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Abstract
Purpose Thinning of cartilage is a common manifestation
of osteoarthritis. This study addresses the need of measuring
the focal femoral cartilage thickness at the weight- bearing
regions of the knee by developing a reproducible and auto-
matic method from MR images.
Methods 3Dmodels derived fromsemiautomaticMRimage
segmentations were used in this study. Two different meth-
ods were examined for identifying the mechanical loading
of the knee articulation. The first was based on a generic
weight-bearing regions definition, derived from gait charac-
teristics and cadaver studies. The second used a physically
based simulation to identify the patient-specific stress distri-
bution of the femoral cartilage, taking into account the forces
and movements of the knee. For this purpose, four different
scenarios were defined in our 3D finite element (FE) simula-
tions. The radial method was used to calculate the cartilage
thickness in stress-based regions of interest, and a study was
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performed tovalidate the accuracy and suitability of the radial
thickness measurements.
Results Detailed focal maps using our simulation data and
regional measurements of cartilage thickness are given. We
present the outcome of the different simulation scenarios and
discuss how the internal/external rotations of the knee alter
the overall stress distribution and affect the shape and size
of the calculated weight-bearing areas. The use of FE simu-
lations allows for a patient-specific calculation of the focal
cartilage thickness.
Conclusion It is important to assess the quantification of
focal knee cartilage morphology to monitor the progression
of joint diseases or related treatments. When this assess-
ment is based on MR images, accurate and robust tools are
required. In this paper, we presented a set of techniques and
methodologies in order to accomplish this goal and move
toward personalized medicine.

Keywords Cartilage thickness · Knee · MRI · 3D models ·
Weight-bearing areas · Stress simulation · Computer-aided
diagnosis

Introduction

Accurate and precise assessments of cartilage thickness are
important for addressing a number of clinical questions for
the prevention, treatment and progression of osteoarthritis
(OA), which is a major and increasing public health problem
[1]. Knee OA is characterized mainly by the progressive ero-
sion and loss of articular cartilage. Recent analyses suggest
cartilage loss in OA to be in the range of 0.5–2.0% per year
[2]. Cartilage thickness and volume measurements are mor-
phological biomarkers for OA that can be assessed fromMR
images [3].
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Early work used three-dimensional (3D) fat-suppressed
spoiled gradient-echo sequences, followed by manual slice-
by-slice segmentation of cartilage and measurements of
global volume or mean thickness [4,5]. These global mea-
surements are too generic, and, in order to detect the
heterogeneous nature of cartilage loss during OA disease
progression, a more refined analysis is needed to enable mea-
surements of focal anatomical regions.

The mechanical loading during walking has been shown
to influence the progression of osteoarthritis at the knee as
well as the outcome of treatment, while accurate and precise
assessments of in vivo femoral cartilage thickness are essen-
tial for addressing a number of clinical research questions.
[6]. However, OA is not a purely biomechanical disease. The
complexity of the knee joint and the fact that it is an active
weight-bearing joint are factors in making the knee one of
the most commonly injured joints. An injury can change the
normal patterns of loading or affect the cartilage, ligaments,
menisci, etc., and OA can also be manifested in nonstress-
related areas.

Several studies have demonstrated that the loss of cartilage
in patients with knee OA is generally progressive over time
[7,8]. Pelletier et al. [9] confirmed that joint space width
(JSW) narrowing is strongly associated with femoral car-
tilage loss in weight-bearing areas. Other researchers use
regionalmeasurements of cartilage thickness to provide focal
information [10] and statistical models of the bones’ appear-
ance and shapewere used to construct detailedmaps showing
changes in cartilage thickness over time [11]. Others auto-
mate the task of identifying anatomical regions by dividing
the cartilage based on the geometry of its outer edges [12].
Tamez-Peña et al. [13] automatically divided the femoral car-
tilage into five anatomical regions. Duryea et al. [14] focused
on location-specific JWS and developed a semiautomatic
method for local area cartilage segmentation and measure-
ment of cartilage loss.

Although these methods account for shape and scale vari-
ations, either global or local, they do not account for precise
region boundaries that can vary between patients. The sepa-
ration of weight bearing from the nonweight-bearing regions
of the knee joint is an important condition. Obtaining accu-
rate measurements, however, is a challenging task, partly
because knee cartilage is very thin and has complex curvy
shapes. Previous studies demonstrated that biomechanical
model simulations of the knee articulation can provide use-
ful insight in the evolution of the osteoarthritis in the knee
cartilage [15,16]. The finite element (FE) method has been
a popular solution for the simulation of deformable elastic
solids. In the last two decades, different anatomical mod-
els have been proposed in the literature to model the human
tissues using the FE method [17,18].

In this paper, we present and evaluate an automated
method for calculating the subject-specific cartilage thick-

ness at the weight- bearing areas for the distal femur, based
on the bone geometry of 3Dmodels derived fromMRimages.
First, an overview of our algorithm is given. Afterward, we
define and calculate the focal cartilage thickness in two dif-
ferent ways: by using generic weight-bearing regions based
on normal gait characteristics and cadaver studies, and by
using a physically based simulation to identify the patient-
specific stress distribution of the femoral cartilage, taking
into account the forces and movements of the knee artic-
ulation. To our knowledge, this is the first paper that uses
3D finite element (FE) simulations of subject-specific mod-
els and calculates the focal cartilage thickness. Finally, we
compare and summarize our simulation results, evaluate the
radial thickness measurements and conclude our work with
some notable observations and a discussion.

Materials and methods

Image acquisition

Five healthy male volunteers were included in the study.
Each subject had the same knee examined in a resting
supine position using a hybrid PET-MR3.0T scanner (Philips
Ingenuity TF PET/MRI). Ethical approval for the study
was obtained from the Ethical Committee for Research on
Humans (CEREH) of the Geneva University Hospitals and
the Swiss Agency for Therapeutic Products. All the volun-
teers signed an informed consent form (Table 1).

Images were obtained using a 3D isotropic sequence
VISTA SPAIR (volume isotropic turbo spin echo acquisi-
tion). In total, 458 slices were acquired with a voxel size of
0.33 × 0.33 × 0.35mm3.

Segmentation and 3D model reconstruction

In this study,weapplied an interactive segmentation approach
that combines the efficiency, accuracy and repeatability of
automatic segmentationmethodswith the expertise and qual-
ity assurance that can derive from human supervision. We
used RheumaSCORE [19,20], a computer-aided diagnosis
(CAD) software application developed by Softeco Sismat
S.r.l. [21] that supports and assists the user during the
diagnosis and the management of chronic diseases such
as rheumatoid arthritis (RA) [22,23] through the process-
ing, analysis, display, measurement and the comparison of
MRIs. RheumaSCORE’s segmentation features are based
on an interactive real-time level-set algorithm introduced in
[24]. Level-set algorithms have already proved their potential
[25,26] and have been increasingly applied for 3D medical
image segmentation.

The segmentations were performed by a single user and
reviewed by two more experienced users. Femur, tibia and
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Table 1 Details of volunteer
subjects relevant to the study

Subject Age (y) Height (m) Mass (kg) Body mass index (kg/m2)

1 26 1.75 85 27.8

2 25 1.72 62 21.0

3 29 1.97 84 21.6

4 22 1.76 68 22.0

5 32 1.73 58 19.4

Fig. 1 Subject 1 MRI and segmentation of the femoral cartilage (a), tibia (b) and 3D model reconstruction of all knee elements

patella bones, cartilages and menisci elements were seg-
mented using a semiautomatic approach. Initially, a geodesic
level-set algorithm was applied to every element. The seg-
mentation was interactive and user driven, i.e., the algorithm
evolution was influenced by changing the default speed func-
tion parameters and iteratively converged to the desired
result. Our method does not require prior identification of
the bones (femur and tibia) for the segmentation of the
articular cartilages within the knee. However, the software
supports the automatic definition of regions of interest (ROI)
for more accurate and faster cartilage segmentation, if the
bones are already segmented. After this step, some man-
ual corrections were performed to refine the segmented
images.

The anatomical structures of the subject-specific mod-
els were reconstructed using surface rendering (marching
cubes algorithm [27]). Figure 1 highlights the corresponding
femoral cartilage segmentation, tibia segmentation and the
generated 3D reconstructions of our first volunteer subject.

Cartilage thickness algorithm overview

For our cartilage thickness measurements, we mainly utilize
the triangle mesh models (in VTK format) of the femur and
femoral cartilage. The mesh model of the tibia is used only
for visual confirmation purposes. Our methodology for cal-
culating the thickness of the femoral cartilage consists of the
following steps:

(a) Calculate the center of the rays for each condyle. We use
the overall femoral cartilage geometry to perform a direct
cylindrical fitting. Then, we calculate the central axis
and radius of the circular cylinder mesh. An additional
step was used to compensate for any rotation of the knee
caused, e.g., by the acquisition method, the position of
the subject or the device: The cylindrical axis was aligned
to the x-axis and, as a result, all mesh models were trans-
formed accordingly. This way the weight- bearing region
definitions are independent of these rotations. Finally, the
ray centers (located on the cylindrical axis and in themid-
dle of each condyle) were identified. The ray centers are
needed for the radial thickness calculations.

(b) Define the weight-bearing region for each condyle. For
our study, we used two different methods of defining the
weight- bearing regions. The first one is more generic
and based on the approach proposed by Koo et al. [6],
in which these regions are identified using normal gait
characteristics and cadaver studies. The second method
is more patient specific, using a physically based simula-
tion to identify the stress distribution areas of the femoral
cartilage. Details on both methods can be found in the
following sections of this paper.

(c) Radial thickness calculation. The rays (directions) for
the distance calculation were created only for the points
that belong to the area of interest. Then, for every pair
of inner and outer cartilage surface points with the same
polar coordinates (i.e., the two intersections of the ray
with the cartilage surface), we calculate the radial dis-
tance between them and generate a thickness map.
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Cylindrical fitting

Surface fitting estimates the parameters of the surface prim-
itives to represent the data. We focused on quadric surfaces,
and specifically cylinders, because the geometry of the
femoral inner boundary can be represented by a cylin-
drical coordinate system [28]. Quadric fitting is usually
formulated as a nonlinear least-squares problem, which is
solved either by using iterative methods for minimizing
a nonlinear function or by directly solving the eigenvalue
problem and no approximate values for the parameters are
needed. Efficient quadric-fitting methods typically work in
two steps. First, a linear direct method (typically an alge-
braic fitting method) generates an initial guess, and then,
a nonlinear iterative method is used to refine that guess
[29,30].

In our case, we chose direct fitting of a quadric surface to
our triangle meshes with a specific quadric type: a circular
cylinder. Without any constraints on the quadric type, even
small amounts of noise can cause the result to have an unde-
sired quadric type. For implementing our cylindrical fitting,
we used themethods and libraries described in [31], i.e., solv-
ing the generalized eigenvalue problem with standard linear
algebra packages (LAPACK [32]) and minimizing the nearly
unbiased linear errormetric introduced in [33] to ensure good
results.

The direct cylindrical fitting was used for identifying the
central axis perpendicular to the sagittal plane using the over-
all femoral cartilage geometry (see Fig. 2). For this particular
study and since all of our subjects were healthy, we used
the cartilage surface for the cylindrical fitting. However, we
already implemented a variation in the algorithm that uses the
bone geometry for the cylindrical fitting in case the cartilage
surface is damaged or affected by OA.

Once the cylinder has been fitted to the cartilage, a local
coordinate system (LCS) is defined.Eachpoint canbe located
onto the corresponding surface by a simple coordinate trans-

Fig. 2 Direct quadric (circular cylinder) fitting to the whole femoral
cartilage surface mesh

form. This way we can subdivide the weight-bearing areas
on each condyle into anatomically defined subregions.

Identifying the weight-bearing regions

As mention earlier, our first method for identifying the
weight- bearing regions of the cartilage that sustain contact
during walking is based on normal gait characteristics of the
knee flexion angles.

According to Koo et al. [6], which was based on cadaver
studies, the tibiofemoral contact points were identified on
each medial and lateral compartment. The contact point on
the lateral condyle occurs at the most inferior point of the
condyle, while themedial condyle contact point occurs about
20◦ anterior of the lateral condyle contact point. Six subre-
gions of interest, three on each condyle, were identified on
the cartilage. Thewidth of theweight bearing regionwas esti-
mated as 20% of the overall maximal medial lateral cartilage
width for each condyle.

In our study, the load-bearing areas are identified in a sim-
ilar way as [6] and obtained as follows. The projection of
the ray center along the y direction marks the 0◦-axis of the
cylindrical coordinate system on the femur. To avoid any
dependence on the positioning of the knee or the orientation
of the acquisition, an additional step was added, as men-
tioned earlier in the cartilage thickness algorithm overview.
The alignment of the cylindrical axis with the x-axis, and the
consequent alignment of all the meshes, ensures the repro-
ducibility of the definition of the LCS and the marking of the
0◦-axis.

The lateral condyle is then divided at 80◦, 110◦, 140◦ and
170◦, i.e., 80◦ angle of offset, from the 0◦-axis point toward
the posterior aspect of the lateral condyle. Due to the fact
that the medial condyle contact point occurs anterior of the
lateral condyle contact point, the medial condyle is divided
at 65◦, 95◦, 125◦ and 155◦ from the 0◦-axis point toward the
posterior aspect of themedial condyle, i.e., 65◦ angle of offset
which is 15◦ anterior of lateral condyle (Fig. 3).

Fig. 3 Six regions on the load-bearing areas are defined using our LCS,
each of which correspond to a 30◦ rotation on the cylinder (a) and has
a width equal to 20% with the total width of the cartilage (b)
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Fig. 4 3D knee articulation model of subject 1 used in the FE simula-
tion

The above divisions define six distinct pieces of carti-
lage, three medial and three lateral, taking into account the
three knee flexion angles during normal walking, typically
at 0◦, 30◦ and 60◦ based on the gait cycle. The width of each
piece is defined at 20% of the overall medial–lateral width
of the femoral cartilage and centered around the centroid of
each condyle. The centroid is calculated as the projection of
the center of mass onto the central axis of the fitted cylinder.

The laterality, i.e., the distinction between the lateral and
medial condyle, left or right knee, is calculated based on
the volume of the condyle. The lateral condyle has a larger
volume than the medial.

Finite element simulations for identifying the cartilage
stress areas

Weperformed physically based simulations to investigate the
tissue deformation and identify the effective stress distribu-
tion of the femoral cartilage.

The femur, tibia, menisci and articular cartilage structures
were smoothed and then converted in volumetric meshes
with tetrahedral elements (using CGAL [34]) in order to
take advantage the simplicity and flexibility of the tetrahedral
meshes (Fig. 4).

The material properties were modeled according to the
values proposed by Sibole et al. [35] for the OpenKnee
project. Due to their high stiffness with respect to the sig-
nificant soft tissues, the bones were considered rigid bodies.
The articular cartilagewas defined as a nearly incompressible
Mooney-Rivlin material, while the menisci were modeled as

a Fung orthotropic hyperelastic material. The boundary con-
ditions were modeled as follows: three contact frictionless
surfaces were defined between the soft tissues of femoral
cartilage–tibial cartilage, femoral cartilage–menisci and tib-
ial cartilage–menisci.

During the compressive force, passive flexion and inter-
nal/external rotation simulations, the tibia was kept fixed in
all six degrees of freedom, while the femur was allowed to
move in these directions. The menisci were fixed on the tib-
ial cartilage; however, the model allowed the deformation
and the extrusion of the menisci. Only the points from the
undersurface of the menisci were fixed on the tibia plateau.
The femoral cartilage and tibial cartilage were attached to
the bone surface. A rigid interface was defined between the
bone and the corresponding cartilage. Hence, the selected
nodes of the cartilage were constrained to move according to
the rigid body. The femur axis origin was determined based
on the best cylinder fit method. The cylinder’s center repre-
sented the origin of the femoral anatomical coordinates and
the center of rotation.

The nonlinear finite element (FE) solver FEBio [36] was
used to perform the numerical simulations. Four different
scenarios were investigated:

(i) 850N axial compression force.
(ii) 100N compression force and 45◦ passive flexion.
(iii) 10◦ external rotation.
(iv) 10◦ internal rotation.

The first scenario investigated an axial compression force
of 850N representing the body weight (BW) of the subject.
The second scenario investigated the effect of passive flexion
in the weight-bearing regions of the knee articulation. The
last two scenarios modeled a 10◦ internal/external rotation.
The selected movements (kinematics and forces) are within
the physiological range of daily activities [37,38].

Cartilage thickness measurement

There are several definitions of thickness, e.g., closest
thickness and normal thickness. However, for structures of
volumetric layers with near-spherical morphology, the radial
thickness is a more suitable thickness measurement [39].

Radial thickness determines the thickness of a volumet-
ric layer as the distance between each pair of corresponding
points on the two surfaces (or the inner and outer point of a
single surface) with the same polar coordinates. An imple-
mentation of the fast ray/triangle intersection algorithm [40]
was used to measure the thickness of the femoral cartilage,
focused on the weight-bearing regions.

A study was performed to validate the accuracy and suit-
ability of the radial method and to determine the variations
in the calculation of the femoral cartilage thickness. To sim-
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Fig. 5 Validating the accuracy of the radial thickness method using: a
concentric spheres and b overlapping spheres creating a spherical cap

ulate the femoral cartilage, different mesh models of spheres
were generated having known and predefined distance from
each other. We used two test cases: (a) two spheres with
the same center and known radius, and (b) two overlapping
spheres with different centers, thus creating a spherical cap
(see Fig. 5). To create the mesh models, DICOM images
were generated with voxel dimensions 1 × 1 × 1mm and
then segmented using a region-growing algorithm. The 3D
models were generated with a marching cubes algorithm.

The cartilage thickness near the femoral condyles has
mean values in the ranges of 1.65–2.65mm and standard
deviations 0.29 and 0.34, respectively [41]. Therefore, the
master sphere in case (a) was created with a radius of 20mm
and the second sphere with a radius ranging from 20.5 to
23 with 0.5mm increments (six test cases in total). Table 2
summarizes our quantitative results.

In case of (b), both spheres were created with a radius of
20mm, but the second sphere had a small shift in its center
in order to produce the cap. We chose to shift the center only
along the x-axis just to simplify the calculations. The spher-
ical cap has a variable thickness depending on the chosen
point, with a minimum value around the points where the
two spheres intersect and a maximum value along the x-axis
equal to the shift of the second sphere center.

The radial thickness was computed both analytically
(known real thickness) and with our algorithm. The sphere
center shift used in our test cases was: (i) 2 mm, (ii) 3 mm,
(iii) 4 mm and (iv) 5 mm along the x-axis. The numbers

presented in Table 3 are the results of the comparison of 10
points automatically and evenly selected from the spherical
cap surface and with a sphere center shift of 5mm.

In case of (b), we can observe that our algorithm can
accurately measure the radial thickness. The only significant
deviations from the real values can be noticed in the points
that are on the border line of intersection between the two
spheres (e.g., see point 10 in Table 3). These are caused by the
segmentation/reconstruction process of the 3D models and
not from our radial thickness algorithm. More specifically,
the points located exactly at the edge of the reconstructed
mesh have real thickness values very close to the segmen-
tation and reconstruction sensitivity/error, which in our case
was 1 × 1 × 1mm as mentioned earlier. Therefore, for these
special points, or any other points, with real thickness near
to 1mm or less, the calculated thickness equals to zero.

Results

FE simulation results

The physical model simulations were carried out to investi-
gate the mechanical soft tissue deformation as described in
the previous section.

The effective stress distribution in the femoral carti-
lage for the first scenario with 850N axial compression
force is depicted in Fig. 6a. The second simulation sce-
nario (100N compression force and 45◦ passive flexion) was
divided into 26 smaller steps to capture the different knee
movements/rotations. For each simulation step, the stress
distribution was measured for each triangle of the cartilage
mesh. To calculate the total stress distribution, we added the
stress values from each step that corresponded to each and
every triangle of the mesh. The result of this procedure is
shown in Fig. 6b. For the third and fourth scenario (10◦
external/internal rotation), the simulation was divided into
11 smaller steps and the total stress was again calculated by
adding the stress values of each step, as in the second scenario
(see Fig. 6c, d).

Table 2 Calculated knee
femoral cartilage thickness in
comparison with the real
thickness (in mm) using our six
sets of test cases (concentric
spheres)

Set Real thickness Calculated thickness (mm)

Min/max Mean SD

1 0.5 0.272711/0.883253 0.519278 0.092283

2 1.0 0.939428/1.179634 1.041062 0.048110

3 1.5 1.421366/1.883057 1.558549 0.069742

4 2.0 1.850988/2.095440 2.008072 0.048680

5 2.5 2.353149/2.880350 2.548138 0.070695

6 3.0 2.907595/3.159473 3.022285 0.038382
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Table 3 Real thickness versus
calculated thickness using 10
point evenly spread along the
spherical cap surface)

Point Real thickness (mm) Calculated thickness (mm) Difference

1 3.056090 2.995893 0.060196

2 1.601986 1.426096 0.175890

3 4.142347 4.122402 0.019945

4 4.493361 4.562920 0.069558

5 4.338320 4.422863 0.084543

6 4.100217 4.088711 0.011507

7 4.344876 4.361397 0.016521

8 3.540153 3.603571 0.063418

9 2.350903 2.207294 0.143609

10 1.131383 0.000000 1.131383

Real cap thickness ranges from 0–5mm (6842 points, mean difference 0.237003 and difference SD 0.278833

Fig. 6 Effective stress in the femoral cartilage based on our FE simulations: a 850N axial compression force, b total stress using 100N compression
force and 45◦ passive flexion, c total stress for 10◦ of external rotation and d total stress for 10◦ of internal rotation

Overall stress area definition

The overall area of the weight-bearing region was iden-
tified by adding the total stress from all four simulation
scenarios. All triangle cells with contact pressure exceed-
ing 0.05MPa were included in the area definition. Pressures
below 0.05MPa were set to 0.0MPa to filter out insignif-
icantly low values caused by the meshing process. The

0.05MPa threshold is lower than other similar reported val-
ues in the literature [42], and in addition, the detection limit of
an ultra-super low-grade pressure indicating film is at most
0.05MPa and would not register any readings below this
threshold. The resulting stress and contact pressure distribu-
tion color map are shown in Fig. 7.

Combining the stress values from the first two simulation
scenarios, our automatic calculations show that theminimum
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Fig. 7 Overall stress distribution in the femoral cartilage of subject 1
coming from all simulation scenarios

and maximum theta values for the medial condyle of subject
1 (laterality: left) are 218.69◦ and 279.40◦, respectively, i.e.,
60.71◦ angle range. For the lateral condyle, theminimumand
maximum theta values are 219.30◦ and 301.53◦ respectively,
i.e., 82.23◦ angle range.

When we combine the stress values from all simulation
scenarios, including the internal/external knee rotation, our
calculations show that the minimum andmaximum theta val-
ues for the medial condyle of subject 1 are 193.07◦ and
285.52◦, respectively, i.e., 92.45◦ angle range. For the lat-
eral condyle, the minimum and maximum theta values are
197.95◦ and 308.57◦, respectively, i.e., 110.62◦ angle range.
All angle measurements were based on the direct cylindrical
fitting of the femoral cartilage as described in the previous
section.

The internal and/or external rotations of the knee sig-
nificantly influence the shape of the weight-bearing area.
According to the above measurements, we can observe that
the total length of the stress area increased by 31.73◦ for
the medial condyle and by 28.39◦ for the lateral condyle of
subject 1.

Thickness measurement results

Visual representation of localized femoral cartilage thick-
ness is possible since cartilage thickness measurements were
taken at each point in the bone–cartilage interface. The cal-
culated thickness values assigned at each point of the medial
and lateral weight bearing areas are displayed as a color map,
overlaid on top of the cartilage mesh, with different color
variations and intensities.

In order to identify the points of interest where the thick-
ness should be measured and at the same time maintain the
shape and size of the weight-bearing region as defined by the
overall stress distribution, we divided each condyle area into
small stripes using the sagittal plane. For each stripe, we cal-
culated the minimum and maximum theta value, using again
our direct cylindrical fitting, and all the points in between
these min/max values constitute the set of points for calcu-
lating the focal radial thickness. The resulting thickness map
for subject 1 is displayed in Fig. 8.

An example of the radial thickness measurements based
on our firstmethod of identifying theweight-bearing regions,
i.e., fixed regions based on normal gait characteristics, is
shown in Fig. 9.

Even a visual comparison of the two different thickness
maps of Figs. 8, 9 confirms that the method based on simula-
tion of the cartilage stress areas provides more focused and
patient-specific results since it includes subregions that were
not considered before.

Developed software application

In order to integrate all the above algorithms, methodologies
and features, we implemented a standalone Windows appli-
cation. The current version can run onWindows XP or above
operating systems, and it is written in C++ and utilizes the

Fig. 8 Focal radial thickness measurements for the femoral cartilage of subject 1, using the overall stress distribution
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Fig. 9 Localized cartilage thickness using the generic weight-bearing regions based on normal gait characteristics (green areas represent thicker
cartilage, while red areas represent thinner cartilage)

Fig. 10 Developed tool for measuring the focal femoral cartilage thickness near the weight-bearing regions

Insight Segmentation and Registration Toolkit (ITK) and the
Visualization Toolkit (VTK) open-source libraries. A screen-
shot of the developed application is shown in Fig. 10.

The application can load a knee MRI in the metaimage
format, the segmented knee metaimages (i.e., femur, femoral
cartilage and tibia) and the corresponding mesh 3D models
(in .vtk format) and automatically calculate the focal femoral
cartilage thickness at the weight-bearing regions (over each
condyle). The calculated thickness values are then displayed
as a color map, overlaid on top of the cartilage mesh. Focus-
ing on the weight-bearing regions, which are usually of the
greatest clinical interest, the application could assist and sup-
port clinicians in the diagnosis, progression monitoring and
treatment of OA.

Discussion

Osteoarthritis (OA) is the most common form of arthritis in
the world. The risk of developing musculoskeletal diseases
has increased due to obesity, inactivity, lifestyle choices and
the aging population. At present, musculoskeletal diseases
are the leading cause of disability and productivity loss in
Europe and USA [1].

Different morphological, molecular and biochemical bio-
markers for predicting or evaluating knee OA have been
investigated, including cartilage thickness and volume, as
thinning of cartilage is a common manifestation of this
pathology. MRI allows the direct visualization, quantifica-
tion and progressionmonitoring of cartilagemorphology and
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is therefore the imaging technique of choice. For that reason,
accurate and robust image processing tools are required to
perform 3D cartilage analysis.

We have presented a set of techniques to accomplish these
goals. An automatedmethod for calculating the focal femoral
cartilage thickness was described. Two different ways were
used to define themechanical loading of the knee articulation.
The first one was based on generic weight-bearing regions
derived from normal gait characteristics and cadaver stud-
ies, while the second used a physically based simulation to
identify the patient-specific stress distribution of the femoral
cartilage, which takes into account the forces andmovements
of the knee.

Our focal maps originating from the patient-specific sim-
ulation data identifiedmore precise weight-bearing areas and
stress region boundaries, and revealed subregions that were
not considered before. This led to three notable observations.
Firstly, the length of the stress area of the medial condyle is
longer than the one from the lateral condyle. This is also ver-
ified by the already known movement/rotation of the medial
condyle. The contact area is bigger because it follows the
shape of the menisci and the fact that the lateral meniscus has
a larger “C” size. The second observation is that the width
of both regions of interest (weight-bearing areas), especially
on the lateral condyle, is larger. It covers almost the whole
width of the condyle area and with considerably higher stress
values near the “inside” edge (toward the medial side) of
the lateral condyle. This region was not previously included
by our first method that used the generic definition of the
weight-bearing areas based on normal gait characteristics.
The third observation has to do with the effect of the inter-
nal/external rotation of the knee to the contour/outline of
the weight-bearing areas. Our simulation results confirmed
that the contribution to these rotations significantly alter
the overall stress distribution since new contact points were
revealed.

Even if we could achieve a more precise analysis, changes
in cartilage thickness are still highly variable, and more sen-
sitive measurements cannot compensate entirely for patient
heterogeneity with respect to cartilage loss. Using patient-
specific data gives a considerable advantage when dealing
with stress-related OA assessments. Our approach takes into
account these subject-specific characteristics and knee mor-
phology instead of generic striped central regions. Undoubt-
edly, a large part of the area overlaps with the generic
central femoral regions defined in the nomenclature arti-
cle by Eckstein et al. [43] and subsequent follow-up studies
[44].

Further testing and validation of our methods are needed
since we only used a small number of healthy subjects in
our study. As future work, we plan to validate the repro-
ducibility of our work using a larger sample of subjects.
This larger dataset should include pathological patients,

with different stages of medial and lateral OA, as well
as subjects with varus/valgus malalignment which can
increase the tibiofemoral load, but without established OA.
Future studies will also incorporate the cruciate and col-
lateral knee ligaments in the FE model. In addition, we
are considering creating a representative stress distribu-
tion model from a large statistical sample size of subjects,
in order to provide a rapid and fully automatic way of
identifying the weight-bearing areas of the femoral carti-
lage.

A possible limitation and bottleneck in our methods is the
increased segmentation time due to the manual correction
step introduced in the semiautomatic segmentation. Having
T1 images, instead of T2, would increase the accuracy of our
level-set algorithm and would decrease the required man-
ual corrections, therefore reducing the overall segmentation
time. The Osteoarthritis Initiative (OAI) [45] is a rich source
of open access MR sequences used for numerous OA stud-
ies during the last few years. We intend to utilize these OAI
resources for validating our methods and further study the
focal cartilage thickness.

Computer-assisted methods are major research subjects
in medical informatics and diagnostic radiology. CAD is
a well-established concept [46], and physicians use com-
puter outputs in a complementary way to support their
final diagnosis, for knee surgery planning, prosthesis design,
etc. The need to improve the quality of health care has
led to a strong demand for CAD systems that can pro-
vide accurate, repeatable and objective feature measure-
ments.

To the best of our knowledge, 3D FE simulations with
subject- specific models have never been used before to
define and calculate the femoral cartilage weight-bearing
areas and the focal cartilage thickness. Our work can support
clinicians during the diagnosis, treatment and follow-up of
knee osteoarthritis and moves a step closer toward person-
alized medicine, a customizable model of healthcare with
medical decisions and practices tailored to the individual
patient.
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