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1. Introduction

In 2020, there were an estimated 19.3 million new
cases of cancer worldwide (Sung 2021), and around
80% of patients with malignant tumors will develop
a bone metastasis (Du et al. 2010). Bone metastases
affect the strength of bone, which may lead to frac-
tures during daily activities. Accurate fracture risk
assessment is crucial to give patients with bone
metastases the best treatment. The current clinical
gold standard for fracture prediction is the Mirels’
score (Mirels 1989). However, this score has been
proven to lack specificity (Piccioli et al. 2014).
Hence, other failure prediction methods have been
evaluated, mostly within the context of femoral
metastases. Among these is CT-scan based finite
element (FE) analysis, which allows for computation
of failure load based on the geometry and bone
density of the patient’s femur. Most published FE
models give good predictive results, though few have
endured a reproducibility study (Gardegaront 2022).
As FE models may be sensitive to operator-depend-
ant variables and uncertainties in their experimental
validation (Taddei et al. 2006; Amini et al. 2023),
this study aims to explore the inter-institutional
reproducibility of a FE model previously validated
for prediction of femoral fracture under torsional
load (Johnson et al. 2020).

2. Methods

Irregularly shaped defects were created in a series of
eleven ex vivo, cadaveric specimens to mimic lytic
femoral metastatic lesions. All femurs were scanned
using a SOMATOM CT-scanner (Siemens Medical
Systems, Forchheim, Germany, 120 kVp, 52mA, field

of view 11.5 cm, pixel size 0.2246mm, slice thickness
0.75mm) together with a calibration phantom to
convert Hounsfield units to hydroxyapatite equiva-
lent densities. Femurs were tested to failure in tor-
sion, and a linear FE model with failure criteria was
created and cross-validated using these femurs and
associated experimental data (Johnson et al. 2020).
FE models of these experiments were reproduced by
an external lab using the information contained in
the paper.

Some changes were made as some software and
methods could not be strictly reproduced as men-
tioned below:

� CT segmentation was performed in different soft-
ware (3D Slicer vs Mimics).

� Diaphysis constraint was modelled as null dis-
placement for distal femur nodes vs in contact
with a constrained distal support.

� Models were loaded with a constraint of nodal
load to the nodes of the femoral head vs displace-
ment of femoral head nodes in contact with the
loading platen. The rigid rotation of these nodes
was not constrained.

� The orientation method was different (diaphysis
and neck axes were defined differently).

� The FE software was different (Ansys vs Abaqus).

The results of the original model were then com-
pared to the results of the reproduced model.
Furthermore, two different segmentations of each
femur from two different operators were used with
the reproduced model to quantify the influence of the
inter-operator variability of the segmentation.

Agreement between experimental failure loads
from each model were evaluated with the coefficient
of determination (r2). Accuracy between model and
experimental failure loads was quantified with the
mean of differences. Precision between each model
(original and reproduced) and experimental failure
loads was quantified with the standard deviation of
the differences.

3. Results and discussion

There was a strong relationship between the predicted
failure loads of the original models and those of the
reproduced models (r2 > 0.84, Figure 1 and Table 1).
However, both operators of the reproduced model
obtained systematically higher failure loads than the
original models. There was good agreement in failure
loads computed by both operators using the repro-
duced model (r2 ¼ 0.98, cf. Table 1).
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The accuracy of the original model was �108N,
while for operators 1 and 2 of the reproduced model,
it was 539N and 419N, respectively. The precision of
the original model was 202N, while for operators 1
and 2 of the reproduced model, it was 366N and
348N, respectively (Figure 2).

In a previous study (Gardegaront 2022), a non-lin-
ear model of femur failure load was reproduced with
strong agreement between the original and repro-
duced models on the same dataset (r2 ¼ 0.95). The
regression slope in that comparison was closer to 1
(slope ¼1.07) than for this study (slope >1.56,
Figure 1). Even if there are methodological

discrepancies between original and reproduced mod-
els (orientation, segmentation, etc.) in both studies,
the previous study was done in compression and cur-
rent one in torsion. This suggests that torsional load
tests may be more sensitive to segmentation and
orientation methods, and boundary conditions.

The results from both operators of the reproduced
model suggests an operator dependent segmentation
method gives variations on the predicted failure load
(there is a difference of 14% between the regression
slopes of both operators). However, both operators
still obtain systematically higher failure loads than
the original model, hinting at a significant contribu-
tion of other parameters such as the orientation
method or the boundary conditions, on the model
predictions.

4. Conclusions

This study aimed to reproduce a linear FE model of
the torsional loading of the femur. A relationship
between failure load from the original and reproduced
model was found, but failure loads of the reproduced
model were systematically higher. This suggests that
the model may be sensitive to divergent modelling
methods of the boundary conditions, segmentation,
orientation methods or even the software used. In
addition, variations of the predicted failure loads were
found when using segmentations from different oper-
ators on the reproduced model. A global sensitivity
study may explain which variables most affect the
predicted failure load of the model, and thus yield
information about which variables have to be carefully
chosen to avoid inter-institutional reproducibility
issues.
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