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ABSTRACT

Patient-specific finite element models (PSFEM) are becoming more and more used. Different
methods for assigning their material properties were studied on PSFEMs of 9 tibias along with
the minimal required length of the CT acquisition window. Material properties are generally
attributed to the PSFEM using relationships linking the grayscale of CT scans to the elasticity
moduli. Using cortical-specific and trabecular-specific relationships or a generic one, did not
result in significant differences. However, the use of homogeneous elastic moduli in the cortical
and trabecular regions led to considerable differences. The result highlight that the PSFEM must
comprise at least 40% of the tibia to ensure consistent results in the proximal 20%.

Introduction

Osteoarthritis is a multi-factorial degenerative joint
disease involving the destruction of the cartilage, thus
resulting in pain and functional discomfort (Arden
and Nevitt 2006). Arthritis of the knee has a preva-
lence in males that increases from 2.1% at 40 years
old to 10.1% at 75, and in females from 1.6% to
14.9% respectively (Guillemin et al. 2011). When
most of the joint surface is damaged and is limiting
the patient’s functional ability, total knee arthroplasty
(TKA) is considered. In the USA, TKA is estimated
to have been performed on 1.52% of the overall popu-
lation in 2010 (Maradit Kremers et al. 2015), while 60
355 revision surgeries were performed between
October 2005 and December 2006 (Bozic et al. 2010).
Nine causes of TKA failure leading to surgical revi-
sion have been identified, including bone tissue
resorption at the interface between the bone and the
implant, and peri-prosthetic fracture, respectively
responsible for 3.2% and 1.5% of surgical revision.
These causes are often associated with poor stress dis-
tribution and can, therefore lead to peri-prosthetic
bone resorption, also known as stress shielding, and
periprosthetic pain (Wolff 1893; Completo et al.
2009). Persistent pain and functional discomfort leave
one out of five TKA patients dissatisfied (Bourne

et al. 2010). To explain these phenomena, numerical
simulations based on finite element analysis (FEA)
have been performed over the last four decades
(Taylor and Prendergast 2015). Generally, such stud-
ies make simplifying assumptions to enable calcula-
tion. Some of these hypotheses base both the choice
of material properties and the boundary conditions
on clinical literature, but without considering the
patient’s specific features (Table 1) (Castro et al. 2015;
Brihault et al. 2016; El-Zayat et al. 2016; Innocenti
et al. 2016; Thompson et al. 2016; Baliga et al. 2018).
Technological advances in additive manufacturing
enable the design of implants specific to the patients,
both geometrically and mechanically (He et al. 2018).
However, preoperative planning must be provided for
in the methodology. Also known as the virtual operat-
ing theater, this is aimed at helping surgeons adapt their
approach to the specific features of each patient
(Munier et al. 2017). 3 D reconstructions of anatomical
parts obtained with CT scan segmentation allow to
account for patient-specific geometry (El-Zayat et al.
2016; Thompson et al. 2016). Several methodologies/
strategies to assign patient specific mechanical proper-
ties to PSFEM from quantitative CT-scan coexists.
PSFEM classically derive heterogenous material proper-
ties from the HU field obtained with quantitative CT-
scan (Helgason et al. 2008; Knowles et al. 2016) and
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Table 2. Method of assignment of material properties specific to each of the 3 models tested (DHoM, nDHeM and DHeM). "X"
represents T10 elements, "E" the Young's modulus expressed in MPa, "p" the apparent bone density expressed in Kg/m-3 and

"Vv" the Poisson’s ratio denoted without units.

PSFEM Tibia
Models / Conditions Qcort Qrrap Qripia
(DHoM) E(X) = 20 000 MPa E(X) = 800 MPa v(X) =03
Differentiated Homogeneous Model
References (Williams and Lewis 1982; Keaveny and Hayes 1993)
(nDHeM) E(X) = 0,916 Hu(X) + 114 v(X) =03
non-Differentiated Heterogeneous Model E(X) = 0,51 p(X)"¥
E =f(Hu)
(DHeM) Differentiated Heterogeneous Model E(X) =13 p(X) — 3842 EXX) = 0,51 p(x)"” v(X) =03
p(X) = Hu(X) p(X) = 0,916 Hu(X)+ 114
References (Rho et al. 1995)

assign them in differentiated (Baliga et al. 2018) or
non-differentiated fashion to the trabecular and
bone regions (Taddei et al. 2006a), while generic
models assign homogenous material properties in
different subregion of the bones (Au et al. 2005;
Innocenti et al. 2016), It would, therefore, be of
great interest to evaluate the differences, in terms
of biomechanical fields, resulting from the use of
different material properties assignment strategies
and integrates into this process, along with geomet-
rical criteria, patient-specific mechanical properties
via empirical formulae linking the mechanical prop-
erties of the tibia to the CT scan acquisitions
(Helgason et al. 2008; Knowles et al. 2016).
Moreover, the acquisition-window height of the CT
scans required for a patient-specific finite element
model (PSFEM) could be minimized to reduce
patients radiation exposure (Brenner and Hall
2007), acquisition time and PSFEM size. In the vir-
tual operating theater methodology, the acquisition
window height should be reduced without altering
the variables of interest in the volume of inter-
est (VOI).

As far as we know, the bias due to differences in
the location of the fully constrained face of PSFEM
has never previously been investigated (Table 1). It
has, however, been observed that any coarse
approximation of material properties or boundary
conditions in the FEA can dramatically distort the
results of simulations (Mesfar and Shirazi-Adl 2006;
Taddei et al. 2006b; Heyland et al. 2015). Yet there
is no consensus on choice either of material proper-
ties or of boundary conditions. Here, we sought to
quantify: (i) the difference, in terms of classic bio-
mechanics output fields, between the different
material modelling strategies of PSFEM of the
human tibia; (ii) the minimum height required for
the CT scan acquisition window to ensure consistent
results in our VOL.

Materials and methods
Data acquisition

Nine datasets were collected with images in the
DICOM format hosted on the SICAS Medical Image
Repository and provided by the SMIR team (Kistler
et al. 2013). Each dataset contains a post-mortem full-
body CT scan acquisition (Siemens Somatom Emotion
6, 130 KVp, 125 mAs, 0.9512 x 0.9512 x 0.6 mm? voxel
size). The corresponding acquisition method used a
normalized, reproducible protocol aimed at limiting
potential biases. The human subjects were selected as
representative of the population; thus, our sampled
population consisted of 6 men and 3 women aged
between 22 and 90 years old (mean: 64.2). Only the left
tibia was considered in this study.

Geometry

Segmentations of the 9 left tibias from the CT acqui-
sition were performed with Mimics 17.0 (Materialize,
Louvain, Belgium). Segmentation methods consisted
of first, automated global thresholding of the image
stacks (van Eijnatten et al. 2018), followed by manual
refinements to improve the fidelity of the 3D recon-
struction of each tibia. Secondly, a cortical bone mask
was obtained by merging the 2-voxel-thick external
layer of the initial mask with the mask of voxels with
HU values over 600. The trabecular mask resulted
from the boolean subtraction of the cortical mask
from the global mask of the tibia.

Mesh generation

Each of the 9 tibias was volumetrically meshed using
the GMSH software with a Python script. The pre-
scribed element sizes were identical for all subjects.
Second-order tetrahedral elements (T10) were chosen
to mesh the non-regular geometry of our models
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Table 3. Synthesis of forces and their orientations applied to each of our 9 PSFEMs with: contralateral heel strike (CTL_HS), contralateral toe off (CTL_TO), getting up from a chair

(CU). Orientation of the forces are defined relatively to the upward tibia mechanical axis by: o - the angle between mechanical axis and the force when projected on the sagittal
plane, it is positive for anteriorly oriented forces; 3 - the angle between the mechanical axis and the force when projected on the frontal plane, it is positive for medially oriented

forces. "-" denote negligible muscle force. Adapted from Kuster et al. 1997, Winby et al. 2009 and Sasaki and Neptune 2010.

Load Cases
CTL_TO
cu

(Viceconti et al. 1998), and a convergence test of the
mesh was performed. Each element had a mean edge
length of approximately 2.5 mm, and each model was
composed of approximately 110 000 elements yielding
a total of 550 000 degrees of freedom (Polgar et al.
2001). A single mesh was generated for each PSFEM,
allowing element-wise comparison between the simu-
lation results of the conditions investigated.

Material properties

Three different material assignment methods were
compared (Table 2): (i) the cortical/trabecular differ-
entiated homogeneous models (DHoM), where the
Young’s modulus is fixed at one constant value in the
cortical subvolume of the tibia and at another con-
stant value in the trabecular subvolume; (ii) the differ-
entiated heterogeneous model (DHeM), where two
different mathematical relationships between the HU
and the Young’s modulus are respectively used for
the trabecular and cortical subvolumes of the tibia;
(iii) the non-differentiated heterogenous model
(nDHeM), where a single mathematical relationship is
used for the whole tibia volume. The Young’s moduli
were uniform within each element and computed as
the average of Young’s moduli directly derived from
each voxel Hounsfield Unit intersecting the element
(Taddei et al. 2007). Bone materials were assumed to
be isotropic and to present linear elastic properties
for all 3 studied conditions, DHoM, nDHeM, and
DHeM (Table 2). Twenty-seven models were
obtained, 3 for each condition applied to the 9
PSFEMs. For each T10 meshing element of the two
heterogeneous conditions, previously published rela-
tions between bone density and gray level in the CT
scan acquisitions were used (Knowles et al. 2016).
These relations were then linked to empirical math-
ematical models to compute the Young’s modulus of
each element (Helgason et al. 2008).

Boundary conditions

Assignment of reference points

Three points were manually placed on each of the 9
PSFEMs, using 3-Matic software (Materialize,
Louvain, Belgium). They were positioned at the center
of the medial and lateral condyles, and at the center
of the articular surface of the ankle. This setup
allowed us to determine the length of the tibia for all
individuals and then automatically fully constrained
(fixed nodes) several selections ofnodes more distal to
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Figure 1. Schematic of the method use to obtain the results for the different levels of the fully-constrained region and the differ-
ent strategy used to assign the material properties. The method was identical for each of the 9 subjects.

those at the level of interest, using a Python script on
the Abaqus software.

Loading and muscle forces

The centers of the three regions, where the principal
muscle forces were applied were determined for each
PSFEM by referencing to an anatomy book and cor-
respond to the patellar ligament of the knee and main
muscle groups described in Table 3. These muscles
were the only ones considered in our PSFEM because
of their significant influence on the knee joint under

the simulated conditions (DeFrate et al. 2007; Adouni
et al. 2012). The femoral contact forces were cubically
distributed on disks centered on the medial and lat-
eral reference points of the tibial condyles. The
impact of material assignment methods was assessed
on a single load case. A 2000 N femoral force (collin-
ear with tibia mechanical axis) was applied to the
tibia, with 800N on the lateral reference point and
1200N on the medial reference point (Taylor et al.
2004). The impact of constrained level was assessed
by applying forces for 3 simulated load cases: 1)



Table 4. Slope (a) and linear regression determination (R2) of inter-model comparisons (DHoM, nDHeM and DHeM), according to the 3 variables OSS, ESEDEN (SED) and SvM of

the 9 PSFEMs.

Von Mises stress (MPa)

Strain energy density (mm?)

Octahedral shear strain

DHoM vs. DHeM nDHeM vs. DHeM DHoM vs. nDHeM DHoM vs. DHeM nDHeM vs. DHeM DHoM vs. nDHeM DHoM vs. DHeM nDHeM vs. DHeM

DHoM vs. nDHeM

R2
0.991

R
0.589

0.614

R
0.601

R
0.984

0.985

RZ

R
0.723

R2
0.973

R2
0.647
0.604

R2
0.588
0.539

a
0.734
1.020
1.663
0.365
0.912

PSFEM
8

1.048
1.047
0.968

0.639
0.614

0.613

0.843
0.862

0.731

1.179
1.538
3.537
0.735

1379
1.809
4.634

0.953

0.744
1.020
1.661
0.375

0.984

0.634

0.590

0.776

0.810

0.961

0.927

30
38
92

0.974
0.994
0.983
0.993

0.751 0.981 0.879 0.564 0.877 0.584
0.711 0.714

0.731

0.721

0.848 0.923

0.903

0.581

0.454

1.064
1.049
1.056
1.042
1.043
1.048
1.041
0.028

0.691

0.646
0.594
0.619

0.991

0.834
0.865
0.832

0.618

0.571

0.843
1.644
1.431
1.581
1.539
1.662
1.836
1.084

0.965
0.977

0.461

0.369
0.529
0.480

0.556
0.635

0.605
0.659

0.600
0.630

0.980
0.988
0.980
0.983
0.981

0.654
0.788

0.563

1.405
1.197
1.368
1.297
1.384
1515

0.684
0.788
0.553

0.582 0.952

0.920
0.644

0.882

168
170
417

0.964
0.969
0.969
0.972

0.925

0.550

0.638

0.982
0.992

0.521 0.455 0.550 0.458
0.665

0.849
0.833

0.916

0.512

0.439

0.878

0.617

0.619

0.636

0.728
0.696

0.724
0.734
0.701

0.868 0.554 0.873 0.605 0.947

0.757
0.871

522
547

0.986
0.987

0.537
0.589

0.599
0.071

0.655

0.573
0.599
0.069

0.586
0.632

0.846
0.835

0.942
0.934

0.546

0.565

0.769
0.877

0.483

0.984
0.004

0.698

0.964
0.016

0.493

Mean
SD

0.006

0.093

0.100

0.698 0.074 0.034

0.087

0.067 0.349 0.055 0.033

0.493

contralateral toe-off (CTL_TO) of the gait cycle, 2)
contralateral heel-strike (CTL_HS) of the gait cycle,
3) peak force while getting up from a chair (CU).
Details of the forces are given in Table 3.

Level of the fully-constrained distal face

Using the reference points, we defined, via a Python
script, 6 different positions for the fully-constrained
distal face of the PSFEM (5%, 33%, 50%, 60%, 67%
and 75% of the full length of the tibia). Every node
located distal to the constrained level was fully con-
strained (fixed). The 5% level was chosen as the con-
trol  condition, corresponding to the most
representative physiological condition of the articula-
tion of the ankle. Each VOI corresponded to the
proximal 20% of the associated tibia (see Figure 1).

Finite element analysis

FEA was performed with Abaqus/Standard 6.14-2
(Dassault Systems, Vélizy-Villacoublay, France). The
output data were (i) octahedral shear strain (OSS)
corresponding to the overall distortion of all the inte-
gration points inside each T10 element (Stadelmann
et al. 2009); (ii) strain energy density (SED), in m]
per mm?>, standing for accumulated energy during the
PSFEM loading (Taddei et al. 2006b); (iii) von Mises
stress (SvM), in MPa, computed at the four integra-
tion points of T10 elements. The sensitivity of the
output data within the VOIs could be quantified for
all PSFEMs involving the same static loading and
depending on both the level of constraint and the
material properties assignment methods.

Statistical analysis

Three mechanical properties were investigated using
R-Studio: OSS, SED, and SvM. The statistical differ-
ence between the results for each studied condition,
DHoM, nDHeM, and DHeM, was verified by apply-
ing a Friedman test between two separate datasets.
The significance level was set at p <0.01. The test
also gives the R* coefficient of determination between
the values at the identical integration points of the
two tested conditions. Finally, the slopes of the linear
regressions were computed.

Results
Modelling of material properties

The correlation between PSFEM datasets was investi-
gated through the coefficient of determination R®
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Figure 2. Example of results when investigating the impact of material assignment strategy. The plots here present element-wise
linear regression of FEA results for the different methods of assigning material properties to the PSFEMs.

according to the three variables OSS, SED and SvM,
with results shown in Table 4. The statistical
Friedman tests yielded significant results (p <0.001).
The R* coefficient was roughly equal to 0.98 when
nDHeM to DHeM conditions were compared, for all
variables in all PSFEMs (Figure 2). Comparing the
mean R® coefficients of conditions DHoM vs.
nDHeM and DHoM vs. DHeM according to the three
variables (OSS, SED, and SvM) weakly explains the
variances found (Figure 2).

Constrained region level

To explain the variance in constraint levels (from
33% to 75%), the correlation between the PSFEM
datasets was investigated through the coefficient of
determination R® according to the three variables
(OSS, SED and SvM). Results are shown in Table 5.
Pearson correlation tests yielded significant results
(p <0.0001). Both the mean absolute differences and

the slope coefficients of the linear regression lines
were computed relative to the 5% base case. For all
conditions and variables in this study, we obtained
a=1 and R> = 1 for levels of constraint located at
33%, 50%, and 60% of the tibia length. Consequently,
there were no variations for levels of integration rang-
ing from 33% to 60% included, and a slight variation
in the mean absolute differences. There was no sig-
nificant difference between the FEA results for control
constraint level and for 33% constraint. However,
fluctuations occurred in more proximal levels of con-
straint, with a critical mean absolute difference (SvM
condition) for 67% integration of total tibia length,
and higher values for the most proximal level of 75%.
Lastly, for all variables, the mean absolute differences
between integration levels 33% and 75% were doubled
for both the OSS and SED conditions, and tripled for
the SvM. Relatively small variation in the slope coeffi-
cient (a) and the coefficient of determination (R?
were observed for the 75% level. Concerning the
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values of the mean and the standard deviation, there
is a noticeable difference between conditions, ranging
from control to 60% and conditions higher than 67%.

Discussion

The above results point to substantial differences
among FEA results when this PSFEM methodology is
applied. They highlight a significant correlation
between two choices of material properties in the tibia
PSFEM: the nDHeM and DHeM conditions.
Heterogeneous and homogenous modelling of the
bone material properties yield to important differen-
ces in the studied output mechanical fields. This sug-
gests that models not accounting for the
heterogeneous distribution of density within the bone
could be highly biased. Thus, creating models from
only the surface geometry of the bone as those
obtained from statistical shape model or pseudo-3D
imaging (e.g., EOS) should not be recommended.

This study also confirms that PSFEMs are sensitive
to the level of constraint, with FEA results variation
depending on the investigated mechanical field (OSS,
SED, SvM). Variations between the control level of
constraint (5% of total tibia length) and levels of 67%
or higher were observed for all subjects concerned.
The more proximal the level of constraint, the higher
the variation. The constraint level has an impact on
the mechanical behaviour of PSFEM in the VOI (20%
of the proximal tibia). Consequently, our results sug-
gest that placing the fully constrained distal end of
the tibia in PSFEMs at up to 60% of the total tibia
length will ensure consistent results in a VOI com-
prising the proximal 20% of the tibia. To prepare for
virtual surgery involving similar VOIs, the CT scan
acquisition window needs to include 40% of the prox-
imal tibia to be relevant to PSFEMs. Reducing acqui-
sition window size will benefit both patient (reduced
exposure to radiation) and hospital (reduction in
resource use) and will facilitate preoperative model-
ling (easier segmentation and faster finite element
simulations).

In our PSFEM of the tibia, we consider the active
muscles pulling on the tibia joint without accounting
for ligaments. The ligaments passive support function
during the simulated activities were assumed negli-
gible relative to muscle and contact forces. Although
our study addresses the increase and standardization
of criteria to be chosen for the virtual operating the-
ater during the preoperative phase of TKA, we did
not apply finite element models to TKA to test our
conclusions on clinical cases. It would be very

valuable to extend this work by elaborating finite
element models according to the recommendations of
this study and then testing them in dynamic condi-
tions. Ex-vivo experimentation on anatomical parts
will be essential to validate the presented PSFEM
method. However, since this method is based on data
from published studies, and the results are compara-
tive, our conclusions should hold even under moder-
ate alteration of the method.

This study highlights the need to reach a scientific
consensus on material properties and boundary con-
ditions in PSFEM, to make inter-study comparison
feasible and rule out biases.
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