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ARTICLE INFO ABSTRACT
Keywords: Introduction: Femoral deformities are highly prevalent in children with cerebral palsy (CP) and can have a severe
Femoral bone growth impact on patients’ gait abilities. While the mechanical stress regime within the distal femoral growth plate
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Semi-automated growth predictions

remains underexplored, understanding it is crucial given bone’s adaptive response to mechanical stimuli. We
quantified stresses at the distal femoral growth plate to deepen our understanding of the relationship between
healthy and pathological gait patterns, internal loading, and femoral growth patterns.

Methods: This study included three-dimensional motion capture data and magnetic resonance images of 13
typically developing children and twelve participants with cerebral palsy. Employing a multi-scale mechano-
biological approach, integrating musculoskeletal simulations and subject-specific finite element analysis, we
investigated the orientation of the distal femoral growth plate and the stresses within it. Limbs of participants
with CP were grouped depending on their knee flexion kinematics during stance phase as this potentially changes
the stresses induced by knee and patellofemoral joint contact forces.

Results: Despite similar growth plate orientation across groups, significant differences were observed in the shape
and distribution of growth values. Higher growth rates were noted in the anterior compartment in CP limbs with
high knee flexion while CP limbs with normal knee flexion showed high similarity to the group of healthy
participants.

Discussion: Results indicate that the knee flexion angle during the stance phase is of high relevance for typical
bone growth at the distal femur. The evaluated growth rates reveal plausible results, as long-term promoted
growth in the anterior compartment leads to anterior bending of the femur which was confirmed for the group
with high knee flexion through analyses of the femoral geometry. The framework for these multi-scale simula-
tions has been made accessible on GitHub, empowering peers to conduct similar mechanobiological studies.
Advancing our understanding of femoral bone development could ultimately support clinical decision-making.

1. Introduction activities of daily living. Gait impairments lead to decreased mobility
depending on the severity of the disease. Pathological bone de-

Cerebral palsy (CP) is a neurological disorder where neuro- formations of the femur are common problems in this patient cohort and
musculoskeletal abnormalities result in progressive disabilities in are often treated with corrective de-rotation or re-alignment
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osteotomies performed during multi-level surgeries [1]. It has been
shown that bone adapts its shape and strength in response to mechanical
loading [2-7]. A better understanding of the relationship between gait
patterns, loading on the bones and bone growth could help inform
early-stage interventions to avoid the development of femoral
deformities.

Cross-sectional studies have shown that the femoral neck-shaft angle
(NSA) and anteversion angle (AVA) decrease during growth in typically
developing (TD) children. Children with CP often have increased NSA
and AVA [8-10]. Pathological bony geometries alter moment arms of
muscles [11] which can affect muscle recruitment strategy [12] and
therefore bone loads [13] and growth. The stresses within the proximal
femoral neck growth plate determine the development of the femoral
geometry in terms of NSA and AVA. Multi-scale studies based on
musculoskeletal (MSK) and finite element (FE) simulations have been
used to estimate muscle forces, joint contact forces and stresses within
the proximal femoral neck growth plate [14-20]. Summarized, these
studies conclude that stresses within the growth plate are sensitive to the
overall femoral geometry [19], the geometry of the growth plate itself
[16] and the loading conditions [14,15,17-19].

Data from the individual’s bony geometry and walking pattern are
required to estimate bone loads and perform mechanobiological simu-
lations. Bony geometry can be obtained from medical images, e.g.
computer tomography or magnetic resonance imaging. Furthermore, the
walking pattern of a person can be objectively quantified with the use of
instrumented three-dimensional gait analysis. The loading on the bones,
i.e., joint contact forces and muscle forces, during activities of daily
living cannot be measured in-vivo but estimated based on the gait
analysis data, i.e. marker trajectories and ground reaction forces, using
MSK simulations [21-23]. Subject-specific personalization of the bony
geometries in the MSK model has been shown to improve the agreement
between measured and estimated joint contact forces [24,25]. Individ-
ualized FE models with a hexahedral mesh aligned with the growth plate
are required to calculate growth plate stresses for the mechanobiological
growth simulations but are time-consuming to create. Therefore, pre-
vious studies mainly analyzed a small number of individuals (1-4 par-
ticipants) [14-19,26], which did not allow a generalization of the
results, or used generic FE models [15,27]. We recently developed a tool
to create the FE models for the mechanobiological simulations in a
semi-automated method, which enabled us to analyze growth plate
stresses within the femoral neck growth plate of the femur in a
comparably large dataset of 50 femurs [20]. We showed that the vari-
ability of the growth plate stresses within the CP group is significantly
larger compared to the TD group indicating pathological growth pat-
terns in some of the CP participants [20].

Mechanical lower limb axis malalignments, e.g. varus/valgus de-
formities, are common in adults and children with and without neuro-
logical disorders, e.g. CP [28,29]. Growth at the distal femoral
epiphyseal plate influences the mechanical lower limb axis and is often
guided by the use of temporary hemiepiphysiodesis [30-32]. Hucke
et al. [26] recently showed that the stresses induced by an hemi-
epiphysiodesis reduced the growth rate at the implanted region in three
patients. Furthermore, the authors highlighted that the subject-specific
loading based on the person’s gait pattern and the subject-specific
shape of the growth plate are important factors influencing the growth
plate stresses. The femoral AVA and NSA was not personalized in their
models, which is known to influence hip and knee joint contact forces
[33] and therefore growth plate stresses. To the best of the authors’
knowledge, no studies have quantified the stresses within the distal
femoral growth plate in healthy children. Knowing typical growth plate
stresses in healthy children is a prerequisite to gain a deeper under-
standing of the relationship between healthy and pathological gait
patterns, internal loading and femoral growth.

The aim of the present study was to comprehensively analyze the
stresses within the distal femoral growth plate in TD children and par-
ticipants with CP. To achieve this aim, we enhanced our previously
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developed workflow and develop a tool to quantify subject-specific
stresses at the distal femoral growth plate based on medical images
and 3D motion capture data. Patients with CP have individual walking
styles which can be classified into several patterns depending on the hip,
knee and ankle kinematics [34]. Because knee kinematics influences
knee joint contact forces [22] and stresses in the distal femoral growth
plate, we divided the limbs of our CP participants in different groups
depending on their knee kinematics. In addition to growth plate stresses,
we compared the orientation of the growth plate between the CP groups
and a group of TD participants. We hypothesized that 1) the orientation
of the growth plates does not differ between TD children and partici-
pants with CP, 2) stresses at the distal growth plate differ between TD
children and participants with CP due to different gait patterns, and 3)
growth plate stresses differ between CP participants with different knee
kinematics.

2. Materials and methods

The details regarding the materials and methods utilized in this study
are briefly outlined in the main manuscript. For a more comprehensive
understanding, a thorough methods section containing all details can be
found in the supplementary material.

2.1. Data collection

Magnetic resonance images (MRI) and three-dimensional gait anal-
ysis data including marker trajectories and ground reaction forces of
thirteen TD children (10 + 2.2 years old, height: 144.5 + 8.5 cm, mass:
36.8 £+ 9.5 kg) and twelve participants diagnosed with CP (10.4 + 3.8
years old, height: 133.6 &+ 16.1 cm, mass: 30.1 + 10.8 kg) with various
walking patterns were analyzed for this study. Detailed information of
participants with CP including Gross Motor Function Classification
System (GMFCS), clinical diagnosis, age, sex, walking style and assigned
group is presented in Table 1. All participants walked without walking
aids and with a self-selected speed. Details of the data collection of the
CP participants and three TD children are described by Kainz et al. [34].
The data of the remaining ten TD children was collected in the same
manner, details are described in a previous publication [20].

2.2. MRI measurements, MSK and FE simulations

MRI scans were used to calculate femoral AVA and NSA [37]. The
intercondylar distance, i.e. distance between the medial and lateral
condyles of the femur, was quantified from the MRIs. MRI scans of the
whole lower limbs were available in all CP and three TD participants,
which enables us to additionally measure the tibial torsion [38] in these
participants. These measurements were used to create subject-specific
MSK models based on an OpenSim model [39], an alteration of the
Rajagopal model [40] including the more complex knee joint of the
Lerner model [24], which allows estimation of medial and lateral knees
joint contact forces (KCF) as well as the patellofemoral joint contact
force (PCF). To personalize the base model, the Torsion Tool [41] was
used to modify the bony geometry to match each participant’s NSA and
AVA as well as tibial torsion, if MRI scans of the tibia were available. To
fit the model to each participant‘s anthropometry, the pelvis, femur and
tibia (if available) were scaled based on MRI measurements while the
remaining body segments were scaled based on the location of surface
markers [35]. Furthermore, the intercondylar distance was modified in
the models to match each participant‘s value obtained from the MRI
images [24]. Each participant’s model and the corresponding gait
analysis data were used to calculate joint angles, muscle forces and joint
contact forces using inverse kinematics, static optimization by mini-
mizing the sum of squared muscle activations and joint reaction load
analyses with OpenSim 4.2, respectively [21,22].

Each femur was segmented using 3D Slicer [42] and divided into six
parts representing different structural parts similar to previous studies
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Age, sex, clinical diagnoses, Gross Motor Function Classification Score (GMFCS), walking style based on visual inspection of marker data [36] and knee flexion

classification of the participants with CP.

Age Sex Diagnosis from clinicians GMFCS Walking style Knee flexion group
Left Right Left Right
CPO1 12 f left hemiplegic 1 crouch gait normal normal normal
CP02 8 f right hemiplegic 1 normal equinus jump gait high high
CP03 13 f right hemiplegic 1 normal true equinus normal normal
CP04 12 m spastic diplegia 2 crouch gait crouch gait high high
CP05 20 m spastic diplegia 2 apparent equinus apparent equinus normal normal
CP06 5 f spastic diplegia 2 equinus jump gait equinus jump gait high high
CP07 11 m diplegia 2 apparent equinus apparent equinus high high
CP08 9 f diplegia 2 crouch gait crouch gait high high
CP09 10 m right hemiplegic 2 normal true equinus normal high
CP10 8 m spastic diplegia 2 equinus jump gait equinus jump gait high high
CP11 7 m spastic diplegia 2 equinus jump gait equinus jump gait high high
CP12 10 m right hemiplegic 2 normal true equinus normal low

[15,16,19,20]. The geometry was used to quantify the bending of the
femoral shaft in sagittal and frontal plane. The previously developed and
freely available GP-Tool (https://github.com/WilliKoller/GP-Tool) [20]
was modified to create a hexahedral mesh with several layers of ele-
ments aligned with the proximal and distal growth plates based on the
subject-specific femoral geometry. All operations were performed with
software freely available for research purposes including Coreform
Cubit, GIBBON [43] and MeshLab [44] and compiled MATLAB appli-
cations which can be run without a paying license. A subject-specific
hexahedral mesh with an element size of approximately 1.5 mm was
created for each femur (n = 50). For each participant, two representative
steps (left and right) were chosen as loading condition. Similar to pre-
vious studies [16,19,20] nine load instances were selected based on the
KCF peaks and the valley in-between during the stance phase. The
medial and lateral KCF, PCF and muscle forces (n = 26) acting on the
femur at these timepoints were used as loading conditions for FE anal-
ysis while nodes of the femoral head were constrained in all directions.
Linear elastic materials were assigned to the different parts of the femur
with varying Young’s modulus and Poisson’s ratio (Table S2). FEBio3
[45] was used for FE simulations and to calculate principal stresses in
the distal growth plate.

2.3. Participant grouping

Limbs of participants with CP were grouped in three groups (CPp;-
mals CPlow knee flexions CPhigh knee flexion) depending on their knee flexion
kinematics. Time-normalized knee flexion angles during the stance
phase of each limb of CP participants was compared to the values ob-
tained from the TD group. Knee flexion angle was considered as “low” or
“high” if it was outside the mean + 1.96 standard deviation range from
the TD values for at least 5 % of the stance phase. If it was above and
below the TD range at some time-points, the limb was included in the
group where more time-points were outside the range.

2.4. Data analysis

Overall bone growth can be divided into the contribution of bio-
logical and mechanical factors [46]. Similar to previous studies, the
growth rate due to mechanical loading was estimated as the osteogenic
index (OI) [14-17,20,27,46]. The OI was calculated for each element in
the growth plate using the obtained principal stresses from the FE
analysis, details can be found in the Supplementary material. Positive
and negative OI values indicate regions where growth is likely to be
promoted or inhibited, respectively. Considering that bone mineralizes
on the diaphyseal side, the OI was determined within the most proximal
layer of the distal growth plate.

To enable a comparison of OI between growth plates with different
shapes, the OI values were projected on a plane parallel to the growth
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plate and interpolated to a rectangle grid with a height to width ratio of
0.5. The rectangle was divided into four regions according to their
corresponding anatomical sides of the growth plate separated by di-
agonals. A blue to red color scheme was used to visualize OI values
revealing the OI distribution (anterior/posterior and medial/lateral)
within each growth plate based on the mechanical loading condition
(Fig. 1A). A representative OI distribution heatmap was created across
limbs for each group.

Additionally, the region with the highest mean value was identified
which indicates the area with maximally promoted growth. To assess the
differences in OI between groups, we analyzed the mean occurring OI
values in each region. The mean value of each region was normalized to
the range of the individual OI and compared between groups. Further-
more, we evaluated the absolute range of the OI magnitude and the
mean value of the OI To quantify differences in shape and distribution,
we compared each individuals OI heatmap with all OI heatmaps of TD
participants with an image comparison method using OpenCV’s tem-
plate matching [47].

To identify possible reasons for observed differences of the OI be-
tween the TD and CP groups, the orientation between the distal growth
plate and joint contact forces was evaluated. The angles between the
normal vector of the growth plate identified with principal component
analysis and the orientation of the medial and lateral KCF and PCF were
calculated across the stance phase. Additionally, the orientation of the
growth plate in the femoral coordinate system was evaluated (Fig. 1B).

2.5. Statistics

Significant differences between groups were quantified with
ANOVAs. Statistical Parametric Mapping (SPM) [48] based on the
SPM1D package (http://www.spmld.org/) was used to compare
time-dependent waveforms. In case of significance (p < 0.05), post-hoc
tests with Bonferroni correction were used for pairwise comparisons.

3. Results
3.1. Participant groups and femoral bending

CP limbs were grouped depending on their knee flexion kinematics
resulting in group sizes of 8, 1 and 15 for CPnormal, CPlow knee flexion and
CPhigh knee flexion, Tespectively (Fig. 2A). SPM analysis revealed a signif-
icant different knee angle throughout the whole stance phase between
TD and CPhigh knee flexion groups. No significant differences were
observed when the TD group was compared to the CPpqrma; group. Due to
the fact, that only one limb was part of the CPjow knee flexion group, dif-
ferences were not tested for significance and are not presented in the
results of the main manuscript. All results and figures including this limb
are available in the Supplementary material. Walking speed normalized
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Fig. 1. A) An example of a projection of osteogenic index (OI) values on the plane parallel to the growth plate showing the division into four regions. The OI
distribution is represented using a blue to red color scheme representing low and high values, respectively. B) Schematic illustration showing the orientation of the
normal vector to the growth plate, medial and lateral knee joint contact force (KCF) and patellofemoral joint contact force (PCF) in sagittal and frontal plane and its

corresponding angles.

to leg length [49] did not differ significantly between TD and CPpg, -
knee_flexion 8roup (Fig. 2C). Lower body kinematics of the groups are re-
ported in the Supplementary material (Fig. S1). The anterior bending of
the femoral shaft was significantly different between all groups in
sagittal plane showing that participants of the TD group had the
straightest femurs, followed by limbs of the CPyormal and CPhigh knee -
flexion group. In the frontal plane, limbs with high knee flexion had a
higher lateral bending compared to the TD and CPporma group (Fig. 2D).

3.2. Joint contact force and growth plate orientation

There were no significant differences in joint contact forces acting on
the distal femur, i.e. medial and lateral KCF as well as PCF between the
TD and CPuormal group. The CPhigh knee flexion group had significantly
increased medial and lateral KCFs at the first peak and significantly
higher PCF throughout the whole stance phase compared to the TD
group (Fig. 3).

The orientation of the distal growth plate within the femur coordi-
nate system showed no significant differences in the frontal and sagittal
plane between all groups (Fig. 4A). In the frontal plane, medial and
lateral KCF as well as PCF orientation showed no significant differences
between groups (Fig. 4B-D) with values around 180° (approximately
perpendicular to the growth plate). SPM revealed significant differences
for the orientation of all three evaluated joint contact forces in the
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sagittal plane between the TD and CPhigh knee flexion §rOup. More pre-
cisely, medial KCF was significantly different throughout 50 % of the
stance phase, lateral KCF and PCF during the complete stance phase. The
observed angles were lower, showing that the direction of the KCF
points more anteriorly and the PCF points less posterior and more su-
perior in respect to the growth plate orientation.

3.3. Osteogenic index reference dataset and differences between groups

The representative reference OI distribution heatmap generated
from data of 26 TD limbs showed highest values in the posterior notch
region and on the medial-anterior edge. The edges of the remaining
growth plate have average values surrounding the middle where lowest
OI values occurred. The OI distribution heatmap of eight limbs within
the CPpormar group had its peak values in similar areas as the TD group
but with additional peaks at the anterior-lateral edge. The OI distribu-
tion heatmap generated from data of 15 limbs of the CPhigh knee flexion
group showed a linear gradient from high to low values from anterior to
posterior side (Fig. 5A).

The highest mean value was observed in the posterior region in
88.5% (n = 23) and 37.5 % (n = 3) of the limbs within the TD and
CPpormal groups, respectively. The anterior region was the area with the
highest mean value in 100 % (n = 15), 50 % (n = 4) and 11.5 % (n = 3)
of the limbs of the CPhigh knee flexions CPnormal and of the TD group. In one
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Fig. 2. A) Mean knee flexion angle and standard deviation (shaded) during the stance phase. Significant differences between TD and CP groups identified with SPM
are visualized by corresponding colored bars (orange = "TD vs CPhormal'"; Violet = "TD vs CPhpigh knee flexion')- B) Violinplots show mean knee flexion angle during the
stance phase. C) Violinplots show the non-dimensional walking speed normalized to leg length [49]. D) Curvature of the femoral shaft determined as the reciprocal

radius of a circle fit to the midline of the femoral shaft [50].
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Fig. 3. Mean and standard deviation (shaded) of medial (A) and lateral KCF (B) and PCF (C) resulting magnitude during the stance phase. Significant differences
between TD and CP groups identified with SPM are visualized by corresponding colored bars (orange = "TD vs CPhormal; Violet = "TD vs CPhigh knee_flexion) below

each plot.

limb of the CPnormar group (12.5 %), the highest mean value was
observed in the medial region (Fig. 5B left).

The mean values normalized to the range of the OI within medial and
lateral regions showed no significant differences between the TD,
CPhormal @and CPhigh knee flexion groups. The normalized mean values
within the posterior and anterior regions showed significant differences
between each pairwise group comparison. Specifically, the OI magni-
tude in the posterior region was decreased in CPpormar and even more in
CPhigh knee flexion ro0ups whereas the mean values in the anterior region
were increased in both groups compared to the TD group. (Fig. 5B right).

The range of the OI magnitude was significantly higher in the
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CPhigh knee flexion compared to the TD and CPpormal groups. CPrormat and
CPhigh knee flexion groups had significantly lower mean OI values than the
TD group. The image comparison to quantify differences in shape and
distribution of the OI heatmaps revealed significant differences for each
group comparison (Fig. 6).

4. Discussion
We analyzed stresses within the distal growth plate of the femur in a

comparably large cohort of TD children and participants with CP. In
agreement with our hypotheses we showed that the orientation of the
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distal femoral growth plate is similar between TD and CP participants,
but mechanical stress distribution differ between groups due to subject-
specific gait patterns, muscle and joint contact forces.

As assumed, the growth plate orientation relative to the femoral
coordinate system was similar in all groups. Additionally, or potentially
consequently, the orientation of joint contact forces in respect to the
growth plate was different in the CPhigh knee flexion group compared to the
other groups. The more anteriorly oriented medial and lateral KCF
promoted shear stresses while the more superiorly orientated PCF pro-
moted compressive stresses within the growth plate in this group. This in
combination with higher magnitudes of joint contact forces caused a
higher range of OI values in the CPhpigh knee flexion group, which could be
interpreted as unevenly distributed growth.

CP limbs with typical knee flexion kinematics showed similar Ols
within the distal growth plate as the TD group in terms of OI magnitude
but a higher variability was revealed from image comparison of the OI
heatmaps. These participants’ kinematics showed a higher variability in
frontal plane knee angle during the stance phase which could explain
this finding. This means, CP participants with typical knee flexion ki-
nematics during stance phase are likely to develop normal distal bone
growth but the role of frontal plane knee kinematics should be further
investigated as it might lead to different growth within medial and
lateral regions of the distal growth plate. In this study, no significant
differences regarding mean OI values in the medial and lateral regions,
which could lead to potential varus/valgus malalignment, were found
between groups.

Considering that high OI values indicate regions where bone growth
and ossification is likely to occur, promoted growth in the anterior re-
gion compared to the posterior region would tilt the distal part of the
femur posteriorly and, over a longer period, lead to higher anterior
bending of the femoral shaft in the sagittal plane. This could potentially
be a compensatory mechanism to normalize the angle between joint
contact forces and the growth plate in the sagittal plane. In our partic-
ipants, we found significantly higher femoral anterior bending in the
sagittal plane in the CPpigh knee flexion COmpared to other groups which
could be a result of progressive promoted growth in the anterior
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compartment. Patients with high anterior bend in the distal part of the
femoral shaft, are not able to extend their leg completely as this would
require a hyperextension at the knee. Hence, it cannot be said whether
the knee flexion angle or the pre-existing high anterior bend is the cause,
but our results indicate that both pathological patterns promote each
other. To the best of the authors’ knowledge, this is the first study to
present OI values of the distal femoral growth plate, therefore, direct
comparison to previous studies was not possible. Hucke et al. (2023)
recently analyzed stresses within the distal femoral growth plate in three
people with a pathological lower limb valgus alignment but did not use
the OI for the presentation of their results. We provided the mean stress
distribution of our groups in the same way as Hucke et al. [26] presented
their results in the Supplementary material (Fig. S4). Differences in the
estimated stresses in our study and Hucke et al. [26] are likely due to the
different study cohort (healthy and CP participants versus children with
pathological valgus alignment).We chose to analyze the OI since it is an
established growth parameter, which has been used in several previous
femoral growth studies and revealed physiological plausible results [17,
19,20]. OI distribution of the proximal growth plate of this cohort is
presented in the Supplementary material. Furthermore, our simulations
are in agreement with the observed increased curvature of the femur in
the CPhigh knee flexion group compared to the other groups, as explained
above.

It needs to be mentioned that, in addition to the high knee flexion
angle during the stance phase, the CPhigh knee flexion group showed less
external hip rotation and significantly higher internal rotation of the
subtalar joint (Fig. S1). However, the increased knee flexion angle
significantly altered the magnitude and orientation of KCFs as well as
PCFs and therefore is likely to have a much bigger impact on growth
plate stresses than the differences in transverse plane kinematics.

Age and sex are key factors for growth plate thickness which is
relatable to potential remaining growth. The aim of this study was to
enhance our understanding of the relationship between gait pattern,
loading, growth plate geometry and orientation, and induced stresses.
As we did not predict the bone growth but evaluated the stresses at a
single time point, the thickness of the growth plate is not of importance
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in our simulations. Therefore, one participant with closed epiphyseal
plates was included in the study cohort to increase our sample size. In all
participants, the geometry and orientation of the growth plate was
clearly visible in the MRIs, even in the participant where the epiphyseal
plate was already closed.

Our study included some limitations common for MSK simulations, i.
e. generic muscle properties and motor control [51,52], and FE simu-
lations, i.e. number of components included and material properties.
Furthermore, we personalized tibia torsion only in a subset of our par-
ticipants [53]. Each of these limitations and its possible effect on the
results of this study is addressed in detail in the Supplementary material.

To conclude, this is the first study which evaluated stresses within
the distal growth plate in a large cohort including different walking
styles with subject-specific MSK models and bony geometry. Significant
differences in OI were observed between TD participants and partici-
pants with CP. Our findings revealed that the knee flexion angle during
the stance phase has a big impact on growth plate stresses at the distal
femur. The simulation results of this study can serve as a reference
dataset for future investigations. We would like to encourage peers to
use the freely available GP-Tool (https://github.com/WilliKoller/
GP-Tool) and conduct similar studies with large sample sizes to
improve our general understanding of typical and pathological femoral
bone growth with the ultimate goal to support and improve clinical
decision making. If pathological femoral bone growth can be predicted
at an early stage, subject-specific therapies like physiotherapy, orthosis
or real-time biofeedback training could be used to alter joint loads
[54-56] and therefore normalize growth plate stresses in the future.
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