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ABSTRACT
Introduction  Children with spastic cerebral palsy 
(CP) often exhibit significant changes in their skeletal 
muscles due to altered neural control and atypical 
mechanical loading. While muscle morphology, in 
particular muscle size, has been extensively studied, 
other important properties, such as passive stiffness 
and muscle composition, remain poorly characterised. 
Previous studies have typically examined these features 
in isolation, leaving the interactions among morphology, 
composition and passive stiffness largely unexplored. 
This protocol addresses these gaps by providing a 
comprehensive, multimodal assessment of gastrocnemius 
muscle properties within a single cohort, which will be 
systematically compared with control data from typically 
developing (TD) children.
Methods and analysis  This protocol outlines a study to 
characterise gastrocnemius muscle properties in children 
with spastic CP and TD peers across different age groups. 
Muscle size will be measured using three-dimensional 
freehand ultrasound, composition using quantitative MRI 
and passive muscle tissue stiffness using shear wave 
elastography. Additionally, isometric and functional plantar 
flexion strength will be evaluated through handheld 
dynamometry and functional strength assessments, 
respectively. Differences in muscle characteristics between 
CP and TD children will be assessed, and the relationships 
among muscle properties will be examined. Exploratory 
analyses will also evaluate potential associations with 
isometric and functional plantar flexor strength. This 
integrated approach will provide a detailed multimodal 
characterisation of age-related alterations in the 
gastrocnemius muscle in children with CP.
Trial registration number  NCT06991725.

INTRODUCTION
Skeletal muscle is a highly adaptable tissue, 
capable of structural and compositional 
changes in response to altered neural input 
and mechanical loading. In cerebral palsy 
(CP), a non-progressive brain lesion occurring 
during gestation or early childhood,1 these 

adaptations are particularly pronounced. 
CP affects approximately 1.6–3.4 per 1000 
newborns and is the most common cause 
of childhood disability.2 Spastic CP, the 
most common subtype,3 is characterised by 
impaired corticospinal connectivity, resulting 
in neuromotor deficits such as spasticity, 
muscle weakness and reduced selective 
motor control. These neuromotor symptoms 
commonly affect the lower limb muscles, with 
the gastrocnemius being one of the most 
susceptible,4 5 leading to functional limita-
tions.6 7

A significant portion of the functional 
problems associated with spastic CP may be 
attributed to the secondary intrinsic muscular 
adaptations.8 9 Muscle size is the most investi-
gated, supported by the emergence of valid 
and reliable muscle imaging techniques, 
such as three-dimensional freehand ultra-
sound (3DfUS).10 11 Previous studies have 
identified significant evidence of muscle 
size deficits in children with CP,12–15 which 
can already be present as early as 6 months 
of age.16 Muscle size, next to selective motor 
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control, has been associated with the frequently observed 
symptom of muscle weakness in children with CP.6 17–19 
However, muscle size accounts for only a small propor-
tion of muscle strength deficits,19 as it does not directly 
reflect the amount of contractile tissue. Since muscles 
also include non-contractile components, such as fat and 
collagen, muscle composition may play a crucial role in 
understanding muscle weakness and related functional 
impairments.20

A frequently used method for identifying fat and 
collagen content within the muscle is muscle biopsies, a 
technique that is rather invasive and not optimally suited 
for (young) children. Moreover, the resulting quantifica-
tion only provides information on a small portion of the 
muscle, which is characterised by a large heterogeneity 
in CP. In recent years, advancements in quantitative MRI 
(qMRI) have created new possibilities for assessing the 
non-contractile aspects of muscle tissue in a non-invasive 
way across the entire muscle.21 Previous studies using 
the Dixon method, a qMRI technique that can quantify 
intramuscular fat content, have shown higher levels of 
fat infiltration in the plantar flexors of individuals with 
CP compared with typically developing (TD) peers.22–25 
However, only a limited number of studies have been 
conducted in children, with just two identified to date.24 25 
Of these, only one study examined the regional distribu-
tion of intramuscular fat along the length of the muscle.24 
Nonetheless, the small study populations and the wide 
age ranges, together with the inability to compare Gross 
Motor Function Classification System (GMFCS) levels, 
limit interpretation of the potential effects of age and 
GMFCS level on intramuscular fat infiltration in children 
with CP. This highlights a clear gap in our understanding 
of intramuscular fat infiltration in this population.

To complement fat quantification, additional qMRI 
techniques may provide further insight into muscle tissue 
composition. For example, T2 mapping has been widely 
applied to evaluate active muscle damage in various neuro-
muscular disorders.26 However, to date, the application of 
T2 mapping in children with CP has been applied exclu-
sively in the context of follow-up after botulinum toxin 
treatment,27 and no studies have yet compared children 
with CP to TD peers in the absence of therapeutic inter-
ventions, leaving its potential to provide complementary 
information on muscle tissue alterations unknown. More-
over, no studies using qMRI for quantifying collagen tissue 
have been conducted in the CP population, although 
previous work has reported strong associations between 
T1ρ relaxation times and collagen-related measures in 
the vastus lateralis muscle when comparing the healthy 
and anterior cruciate ligament (ACL)-deficient limb, 
with significantly longer T1ρ relaxation times observed in 
the ACL-deficient limb. These findings suggest that T1ρ 
may serve as a non-invasive imaging marker of collagen-
related extracellular matrix composition in skeletal 
muscle.28 To date, only studies using muscle biopsies have 
reported a 3- to 5-fold higher amount of fibrillar colla-
gens in the semitendinosus muscle of children with CP 

exhibiting significant muscle contractures, compared 
with TD peers.29 30

Increased amounts of collagen in the extracellular 
matrix may possibly lead to increased passive muscle 
stiffness, which is defined as the resistance of a muscle 
to stretch in the absence of active contraction.31 Passive 
muscle stiffness can cause shortened muscle lengths 
(MLs) and eventually the development of contractures. 
Recent ultrasound elastography advancements, in partic-
ular shear wave elastography (SWE), can directly quan-
tify passive muscle stiffness. Overall, previous literature 
indicates increased passive muscle stiffness in children 
with CP, although some inconsistencies remain, and 
study populations are generally small.32–35 Moreover, the 
regional distribution of muscle stiffness along the ML 
remains insufficiently studied, despite its potential rele-
vance for targeted interventions.

Given the concurrent presence of altered muscle char-
acteristics (ie, reduced muscle size, altered composition 
and increased stiffness), a comprehensive approach 
is required to understand their interactions and their 
relations to muscle function. The overall objective of 
the current study protocol is to provide an integrated 
characterisation of muscle stiffness, composition and 
morphology, complemented by (functional) strength 
measurements in children with CP, with comparisons to 
TD children. This multimodal approach may enhance 
our understanding of muscle adaptation in CP and help 
to elucidate muscular factors associated with functional 
impairments.

In the first phase, muscle composition and passive 
muscle stiffness will be defined in children with CP 
compared with TD peers, next to the well-known reduced 
muscle size and muscle weakness, in different age groups 
and across different GMFCS levels. It is hypothesised 
that collagen and fat content, as well as passive stiffness, 
are higher in children with CP, with the highest values 
expected in the oldest age category and in children with 
higher GMFCS levels. In a subsequent phase, measure-
ments of muscle size, stiffness and composition will be 
related to plantar flexion strength and function to inves-
tigate their combined associations with muscle perfor-
mance in CP and TD children.

METHODS AND ANALYSIS
Design and objective
This protocol describes a cross-sectional descriptive 
research design, consisting of three different imaging 
techniques and strength assessments to provide a 
complete picture of the medial gastrocnemius of children 
with CP. To allow comparison with healthy muscle, age- 
and sex-matched TD children will serve as the control 
group.

Study population
Children with CP will be recruited through the Cerebral 
Palsy Reference Centre of the University Hospitals Leuven 
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(Belgium). They will be eligible for inclusion if they meet 
the following criteria: (1) diagnosis of spastic CP, (2) uni- 
or bilateral involvement, (3) a classification of level I, II or 
III on the GMFCS scale36 and (4) aged between 2 and 16 
years. The following exclusion will be applied: (1) diag-
nosis of dyskinesia or ataxia, (2) severe co-morbidities, 
such as cognitive problems, (3) botulinum toxin treat-
ment in the past 10 months, (4) history of orthopaedic 
surgery during the past 2 years, (5) previous surgery in 
the medial gastrocnemius muscle at any timepoint, (6) 
severe ankle deformities and (7) weight-for-height (WFH) 
values above or below 2 SD from the typical mean. Age 
and sex-matched TD children will be recruited through 
family, students and acquaintances. The following exclu-
sion criteria will apply: (1) (history of) musculoskeletal or 
neuromotor problems, (2) WFH values above or below 2 
SD of the typical mean and (3) sport participation in the 
same sport more than 5 hours per week. Written informed 
consent will be obtained from the parents or legal guard-
ians of all participants. In addition, consent will also be 
obtained from participants aged 12 years and older.

All children will be divided into three age groups: 
pre-school (2–6 years), grade-school (7–11 years) and 
teen-aged (12–16 years). These categories will enable 
assessment of developmental changes and age-specific 
differences in muscle properties between CP and TD chil-
dren. For children with CP, each age group will include 
an equal number of children with GMFCS levels I and 
II+III. Pubertal status will be taken into account using the 
Tanner staging scale.37 For children with CP, the most 
involved leg will be selected for the assessments, while for 
TD children a random leg will be chosen.

Study set-up and materials
Anthropometric measurements
Body weight (kilogram) and height (metre) will be 
measured for each participant to better describe the char-
acteristics of the study population and to allow normali-
sation of specific muscle parameters that are subject to 
growth, such as muscle size properties.

Muscle size and architecture
Muscle size will be assessed using a well-described reli-
able 3DfUS protocol,10 combining 2D ultrasonography 
(Telemed SmartUS B-mode ultrasound device, Telemed 
Ltd, Vilnius, Lithuania) with a synchronised motion-
tracking system (Optitrack V120:Trio, NaturalPoint Inc., 
Corvallis, Oregon, US). To ensure a resting position of 
the ankle, the participant will lie prone with their lower 
leg supported on a triangle cushion, allowing the foot to 
hang freely over the edge without contacting the table 
(figure 1). Joint position angles of the knee and ankle will 
be measured using goniometry. A substantial amount of 
acoustic coupling gel will be applied in combination with 
the Portico, a custom-designed plastic holder incorpo-
rating a gel pad, to minimise muscle deformation during 
ultrasound assessment.38 Four markers on the US probe 
will be tracked as it is swept over the medial gastrocnemius 

muscle, allowing for the creation of a 3D reconstruction. 
From the acquired three-dimensional images, muscle 
morphological variables will be extracted, including 
muscle volume (MV, millilitre), ML (millimetre), tendon 
length (TL, millimetre), muscle tendon unit length 
(MTUL, millimetre) and anatomical cross-sectional area 
(CSA, square millimetre). MV will be defined as the three-
dimensional volume of the medial gastrocnemius muscle 
belly, which will be calculated using the cubic planimetry 
method.39 ML will be calculated as the distance from the 
most superficial aspect of the medial femoral condyle to 
the most proximal point of the muscle-tendon junction, 
and TL as the distance from the most proximal point of 
the muscle-tendon junction to the most proximal point 
of the insertion (calcaneus). MTUL will be defined as the 
distance from the most superficial aspect of the medial 
femoral condyle to the most proximal point of the inser-
tion of the tendon (calcaneus). Anatomical CSA will 
be determined as the two-dimensional CSA measured 
at 50% of muscle belly length, oriented perpendicular 
to the muscle’s longitudinal axis. Data will be collected 
and processed using STRADWIN software (V.6.0). Echo 
intensity (EI; grey scale, 0–256) will serve as an indicator 
of muscle quality and reflect the ratio of contractile to 
non-contractile tissue within the muscle. Additionally, the 
medial gastrocnemius muscle architecture will be charac-
terised by fascicle length (FL) and pennation angle (PA), 
measured in the fascicle plane (ie, with the ultrasound 
probe aligned parallel to the muscle fascicles). FL will be 
defined as the distance between the intersection of the 
fascicle with the superficial aponeurosis and its intersec-
tion with the deep aponeurosis, while the PA represents 
the angle between the fascicle and the deep aponeurosis. 
Muscle architecture parameters will be obtained using 
the B-mode setting of the Supersonic Imagine Aixplorer 
ultrasound system (see below) due to its high B-mode 

Figure 1  Illustration of 3DfUS measurement set-up. 3DfUS, 
three-dimensional freehand ultrasound.
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resolution. MV, ML, CSA and EI will serve as primary 
outcomes, while TL, MTUL, FL and PA will serve as 
secondary outcomes.

Muscle stiffness
Passive muscle stiffness will be assessed using SWE with 
the Supersonic Imagine Aixplorer ultrasound system 
(Aix-en-Provence, France). The set-up is similar to that 
for 3DfUS to ensure muscle rest length. The medial 
femoral condyle and the muscle-tendon junction will be 
identified and marked to define two locations for SWE. 
The muscle mid-belly will be defined as the point located 
halfway (50%) between these two anatomical landmarks. 
The distal 75% region of the muscle will be identified 
by marking the midpoint between the mid-belly and the 
muscle-tendon junction, corresponding to 75% of the 
total ML. SWE measurements will be performed at both 
locations, with the probe aligned parallel to the muscle 
fascicle orientation. Since the reliability of SWE measure-
ments in children has shown variable results in the liter-
ature, a preliminary reliability study will be conducted. 
Two repeated measurements will be performed within a 
2-week interval in a sample of 10 TD children to evaluate 
reproducibility. Data quality will be assessed with colour-
coded maps, and results will be calculated using ELAS-
TOGUI open software (University of Nantes, France) 
developed for MATLAB (V.R2023b, MathWorks Inc., 
Natick, MA, US). The primary outcome is shear modulus 
(kPa) in the mid-belly region, with regional differences 
between the mid-belly and distal region defined as the 
secondary outcome. Shear wave speed outcomes (m/s), 
obtained from the same SWE data, will also be reported 
as an alternative unit.

Muscle composition
Prior to participation in the MRI scan, parents or legal 
guardians of the children will complete a standard 
MRI safety screening questionnaire. MRI scans will 
only be conducted in children who are able to coop-
erate and are able to remain still during the proce-
dure. All children will be scanned using a 3.0 Tesla MRI 

scanner (Achieva dStream, Philips Healthcare, The 
Netherlands). An MRI protocol including anatomical 
reference, Dixon, T1ρ mapping and T2 mapping will 
be applied to investigate muscle composition. Chil-
dren will be positioned supine, with the foot placed 
in a custom-made wooden fixture that stabilises the 
foot in a fixed position during data acquisition and 
prevents deformation of the calf muscle. Small sand-
bags will be added to ensure a stable position of the 
wooden fixture (figure 2). An anterior coil (dStream 
Torso coil, Philips Healthcare, The Netherlands), 
supported by an MR-compatible support frame, will 
be placed over the legs to maximise signal reception 
and ensure high-quality imaging (figure 2). The MRI 
protocol takes 15 min, with audio entertainment to 
improve compliance. All acquisitions are performed 
in the transversal plane along the medial gastrocne-
mius ML. T1-weighted images will be obtained for 
anatomical reference. Intramuscular fat fraction 
(average fat fraction over the muscle belly length) 
and fat distribution (proximal, mid-belly, distal) will 
be determined by the Dixon method, while collagen 
content will be assessed at the mid-belly region 
using T1ρ mapping. A composite spin lock prepara-
tion pulse is used in the T1ρ mapping to minimise 
B0 and B1 field inhomogeneity. Finally, a quantita-
tive evaluation of active muscle damage is assessed 
using T2 mapping. Detailed sequence parameters are 
listed in table 1. To evaluate the repeatability of these 
sequences, a reliability study will be conducted in a 
sample of 10 TD children, with two scans repeated 
at a maximum interval of 2 weeks. Muscle segmenta-
tion will be conducted in 3D Slicer (V.5.6). Custom-
made MATLAB scripts will be used for subsequent 
data analysis. The primary outcomes include intra-
muscular fat fraction (%) and T2 relaxation time 
(milliseconds) as well as T1ρ relaxation time (milli-
seconds) in the mid-belly, while the regional distribu-
tion of intramuscular fat fraction (%) will serve as a 
secondary outcome.

Figure 2  A. Leg placement with foot supported in wooden fixture B. Complete MRI set-up with anterior coil
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Muscle strength
For assessing isometric strength, participants will be posi-
tioned supine with their arms crossed over their chest, 
their knees in maximal extension within their available 
range of motion and their feet extending slightly beyond 
the edge of the examination table. A handheld dynamom-
eter will be placed at the level of the metatarsal heads 
(figure 3), while the foot is in a neutral ankle position. 
The distance between the centre of the dynamometer 
and the lateral malleolus will be measured and defined 
as the lever arm. Each participant will be instructed to 
perform three maximal isometric contractions against 
the handheld dynamometer after which the scores will 
be averaged. The primary outcomes are maximal plantar 
flexor torque (Newton x metre) and normalised maximal 
plantar flexor torque, which will be normalised to the 
body weight of the child.

Plantar flexion function
Selected activities from reliable functional strength tests 
(bilateral heel raises (figure 4) and standing long jumps 
(figure 4))40 will be used to classify children with CP with 
mildly or severely altered plantar flexion function, based 
on histogram analysis (primary outcome). These tests 
will only be conducted in children who are able to safely 
complete them. It is anticipated that younger children or 
those with lower motor function (eg, GMFCS level III) 
may not be able to perform one or both tests in a stan-
dardised manner. In such cases, inability to perform the 
test will be documented, and these participants will be 
excluded from analyses related to that specific outcome.

As a muscle endurance test, children will perform as 
many bilateral heel rises as possible within 30 s, avoiding 
compensatory movements such as not fully lowering the 
heels or bending the knees. Each participant will complete 
three repetitions after which the mean score will be calcu-
lated. Next, children will perform a standing long jump 
test as a measure of lower limb power, jumping from a 
stationary position and aiming to jump as far forward 
as possible, with both feet leaving the ground simulta-
neously and maintaining a stable standing position on 
landing. Each participant will complete three trials, and 
the mean value will be calculated. The jump distance (in 
centimetres) will be normalised to the child’s height.

Power analysis
The power analysis was performed to detect a significant 
interaction effect of group x age using two-way ANOVA 
(G*Power V.3.1, power=0.80). Effect sizes (ESs) were 
estimated based on previously reported differences in 
fat fraction and shear modulus between CP and TD chil-
dren24 32–34. The overall lowest ES (Cohen’s d 1.1, for 
FF) was used and converted to a 0.55 Cohen’s f ES. The 
number of groups was set to nine (3 subject groups x 3 age 
groups) and the numerator df to four (3 subject groups 
−1) x (3 age groups −1). The α-level was 0.006 (0.05/8) 
to correct for multiple testing of seven outcomes (average 

Table 1  Overview of sequence parameters

Anatomical reference Dixon T1ρ mapping T2 mapping

Sequence name T1W_TSE 3D multi-echo GRE 3D GRE MS multi-echo SE

TR (ms) 601 10 5.3 3000

TE (ms) 20 1.5/2.5/3.5/4.5/5.5/6.5 2.8 13/26/39/52/65/78

FOV (mm3) 455×301×318 300×200×320 280×142×40 448×224×360

Voxel size (mm3) 0.8×0.8×6.0 1.3×1.3×4.0 0.55×0.54×10.0 1.6×2.0×10.0

Matrix 568×355 232×154×160 508×263 280×112

Slices 53 160 8 15

Notes Flip angle 3° Flip angle 10°, spin lock 
amplitude 300 Hz, spin lock 
times 0/5/10/15/20/25/30/40 
ms, shot TR 3500 ms

Flip angle 90°/180°

FOV, field of view; GRE, gradient echo; SE, spin echo; TE, echo time; TR, repetition time; TSE, turbo spin echo.

Figure 3  Illustration of isometric strength assessment set-
up.
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fat fraction, T2 relaxation time, T1ρ relaxation time in 
the mid-belly, shear modulus in the mid-belly, MV, ML, 
CSA, EI), and we accounted for a 15% potential loss of 
data caused by technical problems or non-compliance of 
participants. Power analyses revealed that a total sample 
size of 81 children (9 TD, 9 CP-GMFCS I, 9 CP-GMFCS 
II+III per age group) provides sufficient power to test all 
hypotheses (figure 5).

Statistical analysis plan
First, descriptive statistics will summarise all outcomes 
by subject (CP-GMFCS I, CP-GMFCS II+III, TD) and age 
group (pre-school, grade-school, teen-aged). To define 
intrinsic muscle composition, size, stiffness and weakness 
of the medial gastrocnemius in children with CP, a two-
way ANOVA will be used to assess the effects of subject 
and age group. For non-normal distributions or missing 
data, linear mixed models will be used with subject and 
age group and their interaction as fixed effects. Addi-
tionally, linear mixed models will evaluate the effects of 
muscle region (proximal, mid-belly, distal), subject group 
(pooled CP and TD) and age group with random inter-
cept effects for inter-regional dependence. A sub-analysis 
on grade-school and teen-aged children will examine the 

impact of sex and pubertal stage on the CP-TD differ-
ences as secondary covariates.

To explore associations among muscle size, muscle 
composition and muscle stiffness, simple linear correla-
tion analyses (Pearson or Spearman, as appropriate) will 
be conducted. Multivariable linear regression analyses will 
then be used to examine the joint associations of these 
muscle parameters with measures of muscle strength 
and functional performance. For this analysis, the CP 
subgroups will be pooled and analysed as a single group 
to ensure that the models have sufficient power to include 
three to five independent variables per outcome (rule of 
thumb). The main analyses will be performed on the CP 
dataset, while a secondary exploratory analysis will be 
performed on the TD dataset to aid data interpretation. 
Multicollinearity will be assessed by examining variance 
inflation factors and pairwise correlations among inde-
pendent variables, with correlations greater than 0.70–
0.80 considered indicative of potential multicollinearity.41

PATIENT AND PUBLIC INVOLVEMENT STATEMENT
Patients and the public were not involved in the design or 
conduct of this study. The results will be disseminated to 

Figure 4  A. Bilateral heel-rises. B. Standing long jumps.

Figure 5  Overview of participant distribution by age and GMFCS level. CP, cerebral palsy; GMFCS, gross motor function 
classification system; TD, typically developing.
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participants in an accessible format through reports and 
newsletters.

ETHICS AND DISSEMINATION
The study is conducted in accordance with the Declaration 
of Helsinki and was approved by the Ethics Committee 
of University Hospitals Leuven / Catholic University 
Leuven (S62187). During data collection, all participant 
data will be pseudonymised. The datasets generated from 
this study will be deposited in the KU Leuven Research 
Data Repository (RDR), with all participant information 
anonymised. Study findings will be disseminated to the 
scientific community and relevant stakeholders via peer-
reviewed publications, presentations at national and 
international conferences, and newsletters.
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