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A B S T R A C T   

Background: Many children with cerebral palsy (CP) develop skeletal deformities during childhood. So far, it is unknown why some children with CP develop bony 
deformities whereas others do not. The aims of this study were to (i) investigate what loading characteristics lead to typical and pathological femoral growth, and (ii) 
evaluate why some children with CP develop femoral deformities whereas other do not. 
Methods: A multi-scale mechanobiological modelling workflow was used to simulate femoral growth based on three-dimensional motion capture data of six typically 
developing children and 16 children with CP. Based on the growth results, the participants with CP were divided into two groups: typical growth group and 
pathological growth group. Gait kinematics and femoral loading were compared between simulations resulting in typical growth and those resulting in pathologic 
growth. 
Findings: Hip joint contact forces were less posteriorly-oriented in the pathological growth simulations compared to the typical ones. Compared to the typically 
developing participants, the CP group with pathological femoral growth presented increased knee flexion and no hip extension. The CP group with simulated typical 
growth presented similar sagittal plane joint kinematics but differed in the frontal plane pelvic and hip movement strategy, which normalized the hip joint contact 
force and therefore contributed to typical femoral growth trends. 
Interpretation: Our simulation results identified specific gait features, which may contribute to pathological femoral growth. Furthermore, the hip joint contact force 
orientation in the sagittal plane seems to be the dominant factor for determining femoral growth simulations.   

1. Introduction 

Cerebral palsy (CP) is the most common pediatric neurologic disor-
der with a prevalence of 2–3 cases per 1000 live births in Europe 
(Odding et al., 2006). Neuro-musculoskeletal abnormalities in children 
with CP result in progressive disabilities in performing daily activities, 
with walking impairments being one of the most profound (Wren et al., 
2005). Many children with CP develop skeletal deformities during 
childhood (Beals, 1969; Bobroff et al., 1999; Morrell et al., 2002). So far, 
it is unknown why some children with CP develop bony deformities 
whereas others do not. 

At the femur, the anteversion and neck-shaft angle are the two most 
important anatomical features (Sangeux, 2019). Anteversion angle (AVA) 
is the angle in the transverse plane by which the neck of the femur deviates 
forwards from the axis of the femoral condyles. The neck-shaft angle (NSA) 
is the angle between the neck and the shaft of the femur. In typically 
developing (TD) children, femoral AVA decreases from approximately 40◦

at birth to 15◦ at skeletal maturity, whereas the NSA decreases from 140◦ to 
125◦. Although children with CP are born without skeletal pathology, the 
AVA and NSA often show little change during childhood and therefore can 
lead to differences up to 50◦ compared to the values of TD children (Bobroff 
et al., 1999; Fabry et al., 1973; Robin et al., 2008). Differences in femoral 
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development between CP and TD children are hypothesized to be related to 
delayed onset of walking as well as to altered femoral loading conditions 
given the aberrant gait kinematics (Fabry et al., 1973; Robin et al., 2008; 
Shefelbine and Carter, 2004), which influence the remodeling of the femur 
(Tayton, 2007). 

A multi-scale modelling approach, which combines musculoskeletal 
simulations with mechanobiological finite element analysis, can be used to 
predict femoral growth trends (Carriero et al., 2011; Kainz et al., 2020; 
Yadav et al., 2016). Carriero et al. (2011) simulated femoral growth and 
confirmed increased NSA and AVA in three children with CP when 
compared to a TD child. Yadav et al. (2016) analyzed the impact of growth 
plate geometry and different growth direction models on simulation results 
in one TD child. Their results showed that including a subject-specific 
growth plate only slightly changed the predicted NSA and AVA 
compared to using a generic-simplified growth plate, whereas the different 
growth direction models had a big impact on predicted AVA. Yadav et al. 
(2017) investigated the impact of muscle groups’ activation on simulated 
proximal femoral growth in three TD children and showed that hip ab-
ductors contributed the most, and hip adductors, the least, to growth rate. 
Kainz et al. (2020) evaluated the impact of initial NSA and AVA on femoral 
growth simulations and found similar growth rates but different growth 
directions between models of femoral growth. All these studies increased 
our insights in the mechanobiology of femoral growth. However, only very 
small sample sizes (n = 1 to 4) were included in the previous studies and, 
therefore, generalization of the research insights to a heterogenous clinical 
population, such as CP, was limited. Nevertheless, the mechanobiological 
workflow holds a unique potential to evaluate the effect of inter-subject 
variability in gait kinematics and musculoskeletal loading on femoral 
growth. 

The aims of this study were to (i) investigate what loading character-
istics underlie typical and pathological femoral growth simulations, and (ii) 
determine the gait kinematics that differentiate both simulations. To 
address these aims, a previously developed multi-scale workflow was used 
to simulate femoral growth in six TD children and 16 children with CP. We 
hypothesized that (i) hip joint contact forces, which are known to have the 
largest impact on femoral growth (Yadav et al., 2017), differ between 
typical and pathological growth simulations, and (ii) specific gait patterns 
can be identified that differentiate both. These insights are important as 
they may in future help in discriminating between children with CP who 
are likely to develop femoral deformities and who not. 

2. Methods 

A multi-scale modelling workflow was used to simulate femoral 
growth. First, we modified the NSA and AVA of a generic musculo-
skeletal model to create a generic child-specific model with a NSA of 
140◦ and an AVA of 30◦, which was used to calculate subject-specific 
joint kinematics and femoral loading based on the motion capture 
data from each participants. Second, a finite element model of the femur 
from our previous study (Kainz et al., 2020) was modified to match the 
NSA and AVA of the generic child-specific musculoskeletal model and 
used for mechanobiological simulations based on the subject-specific 
loading of each child. Third, we divided our participants with CP into 
a typical and pathological growth group based on the predicted growth 
trends from our simulations. Forth, joint kinematics and femoral loading 
were compared between our TD and both CP groups to answer our 
research questions. 

2.1. Participants 

Three-dimensional motion capture data of six TD children and 16 
children diagnosed with spastic diplegic CP were retrospectively analyzed 
in this study. We have analyzed and reported dynamic muscle forces in 
these participants (Kainz et al., 2019; Wesseling et al., 2020) but we have 
not previously published investigations on femoral growth. Participants 
with CP were able to walk without an assistive device for at least 10 m and 

had a Gross Motor Function Classification System (GMFCS) score of I or II. 
Detailed characteristics of all participants are shown in Table 1. Ethical 
clearance to use the retrospective data was obtained from the local Ethical 
Committee (UZ Leuven, Belgium, S57746). 

2.2. Motion capture data 

The motion capture data of our participants included marker tra-
jectories of the Plug-in-Gait lower limb marker set (Kadaba et al., 1990) 
and force plate data of one static trial and several walking trials at a self- 
selected walking speed. A 10–15 camera motion capture system (Vicon 
Motion Systems, Oxford, UK) and two force plates (AMTI, Watertown, 
MA, USA) were used to record the data. 

2.3. Musculoskeletal simulations 

Joint kinematics, joint kinetics, muscle and joint contact forces (JCF) 
were calculated in OpenSim 3.3 (Delp et al., 2007) using a model with 
child-specific femoral geometry. The deform tool in SIMM (Arnold et al., 
2001) was used to change the NSA and AVA of a generic musculoskeletal 
SIMM model (Delp et al., 1990) to child-specific values of 140◦ and 30◦, 
respectively. The torso segment and corresponding muscles were removed 
from the model and the subtalar and metatarsophalangeal joints locked due 
to insufficient markers to track these joints. The final model included 16 
degrees-of-freedom (six at the pelvis, three at each hip and one at each knee 
and ankle joint) and 88 muscles and was scaled to the body mass and 
segment lengths of each participant based on the marker locations from the 
static trial and estimated joint centers (Kainz et al., 2017). Inverse Kine-
matics and Inverse Dynamics were used to calculate joint kinematics and 
joint kinetics, respectively. Muscle forces were calculated using static 
optimization, while minimizing the sum of squared muscle activations. 
Finally, OpenSim’s joint reaction analysis (Steele et al., 2012) was used to 
estimate JCF. Hip JCF were reported in the segment reference frame of the 
femur, whereas knee JCF were reported in the segment reference frame of 
the tibia (Supplementary Fig. S1). 

2.4. Finite element model 

A previously developed finite element (FE) femur model (Kainz et al., 
2020) based on magnetic resonance images (MRI) of an 8-year-old child 
was modified to match the NSA and AVA of the average child-specific 
musculoskeletal model. This FE model was used for the mechanobio-
logical simulations of all participants. A detailed description of the 
workflow to create the FE model is provided in our previous publication 
(Kainz et al., 2020). The final FE model included a pure hexahedral mesh 
with seven rows of elements representing the growth plate. In agreement 
with previous studies (Carriero et al., 2011; Kainz et al., 2020; Yadav 
et al., 2017), material properties were chosen to be elastic, isotropic and 
homogenous with a modulus of elasticity of 20,000 MPa, 1 MPa, 600 
MPa, 2942 MPa and 6 MPa for the cortical bone, bone marrow, proximal 
trabecular bone, distal trabecular bone and growth plate, respectively. 
Ten rows above and below the proximal growth plate formed a transi-
tion zone with a linearly decreasing elastic modulus from 600 and 6 
MPa. Poisson’s ration of 0.3 was chosen for all anatomical structure 
except the growth plate, which had a Poisson’s ration of 0.48. 

2.5. Mechanobiological simulations 

Mechanobiological growth simulations were performed based on a 
previously developed workflow (Carriero et al., 2011) and is described 
in detail in our previous paper (Kainz et al., 2020). The FE model was 
created based on MRI images of a child with a body weight of 20.4 kg. 
Hence, muscle and JCF from the musculoskeletal simulations were first 
normalized to the body weight of each participant and afterwards 
multiplied with the body weight of the child from whom the FE model 
was built. This allowed comparisons of force magnitudes across all 
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participants. Hip JCF and muscle forces acting on the femur from nine 
sequential instances during the stance phase were used to define the 
loading scenario in the FE model. The position of the femoral condyles 
was fixed in all directions. Within a first FE analysis, growth rate was 
defined as the osteogenic index and calculated for each element of the 
distal layer of the growth plate based on the minimum hydrostatic stress 
and maximum octahedral shear stress at the proximal growth plate. To 
reduce computational time and still see clear differences in growth 
trends, the obtained growth rates were multiplied with a constant scale 
factor. Growth direction was defined as the average deformation of the 
femoral neck. In a second FE analysis, femoral growth was simulated 
using orthonormal thermal expansion based on a temperature load 
defined by the calculated growth rate for each element and in the di-
rection of the average deformation of the neck. Afterwards, the nodal 
coordinates of the whole femur were updated and the final geometry 
(NSA and AVA) was compared to the original geometry of the FE model. 
FE analyses were performed in Abaqus (2017, Simulia, UK) in combi-
nation with customized Python and Matlab scripts. 

2.6. Data analysis 

We first simulated femoral growth and calculated the change in NSA 
and AVA for all our participants. Based on the simulated growth results, we 
divided our participants with CP into two groups: (1) CP-TDgrowth group: 
simulated change in NSA and AVA were within or above the mean ± two 
standard deviations values of our TD simulations, indicating both NSA and 
AVA decreased as much or more than TD; and (2) CP-PathGrowth group: 
change in NSA and/or AVA were below the mean ± two standard de-
viations values of our TD participants, indicating NSA and AVA did not 
change as much as TD. 

We examined the hip JCF vector in order to understand how gait 
kinematics affect JCF. Previous simulations have shown that the hip JCF 
( R→hip,Eq. 1 (Steele et al., 2012) has a larger impact on femoral growth 
compared to muscle forces (Yadav et al., 2017). 

R→hip = [M]femur a→femur −

(

R→knee + F→gravity +
∑

F→muscles femur

)

(1) 

Considering the relative small mass ([M]femur) and accelerations 
( a→femur) of the femur during walking, mainly the knee JCF ( R→knee) and 

muscle forces attached to the femur (
∑

F→muscles_femur) influence hip JCF. 
We compared hip JCF orientation and magnitude, knee JCF, and muscle 
forces acting on the femur between TD children and CP-PathGrowth 
group (research question 1) and between the CP-TDgrowth and CP- 
PathGrowth groups (research question 2). Additionally, we compared 
joint kinematics and walking velocities between different groups to 
investigate what kinematic features may cause the differences in femoral 
loading and growth simulations. Walking velocity was normalized to leg 
length as proposed by Hof (1996) using Eq. 2. 

v* =
v
̅̅̅̅̅̅̅̅̅̅
gLleg

√ (2) 

v* in Eq. 2 is the dimensionless walking speed normalized to leg 
length (Lleg). v is the walking velocity in m/s and g is gravity (9.81 m/ 
s2). Statistical Parametric Mapping (SPM) (Pataky, 2010) based on the 
SPM1D package for Matlab (http://www.spm1d.org/) was used to 
compare hip JCF, knee JCF, muscle forces acting on the femur and joint 
kinematics between the different groups. The Hotelling’s T2 test, SPM’s 
vector field analog to the two-sampled t-test, with an alpha level of 0.05 
was used to analyze the entire vector field (e.g. all three planes of the hip 

Table 1 
Participant characteristics across the three analyzed groups (TD, CP-TDgrowth and CP-PathGrowth).  

TD age (years) weight (kg) height (mm) Gender (F/M) Gait velocity LLI (cm) 

1 9 32 1340 M 0.65 − 1.1 
2 9 28 1340 M 0.44 0.7 
3 7 23 1270 M 0.56 0.2 
4 7 19 1160 M 0.34 − 0.6 
5 10 38 1407 F 0.48 − 0.7 
6 10 29 1314 F 0.47 − 0.4 
mean 9 28 1305 2 F / 4 M 0.49 − 0.3 
SD 1 6 77 0.10 0.6   

CP-TDgrowth age (years) weight (kg) height (mm) Gender (F/M) Gait velocity LLI (cm) GMFCS level 

1 7 21 1147 F 0.47 − 1.0 II 
2 6 28 1230 F 0.36 − 0.1 II 
3 7 23 1281 F 0.43 0.5 I 
4 8 22 1229 M 0.41 0.1 II 
5 8 22 1252 F 0.42 − 0.9 I 
6 9 26 1300 F 0.44 − 0.2 I 
7 10 25 1267 M 0.45 1.1 II 
8 14 37 1591 F 0.40 − 0.7 II 
mean 8 25 1287 6 F / 2 M 0.42 − 0.1 I: 3, II: 5 
SD 2 5 123 0.03 0.7   

CP-PathGrowth age (years) weight (kg) height (mm) Gender (F/M) Gait velocity LLI (cm) GMFCS level 

1 11 32 1382 F 0.40 1.2 II 
2 7 29 1216 M 0.34 0.3 II 
3 8 29 1240 M 0.43 0.4 II 
4 7 35 1261 M 0.34 0.0 II 
5 12 41 1532 M 0.45 0.9 II 
6 6 19 1171 M 0.62 1.1 II 
7 9 29 1317 F 0.28 − 0.4 II 
8 10 32 1346 M 0.38 0.9 II 
mean 9 31 1308 6 M / 2 F 0.41 0.6 II: 8 
SD 2 6 107 0.10 0.5 

F = female; M = male; SD = standard deviation. LLI = leg length inequality (left minus right leg). Leg length was quantified based on the distance between the hip and 
ankle joint centres obtained from marker positions of the static trial of each participant. All children with CP were diagnosed with spastic diplegic CP. 
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kinematics). In case of a significant difference, post hoc two-tailed scalar 
trajectory t-tests (SPM{t}) with Bonferroni adjusted alpha level in case 
of multiple comparisons (e.g. p = 0.05/3 = 0.0167 for hip joint angles in 
each plane) were conducted on each vector component separately 
(Pataky et al., 2013). SPM analyses were performed over the entire ki-
nematic waveforms, whereas only the stance phase (0% to 60% of the 
gait cycle) was included for the comparison of JCF and muscle forces. 
Hip JCF orientation was calculated as the average orientation during the 
stance phase of the gait cycle. Hip JCF orientations and walking veloc-
ities were compared between the different groups using independent t- 
tests. 

3. Results 

Growth simulation led to an average (standard deviation) decrease in 
AVA of 0.34◦ (0.09◦) and 0.32◦ (0.12◦) in TD and CP simulations, 
respectively. The average decrease in NSA was 0.77◦ (0.01◦) in our TD 
simulations compared to 0.74◦ (0.02◦) the CP simulations. Dividing the CP 
group based on the growth simulation resulted in an even distributed 
number (n = 8) between both groups. The average decrease in AVA and 
NSA was 0.40◦ (0.05◦) and 0.76◦ (0.02◦) in the CP-TDgrowth, respectively, 
and 0.23◦ (0.10◦) and 0.73◦ (0.02◦) in the CP-PathGrowth group (Fig. 1). 

3.1. TD versus CP-PathGrowth 

Mean hip JCF orientation in the sagittal and frontal plane was 
significantly (P < 0.05) different in our TD versus CP-PathGrowth 
simulations. The mean hip JCF orientation in the frontal plane of the 
CP-PathGrowth was, however, within the average ± two standard de-
viation range of our TD participants (Fig. 2). 

During the stance phase of the gait cycle, hip JCF in the posterior and 
inferior direction were significantly lower (P < 0.01) at terminal stance 
in the CP-PathGrowth group compared to TD, whereas knee JCF in 
anterior direction were significant higher (P = 0.005) during loading 
response in our CP- PathGrowth group (Fig. 3). Muscle forces acting on 
the femur were significantly (p < 0.001) lower in medial direction 
during terminal stance in the CP-PathGrowth group. 

Joint kinematics were significantly different between both groups for 
knee flexion, hip flexion and ankle plantarflexion angles (Fig. 4). The 
CP-PathGrowth group presented less hip extension during terminal 
swing (P < 0.017), a significantly increased knee flexion during loading 
response (P = 0.005) and terminal swing (P < 0.001), as well as 
significantly increased ankle dorsiflexion during loading response (P =
0.01). Dimensionless walking velocity was higher in the TD simulations 
(0.49 ± 0.10) compared to the CP- PathGrowth group (0.41 ± 0.10) but 
the difference was not significant. 

3.2. CP-TDgrowth versus CP-PathGrowth 

Mean hip JCF orientation in the sagittal plane was significantly less 
posterior oriented (P = 0.003) in the CP-PathGrowth compared to the CP- 
TDgrowth group. Sagittal plane hip JCF orientations of the CP-TDgrowth 
group were similar to the TD values (Fig. 2). 

Posterior (P < 0.001), inferior (P < 0.01) and lateral (P < 0.011) hip 
JCF around midstance were significantly higher in the CP-TDgrowth 
compared to the CP-PathGrowth group. Knee JCF in inferior direction 
(P = 0.002) and muscle forces acting on the femur in medial direction (P 
< 0.001) were also significantly higher around midstance in the CP- 
TDgrowth group (Fig. 3, supplementary Fig. S5). 

Pelvic (P < 0.001) and hip kinematics (P = 0.001) in the frontal plane 
were significantly different between the CP-TDgrowth and CP-PathGrowth 
groups: The CP-TDgrowth group presented an increased pelvic obliquity 
(pelvis was more up) compared to the CP-PathGrowth group. Furthermore, 
the hip was more adducted during midstance in the CP-TDgrowth group 
(Fig. 4). Dimensionless walking velocity was not significant different be-
tween the CP-TDgrowth (0.42 ± 0.03) and CP-PathGrowth (0.41 ± 0.10) 
groups. 

4. Discussion 

The aim of this study was to address two clinically relevant research 
questions using a multi-scale simulation workflow. To identify the loading 
characteristic leading to TD and pathological femoral growth, we 
compared hip joint loading between the TD and CP-PathGrowth groups. In 
agreement with our first hypothesis, we found different hip JCF charac-
teristics between simulations with TD and pathological femoral growth. 
Hip JCF were lower in magnitude and less posterior oriented in the CP- 
PathGrowth group. In regards to our second research question that 
focusses on reasons for typical versus pathological growth in CP simula-
tions, we found that the pelvic and hip movement strategy in the frontal 
plane differed between the CP-TDgrowth and CP-PathGrowth groups, 
which led to different femoral loading pattern and, therefore, different hip 
JCF orientation. These findings confirmed our second hypothesis. 

Our joint kinematics and JCF results are in agreement with previous 
studies. Simulation results of our TD participants showed typical joint 
kinematic waveforms (Schwartz et al., 2008) and hip and knee JCF 
(Modenese et al., 2018). The increased knee and hip flexion observed in 
the joint kinematics of our participants with CP are common gait ab-
normalities in children with CP (Wren et al., 2005). Furthermore, the 
increased knee JCF and decreased hip JCF in our participants with CP 
are in agreement with previous simulation studies (Steele et al., 2012; 
Van Rossom et al., 2020). 

Different gait pattern changed the loading environment and, therefore, 
the growth results in our simulation groups (Fig. 5). Which gait features 
were responsible for specific alterations in the loading environment is 
difficult to assess due to the redundant musculoskeletal system and the 

Fig. 1. Predicted change in femoral anteversion and neck-shaft angle for all 
analyzed participant groups. Dashed horizontal lines indicate the average ±
two standard deviation values of our typically developing participants. The CP 
group (n = 16) was divided into the CP-TDgrowth (n = 8) and CP-PathGrowth 
(n = 8) groups. 
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numerous parameters involved in the calculation of hip JCF. For example, 
compared to our TD participants, the CP-PathGrowth group walked with 
increased knee flexion and decreased hip extension during the whole stance 
phase. Reduced hip extension leads to a decreased hip flexion moment 
(supplementary Fig. S2), which potentially explains the decreased anterior- 
pulling muscle forces in the CP-PathGrowth group. Furthermore, the 
decrease in anterior-pulling muscle forces at the femur could cause the 
decrease in posterior hip JCF (Eq. 1) and, therefore, changed the mean hip 
JCF orientation in the sagittal plane and lead to pathological femoral 
growth results as shown in our findings. This potential interpretation, 
however, is not supported by a mechanistic analysis. Musculoskeletal for-
ward simulations (Falisse et al., 2020) could provide insights in the gait 
compensations introduced by specific coordination deficits and muscle 
weakness and their consequent effect on hip loading and femoral growth. 

Despite pathological sagittal plane kinematics in both CP groups, 
differences in frontal plane pelvic and hip kinematics led to typical 
femoral growth in the CP-TDgrowth group. This suggest that the loading 
environment can be normalized even in the presence of pathological 
sagittal plane kinematics. Furthermore, only a subset of the loading 
parameters normalized in the CP-TDgrowth compared to CP- 

PathGrowth group (Fig. 5) and therefore differentiated between typi-
cally developing and pathological femoral growth. In the CP-TDgrowth 
group, hip JCF as well as medially-directed muscle forces were higher 
and sagittal plane hip JCF was more posterior-oriented compared to the 
CP-PathGrowth group. Hence, it seems that these parameters are the key 
players in determining growth trends under the given modelling 
assumptions. 

Previous research showed that an increasing walking velocity alters 
gait kinematics (Schwartz et al., 2008) and increases hip JCF (Giar-
matzis et al., 2015). The decreased hip JCF in the CP-PathGrowth 
compared to the TD and CP-TDgrowth groups could, therefore, be 
caused by differences in the walking velocity. Dimensionless walking 
velocity was, indeed, higher in the TD participants compared to the CP- 
PathGrowth group. The walking velocity was, however, not different 
between both CP groups although hip JCF were significantly higher in 
the CP-TDgrowth compared to the CP-PathGrowth group. Hence, the 
different pelvic and hip kinematics together with the associated different 
muscle activity were likely the reasons for the differences in hip JCF. 

In the current study mechanobiological simulation based on motion 
capture data of 22 children (6 TD children +16 children with CP) were 

Fig. 2. Hip joint contact force (JCF) orientation for our TD children and both CP groups. Dashed horizontal lines indicate the average ± two standard deviation 
values of our typically developing participants. α, β and γ indicate the angles to define the hip JCF orientation in the sagittal, transverse and frontal plane, 
respectively. 
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used to answer our research questions. Our sample size is more than five- 
times the sample size of any previous conducted studies related to 
femoral growth simulations in children. Nevertheless, the majority of 
our participants with CP walked with an apparent equinus gait pattern 
according to the Rodda-Graham classification (Fig. 4), which is only 
representative for a subset of children with CP (Rodda and Graham, 
2001). The evaluation of inter-subject variability of simulation results is 
an important step to get confidence in the multi-scale modelling work-
flow (Viceconti et al., 2005). In general, we found lower inter-subject 
variability for predicted changes in NSA than for predicted AVA. 
Before the workflow can be used in a clinical setting, we need to validate 
the accuracy of the prediction. This, however, was beyond the scope of 
the current study as it would require longitudinal medical images and 
motion capture data. 

The mean hip JCF orientation in the sagittal plane seems to play an 
important role in determining femoral growth trends. Inter-subject 
variability of the hip JCF orientation in the sagittal plane was very 
small (standard deviation of 0.9◦) in our TD simulations (Fig. 2), 
whereas the inter-subject-variability over all CP simulations was more 
than four-times of the TD value (standard deviation of 4.0◦). Considering 
the high variability in CP gait patterns, this was not a surprising finding. 

Alterations in the hip JCF orientation is associated with femoral 
growth trends. This information could be used to inform clinical in-
terventions in the future. For example, movement therapies assisted by 
real-time biofeedback based on musculoskeletal simulation (similar to 
Pizzolato et al., 2020) could be used to alter key biomechanical pa-
rameters (i.e. hip JCF orientation) to normalize growth trends. Such an 
approach has a huge potential and could revolutionize clinical decision- 

Fig. 3. Hip joint contact force (JCF), knee JCF and muscle forces acting on the femur for the comparison of the TD participants with the CP-PathGrowth group (top 
three rows) and the comarison between the CP-TDgrowth and CP-PathGrowth groups (bottom three rows). * indicate significant differences based on the SPM 
analysis. The hip JCF and muscle forces were reported in the segment reference frame of the femur, whereas knee JCF were reported in the segment reference frame 
of the tibia (supplementary Fig. S1). 
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making in the future. Further validation of the used workflow is, how-
ever, needed before precise clinical recommendation can be made. 

In our CP-PathGrowth group we found a less pronounced pelvic 
obliquity combined with a hip abduction during the first part of the gait 
cycle compared to both other groups. This is a common observed gait 
feature in some children with CP and is believed to be related to hip muscle 
weakness (Krautwurst et al., 2013; Metaxiotis et al., 2000). Based on our 
simulation results, it seems that this gait pattern also contributes to altered 
hip JCF orientations and, therefore, pathological femoral growth. As some 
children with CP develop asymmetric deformities with hip adduction on 

one side and hip abduction on the other side, i.e. windswept hip deformities 
(Morrell et al., 2002), it would be interesting to know how joint loading and 
consequently femoral growth simulation would differ between both sides 
in patients with asymmetric deformities. Considering that windswept hip 
deformities are mostly seen in non-ambulatory children, advanced mea-
surement techniques would be necessary to estimate reaction forces for the 
multi-scale modelling workflow. 

Leg length inequalities could be the reason for the less pronounced 
pelvic obliquity in our CP-PathGrowth group. Maximum leg length 
discrepancies of all our participants were below 12 mm, which is clearly 

Fig. 4. Joint kinematics for the comparison of the TD participants with the CP-PathGrowth group (top three rows) and the comarison between the CP-TDgrowth and 
CP-PathGrowth groups (bottom three rows). * indicate significant differences based on the SPM analysis. 

H. Kainz et al.                                                                                                                                                                                                                                   



Clinical Biomechanics 87 (2021) 105405

8

below the clinically significant threshold of 20 mm (Knutson, 2005) and, 
therefore, unlikely affected our growth predictions. Nevertheless, the 
left was longer than the right leg in all except of one participant in the 
CP-PathGrowth group (Table 1). Future studies should evaluate the 
cause-effect relationship between leg length inequalities and the 
development of femoral deformities. 

In TD children, the average decrease in femoral AVA and NSA between 
the age of eight and ten years is around 2◦ and 1◦, respectively (Bobroff 
et al., 1999; Robin et al., 2008). Our simulations would, therefore, roughly 
account for growth over a duration of eleven months. Femoral NSA 
decreased more than the AVA in our participants, which is in contrast to 
previous cross-sectional studies based on measured femoral geometry 
(Bobroff et al., 1999; Robin et al., 2008). Evaluating the reason for the 
discrepancies was beyond the scope of this study. Future studies based on 
medical images collected from children on two occasions are needed to 
validate some of the modelling assumptions and quantify the accuracy of 
the growth simulations. 

Our simulation approach included some limitations. First, we used a 
child-specific musculoskeletal and finite element model but did not include 
subject-specific geometry details of each participant (e.g. growth plate 
alignment and thickness, NSA and AVA) due to the lack of medical images. 
Subject-specific growth plate (Yadav et al., 2016) and femoral geometry 
(Kainz et al., 2020) has been shown to influence simulation results and, 
therefore, growth results will likely differ if subject-specific models are used 
for the simulations. Using an identical model for each participant, it, 
however, was possible to isolate the key kinematic and kinetic parameters 
related to femoral growth, independent of femoral initial geometry. Even if 
the absolute values of our simulation results are not accurate, the difference 
in growth results, femoral loading and gait pattern let us draw some clin-
ically relevant conclusions on a group level. Second, similar to previous 
femoral growth studies (Carriero et al., 2011; Kainz et al., 2020; Yadav 
et al., 2016), the greatly simplified material properties and chosen loading 
scenario do not represent the real human femur and loading pattern during 

all activities of daily living. Children usually perform a vast variety of 
movements, which could influence the stresses on the growth plate and 
therefore femoral growth. These simplifications are, however, acceptable 
for studying the mechanobiology of the growth plate (Carter and Wong, 
2003). Third, we chose to simulate growth in the direction of the average 
deformation of the femoral neck based on our previous study (Kainz et al., 
2020). Different algorithm to define the growth direction (Yadav et al., 
2016) or growth amount might change the absolute values of our simula-
tions. Forth, we only simulate growth at the proximal growth plate and 
neglected growth at the distal and trochanter growth plates. Furthermore, 
choosing different threshold to define pathological and TD growth might 
slightly change our findings. Fifth, our musculoskeletal simulations were 
based on linear-scaled generic models, which include scaling uncertainties 
(Koller et al., 2021), limited degrees-of-freedom at the knee and ankle joint 
due to the available marker set (Kainz et al., 2016), and a simplified muscle 
architecture due to discretization of the muscle lines of action (Modenese 
and Kohout, 2020). Furthermore, we used static optimization to estimate 
muscle forces and, therefore, neglected the subject-specific motor control of 
our participants (Veerkamp et al., 2019). Future studies should investigate 
how these modelling details influence femoral growth simulations. 

5. Conclusions 

Our multi-scale simulation results showed that a less posterior-oriented 
hip JCF is likely the dominant factor for pathological femoral growth. 
Within the simulations of CP gait, altered pelvic and hip movement strategy 
in the frontal plane led to a normalization of the hip JCF and, therefore, 
typical femoral growth even in the presence of pathological sagittal plane 
kinematics. Our workflow (models and scripts) is made freely available on 
https://simtk.org/projects/normal-load. 
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