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Current clinical methods cannot evaluate the 
influence of cartilage structure on knee joint 
function. Here, spatial variations in collagen 

fibril orientations and proteoglycans of 
articular cartilage were shown to modulate 

joint function in a spatial and time-dependent 
manner during standing and walking. These 

methods, i.e. the use of MRI and computational 
modeling, could be applied as a clinical tool to 
investigate more realistically failure points in 

joints leading potentially to osteoarthritis.
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ABSTRACT

The main components of articular cartilage, i.e. the highly orga-
nized collagen fibril network, proteoglycans (fixed charge density,
FCD) and fluid, determine the response of the knee joint to load-
ing such as walking or standing. Cartilage composition has been
found to be a subject- specific feature, varying extensively with tis-
sue depth and location as well as the condition of the joint. The
disruption of the cartilage network, e.g., due to osteoarthritis (OA),
impairs the function of the joint and can eventually lead to a pro-
gressive loss of cartilage tissue and function of the knee. Current
magnetic resonance imaging (MRI) modalities allow the evaluation
of cartilage structure and composition in a non-invasive manner.
For example, T2 methods are capable of visualizing the water bound
up by the collagen network, thus revealing variations in the orienta-
tions of collagen fibrils, while methods such as sodium MRI can be
used to estimate the fixed charge density of cartilage. However, the
current clinical methods cannot predict the influence of the tissue
composition on knee joint mechanics. In addition, the early stages
of OA are usually not diagnosed until significant cartilage loss has
occurred.

By combining clinically available information about the carti-
lage composition and condition with biomechanical modeling of
the knee joint, one can investigate the subject-specific joint func-
tion and the influence of the local and spatial variations in the car-
tilage composition on joint mechanics in a non-invasive manner.
Nonetheless, the subject-specific cartilage structure, obtained from
clinical MRI, has not been implemented into biomechanical knee
joint models before.

The aim of this thesis was to investigate the influence of the
spatial variation of cartilage composition on knee joint stresses and
strains using finite element analysis. In these studies, the collagen
architectures were obtained in 2-D and 3-D of the tibial cartilages
from asymptomatic male subjects, using T2 mapped clinical MR
data sets. The models, based on MR -imaging, were simulated us-
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ing impact loading and during the stance phase of gait. Further-
more, the FCD distribution of tibial cartilage of a healthy volunteer
was calculated from sodium MRI and its effect on the knee joint
response to standing (static, creep load) and during gait was in-
vestigated. The models with subject-specific collagen architectures
and FCD distributions were compared to models with alternative
compositions and to those with generic, non-specific, tissue compo-
sitions.

The results indicated that the spatial variation of collagen archi-
tecture (from T2 maps of MRI) and FCD of cartilage (from sodium
MRI) modulate the mechanical response of human knee joint carti-
lage in a depth-, location- and time-dependent manner both in 2-D
(impact) and 3-D (gait and standing). Furthermore, the inaccuracies
in the determination of the composition and its implementation into
the model can lead to erroneous model predictions in the evaluation
of the joint mechanics. The subject-specific FCD, and the swelling
of the tissue caused by it, influenced the internal tissue strain in the
cartilage and therefore affected the knee joint function, both dur-
ing static and dynamic loading, as well as following cartilage tissue
degeneration (e.g. due to OA).

In conclusion, the determination of the cartilage composition
from clinical and pre-clinical MRI is feasible and may be used to
evaluate the subject-specific joint mechanics using biomechanical
modeling. Specifically, the local and spatial variations in collagen
fibril orientations and in FCD modulate the cartilage response in
a spatial and time-dependent manner during everyday activities,
such as standing and walking. In addition, if one ignores this vari-
ation in the cartilage constituents, this may well lead to an inac-
curate estimate of the joint function. These results suggest that, in
order to investigate the joint mechanics in a subject-specific manner
using biomechanical modeling, the corresponding collagen archi-
tecture as well as the FCD distribution e.g., as determined from
MRI, should be taken into account. Ultimately, the presented meth-
ods could be applied as a diagnostic tool to investigate the joint
mechanics and possible failure sites in cartilage in a subject-specific
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manner.
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ABBREVIATIONS

2-D Two-dimensional
3-D Three-dimensional
AC Articular cartilage
C3D8P Continuum element type with 8 nodes and porosity
CPE4P11 Porous plane strain element
CT Computed tomography
CW Continuous wave
DD Digital densitometry
DESS Double or dual echo steady state (sequence)
dGEMRIC Delayed gadolinium enhanced magnetic resonance imaging of

cartilage
ECM Extracellular matrix
FCD Fixed charge density
FE Finite element
FEM Finite element modeling
FRPE Fibril-reinforced poroelastic
FRPVE Fibril-reinforced poroviscoelastic
FRPVES Fibril-reinforced poroviscoelastic with swelling
GAG Glycosaminoglycan
gagCEST GAG-specific chemical exchange dependent saturation transfer
GRE Gradient echo
ICP Iterative closest point (method)
LCL Lateral collateral ligament
MCL Medial collateral ligament
MESE Multi-echo spin echo
MR Magnetic resonance
MRI Magnetic resonance imaging
MT Magnetization transfer
NMR Nuclear magnetic resonance
OA Osteoarthritis
OAI The Osteoarthritis Initiative
PCL Posterior cruciate ligament
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PD Proton density
PG Proteoglycan
PLM Polarized light microscopy
PVE Partial volume effect
RF Radio frequency
SE Spin echo
SR Saturation recovery
SNR Signal-to-noise ratio
POR Pore pressure
T Tesla (unit of magnetic flux density)
vTE Variable Echo Time
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SYMBOLS

1H Nucleus of hydrogen, i.e. proton
23Na Sodium (ion)
A Amplitude (of relaxation time components)
B0 External or static magnetic field,

i.e. the main magnetic field induced by the MRI equipment
B1 Magnetic field induced by radio frequency (RF) pulse,

i.e. the magnetic field inside a subject
B1,SL Magnetic field induced by a spin lock (SL) pulse
Bz Internal magnetic field component in z-direction,

i.e. the magnetic field inside a subject
BW Imaging bandwidth
C Tissue stiffness matrix
c Concentration
c− Mobile anion constant
dz Tissue depth
d Tissue thickness
E0

f Initial fibril network modulus
Eε

f Strain-dependent fibril network modulus
Em Elastic modulus
e Void ratio
e0 Initial void ratio
F Deformation tensor
Gm Shear modulus
I Unit tensor
J (Jacobian) determinant of the deformation tensor
Km Bulk modulus
k Permeability
k0 Initial permeability
Mxy Magnetization in the transverse plane
Mz Magnetization in the longitudinal plane
n f Fluid fraction
p Fluid pressure
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R Molar gas constant
S0 Initial signal intensity
Sxy Observed (attenuated) signal intensity
T Absolute temperature
T1 Longitudinal or spin-lattice relaxation time
T1ρ Longitudinal relaxation time in rotating frame
T2 Transverse or spin-spin relaxation time
T∗

2 The apparent transverse relaxation time
T2ρ Transverse relaxation time in rotating frame
TC Chemical expansion stress
TE Time-to-echo, i.e. echo time
TR Time-to-repeat, i.e. repetition time
t Time
tot f Total number of fibrils
γ±

ext External activity coefficient
γ±

int Internal activity coefficient
∆φ Donnan equilibrium pressure gradient,

i.e. swelling pressure gradient
ε f Fibril strain
ε̇ f Strain rate
εn f Non-fibrillar strain (elastic strain tensor)
ζ Density ratio between the primary and secondary collagen fibrils
η Viscoelastic damping coefficient
θ Flip angle
µ f Electrochemical potential of water
ρz Fibril volume fraction
σf Fibril network stress
σ̇f Stress rate
σn f Non-fibrillar stress
σtot Total stress
υ Poisson’s ratio
Φext External osmotic coefficient
Φint Internal osmotic coefficient
ω0 Larmor frequency



i
i

i
i

i
i

i
i

LIST OF PUBLICATIONS

This thesis consists of a review of the author’s work and publica-
tions on subject-specific modeling of knee joint based on MRI:

I Räsänen L.P., Mononen, M.E., Nieminen M.T., Lammentausta
E., Jurvelin J.S. and Korhonen R.K., “Implementation of subject-
specific collagen architecture of cartilage into a 2D compu-
tational model of a knee joint - data from the Osteoarthritis
Initiative (OAI)”. Journal of Orthopaedic Research. 31 (1), 10-22
(2013).

II Räsänen L.P., Mononen, M.E., Nieminen M.T., Lammentausta
E., Jurvelin J.S. and Korhonen R.K., “Three Dimensional Patient-
Specific Collagen Architecture Modulates Cartilage Responses
in the Knee Joint During Gait”. Computer Methods in Biome-
chanics and Biomedical Engineering.
DOI: 10.1080/10255842.2015.1124269 (2015).

III Räsänen L.P., Tanska P.K., Mononen, M.E., Lammentausta E.,
Zbyn S., Szomolanyi P., Venäläinen M.S., van Donkelaar C.C.,
Jurvelin J.S., Trattnig, S., Nieminen M.T., and Korhonen R.K.,
“Subject-specific Spatial Variation of Fixed Charge Density in
Knee Joint Cartilage from Sodium MRI – Implication on Knee
Joint Mechanics Under Static Loading”. Journal of Biomechan-
ics. (Submitted) (01/2016).

IV (Conference proceeding) Räsänen L.P., Tanska P.K., Zbyn S.,
Trattnig S., Nieminen M.T., and Korhonen R.K., “Effect of Car-
tilage Swelling and Fixed Charge Density on Knee Joint Me-
chanics During Gait”. Transactions of the Orthopaedic Research
Society. 62, 243 (2016).

Throughout the thesis, these papers will be referred to by Roman
numerals.



i
i

i
i

i
i

i
i

AUTHOR’S CONTRIBUTION

The publications in this thesis are original research papers on biome-
chanical modeling of the subject-specific composition and joint me-
chanics in the human knee joint. The author has been the main con-
tributor to the execution of the studies; participated in the planning
and conducting the MR imaging, performed the MR data-analyses
(apart from the T2 mapping, which was conducted by E. Lammen-
tausta, Ph.D.), as well as the implementation of the data to FE-
model, the simulations and data-analyses. The author has been the
main writer of each paper.



i
i

i
i

i
i

i
i

Contents

1 INTRODUCTION 1

2 COMPOSITION AND FUNCTION OF KNEE JOINT TIS-
SUES 5
2.1 Articular cartilage . . . . . . . . . . . . . . . . . . . . . 7

2.1.1 Tissue composition . . . . . . . . . . . . . . . . 7
2.1.2 Biomechanics . . . . . . . . . . . . . . . . . . . 10

2.2 Other knee joint tissues . . . . . . . . . . . . . . . . . 12
2.3 Osteoarthritis and its evaluation . . . . . . . . . . . . 14

3 MAGNETIC RESONANCE IMAGING OF ARTICULAR
CARTILAGE 17
3.1 Principles of clinical MRI . . . . . . . . . . . . . . . . 17
3.2 Articular cartilage structure and composition from MRI 19

3.2.1 T2 -methods . . . . . . . . . . . . . . . . . . . . 20
3.2.2 Sodium MRI (23Na-MRI) . . . . . . . . . . . . 22
3.2.3 Other imaging modalities . . . . . . . . . . . . 24

4 FINITE ELEMENT MODELING OF THE SOFT KNEE JOINT
TISSUES 27
4.1 Fibril-reinforced poroviscoelastic modeling of cartilage 28

4.1.1 Fibril-reinforced poroviscoelastic properties . 28
4.1.2 Fibril-reinforced poroviscoelastic materials with

swelling . . . . . . . . . . . . . . . . . . . . . . 31
4.2 Applications and benefits of the knee joint models . . 32

5 AIMS 37

6 MATERIALS AND METHODS 39
6.1 Cartilage structure and tissue deformation from MRI 39

6.1.1 Magnetic resonance imaging and segmentation 39
6.1.2 Collagen architecture from T2 maps of MRI . 42



i
i

i
i

i
i

i
i

6.1.3 Fixed charge density from sodium MRI . . . . 43
6.1.4 Tibial cartilage deformation under 120 N load 46

6.2 Model parameters . . . . . . . . . . . . . . . . . . . . . 47
6.2.1 Model geometries and finite element meshes . 47
6.2.2 Material parameters . . . . . . . . . . . . . . . 48

6.3 Cartilage structure in the models . . . . . . . . . . . . 50
6.3.1 Implementation of collagen fibril orientations

and FCD into the joint models . . . . . . . . . 50
6.3.2 Subject-specific and alternative models . . . . 52

6.4 Boundary conditions and simulations . . . . . . . . . 57

7 RESULTS 61
7.1 Effect of subject-specific collagen architecture . . . . . 61
7.2 Effect of subject-specific variation of FCD . . . . . . . 67

8 DISCUSSION 75
8.1 Model validity . . . . . . . . . . . . . . . . . . . . . . . 75
8.2 Importance of subject-specific cartilage composition . 77

8.2.1 Collagen architecture . . . . . . . . . . . . . . . 77
8.2.2 Fixed charge density . . . . . . . . . . . . . . . 80

8.3 Limitations . . . . . . . . . . . . . . . . . . . . . . . . . 83

9 SUMMARY AND CONCLUSIONS 89
9.1 Future aspects . . . . . . . . . . . . . . . . . . . . . . . 91

REFERENCES 93



i
i

i
i

i
i

i
i

1 Introduction

Articular cartilage (AC) of the knee joint is a thin layer of fibrous
connective tissue covering the articulating joint surfaces. Its main
function is to transmit and distribute loads across the articulat-
ing bone surfaces in order to minimize stress concentrations in the
joints, and to ensure smooth and virtually frictionless movement of
the joint surfaces. The highly organized and anisotropic structure
and composition of AC are well adapted to this purpose [1]. The
distribution of forces in the joint and, hence, the function of the
joint are dependent on the composition and integrity of the articu-
lar cartilage matrix [1–3].

The composition of articular cartilage can be divided into two
separate phases, the fluid phase and the solid phase, which is mainly
composed of collagen fibrils and proteoglycans (PGs) [4]. The depth-
wise variation of the collagen fibril orientations in articular cartilage
results in an organized laminar structure of the tissue [4–6]. The
collagen fibril network primarily controls the tensile stiffness and
dynamic compressive stiffness of cartilage, modifies the fluid flow
and resists tissue swelling in the knee joint [2, 3, 7]. It has been
demonstrated that it is the organization of the collagen fibrils in the
network that mostly determines the cartilage response to dynamic
loading [2,3]. PGs, on the other hand, are non-homogeneously dis-
tributed proteins immobilized within articular cartilage and their
concentration varies with tissue depth [1, 8, 9]. PGs carry nega-
tively charged glycosaminoglycan (GAG) side chains, resulting in a
fixed charge density (FCD) of the tissue [1, 10]. FCD results in in-
creased osmotic pressure and swelling in the tissue, and therefore
the PG content of cartilage primarily determines the static compres-
sive stiffness of the tissue [3, 11]. The early stages of osteoarthritis
(OA) are characterized by a disruption of the collagen network, re-
duced PG content and an increased fluid fraction in the joint carti-
lage, causing pain and impaired functioning of the joint, eventually

Dissertations in Forestry and Natural Sciences No 226 1
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The Knee

leading to a complete loss of articular cartilage [12–14].

The current high-field magnetic resonance imaging (MRI) tech-
niques enable evaluation of the cartilage condition, morphology,
constituents and the structure of the tissue [15–17]. The depth-
dependent anisotropy of cartilage leads to observable variations in
the relaxation times and signal intensity of MRI in conjunction with
cartilage depth [18, 19]. In particular, the T2-relaxation time of MRI
correlates, e.g., with the orientation of the collagen fibrils, making it
possible to evaluate the integrity and the morphology of the col-
lagen network [20–22]. The negative charge of the PGs, on the
other hand, attracts positive sodium ions, and thus, this enables the
measurement of PG distribution and the FCD in articular cartilage
e.g. using sodium imaging techniques of MRI (23Na-MRI) [23–25].
However, the diagnostics of the condition of articular cartilage are
still somewhat limited and the function of the knee joint tissues is
yet to be elucidated with the current non-invasive methods avail-
able in the clinic.

Finite element (FE) modeling is a non-invasive computational
method that allows a simulation of knee joint function during daily
activities, such as walking or standing [26–29]. Even though the
importance of the collagen network and FCD of cartilage tissue
on joint function is well known, these constituents have not been
taken into account in a subject-specific manner in previous studies.
By implementing the cartilage geometry and structure (collagen ar-
chitecture, fibril orientation and PG distribution) from MRI and a
realistic loading into a biomechanical model, it is possible to eval-
uate stress, strain and pressure distributions in the knee joint in a
non-invasive, subject-specific manner. By including the information
of cartilage structure obtained from MRI, FE modeling can provide
information on the functional properties of cartilage and thus en-
able the evaluation of the function of the tissue constituents to joint
mechanics as well as evaluating possible failure points.

The aim of these studies was to investigate the importance of
subject-specific variation of cartilage composition on knee joint me-
chanics during standing and walking. This was done by using clin-

2 Dissertations in Forestry and Natural Sciences No 226
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ically feasible and accessible imaging modalities (namely MRI). In
study I, the method to determine collagen architecture from MRI
and the importance of the depth-wise variations in the collagen
fibril orientations were investigated using a 2-D joint model under
impact loading. In study II, the effect of the spatial, subject-specific,
variation of collagen fibril orientations in the tibial cartilage was in-
vestigated in a 3-D joint model during gait. Finally, in study III, the
subject-specific variations in the FCD in tibial cartilage was deter-
mined from 23Na-MRI and its importance on knee joint mechanics
was investigated during standing. In addition, the importance of
the swelling of the cartilage tissue due to FCD was evaluated dur-
ing walking (Study IV, unpublished).

The present studies aim to merge computational modeling tech-
niques with the clinically available information describing the com-
position and function of the knee joint. This has been done in or-
der to develop functional, diagnostic imaging and modeling meth-
ods so that it will be possible to investigate the joint function in a
subject-specific manner. The presented methods could be used as
diagnostic tools to estimate putative failure sites in a knee joint and
possibly to help assess the onset of OA in a subject-specific manner.
Hence, in clinical use, the methods could aid in the diagnostics and
possible treatment planning of knee joint pathologies.

Dissertations in Forestry and Natural Sciences No 226 3
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2 Composition and function
of knee joint tissues

The human knee joint is a complex synovial joint consisting of a
variety of soft tissues articulating the femoral, tibial and patellar
bones (Fig. 2.1a) [1]. The connective soft tissues include muscles
and tendons, the anterior and posterior cruciate ligaments (ACL
and PCL, respectively), the lateral and medial collateral ligaments
(LCL and MCL, respectively), menisci and articular cartilages. The
muscles transmit forces to the joint through the tendons, whereas
ligaments restrict the motion of the joint [1, 30]. The space between
the articulating bones is filled with synovial fluid, menisci and ar-
ticular cartilage tissues that ensure a smooth movement of the knee
joint and distribute the load across the articulating surfaces (Fig.
2.1a) [1, 31]. The structure and composition of these soft tissues
contribute significantly to the mechanics of the knee joint [1, 30].
This study will focus on the role of the composition of articular car-
tilage, in particular that of the tibial cartilage, on the function and
mechanics of the knee joint.

Dissertations in Forestry and Natural Sciences No 226 5
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Figure 2.1: Schematic representation of a) the left knee joint and b) an axial view of the
surface of tibial plateau. ACL & PCL = anterior & posterior cruciate ligament, LCL &
MCL = lateral & medial collateral ligament

6 Dissertations in Forestry and Natural Sciences No 226



i
i

i
i

i
i

i
i

Composition and function of knee joint tissues

2.1 ARTICULAR CARTILAGE

Articular cartilage is an avascular layer of fibrous connective tissue
covering the articulating surfaces of the femoral, tibial and patel-
lar bones (Fig. 2.1) [32]. Articular cartilage primarily acts as a
kind of cushion capable of transmitting and distributing articular
forces over the articulating bone surfaces in order to minimize stress
concentrations while simultaneously allowing smooth and virtually
frictionless movement of the joint surfaces in conjunction with the
synovial fluid [2, 33]. The mechanical properties of articular carti-
lage are dependent on the composition and structure of the tissue
(Fig. 2.2) [1, 3].

2.1.1 Tissue composition

Articular cartilage can be described as a fibril-reinforced, viscoelas-
tic tissue with a highly inhomogeneous composition (Fig. 2.2) [2,
33]. Articular cartilage is mainly composed of chondrocytes, i.e. ar-
ticular cartilage cells, and the extracellular matrix (ECM) [34, 35].
The ECM can be further divided into two distinct phases; the solid
phase and the fluid phase [1,30,34]. The fluid phase is mainly com-
posed of interstitial fluid as well as solutes that fill the pores in
the ECM [11, 36, 37]. The solid phase on the other hand is mainly
composed of proteoglycans (PGs) and collagen fibrils (altogether
20-40% of the cartilage wet weight) [38]. The organization and con-
centration of the cartilage constituents vary with tissue depth (Fig.
2.2), and the composition of cartilage tissue is strongly adapted to
the loading conditions to which the joint is subjected [1, 3, 5, 38].
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Figure 2.2: Schematic representation of a) articular cartilage constituents and depth-wise
variation in b) collagen fibril orientation, c) proteoglycan and FCD content and b) fluid
content.

Collagen fibril network

Collagen fibrils are rod-shaped protein structures that form an or-
ganized, anisotropic network within the articular cartilage (Fig. 2.2
a,b) [1,37,39,40]. This fibrous network constitutes approximately 15-
22% of cartilage wet weight and 60% of cartilage dry weight [33,34].
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The collagen mesh is mainly composed of type II collagen fibrils
(90-95% of the total collagen content), which are cross-linked by
smaller, secondary, collagen fibrils (namely types IX and XI) [1, 40].
The collagen fibril content and the orientation of the collagen fibrils
vary with tissue depth and according to the likely orientation of
stresses within the cartilage tissue [1, 5, 41]. A healthy articular car-
tilage can be divided depth-wise into three zones, i.e. superficial,
middle and deep zones, based on the orientations of the primary
collagen fibrils (Fig. 2.2b) [1, 5, 42–44].

The superficial zone of articular cartilage is characterized by a
dense network of collagen fibrils that are organized in parallel to
the articular surface [1, 5, 6, 6, 45]. In healthy, mature cartilage, the
superficial zone accounts for approximately 3-20% of the total carti-
lage thickness, being thinnest in the main load bearing areas of the
cartilages (i.e. tibiofemoral contact region) [1,6, 21,41, 46–49]. In the
middle zone, the collagen fibrils bend tangentially from the paral-
lel orientation present in the cartilage surface such that they will
assume a perpendicular orientation in the deep zone [5, 7, 50–52].
The middle zone comprises approximately 15-60% while the thick-
ness of the deep zone varies from 30% to 80% of the total cartilage
thickness [1, 21, 46, 48, 49]. The collagen content increases from the
cartilage surface towards the cartilage-bone interface [1, 53].

Proteoglycans

Proteoglycans make up approximately 4-7% of cartilage wet weight,
and are thus the second major component of the solid phase of
articular cartilage [1, 8, 9, 37]. Proteoglycans are macromolecules
with protein cores and covalently attached, negatively charged, gly-
cosaminoglycan (GAG) side chains [1,34,38]. The proteoglycan con-
tent of cartilage increases from the cartilage surface towards the
deep tissue, reaching its maximum at approximately 80% of the
total tissue thickness (Fig. 2.2c) [1, 8, 9, 53].

Proteoglycans are mainly bound or embedded inside the carti-
lage mesh by the collagen fibrils and therefore confer a fixed charge
density (FCD) in the cartilage tissue [1, 34]. The FCD of healthy
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cartilage tissue (0.1 - 0.3 mEq/ml) parallels the content of proteo-
glycans, reaching its maximum in the deep tissue (Fig. 2.2c) [53,54].
The negative charge attracts cations, e.g. sodium, resulting in the at-
traction of water molecules into the tissue [1, 34, 38].

Chondrocytes

Chondrocytes are cartilage cells that occupy approximately 1% of
the volume of adult human articular cartilage (Fig. 2.2a) [34]. These
cells mainly regulate the macromolecular content of cartilage tissue
e.g. by synthesizing proteoglycans [34]. Chondrocytes also main-
tain and organize the fibrillar network and proteoglycans in the
cartilage construct and respond to external and internal loads sub-
jected to the cartilage tissue [34, 55].

Fluid phase

The interstitial fluid accounts for approximately 60-80% of the ar-
ticular cartilage wet weight, and mobile ions [11, 37]. The fluid
content is inversely proportional to the proteoglycan content, and
fixed charge density, with approximately 80% at the cartilage sur-
face and decreasing to 65% in the cartilage-bone interface (Fig.
2.2d) [1, 38, 56, 57]. The porous structure of the ECM allows fluid
to flow through the cartilage surfaces which permits the exchange
of nutrients with the synovial fluid [30,58,59]. Interstitial fluid also
contains a high concentration of cations, e.g. sodium (23Na) ions,
that balance the negative fixed charge density of the tissue [38].

2.1.2 Biomechanics

The anisotropic variations in the constituents in articular cartilage
result in spatial variations in the mechanical properties of cartilage
tissue. The collagen fibril network, the proteoglycans and the inter-
stitial fluid each exhibit their own characteristic mechanical prop-
erties and the cartilage response to mechanical loading is mainly
determined by the interactions of these three major constituent [1].
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Hence the mechanical properties of cartilage tissue vary with tissue
depth and location [1].

Role of collagen fibril network

The collagen fibrils are primarily responsible for the tensile, dy-
namic and shear properties of cartilage and they contribute to the
fluid flow and pressurization of the cartilage tissue [1, 2, 7]. The
organized structure of the collagen fibril network confers tensile
stiffness and strength on the cartilage tissue and also restricts the
swelling pressure subjected by the proteoglycans, providing the car-
tilage with its characteristic compressive stiffness [1]. Hence, the
mechanical properties of cartilage are significantly dependent on
both the architectural organization of the collagen fibrils and the
density of the fibril mesh [60].

Collagen fibrils can resist deformations effectively in the direc-
tion of the fibrils [60]. Therefore, the dense layer of collagen fibrils
in the superficial cartilage results in a high tensile modulus and
strength in comparison to the deeper tissue [3, 4, 34, 61–65].

The inhomogeneous organization of the bending fibers in the
middle cartilage depths allow large deformations and this results
in a higher Poisson’s ratio than in the superficial tissue [3]. It has
also been suggested that the collagen fibrils in the middle regions
bend in a parallel direction to the articular surface when under
compression, reducing the vertical expansion of the tissue and in-
creasing the tensile stiffness at those tissue depths [66]. The middle
zone may therefore have a major role in resisting shear forces e.g.
such as those occurring during joint movement [66].

The perpendicularly oriented fibrils in the deep tissue play a
particularly significant role in conferring the transient stiffness on
the articular cartilage [3, 4, 61, 63, 64]. The fibril orientation in the
deep zone has been proposed to enhance the fluid flow and thus
ensuring the transportation of nutrients from the deep zone to the
superficial cartilage zones [67].
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Role of proteoglycans

The proteoglycans primarily determine the static compressive stiff-
ness of cartilage tissue as the negative charge (FCD) leads to in-
creased osmotic pressure and swelling of the tissue [1, 3, 11]. The
swelling pressure exerted by the FCD also helps to maintain the
ECM organization and allows the collagen network to withstand
tensile loads by pre-stressing the collagen fibril network [1, 30].
Therefore, proteoglycans mainly determine the cartilage stiffness
in a mechanical equilibrium [2].

Role of interstitial fluid

The collagen fibril network, together with the FCD of proteogly-
cans, determine the permeability of cartilage matrix and therefore
modulate the fluid flow within the cartilage tissue [37,59,68,69]. The
fluid flow out of the tissue is minimal while the cartilage is under
instantaneous or dynamic loading and the incompressible intersti-
tial fluid resists the load [30, 68, 70, 71]. Hence, the instantaneous
compressive stiffness of cartilage is mainly determined by the fluid
and results in high dynamic stiffness and renders the cartilage to be
a virtually incompressible tissue under impact loading [3,68,70,71].
During prolonged loading (i.e. creep loading), the fluid has enough
time to flow within and out of the tissue and cartilage becomes
slowly compressed [30]. Therefore, interstitial fluid is also respon-
sible for the viscoelastic properties of cartilage [30, 70].

2.2 OTHER KNEE JOINT TISSUES

Menisci

Menisci are crescent-shaped fibrocartilage tissues located in the me-
dial and lateral compartments of the knee joint capsule, between the
femoral condyle and tibial plateau cartilages [31, 72, 73]. A cross-
section of the menisci is wedge-like and their shape is adjusted to
those of femoral and tibial contact surfaces. The lateral meniscus
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covers a larger portion of the tibial cartilage plateau when com-
pared to the medial meniscus [74]. The shape of the menisci is op-
timized to distribute the load to which the knee is being subjected
by increasing the size of the contact area, thereby providing con-
gruity for the articulation of the knee [75, 76]. The meniscal horns
are attached to the tibial bone in the intercondylar area.

The human meniscal tissue is primarily composed of water (60-
72% of its wet weight), type I collagen (15-25%) and approximately
5% of non-collagenous substances, e.g., proteoglycans [1,72,73]. The
collagen fibrils in the menisci are oriented in an optimized fashion
to withstand tensile forces and to transfer axial loading [77, 78]. In
detail, the collagen fibrils in the surface of the menisci are oriented
radially along the meniscal wedge, while in the inner parts of the
menisci, the fibril orientation is circumferential [75, 77, 79, 80]. The
FCD is notably smaller (approximately 0.03 mEq/ml) in meniscus,
than in articular cartilage [1].

The mechanical properties of the menisci vary according to the
collagen fibril orientations similarly to the situation in cartilage tis-
sue. Thus, meniscal tissue is stiffest in the circumferential direc-
tion [81]. The tensile stiffness of the lateral meniscus is higher than
that of the medial meniscus [73, 81, 82]. The tissues’s tensile and
compressive properties also vary with its location [81, 83]. Gener-
ally the tensile stiffness of meniscus is higher than that of cartilage,
while the equilibrium modulus is similar or lower [83].

Ligaments

Ligaments are viscoelastic connective tissues that are mainly com-
posed of collagen fibril bundles. They predominantly form bone-
to-bone connections and thus they contribute to transferring tensile
loads, thereby guiding the motion and stabilizing the joint [84]. The
anterior and posterior cruciate ligaments (ACL and PCL, respec-
tively) are intracapsular tissues running from the anterior and pos-
terior intercondylar area of tibia to the posterior and anterior femur,
respectively [85]. Their principal function is to stabilize the knee by
restraining the flexion and posterior translations of tibia with re-
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spect to femur [86, 87]. The lateral and medial collateral ligaments
(LCL and MCL, respectively), on the other hand, are located in the
lateral and medial side of the knee joint and their distal origins are
found in the proximal tibia and fibula; they attach to the distal fe-
mur. LCL and MCL mainly work to stabilize the knee joint in the
medial-lateral direction, restricting the varus-valgus motion [87].

2.3 OSTEOARTHRITIS AND ITS EVALUATION

Osteoarthritis (OA) is a severe joint disease characterized by the
progressive degeneration of the articular cartilage structure that
leads eventually to a total loss of cartilage [13, 14, 34]. OA causes
alterations in the biomechanical function of the joint, reducing joint
mobility and evoking pain [13, 14, 34]. The progression of OA is
characterized by increasing collagen fibrillation and an elevated
water content as well as a reduction in the proteoglycan content
starting from the superficial cartilage in the early stages of the dis-
ease [12–14]. This disruption to the composition and structure of
the cartilage matrix increases the permeability of the cartilage and
decreases its stiffness [13, 14, 34, 45].

The condition of the knee joint, as well as the onset and pro-
gression of OA, can be investigated invasively or non-invasively
with current clinical techniques. Arthroscopy is an invasive method
in which the cartilage surface is imaged using an optical trans-
ducer inside the joint capsule. However, due to the invasiveness
and the risk of infection associated with arthroscopy, non-invasive
techniques are generally preferred. Radiography is a widely used
imaging modality for the assessment of OA e.g., via the evaluation
of the narrowing of the joint space [88–90]. However, traditional ra-
diological methods (X-rays) are unable to distinguish cartilage from
synovial fluid due to their similar coefficients of attenuation, result-
ing in low sensitivity to determine cartilage loss [90–92]. On the
other hand, magnetic resonance imaging (MRI) techniques are able
to assess not only the health and thickness, but also the constituents
of the cartilage, due to the major differences in contrast and relax-
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ation parameters between the soft tissues (containing water) and
bony structures (more details on this phenomenon will be provided
in the next chapter) [93–95]. In spite of its benefits, MRI is generally
a fairly time consuming and expensive methodology [93].

Although there are methods which can evaluate the onset and
progression of OA, the diagnosis of OA is generally made too late
to prevent the disease [96]. The symptoms of OA are commonly
observed at a stage where the disease has already progressed to
a point where a significant loss of cartilage and impairment of the
mechanical function of the cartilage has already occurred [34,97,98].
In addition, although, the exact cause of OA is still unknown, over-
loading of the cartilage and cartilage trauma have been postulated
to significantly increase the risk of OA [99, 100].

The current, clinically used methods enable the assessments of
OA symptoms and possible risk factors for progressing OA. How-
ever, they are not able to estimate the stresses and strains and their
variations caused by the changes in the composition or in the ge-
ometry of the cartilage tissues during realistic, everyday loading
scenarios. For that purpose, biomechanical, computational meth-
ods are needed.
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3 Magnetic Resonance Imag-
ing of Articular Cartilage

Magnetic resonance imaging (MRI) is a non-invasive imaging modal-
ity that provides excellent soft tissue resolution and, therefore, is
well suited for imaging complex soft tissues such as the articular
cartilage in the knee joint. In contrast to the other clinical imag-
ing methods used for the assessment of cartilage condition and
morphology, e.g., computed tomography (CT), X-ray and arthro-
scopic techniques, MRI is a safe and non-invasive quantitative tool
for the evaluation of the knee joint tissues without exposing the
patient to harmful radiation. In addition, the wide availability of
the MR imaging equipment and the vast number of MR imaging
modalities, together with the excellent soft tissue resolution, have
made MRI-based methods very popular for imaging the knee joint.
MRI imaging has been widely used in the evaluation of cartilage le-
sions and pathological conditions [101–103], for structural and mor-
phological imaging of articular cartilage [20–22,48,49,104–107] and
even for the estimation of the mechanical properties of cartilage
tissue [19, 108–113].

This chapter presents some of the principles and techniques of
MR imaging, related to the evaluation of articular cartilage compo-
sition. For more details on the principals and basic physics behind
MRI, the reader is referred e.g. to [114, 115].

3.1 PRINCIPLES OF CLINICAL MRI

MRI is based on the phenomenon of nuclear magnetic resonance
(NMR). In clinical set up, the subject is placed into a homogeneous
external magnetic field (B0, typically 1.5 or 3.0T, and up to 7.0T,
magnetic field strength) in which the elemental nuclei that possess
an uneven number of spin angular momenta, i.e., spin (e.g., nuclei
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of hydrogen atoms (1H) and sodium ions (23Na)), will align with
the direction of the B0 field (the equilibrium state). The spinning nu-
clei form a net magnetization (M0) that aligns with the B0 -field and
they start to rotate around the axis of the net magnetization at a fre-
quency which is a characteristic of the nucleus (Larmor frequency,
ω0).

The nuclei within the region of interest can be excited to the
higher energy state by applying one or multiple radio frequency
(RF) pulses or gradient pulses that tip the net magnetization away
from the equilibrium orientation by a specific angle (the flip angle).
Tipping the net magnetization away from the axis of the field at
the equilibrium state also creates longitudinal and transverse vec-
tor components of the magnetization (Mz and Mxy, respectively).
The net magnetization recovers back towards the equilibrium after
the application of the excitation pulse (a process known as relax-
ation), during which the nuclei exchange energy with each other
(spin-spin relaxation or transverse relaxation), and with their molecu-
lar surroundings (spin-lattice relaxation or longitudinal relaxation) and
emit RF -pulses, i.e., the echos. The time that it takes for the lon-
gitudinal component of the net magnetization to revert back to the
equilibrium state is known as the T1 relaxation time, and the trans-
verse decay time is known as the T2 relaxation time. The relaxation
process depends on the chemical and physical environments of the
nuclei, and this results in varying relaxation times in different tis-
sues and fluids in the human body.

Pulse sequences are used for defining the timing of the RF-
pulses and gradient pulses (repetition time, TR, time between con-
secutive excitation pulses) as well as timing when the tissue re-
sponse to the pulses, i.e., the acquisition of the signal (echo time,
TE), is measured. The pulse sequences can be roughly divided into
spin echo (SE) and gradient echo (GRE) sequences depending on
the method used for creating the echo. By varying the relaxation
parameters in the pulse sequences, it is possible to distinguish be-
tween different tissue types and anatomical structures [104]. Im-
ages are then formed, e.g., by applying Fourier transform methods
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to quantify the information of the frequency and phase of the pulse
that the nuclei emit during the relaxation.

3.2 ARTICULAR CARTILAGE STRUCTURE AND COMPOSI-
TION FROM MRI

Figure 3.1: A sagittal slice from the lateral tibiofemoral compartment of a knee joint of
an asymptomatic male subject imaged at 7.0T with a) a proton density 3-D Dual-Echo
Steady State sequence, b) T2 weighted Dual-Echo Steady State sequence and c) calculated
T2 relaxation time map (from b)), d) Sodium (23Na) MRI with Spoiled gradient recalled
echo (SPGR) sequence and the calculated e) sodium and f) fixed charge density maps
(from d)), g) an T1 weighted Inversion Recovery sequence and h) GAG-specific Chemical
Exchange Saturation Transfer image.

The MR-imaging modalities provide a non-invasive means to assess
cartilage morphology and the composition of cartilage matrix [16,
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94,116–118]. For example, the standard clinical imaging sequences,
i.e., SE and GRE sequences in 2-D and 3-D, and more recently, e.g.,
3-D Dual-Echo Steady State (3D-DESS, Fig. 3.1a) and Spoiled gradi-
ent recalled echo (SPGR) sequences, are generally used for the eval-
uation of articular cartilage morphology [104, 118, 119]. However,
specialized methods, such as T2-mapping, sodium imaging (23Na-
MRI), gagCEST, dGEMRIC, T1ρ-imaging and diffusion-weighted MR
imaging, allow the evaluation of cartilage tissue composition [104].

3.2.1 T2 -methods

T2 relaxation time, spin-spin relaxation or transverse relaxation, is de-
pendent on the vector component joining the nearby nuclei and
hence is dependent on the orientation of the interacting nuclei [120].
In GRE sequences, the gradient magnetic fields are used for re-
focusing the spins after the initial excitation pulse, and this causes
the rapid dephasing of the spins in the transverse plane. In this
case, the transverse relaxation is denoted as T∗

2 . In the general case,
(a spin echo (SE) -pulse) the transverse relaxation process is expo-
nential:

Mxy = Mxy,0 exp−TE/T2 , (3.1)

where Mxy is the apparent transverse magnetization, Mxy,0 is the
transverse magnetization at equilibrium and TE is the echo time.
While using GRE sequences, the transverse relaxation term (T2) can
be simply replaced by T∗

2 .
Online mapping of the T2 relaxation times (T2 mapping, 3.1c) is

becoming a more common method in clinical scanners, but the con-
struction of relaxation time maps from multiple images increases
the imaging time [104]. In order to minimize the imaging time, the
imaging is usually conducted with either 2D multiecho sequences
(multiecho spin-echo, MESE) [17, 120] or by using 3-D sequences
e.g. 3D-DESS (Fig. 3.1b) [121, 122]. The multiecho sequences make
use of multiple subsequent images, each taken with different echo
times (e.g. TE of 10-100 ms) producing multiple images (e.g. 4-12
images per sequence) [17, 120]. T2 maps can then be calculated by
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fitting the signal intensities of each pixel in the image with a sin-
gle, or multiple, exponential form of the signal decay equation as a
function of the echo time (TE, Eq 3.1) [104].

The signal intensity of T2-weighted MR images varies with the
cartilage tissue depth [22]. This behavior has been associated with
the fluid content [123–126], and to a lesser extent with PG [127–131]
and most importantly with the orientations of the collagen fibrils
in the cartilage tissue [20, 22, 41, 120]. Specifically, the depth-wise
changes in the collagen fibril orientations have been shown to ac-
count for approximately 60% of the depth-wise variation in the T2

relaxation time in human articular cartilage [21]. The remainder
may be attributable to the water content as well as to the concentra-
tion of PGs [21].

The capability of T2 relaxation times to illustrate the collagen
fibril organization in articular cartilage originates from the angu-
lar dependency of the relaxation time. The arrangement of colla-
gen fibrils restricts the water flow through the cartilage tissue and
causes the hydrogen nuclei of the fluid to arrange according to the
orientation of the fibrils. The dipolar interaction between the adja-
cent, interacting nuclei is minimized when the nuclei are arranged
at an angle of 54.7◦ with respect to the external B0 -field, resulting
in an increased T2 relaxation time [120, 132, 133]. This behaviour is
known as the magic angle effect, and the angle of 54.7◦ as the magic
angle [132, 133]. Therefore, the anisotropic arrangement of the col-
lagen fibrils leads to varying dipolar interactions throughout the
cartilage depth and results in anisotropic variation of the T2 relax-
ation time according to the collagen fibril orientations.

Usually, in the set-up used for MR imaging of cartilage, the ex-
ternal magnetic field B0 is set to align with the orientation of the leg
and the surface of the imaged articular cartilage is perpendicular to
the B0 field. In this set-up, the T2 relaxation times are small in the
superficial cartilage due to the parallel orientation of the collagen
fibrils with respect to the B0 field. The relaxation times increase sig-
nificantly in the middle zone as the collagen orientations reach the
magic angle and again decrease in the deep zone of the cartilage
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as the orientation of the fibrils align with the B0. The T2 relaxation
times have been reported to vary from 20-40 ms in the superficial
zone to 10-20 ms in the deep cartilage tissue and to reach 50-120 ms
in the middle zone of the cartilage [20, 22, 49]. In a healthy, adult
human, this variation in T2 relaxation times appears as a three-
laminar structure in T2-weighted MR-images and has been vali-
dated using histological methods in several studies. Therefore, it
is possible to evaluate the collagen architecture through the almost
bell-shaped, depth-wise T2 relaxation time profiles throughout the
tissue depth [20–22].

Local increases in T2 relaxation time in articular cartilage have
been associated with a degeneration of the cartilage matrix, this be-
ing attributed to increased collagen fibrillation and water content in
the damaged cartilage lesion [17,94,104,134]. T2 has also been corre-
lated with the mechanical properties of cartilage [19, 111, 113, 126].
T2-weighted imaging methods are clinically extensively available,
fairly easily applicable and widely used for clinical investigation of
cartilage condition and composition. T2 mapping is generally re-
garded as the best method to measure collagen-related changes in
cartilage composition [120, 135].

3.2.2 Sodium MRI (23Na-MRI)

Sodium (23Na) is a spin 3/2 nucleus, which allows it to interact with
the external magnetic field similarly as hydrogen nuclei. However,
due to the nonsymmetric distribution of charges in the sodium nu-
cleus, it also exhibits a quadrupole moment and results in rapid bi-
exponential transverse relaxation times in human soft tissues; short
and long components of T∗

2 (T∗
2,SHORT < 1.4 ms and T∗

2,LONG < 15
ms) [18, 136–138]. Cartilage contains low sodium concentrations
(200-300 mM) and sodium nuclei have a low gyromagnetic ratio
(11.262 MHz/T) [116]. Because of these characteristics, the sensi-
tivity of cartilage sodium MRI is only 9.3% that of the conventional
proton MR sensitivity, the signal-to-noise ratio (SNR) and image
resolution are low and imaging times are longer than those of pro-
ton MRI [116,138]. Furthermore, due to these factors, in vivo sodium
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imaging requires higher magnetic field strengths (> 3 T), dedicated
coils and optimized pulse sequences [127]. Cartesian 3D gradient
echo (GRE) [23] and more recently variable echo time (vTE-GRE,
Fig. 3.1d) [139, 140] and ultra-short echo time (UTE) [141] imaging
sequences have been used in sodium MRI.

The negative fixed charge density of articular cartilage, caused
by the GAG of PGs, attract positively charged sodium ions (23Na)
within the cartilage tissue [10, 142]. Therefore, the sodium con-
centration of the tissue is directly proportional to the FCD and to
the GAG contents of cartilage and sodium MRI has been proposed
as a highly specific imaging technique to illustrate these proper-
ties [10,23,142,143]. The advantage of sodium MRI is its high speci-
ficity to FCD and PG contents, through GAG, without the need of
contrast agents [116, 143]. In addition, due to the low sodium con-
tent (< 50 mM) of the surrounding knee joint structures, the visual-
ization of cartilage is possible with high tissue contrast [116].

In order to determine the GAG concentration and FCD in car-
tilage using sodium MRI, the sodium signal intensities need to be
converted into sodium values of concentrations [144]. The quan-
tification of sodium concentrations can be performed, e.g., by mea-
suring the subject simultaneously with agarose/saline phantoms
(6–10% agar) containing known sodium concentrations [24]. Sodium
concentration maps (Fig. 3.1e) of the cartilage can be calculated
by fitting the cartilage sodium intensities pixel-by-pixel to a cali-
bration curve, which is a linear fit between the signal intensity at
the phantom regions and the known sodium concentrations of the
phantoms [24, 138]. FCD (Fig. 3.1e) can be further derived from
the sodium concentrations estimated according to Donnan equilib-
rium conditions between the synovial fluid and cartilage tissue in
the knee joint [10].

Post-processing steps, e.g., signal corrections for tissue water
fraction [24, 25], B1 inhomogeneity [18], mono- and biexponential
T1 and T∗

2 relaxations [137,145, 146] and partial volume effect [147],
have been demonstrated to improve the image quality and quan-
tification of the sodium concentrations and FCD from sodium MRI.
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In addition, fluid suppression techniques have been shown to im-
prove the diagnostic capability of sodium MRI at 7 T, compared to
a conventional ultra-short echo time imaging [141].

Sodium MRI has been validated in vivo for the quantification of
the FCD distribution and the PG content of articular cartilage in vivo
[24, 25, 148]. Sodium MRI has also been demonstrated to illustrate
accurately the loss of PGs associated with osteoarthritis [25,127,145,
149, 150] and to depict cartilage repair regions [17, 141, 151].

Sodium MRI is still a challenging technique and not used in
clinical MR investigations. However, the recent developments in
high-field MR systems (7 T) [141, 152, 153] and optimized MR se-
quences [154] can provide higher SNR, better resolution and shorter
measurement times, making 23Na-MRI a more feasible and attrac-
tive method for imaging the composition of cartilage.

3.2.3 Other imaging modalities

T1 and dGEMRIC

Similar to T2, the T1 relaxation times of cartilage tissues can also be
mapped, for example by using saturation recovery (SR, repeated SE
sequences) or inversion recovery (IR) sequences (Fig. 3.1g).

Native T1 relaxation times remain relatively constant through-
out the cartilage depth and are independent of the orientation of
the tissue with respect to the magnetic field [155–157]. However,
the native T1 relaxation has been associated with the water content
and thus also with the disruption of the cartilage tissue [158, 159].

The T1 relaxation times correlate in particular with the PG con-
tent of cartilage when imaged together with gadolinium contrast
agent (dGEMRIC) [104, 112, 159–161]. In delayed gadolinium en-
hanced MR-imaging of cartilage (dGEMRIC), negatively charged
Gd-DTPA2− contrast agent is injected intravenously. After the in-
jection, the contrast agent concentration is inversely proportional
to the glycosaminoglycan (GAG) content in the cartilage due to the
negative FCD [104, 143]. Cartilage regions with a high concentra-
tion of Gd-DTPA2− appear brighter in T1 weighted image [104,112].
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The T1 values in the presence of gadolinium contrast agent have
also been associated with the mechanical properties of the carti-
lage [111, 113, 162].

GAG-specific chemical exchange saturation transfer (gagCEST)

Glycosaminoglycan specific chemical exchange dependent satura-
tion transfer (gagCEST, Fig. 3.1h) imaging of cartilage makes use
of the magnetization transfer (MT) effect between the bulk water of
the tissue and the exchangeable protons bound to GAG [163]. The
hydroxyl residues bound to GAGs are selectively excited in order
to increase the contrast between cartilage regions with high and
low GAG contents, thereby providing a direct measure of the GAG
content within the articular cartilage [148, 163–165].

Despite its good specificity, previous studies have shown that
gagCEST may not be feasible at lower than 7 T due to the varia-
tion of the relaxation properties of water at different field strengths
[165]. In addition, the need for specific post-processing tools and
complexity of the scanning make its clinical applicability somewhat
limited [117, 148, 165].

Rotating frame methods - T1ρ and T2ρ

Relaxation process in a rotating frame of reference can be created
by using a continuous wave (CW) RF pulse (spin-lock pulse, B1,SL) or
adiabatic RF pulses that lock the net magnetization into the trans-
verse plane [18, 166]. The T1ρ and T2ρ relaxation times describe the
longitudinal and transverse relaxation times, respectively, in the ro-
tating frame around the B1,SL field (spin-lock method) or the B0

(using an inverse adiabatic RF pulse) [18, 166]. Similar to the T2

relaxation, the T1ρ relaxation times are directly proportional to the
signal intensity in the final image [104, 167, 168].

The T1ρ relaxation time is sensitive to the interactions between
water molecules and their adjacent molecular environment, i.e., GAG
[146, 169–172] and collagen content [104, 173, 174]. T1ρ, and animal
studies with T2ρ, have demonstrated that the rotating frame relax-
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ation times are sensitive to cartilage degeneration, even more so
than T2 [167,175–178]. However, it has also been postulated that T1ρ

may not be sensitive to any particular constituent of cartilage [179].
Despite being an intriguing method for compositional evaluation
of cartilage, rotating frame methods are not yet in common clini-
cal use, e.g., due to long imaging times and requirements for fairly
complex imaging sequences [104].
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4 Finite Element Modeling of
the soft knee joint tissues

Finite element modeling (FEM) is a computational method that can be
used for simulating the mechanics of complex structures and ma-
terial models. FEM has been applied to simulate stress and strain
distributions in human knee joints and has been proposed as an
auspicious method for evaluating the properties of the knee joint
such as its mechanics and even its condition [180, 181]. FE models
of the knee have the potential to fill the void which is still inherent
in the clinical imaging methods for diagnosing knee joint functions
and progression of OA.

In the early FE models of the knee joint, the cartilage and menis-
cus tissues were modeled as isotropic or elastic materials [181–
192]. The isotropic and elastic models generally fail to take into
account the complex structure of cartilage tissue and constituents,
and in particular, their spatial variation in the cartilage matrix [193].
The material models for cartilage and menisci were developed ini-
tially from the isotropic and elastic models, through biphasic (fluid
and solid phases), transversely isotropic and poroelastic to fibril-
reinforced biphasic models. The fibril-reinforced poroelastic (FRPE)
and fibril-reinforced porovisoelastic (FRPVE) models are able to
take into account the fibrillar (collagen fibrils) and non-fibrillar (PGs)
phases in addition to tissue fluid and their spatial variation in the
tissues [28, 193, 193–203]. Most recently, the FRPVE materials have
been supplemented with tissue swelling properties (FRPVES), al-
lowing the inclusion of the effect of FCD [55, 204].

In the latest iterations of knee joint models, the menisci have
been modeled using transversely isotropic elastic [181,194] or fibril-
reinforced materials [195]. These materials allow the anisotropic
properties of menisci, related to the circumferential collagen fibers,
to be taken into account. Ligaments are mostly modeled as linear
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or non-linear springs [28, 194, 205].
This chapter addresses the basics of FE modeling of the knee

joint, placing an emphasis on the fibril-reinforced biphasic models
of articular cartilage and their material properties. In addition, the
previously-devised joint models and the applications and benefits
of FE joint modeling are presented.

4.1 FIBRIL-REINFORCED POROVISCOELASTIC MODELING
OF CARTILAGE

Poroelastic biphasic background

The fibril-reinforced model properties are based on the biphasic
model theory for cartilage that was first introduced by Mow et al.
in 1980 [33]. The biphasic model divides the cartilage tissue into
solid and fluid phases, which makes it possible to include the time
dependent fluid flow in the tissue [1, 33]. The biphasic model also
assumes that both the solid phase and the fluid phase are incom-
pressible [1, 196]. The total stress is therefore expressed as a sum
of the stresses in the solid matrix and the fluid [33, 206, 207]. For
a more precise description, including the mathematics behind the
poroelastic biphasic properties, the reader is referred to the original
publication by Mow et al. [33].

4.1.1 Fibril-reinforced poroviscoelastic properties

In fibril-reinforced poroviscoelastic (FRPVE) materials the cartilage
tissue is described as a biphasic material, where the solid phase
is further divided into non-fibrillar and fibrillar components [203].
The non-fibrillar part describes the behaviour of the PGs, while the
fibrillar component captures the behavior of collagen fibrils [196,
203].

Fibrillar matrix

The viscoelastic (FRPVE, [203]) fibrillar network is characterized
by the viscoelastic damping coefficient (η), the initial fibril net-
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work modulus (E0
f ) and the strain-dependent fibril network modu-

lus (Eε
f ). Therefore, the stress of a single fibril (σi

f ) can be expressed
as [203]:

σi
f =


− η

2
√
(σi

f −E0
f εi

f )Eε
f

σ̇i
f + E0

f ε f +

(
η +

ηE0
f

2
√
(σi

f −E0
f εi

f )Eε
f

)
ε̇i

f εi
f ≥ 0

0 εi
f ≤ 0,

(4.1)
where εi

f is the logarithmic fibril strain, σ̇i
f and ε̇i

f are the stress and
strain rates.

The fibril network stress (σf ) can be further divided into the
stress components of primary and secondary fibrils. The primary
fibrils are defined as the organized fibrils that form the arcade-like
depth-wise architecture, while the secondary fibrils define the ran-
dom orientation of the fibrils at each point [42, 43]. This allows
the inclusion of more realistic fibril orientations into the model
[193,196,197,203]. Hence, the fibril network stress is a sum of the in-
dividual primary (σf ,p) and secondary (σf ,s) collagen fibril stresses:

σf =
tot f

∑
i

σi
f , (4.2)

=
tot f ,p

∑
i

σi
f ,p +

tot f ,s

∑
i

σi
f ,s , (4.3)

= ρzζ
tot f

∑
i

σi
f + ρz

tot f

∑
i

σi
f , (4.4)

where tot f is the total number of fibrils, tot f , p and tot f , s are the
total number of primary and secondary fibrils, respectively, ρz is
the fibril volume fraction and ζ is the relative density of primary
fibrils with respect to the secondary fibrils.

Non-fibrillar matrix

The non-fibrillar matrix can be considered as an elastic [2,7,203,208]
or neo-Hookean hyperelastic material [202]. For a linearly elastic
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material, the matrix stress (σn f ) is described, using the stiffness ma-
trix C and the total elastic strain tensor εn f , according to Hooke’s
law:

σn f = Cεn f . (4.5)

The neo-Hookean representation of the non-fibrillar stress en-
ables the tissue matrix to exhibit larger deformations and mate-
rial nonlinearities than the Hookean material [196, 203]. The neo-
Hookean form of the non-fibrillar matrix stress (σn f ) is:

σn f = Km
ln(J)

J
I +

Gm

J
(F · FT − J

2
3 I) , (4.6)

where J is the determinant of the deformation tensor F, Km the bulk
modulus and Gm the shear modulus. The bulk and shear moduli
can be expressed using the elastic modulus (Em) and Poisson’s ratio
(υm), respectively:

K =
Em

3(1 − 2νm)
, (4.7)

G =
Em

2(1 + νm)
. (4.8)

The neo-Hookean model parameters also include permeability
(k) which is dependent on the void ratios:

k = k0

(
1 + e
1 + e0

)M

, (4.9)

where k0 is the initial permeability, e0 and e are the initial and cur-
rent void ratios and M is a material constant [202].

Total stress in FRPVE model

In the FRPVE model, the stress in the tissue (σtot) is the sum of
the fibrillar and non-fibrillar stress components (σf and σn f , respec-
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tively) and fluid pressure (p) [202–204]:

σtot = σn f + σf − pI, (4.10)

= σn f +
tot f

∑
i

σi
f − pI . (4.11)

4.1.2 Fibril-reinforced poroviscoelastic materials with swelling

The fibril-reinforced material models with swelling properties (fibril-
reinforced poroviscoelastic swelling, FRPVES) take into account the
fibrillar and non-fibrillar components of the tissue in a similar man-
ner as the FRPVE models, but also include the effect of the fixed
charge density (cFCD) of the tissue. In the FRPVES models, the FCD
can be expressed as a function of the tissue deformation gradient
tensor F [202]:

cFCD = cFCD,eq

(
n f ,0

n f ,0 − 1 + J

)
, (4.12)

where cFCD,eq is the initial fixed charge density at equilibrium, n f ,0

is the initial fluid fraction and J is the determinant of the tissue
deformation tensor (F) [202].

The FCD cause a swelling pressure gradient, also known as the
Donnan osmotic pressure gradient, in the tissue [202, 209]:

∆π = ΦintRT

(√
c2

FCD + 4
(γ±

ext)
2

(γ±
int)

2
c2

ext

)
− 2ΦintRTcext , (4.13)

where cFCD is the fixed charge density, Φint and Φext are internal
and external osmotic coefficients, γ±

int and γ±
ext internal and external

activity coefficients, cext is the external salt concentration (0.15M),
R is the molar gas constant (8.3145 J/mol K) and T is the absolute
temperature (293 K).

The stress caused by the chemical expansion takes the form
[210]:

TC = a0cFCD exp

(
κ

γ±
ext

γ±
int

√
c−(c− + cFCD)

)
, (4.14)
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where a0 and κ are material constants and c− is the mobile anion
constant [202]. The chemical expansion stress describes the stress in
the solid tissue matrix caused by the repulsion of negative charges
within the tissue [210].

Total stress in FRPVES model

The total stress (σtot) in the FRPVES material is the sum of the
fibrillar (∑

tot f
i σi

f ) and non-fibrillar (σn f ) stresses and the stresses
caused by the osmotic pressure (∆π, 4.13) and the chemical expan-
sion stress (TC, 4.14) [202]:

σtot = σn f +
tot f

∑
i

σi
f − ∆πI − TCI − µ f I . (4.15)

where µ f is the electrochemical potential of water [210] and I is a
unit tensor.

4.2 APPLICATIONS AND BENEFITS OF THE KNEE JOINT
MODELS

Cartilage mechanics have been widely studied and, e.g., the carti-
lage and meniscus tissue strains have been measured in vivo during
static loading of the knee [108, 110, 195, 211, 212]. However, the as-
sessment of stresses and strains in articular cartilage is not possible
in vivo in an intact knee joint during dynamic loading such as dur-
ing gait. FEM has been used to illustrate the mechanics and func-
tion of the knee joint and the knee joint cartilage in a number of
studies [180,187,213,214]. The studies have shown that FEM can be
used to describe accurately knee joint functions, cartilage response
to loading and even condition of the knee [180, 181].

The 2-D and 3-D geometries of the articular cartilage obtained
from MR or computed tomography (CT) images have been used in
FE knee joint models [181–192,215–218]. These isotropic and elastic
3-D joint models have been used extensively e.g. for investigating
tibiofemoral contact in the knee joint by changing the joint align-
ment [182,190], joint kinematics and flexion [215–218] and joint me-
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chanics under dynamic loading [184, 185, 191]. However, the elas-
tic and isotropic models have been demonstrated to be unable to
simulate the cartilage response under impact loading of the knee
joint [193] and those cannot take into account the anisotropic struc-
ture and material properties of cartilage tissue. Therefore, more re-
cently cartilage has been modelled using fibril-reinforced porovis-
coelastic (FRPVE) or fibril-reinforced viscoelastic (FRVE) material
properties incorporated with anisotropic distribution of collagen
fibrils, proteoglycans and fluid [105,193–195,197,199–201,219–221].

The FRPVE joint models of human have been used to investi-
gate the effect of cartilage constituents on cartilage and joint me-
chanics in various loading schemes, both in 2-D [193, 196] and 3-
D [194, 197, 200, 205, 219]. Julkunen et al. (2008) [105] demonstrated
the effect of collagen orientations, as obtained from MRI of in vitro
human cartilage samples, on the mechanical response of cartilage.
The studies conducted by Shirazi et al. (2008) [205], Mononen et
al. (2012) and Gu et al. (2011) have emphasized the importance of
the anisotropic structure of the collagen fibrils and that their split-
line orientations in human knee joint cartilage control the stress
distribution, as well as the fluid flow in the knee joint cartilage,
respectively.

Knee joint models can also be used for the evaluation of joint
disorders and condition, as well as the outcome of joint operations.
Mononen et al. (2011, 2012) noted that the progressive depth-
wise [193] and spatial [197] fibrillation of the cartilage matrix al-
tered the cartilage stresses and could reveal possible failure sites
associated with the early stages of OA [222] in the cartilage tissue.
Furthermore, the increased collagen fibrillation also increased the
collagen fibril stresses and lead to increased fibril strains [193, 197].
Mononen et al. (2012, 2013) and Zielinska & Donahue (2006) in-
vestigated the effects of bilateral meniscectomy [197, 198], partial
meniscectomy [28, 192] and radial tears in menisci [28] on the joint
response to loading. The study of Kazemi et al. (2011) [223] also
demonstrated, that meniscectomy slowed the dissipation of fluid
pressures and produced higher tension in the collagen network of
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the cartilage, than that observed in a healthy joint. The effect of total
knee arthroplasty and total knee replacement [224,225] and the im-
pact of ACL rupture and reconstruction have been studied on knee
joint function and on the distribution of loads in the joint [226,227].
Also, recently Venäläinen et al. (2014) investigated the effect of bone
porosity that can be associated with osteoporosis on knee joint car-
tilage mechanics [201].

One common result observed in all the models evaluating joint
disorders is the increased cartilage stress, which inevitably leads to
increased fibril strains [28, 197, 214, 223]. Since the tissue stress is
dependent on the collagen fibril orientations and, possibly, on the
swelling of the tissue [196,197,204], a method to obtain the subject-
specific variation of the cartilage constituents and implement it into
the model might achieve a more specific estimate of the condition of
the joint. Even though realistic and subject-specific joint geometries
have been used in the studies mentioned above, the subject-specific
structure of articular cartilage has been mostly neglected.

Imaging combined with modeling of the knee joint

The combination of clinical imaging and biomechanical FE model-
ing has been proposed as a valid and feasible noninvasive technique
for the diagnostics of OA. As stated in the previous chapters, the
joint response to loading is dependent on the composition of ar-
ticular cartilage which can vary extensively between subjects, e.g.,
depending on the joint condition [53, 228].

It is possible to conduct a non-invasive evaluation of cartilage
structure and composition, e.g., collagen fibril network, orienta-
tion and PG or FCD distributions and contents, with the use of
clinically-available imaging modalities, such as MRI. The clinical
imaging modalities are also capable of revealing spatial and local
variations in the cartilage tissue composition.

By implementing the cartilage structure into a biomechanical
model, it is possible to investigate the stress, strain and pressure
distributions in the knee joint in a non-invasive, subject-specific
manner. Modeling methods could also pinpoint possible failure
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sites in the joint cartilage, e.g., due to local variations or defects
in the cartilage composition during specific activities. These meth-
ods could therefore act as a tool to determine optimal treatment to
apparent joint dysfunctions and to diagnose the early stages, pro-
gression or the onset of OA.

Nonetheless, the subject-specific cartilage structure has not been
implemented into a biomechanical modeling before. The methods
presented here may thus provide a novel technique for the preven-
tion and diagnostics of osteoarthritis in a subject-specific manner.
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5 Aims

In this thesis, subject-specific collagen architecture and FCD dis-
tributions are determined using MRI and are implemented into
biomechanical models of the knee joint. This is done in order to
assess the influence of subject-specific spatial variation in cartilage
composition on knee joint stresses and strains.

The methods used and developed in this thesis can provide a
more accurate, non-invasive tool for the subject-specific assessment
of the joint mechanical properties, condition and possible risks re-
lated or leading to OA in a knee joint.

Specific aims of the thesis:

Study I To determine the subject-specific collagen fibril orienta-
tions in tibial cartilage from clinical T2-weighted MRI and
then to implement this information into a 2-D model of the
knee joint. Furthermore, the aim was to investigate the ef-
fect of the depth-wise and local variations in collagen fibril
orientations on the knee joint response to dynamic loading.

Study II To determine the collagen fibril orientations in 3-D in tib-
ial cartilage, using clinical T2-weighted MRI, and implement
it into a 3-D joint model of the same subject. A further aim
was to examine the effect of the spatial and local variation of
the collagen fibril orientations on the distribution of stresses
and strains during gait.

Study III To determine the spatial 3-D variation of FCD in tibial
cartilage from sodium MRI and to implement it into a 3-D
joint model of the same subject. The effect of the spatial vari-
ation of FCD on the distribution of stresses and strains was
investigated during standing in tibial cartilage.

Study IV To investigate the effect of FCD and tissue swelling on
the cartilage response to dynamic loading, i.e., gait, in a 3-D
model of the joint.
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6 Materials and methods

This chapter summarizes the methods used in this thesis to create
the subject-specific knee joint models, and also describes the meth-
ods used to analyze and implement the cartilage structure from
MRI to the knee joint models and the simulations performed in
studies I to IV.

6.1 CARTILAGE STRUCTURE AND TISSUE DEFORMATION
FROM MRI

MRI was used in all studies to create the model geometries as well
as for determining the collagen architectures and FCD distributions
of knee joint cartilages of the corresponding test subjects (Fig. 6.1).
All of the imaged subjects were asymptomatic males (providing in-
formed consents) and the imaging parameters were chosen in order
to optimize the imaging resolution and SNR for the intended pur-
pose.

6.1.1 Magnetic resonance imaging and segmentation

Study I: MR data of a healthy right knee joint of a healthy male
patient (46 -years-old male, weight 84.6kg) was obtained from the
Osteoarthritis Initiative (OAI) database, image dataset 0.E.1). The
MR imaging was performed with a 3T magnet (Siemens Trio, Er-
langen, Germany) using a multi-echo spin-echo (MESE) imaging
sequence (TR = 2.7 s and seven TE’s between 10.0 and 70.0 ms, in-
plane resolution 0.322 mm and slice thickness 3 mm, Fig. 6.1a,b).
TpsDIG2 software (v2.05) was used for manual segmentation of the
femoral and tibial articular cartilages and menisci from a sagittal
slice located in the middle of the tibiofemoral contact area in the
knee joint (Fig. 6.1a) [193].
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Study II:
The left knee joint of a 28-year old, healthy male subject (weight:
80kg) was imaged using a 3T MRI scanner (Oulu University Hospi-
tal; Siemens Skyra, Siemens Healthcare, Erlangen, Germany). The
knee joint was imaged with a proton density weighted double echo
steady state (DESS) sequence (0.5mm isotropic voxel, TR = 1.2 s and
TE = 28 ms, bandwidth (BW) of 76.8 kHz and a total imaging time
of 7 minutes 55 seconds, Fig. 6.1a). Tibial and femoral cartilages, as
well as menisci, were manually segmented from the DESS data set
(whole set, 3-D) using Mimics software (v15.0, Materialise, Leuven,
Belgium). The subject was further imaged with multi echo spin
echo (MESE) T2 mapping sequence (in-plane resolution 0.34 mm,
slice thickness 2.4 mm, TR = 1.3 s and TE = 13.8, 27.6, 41.4, 55.2 and
69.0 ms, BW = 88.32 kHz; the total imaging time was 8 minutes 22
seconds, Fig. 6.1b).

Studies III and IV :
All the imaging was performed on the left knee joint of an asymp-
tomatic 39 years old male volunteer (weight 69.6 kg), using a 7T
MRI scanner (Siemens Magnetom, Erlangen, Germany) and a dedi-
cated knee coil. The scans were performed on two consecutive days
(Day 1 and 2). First (Day 1), the knee joint was imaged using a
3D-DESS sequence (TR/TE = 7.81/2.62 ms, 0.34 mm isotropic voxel,
Fig. 6.1a). Second (Day 2), the same knee was subjected to a 120 N
axial compression using a MR-compatible pneumatically controlled
compression device [229]. The joint was further imaged 13 minutes
after the application of the load, while keeping the load constant
through the scan (3D-DESS: TR/TE = 8.86/2.55 ms, 0.4 mm isotropic
voxel). The same imaging parameters were initially used on both
days for the 3D-DESS sequences. However, the 3D-DESS sequence
on Day 2 was reoptimized to achieve optimal SNR for segmentation
purposes. The femoral and tibial cartilages, menisci and ligament
attachments (ACL, PCL, MCL and LCL) were manually segmented
from the 3D-DESS data sets of the unloaded and compressed joint
using Mimics software (v15.0, Materialise, Leuven, Belgium).
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Sodium (23Na) MR imaging of the subject was performed us-
ing spoiled gradient echo sequence with variable echo time scheme
(vTE-SPGR) at 7T (TR = 11 ms, TE1 = 1.42 ms, flip angle (φ) = 33◦,
resolution 1.5 x 1.5 x 2.8 mm3, Fig. 1d, Fig. 6.1b) [139]. For the cal-
ibration of the cartilage sodium concentration, six small cylindrical
phantoms, filled with 10% agarose/saline solution and containing
known concentrations of sodium (100 - 350 mM), were imaged si-
multaneously along with the subject. In addition, in order to de-
pict the magnetic field inhomogeneity, a large cylindrical phantom,
covering the knee field of view in the images, filled with 23Na solu-
tion was imaged subsequently with the same imaging set-up. The
sodium images were acquired using a 15-channel sodium-only knee
array coil (QED, Quality Electrodynamics LLC, Cleveland, OH).

6.1.2 Collagen architecture from T2 maps of MRI

Figure 6.2: Determination of collagen architecture (and cartilage layers) from T2 mapped
MRI: a) T2 mapped region of interest (ROI) of tibial cartilage, b) a close-up of the tibial
cartilage and c) a depth-wise T2 profile and the layer boundaries from a single vertical line
in the cartilage ROI.

Study I:
T2 map of the tibial cartilage (Figs. 6.1b,6.2a,b) was calculated by
fitting the mono-exponential form of the relaxation equation (Eq.
3.1) into the pixel intensities of the MESE data set. The patient-
specific collagen architecture (three laminar structure; superficial,
middle and deep zones) of tibial cartilage was determined along
the segmented cartilage width from depth-wise T2 profiles (sagittal
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slice, 2-D).

Study II:
The methodology used in this study was the same as in Study I.
Again, T2 maps of the cartilage tissues were calculated from the
T2 mapped MR-images (MESE) with an in-house MATLAB (Math-
Works Inc., Natick, MA) script assuming a mono-exponential de-
cay (Eq. 3.1, Fig. 6.1b). The patient-specific collagen architecture
of tibial cartilage tissue was determined based on the depth-wise
T2 profiles of each sagittal MRI slice (whole joint, 3-D) through the
tissue length in a pixel-wise manner.

In both studies (I and II), three zones, i.e., superficial, middle and
deep [41], were determined using a custom made Matlab (Math-
Works Inc., Natick, MA, USA) script. The first laminar boundary,
i.e., the interface between the superficial and middle zone, was de-
termined by locating the half–maximum of the rising part of each
(ideally) bell-shaped T2 profile throughout the tissue geometry (Fig.
6.2c) [22]. Correspondingly, the interface between the middle and
deep zones was localized to the corresponding T2 value at the de-
scending part of the profile (Fig. 6.2c) [22].

Each zone was assumed to have a specific fibril orientation [5].
The low T2 values in the superficial zone were assumed to indicate
fibrils oriented in parallel to the cartilage surface, the high T2 values
referred to the randomly oriented (study I) or bending (study II)
collagen fibrils and the low T2 values in the deep zone collagen
fibrils aligned perpendicularly to the cartilage surface.

6.1.3 Fixed charge density from sodium MRI

Studies III and IV :
The FCD distribution of tibial cartilage was determined from sodium
MRI. All of the sodium images (Fig. 6.3a) were corrected for the at-
tenuation of the initial signal intensity (S0) due to magnetic field
inhomogeneity (B1), partial volume effect (PVE) (Moon et al., 2013),
biexponential T∗

2 and monoexponential T1 relaxations.
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Figure 6.3: Post-processing steps and calculation of sodium and fixed charge density maps
from sodium MRI: a) original (uncorrected) sodium MR slice, signal attenuation correc-
tions: b) B1 magnetic field inhomogeneity (correction factors from a sodium phantom), c)
partial volume effect correction with respect to tissue thickness at 2.5mm resolution [147]
and exponential T1 and biexponential T2 relaxations (Equation 6.1), d) the same sodium
slice after the signal corrections. e) Sodium calibration phantoms which were used to ob-
tain the f) calculated calibration curve. g) The sodium map calculated using the calibration
curve. h) The fixed charge density map calculated assuming an ideal Donnan equilibrium
(Equation 6.2).

First, each 23Na MRI slice was corrected for B1 magnetic field in-
homogeneity by multiplying the slices pixel-by-pixel with a correc-
tion map calculated using the cylindrical phantom filled with 23Na
solution. The B1 correction factors (B1,c f , Fig. 6.3b) were calculated
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pixel-by-pixel from the phantom ROIs by dividing the observed sig-
nal intensities by the maximum signal intensity of the whole image
stack (from the phantom ROI).

Second, the relaxation times of the tibial cartilage tissue re-
gions were corrected using a spoiled gradient echo signal equa-
tion with monoexponential T1 and biexponential T∗

2 signal decays
[25, 137, 145]. Therefore, the biexponential form of the signal equa-
tion includes the T1 relaxation of the tissue (T1 = 20 ms), the short
and long components of the T∗

2 relaxation (T∗
2,short = 0.9 ms and

T∗
2,long = 13.3 ms, respectively) and the amplitudes of the T∗

2 expo-
nential terms (Ashort = 0.34 and Along = 0.66, respectively) [137].

Third, the signal attenuation due to the PVE was corrected using
correction factors (PVEc f ). Those were obtained by determining the
mean tibial and femoral cartilage thickness (dtibia = 2.8 ± 0.9 mm,
d f emur = 2.5 ± 0.8 mm) from the 3D-DESS images and fitting them
to a function describing the attenuation of signal intensity due to
the PVE at 2.5 mm resolution (PVEc f = −0.0004d4 − 0.0055d3 −
0.0033d2 + 0.28d + 0.0016, Fig. 6.3c) [147]. The correction factors
were calculated separately for each MR slice, where the tibial carti-
lage was visible.

Fourth, the signal intensities were divided with the average wa-
ter fraction (n f = 0.75) [59]. Hence by combining the postprocessing
steps, the correction was performed to the observed signal intensi-
ties (Sxy, Fig. 6.3a) according to the following equation (Equation
1):

S0 =
1 − cos θ(exp−TR/T1)

(1 − exp−TR/T1) sin θ(Ashortexp−TE,1/T∗
2,short + Alongexp−TE,1/T∗

2,long)

∗
B1,c f (x, y)
n f PVEc f

Sxy(x, y) , (6.1)

where S0 (Fig. 6.3d) is the corrected signal intensity, θ is the flip
angle, TR and TE,1 are the repetition and echo times, T1 is the spin-
lattice relaxation of the tissue, T∗

2,short and T∗
2,long are the short and

long components of the T∗
2 relaxation, Ashort and Along are ampli-

tudes of the T∗
2 exponential terms and n f is the average fluid frac-
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tion of the tissue.
In order to quantify the sodium concentrations from the signal

intensities, a calibration curve was created by plotting the known
sodium concentrations of the four agarose phantoms ([23Na] = 100-
250 mM, Fig. 6.3e) against the corrected signal intensity (monoex-
ponential T1 (30.1 ms) and T∗

2 (6.2 ms)) of the phantoms (mean val-
ues for each phantom throughout the image stacks) and the mean
background noise ([23Na] = 0 mM). A sodium calibration curve
([23Na](x, y) = 1.87S0 – 11.04, Fig. 6.3e) was calculated by per-
forming a linear fit to the plotted data [24]. Sodium maps for the
tibial cartilage tissues ([23Na], Fig. 6.3f) were then calculated by fit-
ting the corrected signal intensities (S0) pixel-by-pixel to the linear
sodium calibration curve [24].

Finally, FCD of the tissue (Fig. 6.3g) was calculated accord-
ing to the ideal Donnan equilibrium conditions, with respect to the
sodium concentration of synovial fluid (23Nas f = 150 mM) [10, 24,
230]:

FCD(x, y) =
[23Nas f ]

2

[23Na(x, y)]
− [23Na(x, y)] , (6.2)

where FCD(x, y) is the fixed charge density of the tissue (pixel-by-
pixel) and [23Nas f ] is the sodium concentration of synovial fluid.

6.1.4 Tibial cartilage deformation under 120 N load

In order to validate the deformation of the subject-specific joint
model in study III, the same male subject was imaged while the
knee joint was subjected to an axial load of 120 N (as described
above) [229]. The experimental deformation of tibial cartilage in
the subject was measured from the tibiofemoral contact region of
both medial and lateral tibial cartilages from the 3D-DESS data
obtained 13 minutes after the application of the load. First, the
cartilage-bone interfaces from tibial cartilage of the uncompressed
and compressed MR data were coregistered using a custom-made
ICP algorithm. Second, the tibial cartilage thicknesses were mea-
sured at the tibiofemoral contact regions from both uncompressed

46 Dissertations in Forestry and Natural Sciences No 226



i
i

i
i

i
i

i
i

Materials and methods

and compressed MR data sets. Finally, the relative deformation
(strain) was obtained by subtracting the compressed tissue thick-
ness location-wise from the uncompressed thickness and dividing
it with the corresponding uncompressed tissue thickness.

6.2 MODEL PARAMETERS

6.2.1 Model geometries and finite element meshes

In all studies, the manually segmented tissue geometries (from MRI,
Fig. 6.1c) were imported via Matlab into the FE modeling package
(Abaqus v6.12, Dassault Systèmes, Providence, RI, USA).

In study I, a finite element mesh was created for the segmented
2-D tissue geometry using porous plane strain elements of type
CPE4P11 with the characteristic element length of 0.7 mm (Fig.
6.1c). In study II, the 3-D tibial and femoral cartilage and meniscus
geometries were meshed with linear 8-node porous brick elements
(C3D8P), with an average characteristic element length of 0.8 mm
for the femoral cartilage and 0.6 mm for the tibial cartilage (global
model, i.e. a 3-D model of the whole joint, Fig. 6.1c). Furthermore,
a submodel was created to the medial tibial compartment in order
to investigate how the more precise implementation of the carti-
lage structure into the model affects the local model results. The
submodel was located in accordance with the T2 mapped MR-slices
and its width was 2.4 mm, equal to the slice thickness of the MR-
images, and was meshed with an average characteristic element
length of 0.3 mm corresponding to the resolution of the T2 mapped
MR-images (Fig. 6.1c).

In studies III and IV, the 3-D tibial and femoral cartilage and
meniscus geometries were meshed with linear 8-node porous brick
elements (C3D8P) to form the global joint model (3-D model of the
whole joint tissues, characteristic element length in tibial cartilage
was 0.6 mm, Fig. 6.1c). In study III, the cartilages of the medial
and lateral tibial compartments were further meshed with denser
mesh to form the medial and lateral compartment models (average
characteristic element lengths 0.3 mm in tibial cartilage, Fig. 6.1c).
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In the compartment models, the mesh of the femoral cartilage and
meniscus were identical to those in the joint level model, but the
ligaments were removed. The compartment models were created in
order to use a denser mesh and achieve a more precise implemen-
tation of the fibril orientations.

6.2.2 Material parameters

In studies I and II, femoral and tibial cartilages were modeled as
fibril-reinforced poroviscoelastic (FRPVE, Table 6.1) and in studies
III and IV as FRPVE with swelling (FRPVES, Table 6.1). In all stud-
ies, the fluid fraction in the cartilage tissues was considered to be
depth-dependent [35]. In studies III and IV, the depth-dependent
variation in the collagen content was also included [53].

The collagen fibrils consisted of four primary fibrils with depth-
dependent architectures and evenly distributed secondary fibrils
orienting in 13 directions. The cartilage tissues were implemented
with three-laminar primary fibril architectures with the fibrils ori-
ented in parallel to the cartilage surface in the superficial zone, ran-
domly (study I), in 45◦ (study II) or tangentially bending (Studies
III and IV) in the middle zone and perpendicular to the cartilage
surface in the deep zone. The zone thicknesses in tibial cartilages
were defined either from MRI (Studies I and II, Table 6.2) or from
previous studies (Table 6.2). In all studies, the femoral cartilages
were implemented with the collagen fibril architectures obtained
from the literature; the thicknesses of the superficial, middle and
deep zone were 12%, 26% and 62%, respectively, of the total carti-
lage thickness [220]. In addition, in studies II to IV, the radial split-
line orientations of the fibrils were included in all models in both
tibial and femoral cartilages [50,197,231]. The FCD distributions in
tibial cartilage from MRI and literature [53, 228] were included in
studies III and IV (as discussed above, Table 6.2), while the FCD
distributions in femoral cartilages were the same as previously pre-
sented in literature [53, 228].

The menisci were modeled as FRPVE (study I), transversely
isotropic (study II) and FRPES (studies III and IV). In study I,
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the superficial layers of the meniscus were implemented with the
collagen fibrils oriented in parallel to the meniscus surface and ran-
domly in the deeper meniscus. In study II, the menisci were trans-
versely isotropic elastic with the Young’s modulus set to 20 MPa in
the axial and radial directions and to 140 MPa in the circumferential
direction, Poisson’s ratios to 0.2 in-plane and 0.3 out-of-plane and
with a shear modulus of 50 MPa out-of-plane [181, 192]. In stud-
ies III and IV, the menisci were implemented with the collagen
fibrils oriented circumferentially at all depths of the menisci [195]
and the FCD was constant (0.03 mEq/ml) [1]. In studies II-IV, the
meniscal horns were fixed to bone using linear spring elements (el-
ement type SPRINGA) with a total stiffness of 350 N/mm at each
horn [195, 232].

Ligaments were not included in the models in studies I and II
and in the compartment models in study III, but their effect had
been already included in the loading inputs as well as in the ro-
tations and translations of femur with respect to tibia as obtained
in previous experimental studies [222,233–235] and from the global
joint models, respectively. In studies III and IV, the ligaments in
the global joint models were modeled using non-linear spring ele-
ments that were connected between the attachment points located
at the femoral and tibial bones. The ligaments were assumed to be
pre-elongated (ACL and PCL = 5%; MCL and LCL = 4% of the un-
loaded length) at the segmented length [195, 236]. The stiffness of
the ligaments (ACL 108 N/mm, PCL 135 N/mm, MCL 81 N/mm
and LCL 53 N/mm) were scaled from those presented by Momer-
steeg et al. (1995) in a way that the total force subjected to the tibial
cartilage from the ligaments was approximately half of the body
weight, a total of 322 N [195, 214, 233, 235, 237]. Therefore, the total
force to which the tibial cartilage was subjected was the load ap-
plied as the reference force during the simulations added with the
force produced by the ligaments.

In the submodels, the material parameters were identical to
those in the global models described in study II and in compart-
ment models to those in the global joint models in study III (Tables
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6.1 and 6.2).

Table 6.1: FRPVE and FRPVES material parameters used in the studies for femoral and
tibial cartilages ("Cartilage") and menisci.

Study I Study II Studies III & IV
Parameter Cartilage Meniscus Cartilage Cartilage Meniscus

Material FRPVE1 FRPVE1 FRPVE1 FRPVES2 FRPES3

Em (MPa) 0.31 0.075 0.31 0.31 0.253
E0

f (MPa) 0.47 0.47 0.47 2.737 49.93
Eε

f (MPa) 673 673 673 867.7 -
νm 0.42 0.30 0.42 0.01 0.30
η (MPas) 947 947 947 1418 -
k0 (10−15 m4/Ns) 1.74 1.26 1.74 1.522 0.08
M 7.1 7.1 5.09 5.661 12.1
n f 0.9-0.1hz 0.85 0.8-0.15hz 0.8-0.15hz 0.72
ρc,tot 1.0 1.0 1.0 0.89-1.16 1.0
ζ 12.16 12.16 12.16 12.16 12.16

Em = non-fibrillar matrix modulus, E0
f = initial fibril network modulus, Eε

f = strain-dependent fibril network modulus,

νm = Poisson’s ratio of the non-fibrillar matrix, η = damping coefficient, k0 = initial permeability, M = material constant
for void ratio dependent permeability, n f = fluid fraction, hz = normalized depth, ρc,tot = the depth-dependent total
collagen fraction (depth-dependent as a function of hz) and ζ = density ratio of primary fibrils to secondary fibrils.
REFERENCES: 1 [2, 105, 193, 203, 208]; 2 [35, 202, 203, 228]; 3 [72, 203, 238–240]

6.3 CARTILAGE STRUCTURE IN THE MODELS

The collagen fibril architecture and FCD distribution, obtained from
MRI, were implemented into the patient- and subject-specific model
geometries in studies I-II and III-IV, respectively. In addition mod-
els with alternative collagen fibril network structures (studies I and
II) and FCD distributions were created in order to assess the effect
of the subject-specific variation in the cartilage structure on knee
joint mechanics.

6.3.1 Implementation of collagen fibril orientations and FCD
into the joint models

Implementation of the subject-specific collagen fibril orientations
and FCD into the model geometries were done in a similar fashion
in all the studies using custom-made Matlab scripts.

50 Dissertations in Forestry and Natural Sciences No 226



�

�

�

�

�

�

�

�

Materials and methods

In studies I and II, the patient-specific collagen architecture was
implemented into the model geometry. First, the superficial, middle
and deep laminar boundaries of tibial cartilages were determined
from T2 mapped MR images. This was conducted as discussed
above for each MR image used to obtain the model geometry ac-
cording to the apparent collagen fibril orientations. The manually
segmented tibial geometries were then manually coregistered with
the corresponding location in the final model geometry (Fig. 6.4a).
Each nodal point in the model was then assigned to one of the car-
tilage laminae, i.e. the lamina that the closest pixel was assigned to
in the corresponding MR image (Fig. 6.4b). In study II, the laminae
in each slice location was further assigned to the nodal points over
the slice thickness in 3-D (all the way to the next slice, (Fig. 6.4b).
The nodal points were finally assigned with split-line orientations
and primary fibril orientations with respect to the cartilage surface
according to the lamina, i.e. parallel, random (study I) or 45 de-
grees (study II) and perpendicular in the superficial, middle and
deep layers of the cartilage, respectively (Fig. 6.4c).

Figure 6.4: A schematic presentation of the implementation of collagen fibril architecture
from MRI into the FE-model. a) Coregisteration of MRI and model geometries mesh.
b) Interpolation of the cartilage structure to the model geometry. c) Implementation of
collagen fibril orientations into the model.
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In studies III and IV, the subject-specific FCD of tibial cartilage
was implemented into the subject-specific model from sodium MRI.
First, the segmented sodium MRI and the model geometry (both in
3-D) were coregistered using a custom-made iterative closest point
method (ICP). The ICP method iteratively minimizes the difference
between the locations of the segmented MR-image coordinates and
the coordinates in the model geometry. Second, after the coregis-
tration, the calculated FCD values were interpolated into the model
coordinates from the sodium MRI using linear interpolation in 3-D.

6.3.2 Subject-specific and alternative models

The collagen architectures and FCD distributions in the different
models are presented in Table 6.2.

Study I (Models I - V):
The patient-specific collagen architecture was implemented in the
tibial cartilage as described above (model I (patient-specific model),
Fig. 6.5b, Table 6.2). In order to evaluate potential uncertainties due
to inaccurate estimation of the collagen architecture from MRI, par-
ticularly in the estimation of the superficial zone thickness, models
II and III were created with alternative collagen architectures. In
model II, the thickness of the superficial zone was increased with two
pixels (i.e. 0.643 mm) as compared to model I and in model III, the su-
perficial zone was replaced with randomly oriented collagen fibrils,
representing the absence of the superficial zone, e.g., due to fibril-
lation such as occurring in OA (Fig. 6.5b, Table 6.2). In addition,
two models (models IV and V) were created with generic, constant
depth-dependent collagen architectures (constant zone thicknesses)
as obtained from the previous studies (Fig. 6.5b, Table 6.2) [48,241].
In models IV and V, the collagen fibril orientations in the laminae
were assigned in the model geometry according to the relative tis-
sue thickness at the model nodal location.
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Figure 6.5: a) The model geometry and load applied to the femoral cartilage-bone interface.
b) The different collagen architectures in models I - V at the middle of the tibiofemoral
contact in tibial cartilage (a)).

Study II (patient-specific and literature global and submodels):
The collagen architecture, obtained from MRI, was implemented
into the tibial cartilage of the patient-specific global model (Fig. 6.6b,
Table 6.2). For comparison, a global model with constant depth-
dependent fibril orientations in the tibial cartilage was created (liter-
ature global model, Fig. 6.6c, Table 6.2) [220]. Furthermore, a patient-
specific submodel was created on an area in the medial tibial carti-
lage that described the weight bearing region during the maximum
peak loads of the gait cycle in the global models (Fig. 6.6a). Sub-
modeling was used in order to create a more detailed FE mesh to
achieve a more precise material implementation and more accurate
examination of a region of interest in the joint. Submodeling also
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simultaneously decreased the total calculation times of the models
in comparison to a whole joint model with a very fine FE mesh.

Figure 6.6: Collagen architectures in the a) patient-specific submodel and b) global model,
as well as in the c) literature model at the location of tibial cartilage, as indicated in the
upper row in the MR slice, and full tibial geometries. d) The axial force and the extension-
flexion and internal-external rotations used for the simulation of gait in the e) global joint
model and translated into the f) submodel.

Study III (subject-specific, literature and homogeneous global and
compartment models): The FCD content of the tibial cartilage, de-
termined from 23Na-MRI, was implemented into the tibial cartilage
of the subject-specific joint model (Fig. 6.7a, Table 6.2). For compar-
ison, two models with alternative FCD distributions in the tibial
cartilage were created; a model with a homogeneous FCD distri-
bution (homogeneous model, Fig. 6.7a, Table 6.2) and a model with
a depth-dependent FCD distribution according to the depth-wise
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variation in the FCD (literature model [53], Fig. 6.7a, Table 6.2). In
both of these models, the mean FCD of the tissue was equal to the
mean value in the subject-specific model. The homogeneous and litera-
ture models were created in order to demonstrate the importance of
the subject-specific spatial variation of FCD in articular cartilage on
the stresses and strains to which the medial and lateral tibial carti-
lages are subjected during standing.

Figure 6.7: a) FCD distribution in one location of the tibial cartilage in the models (indi-
cated with a white box in the MR-image). b) The whole knee joint model geometry and the
load applied to the reference point (RP), from which the model output is translated to the
c) compartment models.

Study IV (Healthy, EarlyOA, AdvancedOA and NoFCD models):
The subject-specific global model from study III was used, and
named here as the Healthy model (Figs. 6.7a,6.8a, Table 6.2). In addi-
tion, two models with alternative FCD distributions were created.
The models were implemented with decreased FCD in a depth-wise
manner, first, by (avg. over tissue depth) 17% (EarlyOA model) and,
second, by 47% (AdvancedOA model) corresponding to the decrease
in FCD in early and advanced stages of OA, respectively [228] (Fig.
6.8a,b, Table 6.2). The fibril network moduli (E0

f & Eε
f , Table 6.1)

were further decreased to 50% and 20% from that in the healthy, Ear-
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lyOA and AdvancedOA models. Finally, a model without swelling
(NoFCD model, FCD = 0 mEq/ml) was created with 20% of the
fibril network moduli value. The models with reduced FCD and
fibril network stiffnesses were created in order to investigate how
the variation of FCD and tissue swelling would affect the model re-
sults and, in particular, the stresses and strains in the fibril network.

Figure 6.8: a) FCD distributions in one location of the tibial cartilage in the models (in-
dicated with a white box in the MR-image). b) The depth-wise mean FCD values at the
tibiofemoral contact region of tibial cartilage in the models. c) The loading applied to the
reference point d) in the whole joint model.

The tibial cartilage tissues in all the models in studies III and IV
were implemented with three-laminar primary fibril architectures
(superficial, middle and deep zones) with constant zone thicknesses
(mean thickness calculated in study II throughout the tibial carti-
lage) (Table 6.2).
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Table 6.2: Collagen fibril architectures ("Layer thickness") and FCD in the global/whole
joint models.

Layer thickness (%) FCD % of E0 & Eε Method
Model Superficial Middle (mEq/ml) (Table 6.1) (bold parameter)

Study I (impact) -
I (Patient-specific) 11 ± 6 18 ± 12 - 100 MRI (T2)
II (Thicker SZ*) 19 ± 9 12 ± 11 - 100 Modified MRI
III (No SZ*) - 29 ± 14 - 100 Modified MRI
IV (Literature) 5 33 - 100 PLM [46]
V (Literature) 11 32 - 100 PLM [48]

Study II (gait) -
Patient-specific 12 ± 3 32 ± 4 - 100 MRI (T2)
Literature 11 17 - 100 PLM1 [220]

Study III (standing)
Subject-specific 12 32 0.18 ± 0.08 100 23Na-MRI
Homogeneous 12 32 0.18 100 Mean 23Na-MRI
Literature 12 32 0.01 - 0.31 100 DD2 [228]

Study IV (gait)
Healthy 12 32 0.18 ± 0.08 100, 50 & 20 23Na-MRI (REF)
EarlyOA 12 32 0.15 ± 0.07 100, 50 & 20 0.83×REF
AdvancedOA 12 32 0.09 ± 0.04 100, 50 & 20 0.53×REF
NoFCD 12 32 0 20 -
*SZ = Superficial zone/layer
1PLM = Polarized Light Microscopy
2DD = Digital Densitometry

6.4 BOUNDARY CONDITIONS AND SIMULATIONS

In all studies, the tibial cartilage-bone interface was fixed in all di-
rections and the bones were assumed to be rigid.

Study I: Subject-specific collagen architecture during impact load-
ing (2-D)

In order to investigate the effect of the patient-specific depth-wise
and local variations in collagen fibril orientations in a knee joint, an
axial impact load of 846 N of 0.1 second duration was applied to the
femoral cartilage-bone interface (Fig. 6.5a). The load is equivalent
to the total body weight subjected to the subject’s knee. The menisci
were allowed to move freely in the anterior-posterior direction. The
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resulting stress, strain and pore pressure distributions of models II-V
were compared to those predicted from the model with the subject-
specific collagen architecture (model I).

Study II: 3-D subject-specific collagen architecture during gait

The aim was to investigate the effect of the patient-specific spatial
and local variations in the collagen fibril orientations in 3-D during
gait (dynamic loading). The global patient-specific and literature-
based models were implemented with the knee joint motion and
axial force during the stance phase of the gait cycle (duration 0.55s,
Fig. 6.6d) [28, 233, 234]. The axial force was adjusted to the pa-
tient weight at each time point of gait (0.4 – 1.8 times the body-
weight) [28, 233]. Finally, the femoral translations and rotations
with respect to tibia and the axial force were implemented into a
reference point (RP) located at the rotation center of femur (e.g.
the midpoint between the lateral and medial epicondyles of femur,
Fig. 6.6e) by coupling the femoral cartilage-bone interface to the
RP [28, 194]. The varus-valgus rotation of the femur was unre-
stricted during the simulations [28].

Submodel analyses were performed by interpolating the nodal
displacements and pore pressures obtained throughout the stance
from the outer surfaces of the submodel location in tibial cartilage
of the patient-specific global model to the integration points in the
outer surfaces of the submodel as time-dependent boundary condi-
tions (Fig. 6.6f). A submodeling approach was used in order to: 1)
examine more accurately certain specific location in the tibiofemoral
contact region in the joint, 2) implement the collagen architecture of
the cartilage more accurately to the region of interest (mesh density
corresponds to the MRI resolution), and to 3) minimize the calcula-
tion time needed for the joint level analysis.

The resulted maximum principal stresses, maximum principal
strains, fibril strains and pore pressures in the tibiofemoral con-
tact regions in all models were analysed as a function of time.
The results obtained from the patient-specific global joint model were
compared to those obtained with the literature global model and the
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patient-specific submodel.

Study III: 3-D subject-specific fixed charge density distribution dur-
ing standing (creep)

In order to investigate the effect of the local, subject-specific, vari-
ation of FCD values in tibial cartilage, the models were subjected
to a load which simulated standing (Fig. 6.7b). In addition, the
model deformation was compared (validated) to that observed in
vivo while the MR imaging was conducted in the presence of the
120 N load. In both simulations, the internal-external/extension-
flexion rotations and medial-lateral/anterior-posterior translations
of femur were fixed with respect to tibia and free varus-valgus rota-
tion of the femoral cartilage was allowed [194,198,222]. The bound-
ary conditions in the compartment models remained identical to
those in the corresponding global joint models (apart from varus-
valgus rotation and applied axial force). In all of the models, the
cartilages were allowed to swell for 30000 seconds (free-swelling to
equilibrium) prior to the application of loads.

Model validation:
In order to validate the deformation of the subject-specific joint
model, the model was simulated using 120 N axial load for 13
minutes, the duration of the MRI experiment. The deformations
in the tibial cartilage in the same subject were measured at the
tibiofemoral contact regions of the medial and lateral tibial car-
tilages from the subject-specific model and the experimental MRI
data.

Simulation of Standing:
First, the subject-specific, homogeneous and literature models of the
whole joint were subjected to 348 N axial force (half body weight),
for 13 minutes. The force was applied to the reference point located
in the center of the femoral epicondyle, thereby simulating stand-
ing of the subject on two feet (Fig. 6.7b). Second, the varus-valgus
rotation and the total axial reaction forces subjected to the medial
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and lateral tibial cartilage compartments were collected from the
whole knee joint model outputs as a function of time. Finally, the
collected rotations and reduced axial forces were implemented as
an input into the reference point in the medial and lateral compart-
ment models (same location as in the global model, Figs. 6.1c,6.7c)
[222, 235, 242]. These methods take into account the effect of liga-
ments in restricting the motion of the femur with respect to tibia in
the compartment models [222].

The depth-wise maximum principal stresses, maximum princi-
pal strains, fibril strains and pore pressures in tibial cartilage of the
subject-specific compartment models were compared to those of the
homogeneous and literature models. All the results were calculated
at the tibiofemoral contact region of the tibial cartilage.

Study IV: Fixed charge density distribution during gait

The aim of the study was to investigate the effect of FCD and tissue
swelling on collagen fibril strains in tibial cartilage during dynamic
loading. This was done by varying the FCD and fibril network
moduli in the models and simulating them during gait cycle load-
ing (6.8c). The gait data [28, 233, 234], the boundary conditions and
the implementation of the gait into the models were conducted in
the same way as in the global models in study II, apart from the
free swelling (30000 s) of the tissues before the gait simulation. The
resulting stress, strain and pore pressures were calculated from the
tibiofemoral contact regions throughout the stance.
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7 Results

The most important results of studies I-IV are summarized in this
chapter. The emphasis here is on maximum principal stresses and
strains, as well as fibril strains and pore pressures, which all are
possible indicators for the disruption of the collagen network. For
details and the remainder of the results, see the original publica-
tions.

7.1 EFFECT OF SUBJECT-SPECIFIC COLLAGEN ARCHITEC-
TURE

Subject specific variation of collagen fibril orientations in articular
cartilage

The average superficial and middle zone/layer thicknesses of tibial
cartilage were determined from T2 profiles of a slice located in the
lateral tibiofemoral contact region (study I), and slices of the whole
cartilage (study II). The layer thicknesses obtained in study I were
(mean ± SD through 137 depth-wise T2 profiles): 11.1 ± 6.0% and
17.7 ± 12.0% (Fig. 7.1a, Table 6.2), and in study II (mean ± SD
from 20 MR slices): 12.4 ± 3.4% and 31.5 ± 4.4% of the total tis-
sue thickness, respectively (Table 6.2). In both cases, the superficial
and middle zone thicknesses increased while moving further from
the weight bearing area. The average thicknesses of the superfi-
cial, middle and deep zones in the region of patient-specific submodel
(study II, mean from a single slice), were 12.7%, 24.5% and 62.7%,
respectively (Fig. 7.1b).
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Figure 7.1: a) The subject-specific collagen fibril orientations in the tibial cartilage deter-
mined using T2 mapped MRI in study I. b) Subject-specific collagen fibril orientations at
the location of the submodel in the tibial cartilage, determined from T2 MRI II.

Impact loading

Compared to model I (patient-specific model, Fig. 7.2, 1st row), the
increase in the superficial zone thickness in model II (Fig. 7.2, 2nd
row) increased the maximum principal stresses and fibril strains
in the superficial and middle layers of cartilage (up to +83% and
+136%, respectively, Fig. 7.2a,b). Consequently, the maximum prin-
cipal strains were reduced especially in the central parts of the tibia
(up to -24%, Fig. 7.2c). Pore pressures were also decreased in tibial
cartilage, particularly under the meniscus (up to -11%, Fig. 7.2d).

The removal of the tangentially oriented collagen fibrils in the
superficial zone of tibial cartilage (model III, Fig. 7.2, 3rd row) de-
creased the maximum principal stresses and fibril strains (up to
-69% in both parameters, Fig. 7.2a,b) in the superficial tissue in the
tibial-femoral cartilage contact region. Maximum principal stresses
and fibril strains were increased, particularly in the middle tissue
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depths in the central regions of cartilage (up to +99% and +108%,
respectively, Fig. 7.2a,b), while maximum principal strains were
increased at the cartilage-cartilage contact region, especially in the
superficial cartilage (up to +35%, Fig. 7.2c). Pore pressures were in-
creased in the tibial cartilage, particularly under the meniscus (up
to +13%, Fig. 7.2d).

Due to the thinner superficial layer thickness in model IV (Fig.
7.2, 4th row), maximum principal stresses and fibril strains were de-
creased in the superficial cartilage in comparison to the values ob-
tained with model I (up to -37% and -42%, respectively, Fig. 7.2a,b)
and consequently increased in the middle and deep layers of tibial
cartilage at the central region of the model (up to +62% and +122%,
respectively, Fig. 7.2a,b). However, the stresses and fibril strains
were reduced below the meniscus (-46% in both parameters, Fig.
7.2a,b). The maximum principal strains and pore pressures were
decreased in the superficial and middle layers (up to -14% and -
15%, respectively), particularly under the meniscus (Fig. 7.2c,d).

The thicker superficial and middle layers in model V (Fig. 7.2, 5th
row), compared to model I, increased maximum principal stresses
and fibril strains at the tibiofemoral contact region throughout the
tissue depth (up to +73% and +143%, respectively, Fig. 7.2a,b).
However, those were decreased under the meniscus, especially in
the middle layer of cartilage (up to -59% and -53%, respectively,
Fig. 7.2a,b). Similarly, maximum principal strains were decreased
particularly in the middle layers of cartilage (up to -26%) in the con-
tact region (Fig. 7.2c). Pore pressures were also reduced under the
menisci (up to -23% in the middle layers, Fig. 7.2d).
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Figure 7.2: The (a) maximum principal stress, (b) fibril strain, (c) maximum principal
strain and (d) pore pressure distributions and the mean values at each tissue layer in
models I to V, respectively, after the impact loading in study I. The values in the bar
graphs (bottom row) are mean values from the layer depth in model I at the tibiofemoral
contact region of tibial cartilage (indicated with the black box in a)).
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Gait loading

All the results were collected from the tibiofemoral contact regions
at each time point in the gait.

Patient-specific global model vs. Literature global model:
In lateral tibial cartilage, the implementation of patient-specific col-
lagen architecture had the most notable effect on the fibril strains
and maximum principal stresses during the terminal stance (at 80%
of the stance) i.e. it reduced them in the middle tissue depths (up to
-231% and -20%, respectively, Fig. 7.3a,c,e,f), as compared to the lit-
erature model. Similarly, in the medial tibial cartilage of the patient-
specific model, the fibril strains and maximum principal stresses
were clearly decreased, particularly in the superficial tissue depths
of the medial tibial cartilage in the patient-specific model during the
midstance (up to -413% and -26% at 43% of the stance, respectively,
Fig. 7.3b,d).

Implementation of patient-specific collagen architecture into the
model had a smaller impact on pore pressures and maximum prin-
cipal strains, when compared to the literature model. In lateral tib-
ial cartilage, the pore pressures declined while maximum principal
strains increased in the superficial and middle regions during the
terminal stance (up to -6% and +13% at 80% of stance, respectively).
Similarly, pore pressures decreased and maximum principal strains
increased in the superficial and middle regions in the medial tibial
cartilage of the patient-specific model particularly during the mid-
stance (up to -10% and +7% at 40% of the stance, respectively).
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Figure 7.3: Maximum principal stresses during the stance phase of gait with respect to the
tissue depth in the tibiofemoral contact region in (a) lateral and (b) medial tibial cartilage
in the patient-specific (blue) and in the literature global model (red). The relative differ-
ences in maximum principal stresses (patient-specific – literature) in (c) lateral and (d)
medial tibia. The depth-wise superficial-middle zone (SZ/MZ) and the middle-deep zone
(MZ/DZ) boundaries in the contact region at each time point of the stance in the patient-
specific and literature global models are shown as solid and dashed lines, respectively. e)
The distribution of maximum principal stress in the tibial cartilage and meniscus surfaces
in the patient-specific and f) literature models. g) A sagittal close-up from the tibiofemoral
contact region (indicated in e), at the location of the submodel) in the medial tibial cartilage
in the global joint model and h) the corresponding location in the submodel.
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Patient-specific submodel vs. Patient-specific global model:
The more accurate implementation of the collagen fibril orienta-
tions into the submodel did not alter the stress and strain distribu-
tions between the patient-specific global model and the patient-specific
submodel (Fig. 7.3g,h). However, when compared to the global
model, the magnitudes of fibril strains and maximum principal
stresses were increased, particularly in the superficial cartilage of
the submodel throughout the entire duration of stance (up to +81%
and +72% at 20% - 50% of the stance, respectively). Pore pres-
sures were rather similar between the global and the submodel,
although the pressure values were decreased in the submodel dur-
ing the midstance at middle tissue depth (up to -23% at 50% of the
stance). Maximum principal strains mostly decreased in the super-
ficial and middle regions of the submodel, in particular during the
midstance (up to -26% at 50% of stance).

7.2 EFFECT OF SUBJECT-SPECIFIC VARIATION OF FCD

Fixed charge density distribution

The mean FCD in the tibial cartilage of the left knee of the vol-
unteer was 0.18 ± 0.08 mEq/ml (mean ± SD from the segmented
MR slices), as determined from sodium MRI (Fig. 7.4). The FCD in-
creased along the tissue depth from the cartilage surface toward the
deep cartilage and reached its maximum at about 80% of the total
tissue depth (Fig. 7.4c), in both medial and lateral compartments.

In comparison with the homogeneous FCD distribution in the
homogeneous model, the FCD determined from sodium MRI in the
subject-specific model was smaller in the superficial tissue at the tibio-
femoral contact region (more than -40% in the lateral compartment
(Fig. 7.6a,c,e) and -11% in the medial compartment (Fig. 7.6a,d,f)),
while it was mainly higher in the middle/deep tissue depths (up
to +57% in the lateral compartment (Fig. 7.6c,e) and +51% in the
medial compartment (Fig. 7.6d,f)). When compared to the generic
distribution of FCD in the literature model, the FCD content in the
subject-specific model was higher in the superficial tissue at the lat-
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eral and medial tibiofemoral contact region (more than +7% and
+27%, respectively, Fig. 7.6a,c-f), while it decreased (up to -47% in
the middle tissue depth) in lateral compartment (Fig. 7.6c,e) and
increased in the deep tissue in both lateral and medial tibial com-
partments (more than +20% and +8%, respectively, Fig. 7.6c-f).

Figure 7.4: a-c) FCD distributions at different tibial cartilage depths, as determined from
the sodium MRI.

Figure 7.5: An example from one location in the tibial cartilage of the experimentally
determined deformation under a 120N load at 13 minutes. a) A close up of the tibiofemoral
contact region from that particular slice. b) The deformation of the tibial cartilage observed
in the subject-specific model, with a close up of the compressed (red) and uncompressed
(blue) geometries from the same location as in a).
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Model validation

When a 120 N compression (after 13 minutes) was applied in the ex-
perimental MRI set-up, the mean strains observed in the tibiofemoral
contact regions of medial and lateral tibial plateaus were 4.8% and
1.6% of the uncompressed cartilage thickness, respectively (Fig.
7.5a). The mean strains observed in the corresponding tibiofemoral
contact regions of the subject-specific model were 2.3% and 3.8% in
the medial and lateral tibial compartments, respectively, after simi-
lar loading of 120 N for 13 minutes (Fig. 7.5b).

Standing

Again, all the results were collected from the tibiofemoral contact
regions at the beginning (dynamic response, t ≈ 0 minutes) and at
the end of the simulations (end of creep, t ≈ 13 minutes).

The Dynamic phase:
In comparison to the homogeneous model, the smaller FCD values
in the superficial tibial cartilage of the subject-specific model had no
effect on the axial strains, maximum principal stresses and pore
pressures between the models (Fig. 7.6c,d). Minor variations in
fibril strains were observed, particularly in the superficial tissue
(up to -3% in lateral tibial cartilage (Fig. 7.6c)).

When compared to the literature model, again the increase in FCD
in the superficial tibial cartilage of the subject-specific model did not
exert any notable effect on the differences in axial strains between
the models (Fig. 7.6c,d). The same behavior was also observed in
maximum principal stresses (up to ± 3% in both compartments)
and in fibril strains (up to ± 5% in both compartments) between
the models (Fig. 7.6c,d). Pore pressures were only slightly different
between the models (Fig. 7.6c,d).

The End of Creep:
When compared to the homogeneous model, the axial strains in the
superficial tissue were increased in the lateral and medial tibial car-
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tilages (up to +9% and +13%, respectively, Fig. 7.6b,e,f) due to
the lower FCD in the superficial cartilage in the subject-specific model
(Fig. 7.6a). In the deep tibial cartilage in the subject-specific model, the
maximum principal stresses were increased while the fibril strains
were only slightly decreased in the superficial/middle tissue depths
(up to +19% in the lateral tibial cartilage and up to -5% in both
lateral and medial compartments, respectively, Fig. 7.6e,f). Pore
pressures were increased, particularly in the superficial tissue in
the lateral tibial cartilage (up to +3%, Fig. 7.6e), while the pressures
were slightly decreased throughout the tissue depth in the medial
tibial cartilage (up to -3%, Fig. 7.6f).

When compared to the literature model, the implementation of
FCD from sodium MRI decreased the axial strain in the superficial
tissue of the subject-specific model both in the lateral and medial car-
tilages (up to -18%, Fig. 7.6b,e,f) due to the increase in FCD. In the
middle tibial cartilage, the axial strains were increased in the lateral
tibial compartment (up to +4%, Fig. 7.6e). The maximum princi-
pal stresses and fibril strains were mostly decreased throughout the
tissue depth in both tibial cartilage compartments (up to -8% and
-5%, respectively, Fig. 7.6e,f). Pore pressures were again slightly
decreased throughout the tissue depth in both tibial cartilage com-
partments (up to -5% in the superficial tissue depth in the medial
tibial cartilage, Fig. 7.6f).
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Effect of FCD and fibril network stiffness during gait

Fibril strains and axial strains were analyzed between the models
with normal (healthy) and decreased FCD values and collagen fib-
ril network stiffness in the tibial cartilage. The differences in fibril
strains and axial strains, as compared to the healthy models (with
varying fibril network stiffness from the reference ("Ref", Table 6.2)),
remained rather similar throughout the entire stance. However, the
differences were most notable during the first peak load of gait (ap-
prox 20% of the stance phase):

Figure 7.7: a) Variation (an example from the tibial cartilage) and the depth-wise distribu-
tions of FCD the tibiofemoral contact region in the models. The mean b) fibril strains and
c) axial strains in the superficial, middle and deep layers (indicated in a)) of lateral and
medial tibial cartilages with different fibril network stiffnesses.
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Fibril network stiffness = Reference:
Compared to the Healthy model, the 17% decrease in FCD in Ear-
lyOA model (Fig. 7.7a) decreased fibril strains (avg. throughout the
tissue thickness in the tibiofemoral contact region of tibial cartilage)
only by -2% and -1% (Fig. 7.7b) and increased axial strains only
by +2% and +1% in lateral and medial compartments, respectively
(Fig. 7.7c). Similarly, the 47% decrease in FCD in the AdvancedOA
model (Fig. 7.7a) decreased fibril strains by -8% and -3% (Fig. 7.7b),
and increased axial strains by +9% and +1% in lateral and medial
compartments, respectively (Fig. 7.7c).

Fibril network stiffness = 0.5 × Reference:
The decreased FCD in EarlyOA model (with 50% reduced fibril stiff-
ness) decreased fibril strains by -6% and -4% in lateral and medial
compartments, respectively (Fig. 7.7b) and increased axial strains
by +1% in both compartments (Fig. 7.7c), when compared to the
Healthy model. In the AdvancedOA model, the fibril strains were de-
creased by -20% and -6% (Fig. 7.7b), while axial strains were in-
creased by +7% and +6% in the lateral and medial tibial compart-
ments, respectively, as compared to the Healthy model (Fig. 7.7c).

Fibril network stiffness = 0.2 × Reference:
In comparison with the Healthy model, the lower FCD in EarlyOA
model decreased fibril strains by -5% and -1% (Fig. 7.7b) and in-
creased axial strains by +9% and +6% in lateral and medial com-
partments (Fig. 7.7c), respectively. Again, in the AdvancedOA model,
fibril strains decreased by -23% and -6% (Fig. 7.7b), while axial
strains increased by +19% and +7% in the lateral and medial tib-
ial compartments (Fig. 7.7c), respectively, when compared to the
Healthy model. When the FCD was neglected altogether, in NoFCD
model, fibril strains decreased by -39% and -11% (Fig. 7.7b), and ax-
ial strains increased by +39% and +19% in lateral and medial com-
partments (Fig. 7.7c), respectively, when compared to the Healthy
model.
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8 Discussion

This chapter elaborates on the meaning and evaluates the signifi-
cance of the methods used in the studies and the results obtained.

8.1 MODEL VALIDITY

Direct validation of the model results (e.g., validation of stresses,
fibril strains, contact pressures etc.) is very challenging, if not im-
possible, with live test subjects. However, in all the studies, the
modeling results were compared to earlier experimental and com-
putational studies. In addition, study I investigated how the results
and thus the conclusions vary between subjects. In addition, the tis-
sue strain was compared to experimental results in study III [195].

In study I, the validity of conclusions was tested by modeling
another subject obtained from the OA Initiative (67-year-old male,
weight 88.5kg, Kellgren-Lawrence grade 0; no symptoms of joint
diseases). The MR-imaging and the protocol for the creation and
analysis of models I-V were consistent with those used in the orig-
inal model. As expected, due to differences in the geometry and
load, the absolute values between the models from individual sub-
jects differed. However, the distributions of stresses, strains and
pore pressures were similar in all models (data not shown) and
the conclusions were the same. Most importantly, this suggests
that the study results and conclusions are independent on the in-
put geometry. In addition, fluid carried approximately 90% of the
total load at the contact area between tibial and femoral cartilages
in model I, which is in line with the values presented previously
in the literature [243, 244]. Furthermore, the observed maximum
principal stress and strain distributions as well as fibril strains and
pore pressures in different tissue layers and locations of cartilage
corresponded well with those reported in previous studies (Fig.
7.2) [105, 193, 205].

In study II on average 44% of the total load was transferred
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through the lateral compartment and 56% through the medial com-
partment in the patient-specific model during the gait. In addition, the
lateral meniscus absorbed on average 80% of the load subjected to
the lateral tibial compartment, therefore, reducing the tibiofemoral
contact stresses, particularly during the beginning of the midstance
(Fig. 7.3a). On the medial side, on average, the meniscus absorbed
57% of the load to which the medial compartment was subjected,
causing higher stresses on the tibial cartilage (Fig. 7.3b). This be-
havior, along with the distribution of loads during the stance in dif-
ferent locations, correspond well with the previously-reported re-
sults [28, 191, 205, 245, 246]. The average contact pressures observed
throughout the stance in the lateral and medial tibiofemoral contact
regions (3.7 ± 0.7 MPa and 5.5 ± 2.3 MPa) are also consistent with
earlier experimental results [247, 248].

Finally, in study III the deformation of the tibial cartilage in
subject-specific model was compared to experimental values, i.e. in
vivo loading of the joint conducted with a MR-compatible compres-
sion device [229]. The deformation of tibial cartilage attributable
to the 120 N axial load in the presented model corresponded well
with the experimentally measured deformations in the knee joint
cartilage in vivo (Fig. 7.5). However, the free varus-valgus rota-
tion of the femoral cartilage in the model resulted in only a slightly
smaller deformation in the lateral and a slightly larger deformation
in medial tibial cartilages in the subject-specific model, when com-
pared to the experimental observations. The varus-valgus was set
free in the model in order to maintain stable and constant contact
between the femoral and tibial cartilages through the simulation. In
addition, the varus-valgus orientation of the femur with respect to
tibia and the tibiofemoral contact regions were similar in the model
after the simulation as was observed in the experimental MR im-
ages after the compression. It is also worth noting that the mean
deformations of the lateral and medial tibial cartilages observed in
the experimental in vivo MRI study (less than 5% of the total tibial
cartilage thickness) are smaller than the in-plane pixel size in the
scan. However, the reported mean deformations were calculated
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from the tibiofemoral contact regions from approximately 10 slices
for both compartments and therefore can be considered valid.

8.2 IMPORTANCE OF SUBJECT-SPECIFIC CARTILAGE COM-
POSITION

8.2.1 Collagen architecture

In studies I and II, computational FE-modeling methods were de-
veloped and applied to evaluate the importance of the patient-
specific collagen architecture of the tibial plateau cartilage on knee
joint mechanics under impact loading in 2-D and during the stance
phase of gait in 3-D, respectively.

Collagen fibril architecture from T2 mapped MRI

The variation of the collagen fibril orientations in the tibial carti-
lage of an intact human knee joint was determined from clinical T2

mapped MRI and presented for the first time in 2-D and 3-D. The
patient-specific layered structures of tibial cartilages that were de-
termined and presented in studies I and II (superficial and middle
zone thicknesses: 11.1 ± 6.0% and 17.7 ± 12.0% (Fig. 7.1a), 12.4
± 3.4% and 31.5 ± 4.4% (Figs. 7.1b, 6.6a), respectively) are con-
sistent with those determined previously for human articular car-
tilage using MRI and polarized light microscopy (superficial and
middle zone thicknesses 5.2 ± 2.2% - 11.0 ± 8.2% and 18.0 ± 7.0%
– 32.0 ± 13.1%, respectively) [21,48,249]. Furthermore, as observed
in studies I and II, the patient-specific collagen architecture and
layer thicknesses vary within the cartilage tissue. In particular,
the thicknesses of the superficial and middle zones increase in the
anterior/posterior and medial/lateral directions from the central
weight bearing regions of tibial cartilage. This corresponds well
with previous findings [41].

In study II, the tibiofemoral contact area in tibial cartilage varied
during the stance phase of gait (Fig. 7.3c,d). Therefore, the zonal
thicknesses vary from one time point to the next according to the
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variation in the contact region. This highlights the importance of
including the subject-specific spatial variation in the collagen archi-
tecture and the fibril orientations when evaluating the mechanical
response of knee joint cartilage.

The same method to delineate the zonal boundaries was used
in both studies I and II. The method is only dependent on each of
the depth-wise T2 profiles at a time and, therefore, is independent
of the differences in the imaging sequences used in the studies.

Impact on cartilage mechanics during dynamic loading

In both studies I and II, the patient-specific collagen architecture
modulated the observed stresses and strains in tibial cartilage. Specif-
ically, the observed alterations in the stress, strain and fluid pres-
sure patterns between the patient-specific models and the models with
alternative collagen architectures are related to the differences in
spatial and local zone thicknesses (Figs. 6.5b,7.2).

Collagen fibrils resist effectively tension in the direction of the
fibril. Therefore, in the FRPVE material, the highest tensile stiffness
(measured parallel to the cartilage surface) is highest in the super-
ficial tissue where the collagen fibrils lie parallel to the cartilage
surface and lowest in the deep zone where the collagen fibrils are
perpendicular to the cartilage surface [61, 64]. Therefore, e.g., the
increase in the superficial zone thickness results in stiffer cartilage
in the tensile direction at the extended zonal depths.

As observed in study I, the increase in superficial layer thickness
in model II increased the tensile stiffness simultaneously increas-
ing the fibril strains compared to the model with patient-specific
collagen architecture (model I, Fig. 7.2b). This also reduced the
maximum principal strains and increased stresses in model II, par-
ticularly at the intermediate tissue depths, and reduced pore pres-
sures under the meniscus (Fig. 7.2b-d)). Similarly, the removal of
the tangentially oriented collagen fibrils from the superficial tissue
in model III impaired the capability of the cartilage to resist ten-
sile forces and resulted in significantly increased maximum princi-
pal strains and reduced maximum principal stresses in the superfi-
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cial cartilage (Fig. 7.2c,d) [105]. Consequently, maximum principal
stresses increased in the deeper parts of cartilage, while due to the
increased tissue strain, the pressurization of the fluid was increased
under the meniscus (Fig. 7.2c-e). On the other hand, as the middle
zone extended in the direction of the deep zone, the perpendic-
ularly oriented collagen fibrils were replaced with randomly ori-
ented collagen fibrils at those tissue depths. This also increased the
tensile stiffness of the tissue. Therefore, when compared to model
I, the thicker middle zone in models IV and V increased the overall
stiffness of the cartilage and led to increased fibril strains and the
principal stresses in the middle tissue depths, particularly below
the tibiofemoral contact region (Fig. 7.2b,c). Consequently, this also
reduced the principal strains (Fig. 7.2d).

In study II, as compared to the literature model, the superficial
and middle zone thicknesses were larger in the lateral and smaller
in the medial tibial cartilages in the patient-specific model. Simi-
larly to study I, this increased the tensile stiffness in the lateral
tibial cartilage and led to larger fibril strains and maximum princi-
pal stresses at those tissue depths in the patient-specific model (Fig.
7.3a,c,e). The reduced thickness of the superficial and middle zones
are responsible for an opposite behaviour in the medial tibial carti-
lage, i.e., a decrease in the fibril strains and principal stresses, partic-
ularly in the middle cartilage depths (Fig. 7.3b,d,f). The differences
between the two models in pore pressure were consistent with the
stress distributions, while maximum principal strain exhibited an
inverse behavior. The behavior of stresses and strains was highly
dependent on the phase of stance and the alternating tibiofemoral
contact due to the local and depth-wise variations in the collagen
fibril orientations between the models.

These results show that the use of non-specific collagen architec-
ture is able to alter the modeled tissue response to dynamic loading
of the joint. As demonstrated in the present studies, patient-specific
evaluation of stresses and strains in normal and diseased cartilage
in the knee joint may be inaccurate if the patient-specific collagen
fibril network architecture is not available.
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Precision of fibril implementation (submodeling)

A submodel was created in study II in order to investigate a spe-
cific region of interest with a fine FE mesh. This approach enables
a more precise implementation of the fibril orientations into the
region of interest, and led to more accurate representation of the
material properties in the location of the submodel (Fig. 6.6a,b).
The results with the submodel (i.e. in comparison to those obtained
from the global joint model) suggest that the use of a finer element
mesh influences the model results, particularly when examining
fibril strains and maximum principal stresses (Fig. 7.3g,h). How-
ever, the use of a finer mesh might not be needed, e.g., for modelling
fluid flow or maximum principal strains in the tissue. Most impor-
tantly, the submodel can be created for any location in the global
model and hence enables the evaluation of a local region of inter-
est, e.g., a specific location with a visible cartilage rupture in the
MR images. Submodeling also enables the use of larger element
size in the global model, which decreases the total calculation time
of the joint models, especially in the 3-D models with large amount
of elements and complex loading schemes.

8.2.2 Fixed charge density

In studies III and IV, FE-modeling was used with FRPVES mate-
rial, that is capable of taking into account the swelling of cartilage
tissue due to the negative charge (FCD) [55,202]. Hence, the subject-
specific variation of FCD was determined from sodium MRI and its
importance on knee joint function was evaluated under static and
dynamic loading, simulating standing and gait.

FCD from Sodium MRI

Quantification of both sodium concentration and FCD from sodium
MRI depend on the post processing steps and corrections applied
to the measured signal intensity [24, 25, 144, 145, 147, 250]. In the
present studies, the corrections for the inhomogeneous B1 magnetic
field, partial volume effects, biexponential T∗

2 and monoexponential
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T1 relaxations to the observed signal intensity were necessary for
the calculation of the sodium concentrations and most importantly,
the FCD of the cartilage tissue even at high field strengths (7 T)
and with images of fair resolution (in-plane 1.5 x 1.5 mm, slice
thickness 2.8 mm, Fig. 6.3). The sodium concentration of tibial
cartilage, calculated for the tibial cartilage in study III, and used in
study IV, (260 ± 70 mM) is in agreement with previously reported
values (mean values 240 mM – 270 mM) [24, 25]. In addition, the
calculated mean FCD and the depth-wise variation of the FCD (Fig.
7.4) correspond well with those presented in previous studies (FCD:
0.1 – 0.3 mEq/ml) [53, 54, 228].

Impact on cartilage mechanics during creep

As observed in study III, the subject-specific variation of FCD in
the tibial cartilage had no substantial effect on the stresses and
strains during the beginning of the simulated standing (subject-
specific model vs. the homogeneous and literature models) (Fig. 7.6c,d).
This observation was expected, as the cartilage response to dynamic
loading is mainly determined by the interplay between the fluid
and the collagen fibrils [1–3]. Furthermore, the negligible differ-
ences observed mostly in the maximum principal stresses and fibril
strains between the models are due to the similar mean FCD of
cartilage, resulting in rather similar, bulk cartilage stiffness in the
models. Nevertheless, the increase in FCD also increases the tissue
swelling, and leads to slightly increased fibril strains within the tis-
sue (Fig. 7.6c,d) [1]. This was observed also in the current models
in the unloaded joints, immediately after the free swelling period
of the tissues (the 30000 second simulation without loading, dur-
ing which the cartilage swelling reaches equilibrium). Therefore,
alterations in the FCD content and tissue swelling, e.g., due to OA,
would alter the pre-strain in the collagen network, tissue stiffness
and thus can exert an effect on the tissue response also to dynamic
loading, e.g., during walking (as discussed above).

After 13 minutes of standing (creep), the implementation of the
subject-specific FCD from sodium MRI into the subject-specific joint
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model displayed a notable effect on axial strains, when compared
to the models with the homogeneous FCD distribution and to the
model with the FCD obtained from the literature (Fig. 7.6a,b,e,f).
When compared to the homogeneous model, the locally smaller FCD
content in the superficial cartilage in the subject-specific model de-
creased the local tissue stiffness and increased the tissue strains and
also the local fibril strains (Fig. 7.6e,f). The higher amount of FCD
in the deeper tissue in the subject-specific model also increased the lo-
cal tissue stiffness in the deep tissue, resulting in decreased strains
(Fig. 7.6e,f). When compared to the literature model, the FCD in
the tibiofemoral contact region was either higher or lower through-
out the tissue depth in the subject-specific model. Consequently, this
led to correspondingly altered strains at the corresponding tissue
depths (Fig. 7.6e,f). These results suggest that, in particular, the
axial strains follow the pattern of the FCD.

Impact on cartilage mechanics during gait

Previous, mostly modeling studies have proposed that variation of
the nonfibrillar matrix stiffness of cartilage tissue plays no role on
the knee joint response to dynamic loading [194]. However, the tis-
sue swelling and the variation of the FCD has also been neglected
in the previous knee joint models. The observations made during
the free swelling period in study III proposed that the swelling due
to FCD might influence the internal strain in the collagen network,
and should have an effect on the tissue response to dynamic load-
ing.

In study IV, the decrease in FCD content from that in Healthy
models reduced fibril strains particularly during the first peak load
of the stance phase of gait (at 20% of the stance, the loading re-
sponse, Fig. 7.7a,b). This is due to the reduced swelling of the
cartilage tissue which resulted in a smaller internal swelling pres-
sure and, hence reduced the strain in the collagen network. Re-
duced FCD also decreased the stiffness of the cartilage tissue, thus
resulting in larger deformations in the tibial cartilage in EarlyOA,
AdvancedOA and NoFCD models (Fig. 7.7c).
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The importance of FCD on the cartilage response was further
emphasized when the fibril stiffness was decreased in the EarlyOA
and AdvancedOA models, as compared to the Healthy model (Fig.
7.7b,c). This behavior was observed since the softer fibril network
allows the tissue to swell more due to (constant) FCD, hence ampli-
fying the effect of FCD and creating larger strains on the fibrils and
increasing the difference between the healthy and OA models. This
behaviour was most apparent when the FCD was reduced to zero
(NoFCD model). In more specific terms, as the FCD is neglected,
also the internal pressure of the tissue and the swelling are negligi-
ble (equations 4.13,4.14). This leads to notably softer tissue stiffness
and hence to a larger deformation of the cartilage [204, 221]. How-
ever, it must be noted that this is a parametric study on the effect
of FCD and the OA models did not include any other variations
in the tissue composition other than decreased FCD. Thus, direct
conclusions related to OA may be only drawn from the EarlyOA
models.

This tissue behavior has been lacking in previous computational
models and these have led to the earlier assumptions that the PG
loss does not contribute to the cartilage response during gait [194].
The results in study IV demonstrate that FCD does exert a small
effect, though smaller than that of the collagen fibrils, on the me-
chanical response of cartilage during dynamic loading of the knee.
In particular, FCD and tissue swelling play an increasingly impor-
tant role on joint mechanics when the fibril stiffness decreases, e.g.,
due to degradation of the fibril network during the progression of
OA.

8.3 LIMITATIONS

Modeling studies are rarely without limitations and studies I - IV
included in this thesis are no exceptions in this respect.

First, in the methodologies, the MR imaging imposes certain
limitations. The main limitation of MRI is the relatively large imag-
ing resolution and voxel size, which results in a certain amount
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of information loss, e.g., due to the partial volume effect (PVE)
[16, 106, 251, 252]. The resolution of MRI can pose a problem in
the inter-scan repeatability, and in particular in the determination
of the thin superficial zone from the T2 profiles [253]. The MR data
used in this thesis consisted of MR-images with in-plane resolu-
tions of 0.3 - 1.5 mm. Therefore, in studies I and II, one pixel in
the image was equivalent to a size corresponding to approximately
5-10 % of the tibial cartilage thickness, which is also close to the
superficial layer thickness of articular cartilage. With this level of
precision, it is possible that one may not detect small changes and
variations, especially in the superficial tissue. In thin cartilage, the
superficial collagen fibril layer may thus remain invisible, e.g., due
to the partial-volume effect [16]. The same phenomenon is most ap-
parent also in the case of sodium MRI (in-plane resolution 1.5mm
and slice thickness 2.8mm), where the SNR and signal intensities
are notably affected by the low resolution (PVE, [147]) and, e.g., by
inhomogeneities in the magnetic field [250]. However, the signal
loss in sodium MRI can be countered by carefully choosing the ap-
propriate methods to correct the apparent signal intensities, as was
done in study III.

The imaging plane and joint geometry can also cause inaccu-
racies in the estimation of collagen architecture [16]. Specifically,
the T2 relaxation times reach their maximum value when the im-
aged object or structure is at the magic angle with respect to the
static magnetic field [133]. Therefore, variations in the positioning
of the knee in the MR scanner can affect the signal intensities ob-
served in the joint ROI and may alter the laminar appearance of
the cartilage in the final MR image. In addition, the curvature of
the cartilage surface may modify the observed signal intensity and
can increase uncertainties in the architectural evaluation, especially
in those regions where the direction of the cartilage surface is not
perpendicular to the main magnetic field [16]. The curvature of the
cartilage surface in the anterior-posterior and medial-lateral edges
of the cartilage can result in a more uniform depth-wise T2 profile
(due to the magic angle effect) [16, 254]. This behavior makes the
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delineation of the zonal boundaries cumbersome and may exagger-
ate the thickness of the middle zone in those regions with a curved
cartilage surface. However, in the MR images used in the current
studies, the joints were perpendicular to the external magnetic field,
and hence the delineation of the collagen architecture should be
rather precise, particularly in the relatively flat tibiofemoral contact
regions.

In the best case scenario, in order to minimize the possible in-
formation loss that can occur in the implementation of the carti-
lage composition from MRI into the models, e.g. due to interpo-
lation, the element size should be equal to the resolution in the
MRI. Nonetheless, the use of a coarser element mesh in the models
may improve the repeatability of the results between separate scans
through smoothing and interpolation of the MR data. However,
the use of a coarser mesh also smooths out the small variations in
the orientations of the collagen fibrils within the tissue. Therefore,
the use of a finer element mesh (e.g. submodeling (study II) or by
adopting the compartment model approach (study III)) can make it
easier to reveal the changes in the cartilage composition and hence
lead to more accurate and more localized results.

However, the main purpose of the studies was to investigate the
effect of subject-specific variations in the orientations of the collagen
fibrils and in FCD in comparison to generic or alternative distribu-
tions. Therefore, the behavior between the models with alternative
composition and the conclusion drawn from them remain the same,
even if there were to be some uncertainties in the determination or
implementation of the tissue composition from MRI into the mod-
els.

Second, certain compromises were needed in the models, e.g.,
due to the tissue and model geometries. In study I, due to 2-D ge-
ometry, the middle zone in the tibial and femoral cartilages and the
bulk meniscus were implemented with random fibrils instead of
the tangentially and circumferentially oriented fibrils, respectively.
Similarly, the split-line pattern of collagen fibrils in cartilage could
not be implemented into the 2-D geometry. In study II, the middle
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layers in the cartilages were implemented with a mean fibril orien-
tation ranging from 0◦ (superficial) in the arcade-like structure to
90◦ (deep), which is 45◦ degrees with respect to the cartilage sur-
face. This was done due to the local multilaminar appearance in
the collagen architecture as obtained from MRI, which would have
made the implementation of the arcade-like structure cumbersome
and even potentially inaccurate, particularly in the deep tissue.

In addition, in all the models, including the subject-specific mod-
els, the femoral cartilages were implemented with generic depth
dependent tissue compositions. Therefore, this eliminates any pos-
sible uncertainties in the determination of the zonal boundaries in
studies I and II, due to the convexity of the femoral cartilage tissue
with respect to the main magnetic field. In study III, the femoral
cartilage was also implemented with generic depth-dependent FCD
distribution. This was done due to the thickness of the femoral car-
tilage, which was locally as low as one pixel in the sodium MR im-
ages, and this might have provided a non-realistic estimate of the
FCD value in these regions of the femoral cartilage. Furthermore,
the implementation of similar cartilage tissue compositions in the
femoral cartilages into each model made it possible to make a more
valid comparison of the results in the tibial cartilage between the
models in each study. In addition, the tibial cartilages in studies III
and IV were implemented with constant depth dependent collagen
architectures, as this standardization of the depth-wise variation of
collagen fibril orientations in the models permits a better estimate
of the effect of the FCD variation on the knee joint mechanics.

Third, the loading and boundary conditions in the models have
their limitations. In studies II and IV, the implemented gait load-
ing was obtained from the literature [233, 234] instead of a subject-
specifically measured gait cycle. The differences in gait patterns
between subjects may cause alterations in the distribution of loads
at specific time points during the stance [214]. Hence, in order to
obtain a subject-specific estimate of the joint condition, it would be
preferable to utilize the subject-specific gait information. However,
again this simplification does not affect the results and conclusions
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emerging from the studies, since the purpose was to investigate the
influence of the tissue compositions on joint mechanics. Further-
more, in studies I,II and IV, and in the compartment models in
study III, the ligaments were not included into the model geome-
tries. Instead, the effect of the ligaments were taken into account
in the boundary conditions and in the implemented forces and mo-
tions. In addition, the effect of the ligaments would be identical
between the models in each study, and therefore, would not affect
the conclusions.

Finally, all the studies included only one test subject (the results
from the second subject in study I were not published). As the
cartilage geometries and compositions can vary between subjects,
e.g., according to the joint status (OA), also the absolute results are
likely to vary from one subject to the next.

Despite the limitations in the studies, it should be emphasized
that in the currently described knee joint models in the literature,
the FRPVE and in particular, the FRPVES material properties and
the tissue composition which were implemented here, have been
either neglected or are based on values from the literature. For
example, typically generic, constant zone thicknesses are applied
(as in models IV and V in study I and in literature model in study
II), hence the combination of imaging and biomechanical model-
ing applying the methods presented here represents a step towards
the realization of subject-specific evaluation of joint mechanics with
computational methods.
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9 Summary and Conclusions

In these studies, the subject-specific variation of collagen fibril ori-
entations and fixed charge density of articular cartilage were de-
rived from in vivo MRI data. Their roles were investigated on the
cartilage response to every-day loading scenarios, e.g. standing and
walking, using 2-D and 3-D biomechanical models of the knee joint.
Specifically, this was achieved by defining the collagen architectures
of tibial cartilages in 2-D and 3-D using T2 maps of clinical MR data
sets and the models based on those were simulated under impact
loading and during the stance phase of gait (one step). Further-
more, the FCD distribution of tibial cartilage of a healthy volunteer
was calculated from sodium MRI and its effect was investigated
on the knee joint response to standing (static, creep load) and dur-
ing gait. The models with subject-specific collagen architectures
and FCD distributions were compared to models with alternative
compositions and to those with generic, non-specific, tissue compo-
sitions.

The main conclusions from the studies:

Study I The patient-specific variations in the zone thicknesses of
cartilage alter the local stress and strain distributions through-
out the width of the tibial cartilage. The results also sug-
gest that minor inaccuracies in the collagen architecture, e.g.
caused by the limited resolution of MRI or the use of generic
collagen architecture, may lead to significant uncertainties in
computational model prediction of the mechanics and condi-
tion of the knee joint. Specifically, the results highlight the
importance of the superficial zone of cartilage in distributing
the stresses, strains and pore pressures in the knee joint carti-
lage.

Study II The 3-D variation of the patient-specific collagen archi-
tecture (as obtained from MRI) influences the distribution of
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load in a depth-, location- and time-dependent manner in the
tibial cartilage during gait. Submodeling can be adapted to
evaluate the effect of patient-specific collagen architecture at
any location in the knee joint (in 3-D) and this also makes it
possible to achieve a more precise implementation of cartilage
structure into the model simultaneously improving the model
accuracy.

Study III The results demonstrate that the subject-specific varia-
tion in FCD of cartilage (e.g. determined from the sodium
MRI) modulates the mechanical response of human knee joint
cartilage while the subject is standing (under static loading)
in accordance with the spatial variation of FCD. Hence, the
subject-specific FCD and the swelling of the tissue should be
taken into account when evaluating local strains of cartilage
in the knee, especially for diagnostic purposes.

Study IV The results demonstrate that FCD has an effect on the
mechanical response of cartilage also during dynamic load-
ing of the knee. The results also suggest that cartilage FCD
has even more of an influence on knee joint function when the
cartilage tissue degenerates, such as in OA. This may be im-
portant to consider when evaluating through modeling possi-
ble failure points in joints.

In conclusion, the subject-specific variation of collagen orienta-
tions and FCD modulate the cartilage response to both static and
dynamic loading, such as standing and walking. The determina-
tion of the cartilage tissue composition from clinical and pre-clinical
MRI is also feasible and may be advantageous when evaluating
the subject-specific joint mechanics, particularly the condition of
the joint. The presented modeling techniques are able to reveal
the compositional variation in the cartilage tissue and its influence
on the joint mechanics with the precision provided by the imaging
modality in use. The presented methods can therefore be a spring-
board for developing a diagnostic tool to investigate the joint condi-
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tion and possible failure sites in joint tissues as well as functioning
as a clinical tool, e.g., to evaluate the need for surgical interventions.

9.1 FUTURE ASPECTS

Knee joint modelling has progressed a long way from the linearly
elastic models to the fibril-reinforced multimodal approaches avail-
able today. However, there is still room for improvement.

With respect to advancing the findings emerging from the present
thesis, the first step forward will include further model validation
and increasing the number of test subjects. As highlighted through-
out the thesis, the tissue composition as well as the loading patterns
vary between individuals and therefore the methods presented here
should also be applied to larger subject groups and to subjects with
varying (clinically diagnosed) joint conditions. In addition, the use
of follow-up data would be extremely valuable as a way of validat-
ing the capability of the model to assess the condition of the joint
and to pinpoint possible failure sites in the knee.

Second, the subject-specific joint modelling and, in particular,
the implementation of data reflecting the subject-specific composi-
tion of cartilage into the model still lacks an accurate depiction of
tissue fluid and, most importantly, fluid flow in and out of the car-
tilage tissue. It is known that the fluid content and fluid flow in the
tissue are altered during the progression of OA. Therefore, taking
these factors into account might be one way to improve how well
the model is able to predict joint mechanics. The clinical methods
to evaluate the fluid content (e.g. T1 and T1ρ of MRI) could be more
profoundly studied for the use of joint modeling. In general, the
development of the clinical imaging modalities and methods will
undoubtedly be of benefit also for the future development of joint
modeling.

Third, the modeled physical activities could be (even at the mo-
ment) expanded to cover more than the most common gait and
standing patterns, e.g. kneeling, stair-climbing, jumping etc. This
could also allow the model to evaluate possible causes of knee pain,
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e.g., during a certain activity or in a particular joint orientation.
Finally, in order to forge the presented modeling methods into

a clinically feasible tool, the segmentation of image data and mesh-
ing should be automated. Currently, those two phases take most of
the time in the model creation. In particular, testing of the element
mesh and convergence criteria for the model convergence are labo-
rious and time-consuming.

Due to the work already done and the work ahead, biomechani-
cal modeling when combined with clinical imaging modalities is
an auspicious method to aid, e.g., clinicians with joint diagnostics.
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P. Szomolanyi, S. Trattnig, S. Zbýň, V. Mlynárik, V. Juras, P. Szomolanyi, and S. Trat-
tnig, “Sodium MR Imaging of Articular Cartilage Pathologies,” Current radiology re-
ports 2, 41 (2014).

102 Dissertations in Forestry and Natural Sciences No 226



i
i

i
i

i
i

i
i

Bibliography

[139] X. Deligianni, P. Bär, K. Scheffler, S. Trattnig, and O. Bieri, “High-resolution Fourier-
encoded sub-millisecond echo time musculoskeletal imaging at 3 Tesla and 7 Tesla,”
Magnetic Resonance in Medicine 70, 1434–1439 (2013).

[140] S. Haneder, V. Juras, H. J. Michaely, X. Deligianni, O. Bieri, S. O. Schoenberg, S. Trat-
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