revealed a 

Fig. 4. Temporal coefficients of all groups are reported in columns (TD in black, CP children in dark blue, CP adolescents in blue, and CP young adults in light blue). 
Bold lines represent the mean temporal coefficient of the cluster, while the shaded areas represent the standard deviation. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.)
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dissociation between preserved kinematics and altered muscle recruit
ment in specific modules. For instance, in W3, the overall kinematic 
pattern of knee and ankle associated with early swing was maintained, 
while the underlying muscle activation showed increased co-activation 
and reduced selectivity. In contrast, other synergies highlighted more 
evident biomechanical alterations, particularly in CP young adults. In 
these individuals, knee extension appeared reduced in the whole gait 
cycle, and hip flexion was temporally shifted, occurring later (i.e., more 
predominantly in W4 rather than W3). Additionally, increased pelvic 
anterior tilt was observed toward the end of the gait cycle, suggesting a 
compensatory contribution to limb advancement. Indeed, studies 
demonstrated that during maturation, the gait pattern progressively 
deteriorates in CP individuals, reducing the range of motions, increasing 
double support (Bell et al., 2002). Overall, spatial structure appears to 
reflect persistent neuromotor constraints, whereas temporal organiza
tion captures age-dependent adaptations. Notably, these temporal 
changes were not directly associated with GMFCS or FMS levels, since 
these measures were not different between groups, suggesting that 
maturation influences how and when motor modules are recruited more 
than which modules are available.

4.4. Clinical impact of kinematic-muscular synergies

Kinematic-muscular synergies offer a comprehensive framework to 

understand gait impairments in children with CP, as they associate 
neuromuscular activation with the resulting biomechanical execution. 
While traditional gait analysis often examines muscle activity and 
movement separately, this integrated model offers insight into the un
derlying mechanisms of gait deviations. In the context of CP, this 
approach may provide a more direct interpretation of how altered 
neural commands generate pathological movement patterns. Specif
ically, our results showed altered muscle coordination, such as increased 
co-activation and phase shifts, which in turn lead to inefficient or 
compensatory kinematic patterns. Unlike muscle synergies, which 
describe patterns of muscle coordination, kinematic-muscle synergies 
incorporate both muscle activity and joint-level kinematic contribu
tions. This allows each module to be interpreted not only in terms of 
neural control but also in terms of its biomechanical function, providing 
a direct link between altered muscle recruitment and resulting move
ment patterns. For instance, in W3, we observed preserved kinematic 
patterns despite altered muscle activation, suggesting compensatory 
recruitment strategies. Conversely, in W4, altered muscle coordination 
was associated with measurable changes in joint kinematics, such as 
reduced knee extension and delayed hip flexion. These distinctions 
cannot be directly captured using muscle synergies alone. Moreover, 
identifying abnormal muscle co-activation or altered joint kinematics 
during a particular gait phase can help clinicians target that specific 
dysfunction during therapy. For example, in W6, the altered 

Table 3 
Intra-cluster similarities of spatial and temporal profiles are reported as mean and standard deviation (in brackets). Means of all the synergies are shown on the right. 
Inter-cluster similarities of spatial and temporal profiles with respect to the TD group are reported. Inter-cluster cross-correlation is also reported as maximum cor
relation rmax and Lag% of the patient groups with respect to the TD group (positive = signal is delayed, negative = signal is anticipated).

Spatial synergies: Intra-cluster similarity

Group W1 W2 W3 W4 W5 W6 Mean

TD 0.65 (0.21) 0.84 (0.13) 0.66 (0.28) 0.65 (0.23) 0.75 (0.20) 0.54 (0.27) 0.68 (0.10)
CP Children 0.57 (0.21) 0.59 (0.20) 0.72 (0.19) 0.77 (0.17) 0.61 (0.16) 0.43 (0.16) 0.62 (0.12)
CP Adolescents 0.45 (0.27) 0.54 (0.21) 0.65 (0.19) 0.62 (0.16) 0.63 (0.20) 0.56 (0.17) 0.58 (0.07)
CP Young adults 0.58 (0.21) 0.50 (0.25) 0.51 (0.21) 0.64 (0.17) 0.62 (0.17) 0.51 (0.20) 0.56 (0.06)

Temporal coefficients: Intra-cluster correlation

Group C1 C2 C3 C4 C5 C6 Mean

TD 0.64 (0.30) 0.85 (0.18) 0.65 (0.25) 0.64 (0.28) 0.65 (0.30) 0.63 (0.27) 0.68 (0.08)
CP Children 0.12 (0.41) 0.45 (0.40) 0.60 (0.30) 0.60 (0.29) 0.03 (0.37) 0.10 (0.31) 0.32 (0.26)
CP Adolescents 0.05 (0.64) 0.10 (0.44) 0.31 (0.47) 0.37 (0.44) 0.27 (0.45) 0.08 (0.57) 0.20 (0.13)
CP Young adults 0.44 (0.29) 0.35 (0.43) 0.21 (0.50) 0.50 (0.51) 0.15 (0.46) 0.21 (0.50) 0.31 (0.14)

Spatial synergies: Inter-cluster similarity

Group W1 W2 W3 W4 W5 W6 Mean

CP Children 0.48 0.58 0.66 0.61 0.30 0.41 0.50 (0.14)
CP Adolescents 0.43 0.60 0.50 0.62 0.58 0.38 0.52 (0.10)
CP Young adults 0.52 0.53 0.53 0.54 0.56 0.24 0.49 (0.12)

Temporal coefficients: Inter-cluster correlation

Group C1 C2 C3 C4 C5 C6 Mean

CP Children 0.80 0.85 0.93 0.82 0.25 0.57 0.70 (0.25)
CP Adolescents 0.67 0.56 0.84 0.86 0.29 0.21 0.57 (0.27)
CP Young adults 0.92 0.34 0.32 0.96 0.23 0.31 0.51 (0.33)

Temporal coefficients: Inter-cluster circular cross-correlation

Group C1 C2 C3 C4 C5 C6 Mean

CP Child. rmax 0.80 0.88 0.93 0.90 0.41 0.57 0.74 (0.21)
Lag% 0.99 − 3.96 0 3.96 38.6 0 6.60 (15.9)

CP Adol.
rmax 0.70 0.86 0.84 0.95 0.68 0.62 0.77 (0.13)
Lag% 1.98 10.9 0 3.96 11.9 32.7 10.2 (12.0)

CP Y. adults
rmax 0.92 0.77 0.41 0.96 0.67 0.81 0.76 (0.20)
Lag% − 0.99 11.9 − 30.7 0 11.9 10.9 − 3.13(16.0)
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organization of muscle activation is associated with increased anterior 
pelvic tilt and reduced knee flexion during late swing. This provides a 
functional interpretation of the impairment, linking abnormal muscle 
recruitment to specific kinematic deviations. From a clinical perspec
tive, this allows clinicians not only to identify when abnormal activation 
occurs but also to understand how it affects movement. As a result, 
rehabilitation strategies can be more targeted toward correcting specific 
biomechanical deficits, such as improving knee control or pelvic stabi
lization, rather than only reducing co-activation. This functional inter
pretation may support more informed decisions in physiotherapy 
planning, orthotic prescription, and specific treatment. Rehabilitation 
programs can then be designed to improve appropriate muscle recruit
ment, aiming to restore activation patterns that resemble those of TD 
children (Kim et al., 2021). Conversely, the preservation of spatial 
synergy structure in milder gait impairments suggests that these chil
dren maintain fundamental neuromotor strategies. Synergy-based met
rics may provide practical information for individualized therapeutic 
goals. Furthermore, integrating synergy analysis into clinical decision- 
making can enhance the personalization of surgical planning and 
rehabilitation strategies. For instance, identifying muscles that 
contribute abnormally to specific synergies can guide selective surgical 
interventions, such as tendon lengthening or transfers, to rebalance 
force distribution. Then, specific rehabilitative techniques can be 

tailored to reinforce the activation patterns. Additionally, complemen
tary practices such as functional electrical stimulation (FES) may help 
optimize inter-limb coordination and muscle selectivity based on syn
ergies. Interventions can also be tailored to improve specific kinematic 
outcomes, such as enhancing knee extension during swing or stabilizing 
pelvic motion. Finally, the use of orthoses can be fine-tuned according to 
individual synergy patterns: for example, ankle foot orthoses may assist 
in modulating inappropriate co-contractions or enhance push-off effi
ciency in children with weak plantarflexor recruitment.

4.5. Limitations and future work

This study presents some limitations. First, although the use of 16 
EMG channels (8 per limb) aligns with the standard practice in the 
literature (Safavynia and Ting, 2012), the coverage remains limited 
relative to the total number of muscles involved in lower-limb motor 
control. Prior studies have emphasized that restricting the number of 
recorded muscles may lead to missing or misinterpreting certain syn
ergies (Brambilla and Scano, 2022; Steele et al., 2013). Increasing the 
number of muscles would improve synergy representation. Second, only 
four sagittal plane joint kinematic profiles were included in the modular 
decomposition. Future work should consider additional degrees of 
freedom, particularly in the medio-lateral plane, to have a more 

Fig. 5. Color maps show similarity of spatial synergies (first row) and correlation of temporal coefficients (second row) for each synergy across all possible pairs of 
groups. Means and standard deviations are reported in the last column. In the third row, the maximum value of the cross-correlation rmax is reported, while in the last 
row, the Lag% is reported. Positive values indicate that the signal is delayed, negative values indicate that the signal is anticipated. The comparisons were CP children 
with respect to TD group, CP adolescents with respect to TD and CP children, CP young adults with respect to TD, CP children, and adolescents.
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comprehensive characterization of gait deviations. Furthermore, the 
limited number of gait cycles used for the analysis may have influenced 
the robustness of synergy extraction. Future studies should investigate 
the impact of the number of gait cycles on synergy-related outcomes. 
Moreover, in clinical and pediatric populations, maximizing the number 
of cycles may introduce artifacts due to fatigue or reduced compliance, 
which can significantly bias the synergy results. Third, the sample size, 
particularly within each CP subgroup, was relatively small, affecting the 
robustness of the comparisons. Moreover, sex distribution was not 
balanced in TD participants and patients. Although sex-related differ
ences in gait were not the primary focus of this study, they may affect the 
generalizability of the findings. Larger and more balanced cohorts 
would improve statistical power and strengthen the generalizability of 
the findings. Moreover, CP subtypes were not evenly distributed across 
age groups, with more hemiparetic patients in the younger cohort. 
Hemiparesis is often associated with higher functional mobility 
compared to diplegia, which may have partially biased the synergy 
parameters in the CP children group. However, age-based stratification 
was prioritized to capture the developmental trajectory of motor con
trol. Future research with larger, subtype-balanced cohorts is needed to 
disentangle the relative contributions of clinical diagnosis and neuro
motor maturation.

5. Conclusions

This work demonstrates that kinematic-muscular synergies can 
provide insights into motor control in children with CP. Indeed, spatial 
synergy structures were partially preserved across gait patterns, exhib
iting higher muscle co-contractions. However, patients showed changes 
in the temporal activation with age, suggesting reduced coordination in 
the timing of biomechanical functions. These results highlight the value 
of kinematic-muscular synergies as a tool to evaluate functional gait 
impairments.
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