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Introduction

Early mobilization and rehabilitation is emphasized to patients
with multiple musculoskeletal injuries by trauma but gait training
for people with pelvic or multiple lower extremity fracture is limited
in acute rehabilitation stage by pain, weight bear restriction or other
soft tissue injuries. Lower-Body Positive-Pressure treadmill (LBPPT)
loads off the weight to the lower extremity by applying air chamber
to lower extremity and the gait training with less weight bear to the
injured leg is feasible. Only a few previous studies reported the
benefit of LBPPT for patients with knee osteoarthritis.

Research Question

To assess the safety and effect of anti-gravity gait training using
LBPPT for patients with pelvis or multiple lower extremity fractures
in sub-acute stage of rehabilitation.

Methods

Prospective interventional study from an acute inpatient rehabi-
litation hospital. Participants underwent gait training in anti-gravity
environment using LBPPT for twenty-five minutes (5 minutes’ warm
up, 15 minutes’ walking in comfortable speed, 5 minutes’ cool
down), total of twenty sessions (5 times a week for 4 weeks). The
target walking speed was 2mph and un-weighting was set as
individuals’ weight bearing restriction percentage. For participants
without weight bearing restriction, anti-gravity percentage was
gradually increased to the target speed 2mph without discomfort
nor significant gait abnormality noted. Joint specific disability and
osteoarthritis outcome score (Hip: HOOS, Knee: KOOS, Foot & Ankle:
FAOS) was measured at baseline and at the completion of 4weeks of
gait training. Gait patio-temporal parameters using Motion Analy-
sis®, 10meter walk test, time up-and-go, and manual muscle test of
both leg were measured as well. X-rays of the fracture site were
taken to screen any adverse effect on bone union.

Results

Seventeen individuals (mean age 34.5 ± 15 years) with more
than one fracture of lower extremity including pelvis, completed the
study and reached 2mph gait speed goal during the anti-gravity

treadmill training. After 20 session of training, the joint specific
disability and osteoarthritis outcome total score has improved
(p<0.001), especially in pain, symptoms and quality of life.
Improved gait speed (p<0.001) and length (p<0.001), and time
up-and-go (p=0.01) were observed. No adverse event nor mal-union
of the fracture site on radiography was observed.

Discussion

This is experimental study to assess benefit and safety of LBPPT
gait training in subacute rehabilitation stage for patients with gait
disturbance due to lower extremity fracture. Randomized control
study should be followed to compare the effect in clinical and gait
parameters of LBPPT over the conventional off-weight bear
rehabilitation
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Introduction

Joint loads depend on a person’s musculoskeletal geometry [1],
walking pattern [2] and muscle coordination [3]. In typically
developing (TD) children the bony geometry [4,5], and walking
pattern [6,7] might change over time, and consequently affect joint
loads and cartilage pressure. Getting a better understanding about
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the relationship between bony morphology and internal joint loads
in TD children is crucial for understanding typical and pathological
growth [8,9].

Research Question

How does growth-related changes in femoral morphology affect
hip joint loads?

Methods

Magnetic resonance images (MRI) of the femur and 3D motion
capture data were collected from 10 TD children on two occasions,
approximately 2 years apart (age: first session 9.9±0.9 years). For
each participant and data collection session, the femoral anteversion
(AVA) and neck-shaft angle (NSA) were calculated based on infor-
mation from the MRIs [10]. Personalized musculoskeletal models
were created for each data collection session [11–13] and used to
calculate joint angles, muscle forces and joint contact forces (JCF)
using OpenSim [14]. Hip joint contact surface was estimated as 40%
of a sphere fitted to the femoral head surface [15,16], obtained from
the MRI images. Hip joint cartilage pressure was estimated by
dividing the hip JCF with the hip joint contact area. Additional
fictive simulations based on the motion capture data of the second
session but a musculoskeletal model with the femoral geometry from
the first MRI session were performed, which enabled us to quantify
alterations in JCF and cartilage pressure solely caused by the growth-
related changes in femoral morphology. Statistical parametric map-
ping [17] was used to compare joint angles, JCF and cartilage
pressure between both data collection session and different simula-
tions. Multiple regression analyses were used to investigate if
changes in AVA and hip joint contact area had a significant impact
on JCF and cartilage pressure.

Results

Height and weight significantly increased (p<0.001) from ses-
sion 1 to session 2. AVA significantly decreased (p=0.003) from 33
±8° to 29±8°, whereas NSA remained constant (129±4° and 128
±4°, p=0.613) during the two-year period. Walking speed and joint
kinematics were similar between sessions with no significant differ-
ences. Absolut hip JCF significantly increased but JCF normalized to
body weight did not differ between sessions. Regression analysis
revealed a significant relationship between the reduction in AVA and
decrease in hip JCF (R=0.82, p<0.001). Changes in hip joint
cartilage pressure were significantly correlated (R=0.86,
p<0.001) with changes in AVA (p=0.03) and changes in hip joint
contact area (p<0.001).

Discussion

Our findings highlight that growth-related alterations in femoral
morphology decrease hip loads. Consequently, it appears that the
adaptation of femoral morphology, especially the increase in femoral
head surface, serves as a mechanism to maintain hip cartilage loads
within healthy limits, despite the increase in body weight.

References

[1] H. Kainz, G.T. Mindler, A. Kranzl, Influence of femoral
anteversion angle and neck-shaft angle on muscle forces
and joint loading during walking, PLoS One. 18 (2023)
e0291458. https://doi.org/10.1371/JOURNAL.
PONE.0291458.

[2] M. Wesseling, H. Kainz, T. Hoekstra, S. Van Rossom, K.
Desloovere, F. De Groote, I. Jonkers, Botulinum toxin injec-
tions minimally affect modelled muscle forces during gait in
children with cerebral palsy, Gait Posture. 82 (2020) 54–60.
https://doi.org/10.1016/j.gaitpost.2020.08.122.

[3] H. Kainz, W. Koller, E. Wallnöfer, T.R. Bader, G.T. Mindler,
A. Kranzl, A framework based on subject-specific musculos-
keletal models and Monte Carlo simulations to personalize
muscle coordination retraining, Sci. Reports 2024 141. 14
(2024) 1–13. https://doi.org/10.1038/s41598-024-53857-9.

[4] E.D. Bobroff, H.G. Chambers, D.J. Sartoris, M.P. Wyatt, D.H.
Sutherland, Femoral anteversion and neck-shaft angle in
children with cerebral palsy., Clin. Orthop. Relat. Res.
(1999) 194–204. http://www.ncbi.nlm.nih.gov/pubmed/
10416409 (accessed November 25, 2018).

[5] M. Scorcelletti, N.D. Reeves, J. Rittweger, A. Ireland, Femoral
anteversion: significance and measurement, J. Anat. 237
(2020) 811–826. https://doi.org/10.1111/JOA.13249.

[6] A.W. Froehle, R.W. Nahhas, R.J. Sherwood, D.L. Duren, Age-
related changes in spatiotemporal characteristics of gait
accompany ongoing lower limb linear growth in late child-
hood and early adolescence, Gait Posture. 38 (2013) 14–19.
https://doi.org/10.1016/J.GAITPOST.2012.10.005.

[7] V.L. Chester, M. Tingley, E.N. Biden, A comparison of kinetic
gait parameters for 3–13 year olds, Clin. Biomech. 21 (2006)
726–732. https://doi.org/10.1016/J.
CLINBIOMECH.2006.02.007.

[8] H. Kainz, B.A. Killen, A. Van Campenhout, K. Desloovere, J.
M.G. Aznar, S. Shefelbine, I. Jonkers, ESB clinical biomecha-
nics award 2020: Pelvis and hip movement strategies dis-
criminate typical and pathological femoral growth – Insights
gained from a multi-scale mechanobiological modelling fra-
mework, Clin. Biomech. 0 (2021) 105405. https://doi.org/
10.1016/j.clinbiomech.2021.105405.

[9] W. Koller, B. Gonçalves, A. Baca, H. Kainz, Intra- and inter-
subject variability of femoral growth plate stresses in typi-
cally developing children and children with cerebral palsy,
Front. Bioeng. Biotechnol. 11 (2023) 269. https://doi.org/
10.3389/FBIOE.2023.1140527/BIBTEX.

[10] H. Kainz, B.A. Killen, M. Wesseling, F. Perez-Boerema, L.
Pitto, J.M. Garcia Aznar, S. Shefelbine, I. Jonkers, A multi-
scale modelling framework combining musculoskeletal
rigid-body simulations with adaptive finite element ana-
lyses, to evaluate the impact of femoral geometry on hip
joint contact forces and femoral bone growth, PLoS One. 15
(2020) e0235966. https://doi.org/10.1371/journal.
pone.0235966.

[11] K. Veerkamp, H. Kainz, B.A. Killen, H. Jónasdóttir, M.M. van
der Krogt, Torsion Tool: An automated tool for personalising
femoral and tibial geometries in OpenSim musculoskeletal

ESMAC Abstracts 2024 for Gait Posture Gait & Posture 113 (2024) 1–273

106



models, J. Biomech. 125 (2021) 110589. https://doi.org/
10.1016/J.JBIOMECH.2021.110589.

[12] H. Kainz, H.X. Hoang, C. Stockton, R.R. Boyd, D.G. Lloyd, C.
P. Carty, Accuracy and Reliability of Marker-Based
Approaches to Scale the Pelvis, Thigh, and Shank Segments
in Musculoskeletal Models, J. Appl. Biomech. 33 (2017)
354–360. https://doi.org/10.1123/jab.2016-0282.

[13] W. Koller, A. Baca, H. Kainz, The gait pattern and not the
femoral morphology is the main contributor to asymmetric
hip joint loading, PLoS One. 18 (2023) e0291789. https://
doi.org/10.1371/JOURNAL.PONE.0291789.

[14] S. Delp, F.C. Anderson, A.S. Arnold, P. Loan, A. Habib, C.T.
John, E. Guendelman, D.G. Thelen, OpenSim: Open-Source
Software to Create and Analyze Dynamic Simulations of
Movement, IEEE Trans. Biomed. Eng. 54 (2007) 1940–1950.
https://doi.org/10.1109/TBME.2007.901024.

[15] P. Dantas, S.R. Gonçalves, A. Grenho, V. Mascarenhas, J.
Martins, M. Tavares da Silva, S.B. Gonçalves, J. Guimarães
Consciência, Hip joint contact pressure and force: a scoping
review of in vivo and cadaver studies, Bone Jt. Res. 12
(2023) 712–721. https://doi.org/10.1302/2046-
3758.1212.BJR-2022-0461.R2/LETTERTOEDITOR.

[16] J.N. Todd, T.G. Maak, G.A. Ateshian, S.A. Maas, J.A. Weiss,
Hip chondrolabral mechanics during activities of daily
living: Role of the labrum and interstitial fluid pressuriza-
tion, J. Biomech. 69 (2018) 113–120. https://doi.org/
10.1016/J.JBIOMECH.2018.01.001.

[17] T.C. Pataky, Generalized n-dimensional biomechanical field
analysis using statistical parametric mapping, J. Biomech.
43 (2010) 1976–1982. https://doi.org/10.1016/j.
jbiomech.2010.03.008.

https://doi.org/10.1016/j.gaitpost.2024.07.120

Morphometric analysis of growth-related
changes in femoral geometry

Markus Bastir 1, Willi Koller 2, Hans Kainz *2

1 Museo Nacional de Ciencias Naturales CSIC,
Department of Paleobiology, Madrid, Spain
2 University of Vienna, Centre for Sport Science and
University Sports- Department of Biomechanics-
Kinesiology and Computer Science in Sport, Vienna,
Austria

Introduction

Torsional deformities of the femur, common in patients with and
without neurological disorders [1,2], can lead to altered gait,
increased risk of falls, joint pain, overuse injuries and osteoarthritis
[3–6]. Understanding typical growth pattern is essential for clinical
assessment of pathological femoral growth [7,8]. So far, most
longitudinal evaluations of femoral growth were based on simplified
geometrical measures, e.g., anteversion and neck-shaft angle, based
on a few (n<6) anatomical landmarks [3,9].

Research Question

Does femoral shape change with size during ontogeny?
Is femoral torsion affected by ontogenetic growth?

Methods

Magnetic resonance images (MRI) of the femur were collected
from 10 typically developing children on two occasions, approxi-
mately two years apart (age: first session 9.9±0.9 years). For each
participant and data collection session, the femoral anteversion
(AVA) and neck-shaft angle (NSA) were calculated based on clinical
measures from the MRIs [10]. MRIs were segmented using 3Dslicer
[11]. On each femur 121 evenly distributed landmarks and semi-
landmarks (Fig. 1) were defined and used for geometric morpho-
metric analyses. We used Generalized Procrustes Analyses to obtain
centroid size and shape variables [12]. We addressed the research
questions using principal components analysis in shape, and form
space and regression analyses of shape on size.

Results

During the two-year period, clinical measures showed changes in
femoral anteversion and neck-shaft angle from 35±9° to 33±10°
and 127±4° to 130±4°, respectively. Morphometric analyses
revealed a significant relationship between shape and size. A linear
model of multivariate regressions explains 12.8% of shape variance
(p=0.005) with 1000 permutations. Size differences were highly
statistically significant (S1: 1465.5 mm; S2: 1612.2 mm, p<0.001).
Shape variation was not very strongly organized by ontogenetic size
changes, indicating high inter-individual variation between femurs.
Main shape changes (Fig. 1) within the two years included: decrease
in the relative anterior-posterior dimension of the lateral condyle
and a more curved femoral shaft. Modification of the orientation of
the head-neck complex led to a decrease in femoral torsion.

Fig. 1. Overview of landmarks (top subplot) and average femoral
shape from the morphometric analysis (bottom subplot).

Discussion

Our results showed that femoral torsion is not simply a mechan-
ical rotation of proximal and distal femur elements along the axis of
the shaft, but a complex morphological result of different growth
modifications. A recent study [13] showed that some children with
cerebral palsy have more bending in the femoral shaft compared to
healthy children. Considering that we showed that the shaft curves
during growth, the more curved femur in children with cerebral
palsy might be caused by modified ontogenetic change of the femur,
potentially caused by differences in the biomechanical loading
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