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Application of a Semi-Automatic Cartilage Segmentation Method for

Biomechanical Modeling of the Knee Joint

Manual segmentation of articular cartilage from knee joint 3D magnetic resonance
images (MRI) is a time consuming and laborious task. Thus, automatic methods are
needed for faster and reproducible segmentations. In the present study, we developed a
semi-automatic segmentation method based on radial intensity profiles to generate 3D
geometries of knee joint cartilage which were then used in computational biomechanical
models of the knee joint. Six healthy volunteers were imaged with a 3T MRI device and
their knee cartilages were segmented both manually and semi-automatically. The values
of cartilage thicknesses and volumes produced by these two methods were compared.
Furthermore, the influences of possible geometrical differences on cartilage stresses and
strains in the knee were evaluated with finite element modeling. The semi-automatic
segmentation and 3D geometry construction of one knee joint (menisci, femoral and
tibial cartilages) was approximately two times faster than with manual segmentation.
Differences in cartilage thicknesses, volumes, contact pressures, stresses, and strains
between segmentation methods in femoral and tibial cartilage were mostly insignificant
(p > 0.05) and random, i.e., there were no systematic differences between the methods.
In conclusion, the devised semi-automatic segmentation method is a quick and accurate
way to determine cartilage geometries; it may become a valuable tool for biomechanical

modeling applications with large patient groups.

Keywords: Cartilage, Finite Element Analysis, Image Segmentation, Knee,

Magnetic Resonance Imaging
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Introduction

Finite element (FE) modeling can be used as a non-invasive method to evaluate
stresses, strains and contact mechanics within the knee joint subjected to various
loading conditions, providing parameters which cannot be obtained from imaging. In
order to generate subject-specific geometries for incorporation into biomechanical knee
joint models, it is necessary to have accurate segmentation of tissues from medical
images (Anderson et al. 2010). Especially in biomechanical modeling, manual
segmentation is currently the most common approach used for knee joint cartilage
segmentation from magnetic resonance (MR) images (Kwon et al. 2014; Mononen et al.
2016; Ali et al. 2017). However, it is time consuming, laborious, and suffers from intra-
and inter-observer variability (Shim et al. 2009), which limits the use of computational
modeling in larger patient groups. Therefore, it would be advantageous if there were
accurate, automatic or semi-automatic segmentation methods.

Automatic segmentation of knee joint cartilages from MRI is a challenging task
due to lack of contrast between cartilage and other soft tissues, MR artefacts, and noise.
Semi-automatic and automatic segmentation methods have been developed to measure
the thickness and volume of healthy and osteoarthritic articular cartilage (Folkesson et
al. 2007; Fripp et al. 2007; Velut et al. 2008; Dodin et al. 2010; Tamez-Pefia et al. 2012;
Shan et al. 2014). However, those have not been developed or applied to estimate the
3D geometry in biomechanical knee joint models. Baldwin et al. (2010) introduced a
semi-automatic statistical shape model based segmentation method for subject-specific
FE modeling. The weakness of this method was that it still required manually
segmented training sets.

Even though different algorithms have been developed for knee joint cartilage
segmentation (Folkesson et al. 2007; Velut et al. 2008; Dodin et al. 2010; Tamez-Pefia

et al. 2012; Shan et al. 2014), there is a need for reproducible and applicable
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segmentation methods suitable for computational modeling. Currently, there are no
studies which have evaluated the accuracy of knee cartilage segmentation (manual vs.
automatic) on the simulated stresses and strains within the knee joint. Therefore, the aim
of the current study was to devise a radial intensity based semi-automatic segmentation
method for biomechanical modeling purposes. Since the manual segmentation is usually
considered as a standard segmentation procedure, it was considered as the reference
method. Validation of the presented method (model result from manually and semi-
automatically segmented joints) was conducted within healthy knee joints without
cartilage lesions or indication of knee OA. We hypothesized that the values obtained
with the model results with semi-automatically segmented cartilage layers would be

similar to those acquired with manually segmented knee joints.

Methods

Radial intensity based semi-automatic segmentation method

The semi-automatic segmentation method was designed in Matlab (Mathworks Inc.,
Natick, MA, USA) and applied for the femoral and tibial cartilage. The main goal of the
radial intensity segmentation method is to detect cartilage surface and cartilage-bone
interface from the radial intensity profiles of the cartilage based on the information
available in the clinical MRI.

First, a reference point (RP) from the central point of bone (tibia and femur) and
edge points (EP’s) of cartilage were selected from a sagittal slice of the knee MR image
(an example can be seen from Figure 1a). Subsequently, intensity profiles were
calculated between the end points of cartilage at intervals of five degrees (Figure 1a),
while the reference point was used as the origin (first intensity value in the intensity

profile). Finally, central points of cartilage (peak intensity), cartilage surface and
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cartilage-bone interface were determined from intensity profiles using thresholds
(Figure 1b).

[Figurel near here]

The semi-automatic segmentation script worked as follows: The first intensity
peak after bone was defined as the central point of cartilage (Figure 1b). Cartilage
surface and cartilage-bone interface were then calculated using the obtained central
point of the cartilage and shape of the intensity profile. Starting from the central point of
the cartilage (peak intensity), the pixel number along with the intensity profile path was
increased or decreased one by one as long as the threshold value was exceeded and the
difference between the intensity values of two consecutive pixels in the descending
parts of the profile (either toward bone or cartilage surface) was positive or zero. The
threshold was set to ~45% and ~60% of the maximum intensity (after subtracting the
intensity from bone) for tibial and femoral cartilage, respectively (Figure 1b). Threshold
values were different because the intensities in femoral and tibial cartilage as well as in
femur and tibia bones were not equal.

The same procedure as described in the previous paragraph was repeated for
every intensity profile resulting in a series of point pairs along the cartilage surface and
cartilage-bone interface (Figure 1c). Finally, the detected points were joined together
and masks were produced using the Matlab “roipoly”-function (Figure 1d).
Occasionally, there was noise or inadequate contrast between cartilage and other tissues,
resulting in incorrect segmentation points. Those points were corrected (by visual
inspection) manually by moving the incorrect points to the correct position. In addition,
the pixels overlapping between tibial and femoral cartilages were removed. This

segmentation procedure described above was repeated with all MRI slices.
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Imaging and segmentation

Six knee joints from healthy volunteers were imaged with a clinical 3T MRI scanner
(Philips Achieva, Philips Medical Systems, Best, Netherlands or Magnetom Skyra,
Siemens Healthcare, Erlangen, Germany) (Figure. 2a, Table 1). The following imaging
sequences were used: 3D Proton Density Turbo Spin-Echo Spectral Attenuated
Inversion Recovery (3D PD TSE SPAIR: TR = 1300 ms, TE = 32.3 ms, Flip Angle =
90°, Spatial resolution = 0.5 mm, and Slice Thickness = 0.5 mm), 3D Proton Density
Fast Spin-Echo with Fat Saturation (3D PD FSE FS: TR = 1200 ms, TE = 26 ms, Flip
Angle = 120°, Spatial resolution = 0.6 mm, and Slice Thickness = 0.6 mm), or 3D T2-
weighted Gradient Echo (3D T2 GE: TR = 14.1 ms, TE = 5 ms, Flip Angle = 25°,
Spatial resolution = 0.6 mm, and Slice Thickness = 0.6 mm). The study was conducted
with permissions from the ethical committees of Kuopio University Hospital, Kuopio,
Finland and Oulu University Hospital, Oulu, Finland. Written consent was obtained
from all study subjects.

[Figure2 near here] [Tablel near here]

After MRI, cartilages were segmented manually using Mimics v15.01
(Materialise, Leuven, Belgium) and semi-automatically using Matlab v7.14.0
(Mathworks Inc., Natick, MA, USA) (Figure. 2b). Manual segmentation was conducted
by a physicist who has also radiographer’s professional competence and clinical
experience on evaluating knee joint MR images. Semi-automatic segmentation was
conducted twice to test intra-observer repeatability. Menisci were segmented manually
using Mimics, and the same menisci were used in the corresponding semi-automatically
segmented knee joint models (see below) in order to minimize the number of variables.
Finally, 3D geometries were constructed from manually and semi-automatically

segmented cartilages and menisci using Mimics (Figure. 2c).
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FE analysis

Using Abaqus v6.13-3 (Dassault Systéemes, Providence, RIl, USA), manually and semi-
automatically segmented 3D knee geometries were meshed using second-order, 10-node
modified tetrahedral elements (type C3D10M) (Figure 2d). Tetrahedral elements were
chosen since they provide a more straightforward mesh generation which is needed in
modeling applications with a large number of patients. Modified elements were used
because of their good capabilities in contact modeling. The average element numbers in
tibial and femoral cartilage and menisci were 25000, 18000 and 29000, respectively. A
mesh sensitivity study was conducted by comparing the model with the tetrahedral
mesh to a model with an 8-node continuum hexahedral (type C3D8) mesh since the
latter element type has proven capabilities in contact analysis. In this analysis, axial
loading was applied similarly as described below and cartilage was modeled as an
isotropic elastic and nearly incompressible material (Young’s modulus = 15 MPa and
Poisson’s ratio = 0.475 (Haut Donahue et al. 2003)). Different mesh types produced
less than a 5 % difference in the average Von Mises stresses (Figure 3). Thus, the
tetrahedral mesh was assumed to be adequate for the remainder of the simulations.

[Figure3 near here] [Table2 near here]

Cartilages and menisci were modeled as transversely isotropic elastic materials.
Material parameters (Table 2) for cartilages and menisci were taken from the literature
(Goertzen et al. 1997; Shepherd and Seedhom 1999; Elliott et al. 2002; Korhonen et al.
2002; Mow et al. 2005; Vaziri et al. 2008; Danso et al. 2015). This material model was
chosen, instead of a more sophisticated alternative (such as a fibril reinforced
poro(visco)elastic material (Li et al. 2000; Wilson et al. 2004; Garcia and Cortés 2007,
Halonen et al. 2013), because it speeds up the model generation process and simulation

times. Rapid model generation is important when utilizing this kind of modeling in
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clinical applications and follow-up of patients. Moreover, a previous study suggested
that the instantaneous response of the elastic material is the same with a poroelastic
material in the knee (Garcia et al. 1998) and that the maximum contact pressure could
be similar between elastic and poroelastic material models (Li and Gu 2011). Meniscal
attachments were modeled using linear springs (type SPRINGA) with the moduli of 226
MPa and 139 MPa for the anterior and posterior meniscal attachments, respectively
(Hauch et al. 2010). The plane of isotropy (1-2) was set parallel to the cartilage surface,
while in the menisci, directions 1, 2 and 3 were radial, axial and circumferential
directions, respectively (Figure 2d).

Femur and tibia bones were considered as rigid. The bottom surface of the
femoral cartilage, which represents the femoral cartilage-bone interface, was fixed to a
reference point using a coupling constraint method in Abaqus. The reference point was
located in the middle point between lateral and medial epicondyles of the femur
(Mononen et al. 2013) (Figure 2d). The bottom nodes of tibial cartilage representing the
cartilage-bone interface were fixed in all directions. Free varus-valgus rotation around
the reference point was allowed to ensure good contact between the femoral and tibial
cartilages (Mononen et al. 2013), while other degrees of freedom were fixed. Hard
surface-to-surface contacts with frictionless sliding and penalty contact enforcement
were applied between the cartilage-cartilage and cartilage-meniscus interfaces. The
simulation was performed in two separate steps. During the first step, femoral cartilage
was moved along with the axial direction (y-axis) to the contact with tibial cartilage. In
the second step, 1000 N axial loading was applied on the reference point within 0.1 s
(Figure 2d). Similarly as with the segmentation and material choice, this loading
(instead of a more complex alternative, such as walking) was applied since it can be

implemented easily and quickly and our aim was to investigate the importance of the
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model geometry on the results (not site- and time-specific cartilage responses). Thus,

we assumed here that the conclusions would be the same with more complex loading.

Analyzed parameters and statistics

We compared the volumes and thicknesses of femoral and tibial cartilages, and the total
segmentation time required for knee joint cartilages between different segmentation
methods. Furthermore, contact pressures, stresses and compressive strains from the
contact areas of femoral and tibial cartilages between the models with different
segmentation methods were compared. Statistical comparisons between semi-automatic
and manual segmentation methods were conducted using Wilcoxon signed-rank test and
the level of statistical significance was set at 0.05 (SPSS v. 21, SPSS Inc., Chicago, IL).
Dice similarity coefficients (DSC) were calculated between manual and semi-automatic
segmentations and between two semi-automatic segmentations to study the similarity of
two different segmentations as follows: DSC = 2J/(1+J), where ] = (AN B)/(A U B)
and A and B are the two different segmentations (Pedoia et al. 2016). Intra-observer

repeatability was tested using Intraclass Correlation Coefficient (ICC).

Results

The average number of segmented slices was 129 (range 114-156). The average time
for semi-automatic segmentation and 3D geometry construction of one knee joint was
approximately 4 hours. In contrast, it took at least 8 hours to segment and construct 3D
geometries from tibial and femoral cartilages using the manual “pixel by pixel”
segmentation method.

The semi-automatic segmentation method showed excellent intra-observer

repeatability in the femoral and tibial cartilage volumes (ICC 0.989 and 0.965,
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respectively). The mean differences in the femoral and tibial cartilage volumes between
the repeated semi-automatic segmentations were 1.9% and 3.0%, respectively.
Moreover, DSC values for the femoral and tibial cartilages were 0.76 £ 0.12 and 0.76 +
0.12, respectively.

Average differences in the cartilage volumes between manual and semi-
automatic segmentation methods were 0.68 + 0.80 cm?®, 0.12 + 0.17 cm® and 0.04 + 0.33
cm?® for the femoral, lateral tibial and medial tibial cartilages, respectively; these
differences were statistically insignificant (p > 0.05, Figure 4a). Average differences in
the cartilage thicknesses between manually and semi-automatically segmented
cartilages were 0.2 £ 0.3 mm, 0.2 £ 0.2 mm, 0.1 + 0.3 mm and 0.2 £ 0.2 mm for the
lateral femoral, medial femoral, lateral tibial and medial tibial cartilages, respectively.
There were no systematic differences in the determined cartilage thicknesses between
these two segmentation methods, i.e., neither method resulted in either systematically
greater or lower values (Figure 4b). The only statistically significant difference in
thickness between the methods was observed in the medial tibial cartilage (p < 0.05).
Moreover, DSC values between manually and semi-automatically segmented femoral
and tibial cartilages were 0.86 + 0.02 and 0.88 £ 0.01, respectively.

[Figure4 near here]

The contact areas in the models with semi-automatically segmented geometries
were detected at the same location as in the models with manually segmented
geometries (Figure. 5a). Differences in the contact pressures and stress distributions
between the models were random, i.e., the locations of the highest values were not
dependent on the segmentation method (Figures. 5a, 5b and Figure 1 in Supplementary
material).

[Figure5 near here]
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Differences in the peak contact pressures, Von Mises stresses and compressive
strains between semi-automatically and manually segmented models were random and
not significantly different (Figure 6). Average differences in the peak contact pressures
between semi-automatically and manually segmented cartilages were 1.0 £ 1.6, 0.7 £
1.4, 0.04 £ 0.7 and 0.2 £ 1.7 MPa in the lateral femoral, medial femoral, lateral tibial
and medial tibial cartilages, respectively. Similarly, average differences in the peak Von
Mises stresses between the methods were 0.9 + 0.9, 0.7 + 11,02+ 13and 0.5+ 1.6
MPa and those in the peak compressive strains were 2.5 + 4.4, 1.0 £ 3.9, 1.8 = 3.9 and
0.7 + 5.4 percentage points in the corresponding locations, respectively.

Differences in the mean contact pressures, Von Mises stresses and compressive
strains between the methods were also random and mostly insignificant (p > 0.05)
(Table 3). Average differences between semi-automatically and manually segmented
cartilages in the mean contact pressures were 0.2 £ 0.3,0.04 £0.2,04 £ 0.4 and 0.4 +
0.6 MPa in the lateral femoral, medial femoral, lateral tibial and medial tibial cartilages,
respectively. Similarly, average differences in the mean Von Mises stresses between the
methods were 0.04 + 0.4, 0.3 £ 0.4, 0.3 £ 0.4 and 0.2 £ 0.7 MPa and those in the mean
compressive strains were 0.5 £ 2.0, 0.3+ 1.2,0.4 + 2.1 and 1.9 £ 1.4 percentage points
in the corresponding locations, respectively.

[Figure6 near here] [Table3 near here]

Discussion

The objective of this study was to verify the applicability of a semi-automatic radial
intensity based cartilage segmentation method for biomechanical modeling purposes in
orthopaedics. We applied the developed semi-automatic segmentation method in

evaluating tibial and femoral cartilage from six healthy subjects. The volumes of
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femoral and tibial cartilage produced by the semi-automatic segmentation were
comparable to those obtained by the manual segmentation. Furthermore, maximum
stresses and strains in the knee joint models acquired with these two segmentation
methods were similar.

In clinical practice, automatic or semi-automatic cartilage segmentation methods
have been used only for quantifying cartilage volumes and thicknesses in the knee joints
(Folkesson et al. 2007; Fripp et al. 2007; Velut et al. 2008; Dodin et al. 2010; Tamez-
Pefia et al. 2012; Shan et al. 2014). Gan et al. (2014) developed an interactive 2D
automatic segmentation method, but in their technique, the segmentation time was three
times longer per slice compared to our semi-automatic segmentation method and the
final segmentation needed more refinement than our method. As far as we are aware,
there exists only one semi-automatic knee cartilage segmentation method (Baldwin et
al. 2010) which has been applied for biomechanical modeling purposes. However, that
method still required manually segmented training data for segmentation. In contrast,
our method is capable of separating knee joint cartilages without training sets which
minimizes the amount of manual work.

Verification of the applicability of our semi-automatic segmentation method was
performed with six healthy knee joints. Differences in cartilage volumes and
thicknesses between segmentation methods were less than 10% (Figure 4a and 4b),
which is in a similar reliability range as reported in previous validation studies (Fripp et
al. 2007; Dodin et al. 2010; Tamez-Pefia et al. 2012). However, those methods did not
separate femoral and tibial cartilages into separate regions, they needed previous bone
segmentation to the baseline for the cartilage segmentation, or demanded manually

segmented training data.
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The spatial resolution in the MRI images used in this study was 0.5-0.6 mm
(~10-20% of the tissue thickness). This means that one pixel difference compared to the
manual segmentation can cause over 10 % difference in the cartilage thickness. Due to
this fact, our segmentation method was able to replicate manually segmented tissue
geometries rather accurately. Furthermore, the average dice similarity coefficient
between manual and semi-automatic segmentations was ~0.87, evidence of rather good
consistency between the segmentation methods. It is also important to note that the
geometrical differences between the segmentation methods were random, i.e., neither
method gave systematically higher or lower values. Differences in tissue thicknesses
obviously introduce some differences into the simulation results, but that effect was also
random between different segmentation methods (Figure 4 and 6, Table 3).

In the present study, peak contact pressure values varied between 1.5-7 MPa.
Similar values (2-6 MPa) have been reported in previous experimental studies with
loading forces of 1000-1200 N (Fukubayashi and Kurosawa 1980; Morimoto et al.
2009; Patil et al. 2014). Experimental studies have measured average peak compressive
strains of ~17 % and ~15 % in the medial and lateral tibial cartilages, respectively,
when subjects were standing in the single fully extended leg position (Carter et al.
2015). The average peak cartilage strains simulated in our study were 17.5 % and 13 %
in the medial and tibial cartilages, respectively.

The average differences in the peak contact pressures between the segmentation
methods differed on average by 0.01 MPa, depending on the subject and location.
Similarly, average differences in the peak Von Mises stresses and compressive strains
were 0.5 MPa and 0.6 percentage points. The largest differences in the peak values were
mainly caused by the differences in the cartilage thickness and surface topography.

However, all differences in the peak values were statistically insignificant and random,
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which indicates that the semi-automatic method did not always produce lower or higher
values compared to the manual method.

The average differences in the mean contact pressures, Von Mises stresses and
compressive strains between the methods in all locations were less than 0.1 MPa, 0.1
MPa and 0.5 percentage points, respectively, and the direction of the difference was
random. The only statistically significant differences between the segmentation methods
were seen in the mean contact pressures and compressive strains of the lateral tibial
cartilage and those differences were attributable to the small differences in the cartilage
thicknesses and surface topography. This altered slightly the contact area affecting the
mean values of the analyzed parameters. There were also some inconsistencies between
maximum and mean values, i.e., the method which showed a higher maximum value did
not always report a higher mean value. This is because the same contact area of
manually segmented geometries was used when calculating the results from semi-
automatically segmented geometries. Nonetheless, when applying our modeling
approach in the evaluation of possible cartilage failure locations (e.g., due to abnormal
loading), peak values might be more relevant.

In the present study, the methods (segmentation, mesh generation, material
model implementation and loading) were designed so that the knee joint model could be
generated and simulated as quickly as possible. This kind of rapid approach (instead of
a more complicated but slower technique) would be helpful in clinical applications.
Approximately 7 h at minimum was required when segmentation and model generation
were accomplished with semi-automatic segmentation, tetrahedral element mesh,
transversely isotropic elastic material and axial loading. The simulation time of the
working model mentioned above was approximately 3 hours. With manual

segmentation, hexahedral elements, fibril reinforced poro(visco)elastic materials and
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gait loading (Mononen et al. 2013; Ktodowski et al. 2015), model generation time can
easily be close to 1-2 weeks even for an expert in the field. Additionally, the simulation
may require over 10 hours’ computational time. Moreover, fluent workflow in model
generation and simulation necessitates extensive expertise and knowledge in model
creation; in fact, the duration of 2 weeks can easily expand to 1 year when the model is
very complex. Thus, this simpler and faster model generation and simulation is clearly
more suitable for future clinical biomechanical applications with large patient groups,
particularly when investigating differences in the values (e.g. knee joint mechanics after
injury vs. repair).

The tetrahedral mesh could be replaced by a hexahedral mesh which is typically
better in contact modeling. However, this would introduce further complexity into the
model generation, and based on our tests (Figure 3), the model with the tetrahedral
mesh generated a similar result as obtained with the hexahedral mesh. Thus, the
tetrahedral mesh was considered feasible for use in our approach. The material models
could also be more complex. However, Garcia et al. (1998) showed that the
instantaneous response of a transversely isotropic elastic material can be similar to that
of a transversely isotropic biphasic material with respect to the indentation geometry.
The previous study of Li et al. (2011) showed that the maximum contact pressure could
be similar between elastic and poroelastic material models, though the pressure
distributions between the models were different. More sophisticated materials would
obviously give more information such as fluid pressures and fibril strains, but
generating 12 sophisticated knee joint models and converged simulations is a laborious
task and not relevant for this kind of comparison study (where we were mostly
interested in detecting differences due to knee geometries). We believe this rapid

modeling workflow will also be beneficial when predicting the onset and progression of
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OA (Gardiner et al. 2016; Mononen et al. 2016) in large patient groups. Simple axial
loading could be replaced by subject-specific gait information (Ktodowski et al. 2015) if
there were data available (which we did not have). However, this would again introduce
more complexity into the model and would slow down both model generation and
simulation times. The loading level could also be adjusted patient-specifically. On the
other hand, we compared segmentation methods (manual vs. semi-automatic) and the
loading was always the same for pair-wise joints, i.e. the conclusions would be the same
even if we had used subject-specific loading forces.

Our semi-automatic segmentation method is not directly suitable for
segmentation of menisci since the signal intensity of the menisci is difficult to separate
from other soft tissues by using thresholding, especially in the areas where there is no
cartilage-meniscus contact. The creation of intensity profiles from meniscal horns is
also complicated due to their shape and size. In addition, we wanted to minimize the
number of variables and therefore we used the same manually segmented menisci for
the corresponding semi-automatically segmented geometry. One can speculate that with
some other MRI sequence and contrast agent, it could be possible to segment the
menisci semi-automatically.

Our radial intensity based segmentation method was validated only using
healthy volunteers. One might argue about how applicable this method would be for
patients with OA. Since the goal of our computational models is to predict subject-
specific risks for the onset of OA and even predict the disease progression (Mononen et
al. 2016), such as after a knee injury (not yet OA), our use of the segmentation method
for healthy cartilage is reasonable.

The validation of the semi-automatic segmentation method was conducted using

three different MRI sequences. Cartilage contrast might vary between different
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sequences which may affect cartilage thickness and volume. However, this was not a
problem with our approach, since the same sequence was segmented manually and
semi-automatically, and the statistical comparison was carried out in a pair-wise
manner.

Loss of cartilage volume and thickness are related to the progression of OA.
However, these changes are typically detected only at a stage where irreversible
changes have already occurred. On the other hand, knee cartilage stresses and strains
during joint loading could be used as indicators of possible failure points in joints due to
abnormal loading (e.g., after joint injury), and might lead to earlier and better
diagnostics and treatment planning. The semi-automatic method described in the current
study provides accurate quantification of knee cartilage thickness and volume
calculations and enables straightforward geometry creation and reliable analysis of
stresses and strains in the knee joint. Thus, our semi-automatic segmentation method is
a promising advance to allow computational modeling to be conducted in a large

number of patients.
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Table 1. Subject characteristics.
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Geometry Gender Age (years) Height (cm) Weight (kg) BMI (kg/m?) Laterality
1 Male 27 172 82 25.9 Left
2 Male 28 170 86 29.8 Left
3 Male 30 184 79 23.3 Right
4 Male 26 175 75 24.5 Right
5 Female 26 168 58 20.5 Right
6 Female 70 157 59 23.9 Right

Table 2. Transversely isotropic elastic material parameters for cartilage and meniscus.

Material parameters  Articular cartilage Meniscus

Ey, E> (MPa) 23.9 (Elliott et al. 2002) 20 (\Vaziri et al. 2008)
Es (MPa) 8.29 (Shepherd and Seedhom 1999) 159.6 (Mow et al. 2005)

V12 0.87f (Elliott et al. 2002) 0.3 (Danso et al. 2015)
V31 0.15 (Mow et al. 2005) 0.78 (Goertzen et al. 1997)
Gi13(MPa) 10 (Korhonen et al. 2002) 50 (\Vaziri et al. 2008)

E: = E;> = in plane Young’s modulus, Es = out of plane Young’s modulus, vi, = in plane

Poisson’s ratio, va1 = out of plane Poisson’s ratio and Giz = out of plane shear modulus (see

that the planes are different for cartilage and meniscus, Fig. 2)

t in plane Poisson’s ratio was obtained from a reference publication (Elliott et al. 2002) but

adjusted to fulfil the material stability conditions in Abaqus.
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Table 3. Contact pressures, Von Mises stresses and compressive strains (mean
standard deviation) observed in the models with manually and semi-automatically
segmented femoral and tibial cartilages. Results in both manual and semiautomatic

cases were calculated using contact areas of the manually segmented geometry.

22

Contact Pressure Von Mises Stress Compressive Strain
(MPa) (MPa) (%)

Femur  Manual 088018 © 7 122£022 " 504078 __
(LAT)  Semi 0674027 P~ 126+032 P77 45g+101 P7Y
Femur  Manual 131012 _ .. 1543017 .. 716£040
(MED)  Semi  127+031 P~ 18+036 P~ " 747+137 P70
Tibia Manual 1.16 £0.32 1.77£0.45 4.06 £ 0.99

(LAT)  Semi 079:035 P-00% 149.:036 PZO008 4414157 P=046
Tibia  Manual 132+126 181+039 4.88 +0.82

(MED)  semi  176:058 P02 00106 PO ggrio9 PT0046

Semi = semi-automatic, LAT = lateral, MED = medial. Statistical analysis was conducted using
Wilcoxon signed-rank test.
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Figure 1. Segmentation method based on radial intensity profiles. a) An example
demonstrating how to select reference points and edge points of femoral and tibial
cartilage from an MRl slice. b) Typical intensity profiles from (1) and (2). Central
points of tibial and femoral cartilage, cartilage surface and bone-cartilage interface are
marked by cyan, blue, green and yellow, respectively. Threshold values were chosen
based on the intensity profiles (see more details in the text). c) Cartilage-bone interface
and cartilage surface observed from every intensity profile in tibial and femoral

cartilage. d) Final segmentations for femoral and tibial cartilages.

a)MRI b) Segmentation ©) 3D Geometry d) Element Mesh
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Figure 2. a) Magnetic resonance images were segmented using both b) manual and
semi-automatic segmentation methods. Then, c) from constructed 3D geometries d)
tetrahedral element meshes were generated. Finally, d) boundary conditions, axial

impact loads and transverse isotropic material properties were implemented into the
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knee joint FE models. In the tibial cartilage, a cartesian coordinate system was applied,
whereas in the femoral cartilage and menisci, cylinder coordinate systems were applied.
Note that the plane of isotropy was 1-2 for all tissues, but this plane is not the same for

cartilage and meniscus (see Table 2).

a) Hexahedral mesh b) Tetrahedral mesh

Medial Von Mises Stress (MPa) Medial

. I . . I .
Anterlor—ol—Postcrlor -:Dm Posterior —?—Antcrlor
Lateral 0 1 2 Lateral

Figure 3. A mesh sensitivity study was conducted by comparing the hexahedral (a) and
tetrahedral (b) meshes. A tetrahedral mesh (b) was considered to be adequate for these
simulations since differences in Von Mises stresses and compressive strains between the

whole knee joint models were small (4.4 % and 8.2 %, respectively).

lManual [l Semiautomatic
a) p=0.08 b) p=0.60
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Figure 4. a) Volumes and b) thicknesses (mean + standard deviation) of tibial and
femoral cartilages. Thicknesses in both manual and semi-automatic cases were
calculated from the contact area of manually segmented cartilage. F = femoral cartilage,
T =tibial cartilage, L = lateral, M = medial. Wilcoxon signed-rank test was used for

statistical comparisons.
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Figure 5. a) Contact pressure and b) VVon Mises stress distributions of three different

knee joint models with manually and semi-automatically segmented geometries.
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Figure 6. Statistical comparison of maximum values (mean + standard deviation) of a)
contact pressures, b) Von Mises stresses, and ¢) compressive strains observed in the
models with manually and semi-automatically segmented femoral and tibial cartilages.
F = femoral cartilage, T = tibial cartilage, L = lateral, M = medial. Wilcoxon signed-

rank test was used for statistical comparisons.
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Supplementary material

Geometry 1 Geometry 2 Geometry 3 Geometry 4 Geometry 5 Geometry 6
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Fig 1. a) Contact pressure and b) Von Mises stress distributions of all the knee joint models with
manually and semiautomatically segmented geometries.



