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Accurate models of bone shapes are essential for orthopaedic reconstructions. The commonly used meth-
ods of using the contralateral side requires an intact bone and anatomical symmetry. Recent studies have
shown that statistical shape and appearance models (SSAMs) as an alternative can predict accurate ge-
ometric models, but the accuracy of the mechanical property prediction is typically not addressed. This
study compares stress and strain differences under identical loading conditions for reconstructions from
partial anatomies.

SSAMs representing shape and grey values were created using 40 female cadaveric X-ray computed
tomography scans. Finite element models were created for shape reconstructions from partial bone of
various lengths with boundary conditions obtained from musculoskeletal simulations. Commonly used
anatomical measures, measures of the surface deviations and maximal stresses and strains were used to
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compare the reconstruction accuracy to the contralateral side.

Surface errors were smaller compared to the contralateral side for reconstructions with 90% of the
bone and slightly bigger when less bone was available. Anatomical measures were comparable. The con-
tralateral side showed slightly smaller relative errors for strains of up to 6% on average.

This study has shown that SSAM reconstructions using partial bone geometry are a possible alterna-

tive to the contralateral side.

© 2019 The Authors. Published by Elsevier Ltd on behalf of IPEM.

This is an open access article under the CC BY license. (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Reconstructive orthopaedic surgery following complex trauma
or to correct deformity requires the reconstructed shape, or target
shape, to be known to enable custom devices such as cutting
guides or implants to be created. The geometry of these devices
and their surgical implantation accuracy can significantly affect
functional outcome. For example, clinical studies have associated
valgus aligned knee implants with an increased risk of ligament
instability; and varus aligned knees with increased risk of tibial
collapse [1], an altered joint range of motion [1,2] and increased
risk of bone loss and cyst formation [3]. These findings have
been confirmed in computational studies which have associated
malaligned implants with increased wear [4,5], changes in joint
kinematics such as problems with patella tracking and increased
patellofemoral joint contact forces [6], and changes in the joint
loading in the lower limb [7,8] which might lead to synovial pain,
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joint stiffness and an increased risk of osteoarthritis. Therefore,
methods have been developed to reconstruct bone shape to a
healthy, pre-trauma, or pre-deformity state.

A common method to reconstruct the healthy shape of a bone
uses the contralateral side [9-11]. This approach requires an intact,
healthy contralateral side and assumes symmetry. Although sym-
metry is shown for a number of variables [12,13], considerable dif-
ferences between sides have been reported, especially in the long
bones of healthy subjects [14-16]. Despite known asymmetries in
patients who do not suffer from diagnosed conditions related to
side discrepancies, patients presenting with bilateral trauma, se-
vere osteoarthritis in the contralateral side or obvious deformities
are not feasible to be treated using the contralateral side. There-
fore, it is appropriate to consider alternative approaches for bone
reconstruction.

Statistical shape models (SSMs) are widely used as an alterna-
tive to the approach using symmetry. Mauler et al. showed that
shape predictions from SSMs of radius and ulna for the reconstruc-
tion of forearm bones from partial bones were able to predict the
rotational axis with high accuracy, which enabled this approach to
be used in correction osteotomies [17]. Plessers et al. [18] found
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that reconstructions from scapula shapes simulating glenoid de-
fects using SSMs were able to predict the size and orientation
of the glenoid accurately. Zhang and Besier investigated the ac-
curacy of whole femur shape predictions from the proximal fe-
mur using SSMs and compared the predictions to linearly scaled
models. They found that their predictions from SSMs had smaller
overall shape errors and predicted the anatomical axis more accu-
rately than linear scaling methods [19]. Schumann et al. [20] used
SSM reconstructions to accurately predict the rotational align-
ment from the proximal and distal parts of fractured lower limb
bones.

When designing implants for bone reconstruction, the mechan-
ical properties are important as this enables stress shielding to
be assessed, for example; stress shielding is seen in all types of
joint replacement surgery [21,22]. Mechanical properties of bone
will also affect fixation surgery and fixator design [23-25], which
is important for deformity correction.

Few studies have combined the additional information required
to estimate mechanical properties with SSMs. These studies typ-
ically referred to the models as statistical shape and appearance
model (SSAM) or shape and intensity models (SSIM) and have been
applied to generate: random new models of shape and density
from the proximal part of a bone [26]; models for stress and strain
analysis [27]; and to predict bone density of osteoporotic patients
[28]. Zhang et al. developed an SSAM including the cortical thick-
ness for femur bones [29]. There is no study that combines SSAMs
to reconstruct partial bone shapes in three dimensions to enable
mechanical analysis of the reconstruction surgery that might in-
volve arthroplasty or limb realignment.

The aim of this study was to introduce methods to reconstruct
the shape and mechanical properties of the femur from incomplete
bone shapes using surface data alone and in combination with
computed tomography (CT) grey value data using an SSAM. The
methods were evaluated for use in pre-clinical testing of implant
designs for massive bone reconstructions under realistic loading
conditions. To evaluate the usability, the models were compared to
the surrogate of the contralateral side. Commonly used anatomical
measures allowing the congruence of the articulating surfaces and
a correct anatomical alignment to be calculated were also quanti-
fied to evaluate the risk of malaligned lower limbs. These were:
version angle, diaphysial-condylar angle, and varus/valgus align-
ment such as femoral neck angle, bow angle and the angle be-
tween the anatomical and mechanical axes.

2. Material and methods
2.1. Creation of SSAMs

CT scans (voxel size 1 mm x 0.8 mm x 0.8 mm) of 40 female ca-
daveric specimens (age 28-60 years, height 146cm to 165cm)
taken from the Digital Korean (DK) dataset [30] were used to cre-
ate SSAMs of the femur using a leave-one-out strategy. Surfaces
of left and right femur were segmented and meshed with a max-
imal edge length of 2.25mm using Mimics and 3-matics (Mate-
rialize, Belgium). SSAMs were created using a similar method as
described in Bryan et al. [27] and surface models were registered
following the method described in Nolte et al. [31]. In brief, the
process consists of: selecting a reference shape by finding the bone
with the median length; registering bone surfaces to the reference
using an iterative closest point algorithm; establishing a point cor-
respondence between surfaces by morphing the reference shape
to each other shape using a non-rigid registration algorithm [32];
creating a tetrahedral mesh for the triangulated surface of the ref-
erence with a coarsening factor of 1.5 using Marc/Mentat (MSC
Software Corporation, CA, USA) resulting in a mesh with 105,064
elements; transforming the mesh to match the surfaces of each

subject by solving a Dirichlet boundary value problem as per
Shontz and Vavasis [33]; and mapping Hounsfield units to the
tetrahedral elements by assigning the value closest to the cell cen-
tre. Principal component analysis, implemented using a singular
value decomposition of the covariance matrix of the surface point
coordinates as described by Cootes and Taylor [34] was performed
to calculate modes of variation.

2.2. Bone reconstruction

Defect models were created by cutting the segmented femur
bones to retain the proximal 90%, 80%, 75% and 50% of the seg-
mented femur bones (see Fig. 4(e)). Shapes were reconstructed
from the SSAMs with a leave-one-out strategy using two meth-
ods. The first reconstructs the shape by minimising the root-mean-
squared (RMS) deviation between surface points and closest point
on the model surface (method surf). This method simulates the
case where shape information, but not bone density information is
available, such as for reconstructions from MRI or ultrasound im-
ages. The second method minimises a weighted average between
surface distance and the root-mean-squared difference of grey val-
ues of model and grey value of the closest point in the nearest
cell in the defect model (method surf-grey). This optimisation sim-
ulates the case for which CT images of the residual limb are avail-
able. Both methods iterate between minimising the distance by re-
aligning the point set using an iterative closest point algorithm
[35] and updating the coefficients of the modes of variation to
adapt the shape model. Coefficients of the shape models were de-
termined using a local constrained optimisation by linear approxi-
mation scheme [36].

The optimal number of modes of variation was determined
prior to the reconstruction experiments using a randomly chosen
sample bone and reconstructing the bone shape using gradually
increasing numbers of modes. To minimise the effect of con-
vergence to local solutions for the determination of the optimal
number of modes, a global differential evaluation optimisation
algorithm [37] was used. The number of modes of variations was
increased until the deviation of the reconstructed bone to the
source bone increased. This resulted in 25 modes of variation,
which represented 87% of the accumulative variation of the SSAM.
Calculating the reconstructions with the global optimisation re-
sulted in up to 12% smaller RMS and Hausdorff distances (7% for
25 modes of variation) compared to the local optimisation, but
since the runtime of the local optimisation was 99% faster than
the global optimisation the local optimisation algorithm was used
for the bulk of reconstructions in this study.

2.3. Comparison of morphological parameters

The accuracy of the geometric reconstruction was evaluated by
measuring the overall deviation of the reconstructed bone surface
compared to the reference shape segmented from CT images by
calculating the RMS and the Hausdorff distance. These measures
are important to evaluate the error which would add to the er-
ror of a potential implant manufacturing process. To evaluate the
potential impact of deviations on the anatomy and the impact on
kinematic changes of the subject, morphological parameters of the
femur bones were evaluated using measures described in the liter-
ature [15,38,39]. These measures were as follows (after Dimitriou
et al. [15]): the femoral head (FH) radius calculated by fitting a
sphere to the FH, as per Dimitriou et al. [15]; the femoral neck an-
gle between femoral anatomical axis (FAA) and the femoral neck
axis (FNA), adapted from Dimitriou et al. [15]; bow angle between
proximal and distal halves of the femoral shaft as implemented
by Dimitriou et al. [15]; the angle between the FAA and the me-
chanical axis through the mid-point of the femoral epicondyles and
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Fig. 1. Definition of anatomical measures: 3 dimensional angles were defined as
femoral neck angle, angle between femoral anatomical and mechanical axis, bow
angle and diaphyseal-condylar angle between distal condylar axis and femoral
anatomical axis. Version (PCA) and (TEA) were calculated from projections of the
neck axis and posterior condyle and trans-epicondylar axis, respectively, on to the
transverse plane.

the FH centre as per Dimitriou et al. [15]; version angles between
FNA and the axis through the posterior peaks of the femoral epi-
condyles (PCA) and between FNA and transepicondylar axis (TEA),
projected on the transversal plane as implemented by Dimitriou
et al. [15] and previously described by Murphy et al. [39]; and
the diaphysial-condylar angle between FAA and the axis through
the distal peaks of the epicondyles adapted from Kobyliansky et al.
[38] (DCA; Fig. 1).

2.4. Calculation of joint loads using musculoskeletal simulations

To simulate the effect of complex loading conditions on tissue
stresses and strains, boundary conditions for FE models were eval-
uated from the output of a musculoskeletal simulation. Medial and
lateral tibiofemoral and patellofemoral joint contact forces as well
as the centres of pressure were estimated from kinematics and
ground reaction forces of a normal gait cycle measured for a sam-
ple subject using a validated musculoskeletal lower limb model
(Freebody, [40,41]). The joint forces were transferred to the ISB
femoral local coordinate system [42].

2.5. Finite element models

2.5.1. Boundary conditions

The model was fixed at the femoral head through constrain-
ing nodes in all six degrees of freedom. Patellofemoral and medial
and lateral tibiofemoral contact forces calculated from the mus-
culoskeletal simulation were applied. These boundary conditions
were applied over areas estimated at the hip, patellofemoral and
tibiofemoral joint by projecting the joint centre for hip and knee,
and medial and lateral tibiofemoral contact points along the force
directions on to the surface. Areas were then determined by ac-
cumulating nodes within a radius of 4 mm of the projected point
over all steps of the gait cycle. The resulting areas are shown
in Fig. 2. Loads were spread equally to all nodes in the load-
ing areas with force directions estimated from the musculoskeletal
simulation.

2.5.2. Material properties

A phantom-less calibration method was used to calibrate the
CT scans [43]. Average grey values in ellipsoids with an area of
20 mm? identified as cortical bone, muscle tissue, fat and bone
marrow were measured using Mimics (Materialize, Belgium) and
were compared to calibrated values in the literature. The average
Hounsfield units (HU) of 1548 + 106, 18 + 22, —87 + 31 and
—12 + 36 for cortical bone, muscle, fat and bone marrow, respec-
tively, matched the values presented as part of the software Bone-
mat ([44]; 1509, 90, —112, —17, respectively, Fig. 3).

Material properties were assigned to the elements by using the
mapping procedure proposed in Schileo et al. [45] using the pro-
posed relations between HU, radiological density pgcr in mg/mm?3,
ash density pgg in mg/mm?3, apparent density pgpp in mg/mm?3,
and Young’s modulus E in MPa:

Pgee = 0.0007964 HU — 0.00393573

_ Pgct +0.09
Pash = 114

Papp = 0.15 + 1.54 pgg,

E =28.920 -10° pg;}

This procedure included a mapping from quantitative CT den-
sity to ash density and from ash density to apparent density. For
the mapping between bone apparent density (density in wet con-
ditions) to Young’s modulus the mixed relationship from Morgan
et al. [46] was used. Following convergence analysis (described in
2.5.4), material properties were grouped into 150 discrete groups.
A Poisson’s ratio of 0.3 was used for all elements [44].

2.5.3. Evaluation of results

The mechanical properties of the models were compared by
evaluating the equivalent von Mises stress, equivalent elastic strain
and displacement at five cross sections equally spaced at 60 mm
increments starting 100mm distal to the centre of the femoral
head. This covered the distal part of the bone (Fig. 2). Maximal
values of stresses, strains and displacements were evaluated at 49
sample points spaced on a regular lattice with a minimal distance
of 3mm between points. For each cross-section, maximal values
were determined over all time steps and errors relative to the ref-
erence models were calculated.

2.5.4. Convergence analysis

The number of material properties was determined by compar-
ing stress and strain values for FE models of the SSAM mean shape
using 1, 2, 5, 10, 20, 50, 100, 150 and 200 different materials, cov-
ering equal ranges of HU between 0 and 1800. Values outside this
range were mapped to the closest value in this range. Convergence
to less than 3% change was found for 150 material models, which
was used in the remainder of the study.

Mesh convergence was tested using an FE model created from
the mean shape of the SSAM created using surface meshes with
maximal edge length of 3.0mm, 2.25mm and 1.5mm resulting
in tetrahedral meshes with 57,000, 105,000 and 242,000 elements
by comparing stress, strain and displacement output. It was found
that differences of less than 3% between models with 2.25 mm and
1.5 mm were assumed to be acceptable for this study.

2.6. Statistical analysis
Differences of RMS and Hausdorff distances, femoral head

radius, femoral neck angle, bow angle, angle between femoral
axes, version angles, diaphysial-condylar angle and angle between
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Fig. 2. Areas where boundary conditions are applied for medial and lateral tibiofemoral contact forces, patellofemoral contact forces and a fixation at the femoral head
shown on one example geometry (a) and visualisation of planes for stress, strain and displacement measures used for comparison of the models (b).
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Fig. 3. Average Hounsfield units measured on 40 female subjects of the digital Korean (DK) dataset compared to Hounsfield units from a CT scan from the literature [44].

Error bars represent standard deviations.

condylar axes, relative errors of predicted maximal stresses, strains
and displacements between reference and reconstructed or con-
tralateral shape were tested. Shapiro-Wilk tests found that the
data were not normally distributed. Therefore, Kruskal-Wallis tests
with pairwise Wilcox signed-rank tests with Holm corrections for
post-hoc analysis were performed. Statistical tests were performed
for differences between reconstruction methods (surface measure
vs surface and grey value measures vs contralateral) averaged over
all defect models and for differences between defect levels (100-
50% vs contralateral) averaged over the reconstruction methods
as well as for each reconstruction method separately. All statisti-
cal tests were performed in R (R 3.4.3, www.r-project.org) using a
significance value of o = 0.05.

3. Results

The results are presented as follows, first the methods (surf vs
surf-grey vs contralateral), and secondly, the different defect levels
(contralateral vs 100-50%) are compared.

No statistical differences were found for the SSAM recon-
struction using either the surface matching method or the sur-
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Fig. 4. Surface errors for all defect levels compared to the contralateral side of the
surface and surface and grey value matching reconstruction methods averaged over
all defect levels and the contralateral side measured as root mean square devia-
tion (a) and Hausdorff distance (b) between surrogate and segmented bone surface.
Statistically significant differences are marked using * (p < 0.05).

face and grey value matching method compared to the con-
tralateral side averaged over the different defect models (Fig. 4).
Nevertheless, differences for the shape reconstructions from the
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of pairwise comparisons are shown in the tables below the graphs. An illustration of the cutting planes and the residual bone is shown in (e).

full dataset and 90% of the points showed statistically signifi-
cant lower RMS and Hausdorff deviations than reconstructions
from the contralateral side for the surface matching method,
whereas differences of reconstructions from 75% and 50% were
statistically significant larger (Fig. 5). Average RMS errors tend to
be smaller for reconstructions from larger defects for the sur-
face and grey value matching, but these differences were not
significant.

The average values and standard deviations of the anatomical
measures are shown in Table 1, deviations from these measures
are shown in Figs. 6 and 7. Significantly lower errors were found
for the TEA version angles between the contralateral side and
reconstructions from the full and 90% and 80% defect models as
well as for all defect models for the PCA version angle (Fig. 7).
For both version angle definitions both reconstruction methods
deviations averaged over all defect models were significantly
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Fig. 6. Errors of femoral head (FH) radius, neck angle, bow angle, angle of femoral anatomical and mechanical axis, version angle defined using posterior condylar axis (PCA)

and transepicondylar (TEA), and diaphysial-condylar angle for bone reconstructions for the two reconstruction methods averaged over all defect levels and the contralateral
side. Statistically significant differences are marked using ** (p < 0.01), *** (p < 0.001) and **** (p < 0.0001).

smaller than for the contralateral side (Fig. 6). The prediction
of the neck angle was statistically more accurate for the pre-
diction using the surface measure compared to the contralateral
side and the surface and grey value matching. The error of the
femoral head radius was larger for the prediction using sur-

face and grey value matching, but not for the surface matching
procedure.

The differences in the mechanical analysis showed statistically
significant lower maximal strains of the contralateral side com-
pared to the SSAM reconstructed models and statistically signif-
icantly larger errors in distortion for the surface and grey value
reconstructed models compared to the contralateral side, mainly
due to larger errors for reconstructions from large defects. Er-
rors in stresses were significantly smaller for surface reconstructed
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Table 1

Values of anatomical measures derived from the SMMs and comparison with literature.

Reference average

Deviation
contralateral side

Deviation full SSM
reconstruction

Literature

Literature difference
contralateral side

Femoral Head radius 20.8+1.0 mm 0.3+0.4 mm
Neck angle 124.2 +4.0° 17+£13°
Femoral axis angle 8.5+£0.8° 0.5+0.4°
Bow angle 1714 £1.7° 12+1.0°
Version TEA 21.24+9.0° 7.0+5.7°
Version PCA 22.0+8.7° 7.2+5.9°
Diaphysial-condylar angle 80.4+3.3° 0.5+0.4°

0.3+0.4 mm 223+ 1.6mm [15] 0.1 mm [15]
23 £ 2mm [59] 0+2mm [59]

14+13° 126.7 +4.7° [15] 0.1° [15]
126.3 £5.5° [38]

0.4+£0.2° 6.8° [15] 0° [15,16]

1.0+0.8° 158.9 +£6.1° [15] 0° [15]

2442.0° 18.4+8.5° [15] 1.4° [15]
20.9+8.1° [38]

1.7 +14° 12 + 8.3° [15] 1.1° [15]
14.7°-16.4° [50] 7° [16]

0.4+£0.2° 81.9+2.2° [38] -

surface compared to the contralateral side. Relative errors are
shown in Figs. 8 and 9.

4. Discussion

In this study, algorithms to create a model of the shape and me-
chanical properties of the femur from surface landmarks and grey
values obtained from a CT scan of an incomplete bone shape for
the purpose of designing and testing implants for customised or-
thopaedic reconstructions were presented. SSAM representing the
shape and bone mineral density in form of grey values of CT scans
were constructed and bone shapes were reconstructed from land-
marks representing different levels of bone defects. Whereas in
clinical practice the input for the reconstruction using surface and
grey value information requires using medical imaging using CT
scans or biplanar X-rays, reconstructions using only surface land-
marks can be achieved using magnet resonance or 3-dimensional
ultrasound images [47,48].

The comparison of surface measures showed that shape recon-
structions using SSAMs where only small regions (<20%) of the
bone were excluded due to defects were more accurate than pre-
dictions using the contralateral side. The accuracy dropped for de-
fect levels of more than 20%, which is approximately at the level
of the metaphysis with the distal the growth plate which is as-
sumed to be a region where the shape of the bone can be in-
fluenced by the loading during the growth phase and therefore
allows for larger individual variations [49]. Nevertheless, recon-
structions from only 50% of the bone had RMS and Hausdorff dis-
tances on average 0.7 mm and 2.5 mm larger, respectively, than the
errors of the contralateral side, which is 2.5 times the resolution
of the scans used to obtain the underlying data. These errors are
comparable to errors reported a previous study for reconstructions
of 50% of the bone [19].

The anatomical measures in this study were comparable to
values in the literature (Table 1) where differences might be the
result of differences in measuring the anatomical axis. Differences
might also result from differences of gender and ethnicity reported
in the different studies [50]. The SSAM reconstructions from more
than 80% of the bone showed statistically significant lower errors
of on average more than 3° for the prediction of the version
angle compared to the contralateral side, when using the TEA
and the PCA. Reconstructions using 80% or less did not show any
significant differences to the contralateral side. Changes in the
version angle are associated with an increased risk of fractures
due to a change of loads in the proximal femur, an increased risk
of acetabular labral injuries [51], and are correlated with knee OA
prevalence [52]. Both studies give thresholds of more than 15°
for an increased risk of OA. Therefore, the errors obtained in this
study of, on average, less than 7° are not clinically significant.
Statistically significant differences were found for the femoral
head radius and the angle between the anatomical and mechanical
axes. The difference in errors of the femoral head radius for re-
constructions from smaller portions of the femur can be explained
by a better fit of the proximal part of the bone. Since this study
is focussing on models for the reconstruction of the distal femur,
errors of less than 0.5mm can be assumed as negligible. The
errors in the femoral axis angle were below 0.7°. The difference
of this angle results in a medial or lateral shift of the knee and
therefore a change in varus or valgus alignment, which could also
be caused by a change in the length of the bone [53]. Burghardt et
al. found in their study that a change of less than 1° did not have
any clinical effect [53]. According to these findings, the differences
found in this study are not clinical significant.

The reconstructions in this study were performed with a local
optimisation algorithm even though reconstructions of a sample
shape showed that a global optimisation resulted in up to 7% lower
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Fig. 9. Comparison of average relative errors in equivalent strain (a), von Mises stresses (b) and displacement (c) between reconstructions from different defect levels
averaged over both reconstruction methods and the contralateral side estimated. The p-values of pairwise comparisons are shown in the tables below the graphs.

errors. This shows that there might be some potential to further
improve the results of the reconstruction. Due to a significantly
higher runtime for the global optimisation, this algorithm was not
used in this study.

Apart from predicting the shape, the SSAM reconstructions
were also used to predict the mineral density inside the volume.
The accuracy of these reconstructions were evaluated by using an
FE analysis to compare stresses, strains and displacements under
clinically relevant loading conditions as they could be used in pre-
clinical FE testing of implants. This has not been attempted before.
These loading conditions were derived from the musculoskeletal
simulations of a gait cycle. In this study these boundary conditions
were limited to the joint contact forces at the knee and hip,
where previous studies have shown that muscle forces influence
stresses and strains in the bone [54,55]|. Therefore, neglecting
these forces is a limitation of this study, although it is assumed
that these additional forces would not change the differences
between the models significantly and this study was focused
on assessing these differences only, not on identified absolute
values.

The comparison between the reconstruction methods did not
show statistically significant differences for the relative errors of
deformations and von Mises stresses between the SSAM recon-
structions and the contralateral side with relative errors on aver-
age between 10% and 18%. Statistically significant differences were
found for the strain measures which were on average 8% for the
contralateral side and between 10% and 15% for the SSAM recon-
struction, which arose from differences in the prediction of mate-
rial properties. Since the material properties are derived only from
the relationship between geometry and material properties rep-
resented in the SSAM, the prediction from the contralateral side
might have the advantage of experiencing a similar level of load-
ing as the reconstructed bone which results in a largely similar
overall bone strength. Including additional information about the
bone density of the unaffected part of a traumatic bone, as far
as these can be obtained from medical images, might result in a
lower prediction error for the mineral density. For the purpose of

pre-clinical testing of implants, these errors might be acceptable
considering the large difference of material properties of currently
used implant materials [56]. Future work could aim to improve
the accuracy of the material properties predictions by incorporat-
ing information about the tissue density in the affected bone ac-
cording to the methodology implemented by Vidndnen et al. [57].
A limitation of this study is the use of uncalibrated CT scans. To
overcome the lack of calibration data, a phantom-less calibration
method was used to quantify differences in calibration data of the
images and compare to calibration data from the literature. This
limits the results for the clinical use, but should give an indica-
tion about the accuracy of the presented methodology. For the
mapping of the grey values from CT images to the FE models a
closest voxel mapping was used. This method is prone to errors
if the element size of the FE mesh is significantly different from
the voxel size, in which case more elaborate methods like inte-
gration over contained voxels [44] could be used. Nevertheless,
the convergence analysis performed in this study showed that a
change in element size in this study had only small effects on the
results.

The definition of a critical size for bone reconstruction has to
consider several different factors, such as size of the bone loss, the
state of the covering soft tissue, vascularity and the state of the
neural system [58]. The simulated case of a 50% defect including
the distal articulated surface might represent a critical defect size
where, depending on the state of the surrounding tissue, an ampu-
tation is likely. On the other hand, a reconstruction from the 10%
defect model represents the cases where the articulating surface is
damaged or missing, but there is likely to be only a partial epiph-
ysis damage such as might be the case for some knee arthroplasty
surgeries. This study shows that in these cases using reconstruc-
tion from SSAMs are at least as accurate as using the contralateral
side. Large defects (25% or more) are less accurate compared to the
contralateral side and therefore the contralateral side would be the
first choice. Nevertheless, if the contralateral side is not available
as a template model, the SSAM reconstruction might still be rea-
sonably accurate to be used for reconstructions.
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In summary, this study showed that SSAMs as an alternative
to shape reconstructions from the contralateral side are able to
produce comparable accuracies for the bone shape. The predic-
tions of material properties reconstructed only from the geome-
try showed errors that were slightly larger than predictions from
the contralateral side, but which can be seen as a possible alterna-
tive in cases where the contralateral side is not available, material
properties cannot be estimated due to a lack of CT imaging, or
in cases where the patient should not be exposed to additional
ionising radiation.
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