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1.1. INTRODUCTION

Osteoarthritis (OA) is a multifactorial pathophysiologic condition
that affects the components of articulating joints namely articular
cartilage (AC), synovial fluid and subchondral bone [1-3].
Particularly, advanced OA is associated with cartilage damage,
subchondral bone sclerosis, and thinning of synovial fluid that

causes significant musculoskeletal morbidity (Figure 1.1) [3, 4].

Normal ¥ \ 0A Muscle atrophy
knee Femur ! knee
; ./ Bone remodeling
7 < : and sclerosis

Cartilage
A\~ breaking down

—Meniscal damage

Synovial
hypertrophy

— Osteophytes

Ligament
dysfunction

Altered fat
metabolism

Figure 1.1. Healthy and OA joints are depicted (Adapted by permission
from Macmillan publishers Ltd: Nature Reviews Rheumatology [5],
Copyright 2011).

Articular cartilage comprises crucial macromolecules among
which proteoglycans (PGs) and collagens are the most abundant
[6]. In OA, PG loss, collagen fibril disruption, and water content
alterations prevail. Those changes severely deteriorate the
mechanical properties of AC including, for example, its shock
absorbing properties [7]. The PGs are responsible for providing
normal AC with excellent compressive mechanical properties due
to the negative fixed charges associated with them that lead to
considerable influx of water from the synovial fluid. To sustain
electro-neutrality in AC, positively charged ions from the
surroundings are therefore attracted to the AC matrix through the
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water influx [8]. Consequently, the high swelling pressure
generated by the PGs is restrained by the tensile properties of
collagen fibrils oriented differently across cartilage thickness [9].
Non-uniform distribution of PGs and collagens, dome-shaped
orientation of collagen fibrils as well as water content create
significant mechanical and physical gradients across AC [10, 11].
Across healthy AC, PG concentration increases and collagen
content decreases, while water content steadily decreases from
80% at the cartilage surface to 60% near the cartilage-subchondral
bone interface [6]. Unlike collagens that are barely replaced by
chondrocytes —the only residing cell type in AC- PGs undergo
continuous turnover and are thereby repaired after being
continuously cleaved by enzymes, ie. matrix metalloproteinase
[12]. The transport of solutes across AC occurs frequently via
molecular diffusion and is of major metabolic importance due to

cartialge avascularity (Figure 1.2) [13].

Joint

Figure 1.2. Solute transport nurtures the cartilage from the synovial fluid
(Adapted by permission from Macmillan publishers Itd: Nature Reviews
Rheumatology [14], Copyright 2011).
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The transport of molecules is significantly affected by the
concentration of PG and collagen, orientation of collagen fibrils,
water content as well as the charge and size of the molecule. PG
loss and collagen fibril disruption that are considered the hallmarks

of OA [13], may therefore change the transport properties of AC.

Since AC is a heterogeneous [15], multi-phasic, anisotropic, and
nonlinear material, estimating its physical and mechanical
properties cannot be successfully accomplished solely using
analytical formulations. Therefore, the primary aim of this thesis is
to develop multi-physics models that enable accurate prediction of
the mechanical and physical properties of AC including the
Young’s modulus, permeability, Poisson’s ratio, fixed charge
density and the diffusivity of solutes. Since application of the
developed models generally requires availability of significant
computational expertise and given the fact that many labs do not
have easy access to such expertise, a second goal of this thesis is to
combine multi-physics models with artificial neural networks so as
to make them accessible to a wider range of labs. Ease of use
could significantly increase the impact of presented multi-physics

models in actual practice of research on AC.

1.2. THESIS OUTLINE

The sequence of chapters in the thesis is based on a gradual trend
of increasing complexity in the presented multi-physics models.
Following chapter 1, which is an introductory overview of the
multi-physics modeling of cartilage, the other chapters are

organized as follows:

Chapter 2: A coupled finite element and artificial neural network
(ANN) model to determine the mechanical and physical properties

of articular cartilage as a poroelastic material using spherical
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indenter was developed. The ANN was trained using noisy data to
keep it robust against possible disturbances present in the input
data. Since no analytical solution is available for this type of
indentation and the only method is based on finite element
modeling and optimization algorithm, using proposed method,
one can obtain the mechanical and physical properties of cartilage

robustly without any need for computational experties.

Chapter 3: A multi-zone biphasic-solute model based on contrast
enhanced micro-computed tomography experiments for the
transport of neutral solute across articular cartilage was developed.
Using this method one can obtain diffusivity of different cartilage

layers simultaneously.

Chapter 4: A coupled finite element model- artificial neural
network (ANN) to determine solute diffusivity across articular
cartilage in different cartilage layers based on biphasic-solute
model (presented in chapter 3) was developed. The aim was to
develop an algorithm to accurately obtain the diffusivity of
cartilage layers without computational expertise (post-training the
ANN).

Chapter 5: A contrast enhanced micro-computed tomography
based on experimental setup was developed to study the isolated
effects of external bath osmolality, solute concentration, and
electrical charge on solute transport across articular cartilage.
Quantification of solute diffusion was performed using our

developed finite element models.

Chapter 6: An experimental setup was developed based on micro-
computed tomography monitoring of diffusion across cartilage
and subchondral plate. The goal was to confirm the diffusion of
neutral solutes across osteochondral interface and to establish the

relationship between microstructure of articular cartilage and
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subchondral plate and the transport of molecules across articular

cartilage and subchondral bone.

Chapter 7: A biphasic-solute model based on contrast enhanced
micro-computed tomography experiments (chapter 6) for the
transport of neutral solute across articular cartilage and
subchondral plate was developed. Using this method one can
obtain diffusivity of different cartilage layers as well as subchondral

plate simultaneously.

Chapter 8: The effects of size and stirring of bath containing
neutral solutes and stagnation layer at the bath-cartilage interface
on the diffusion across cartilage were investigated by the aid of
parametric biphasic-solute finite element models. The aim was to
investigate the dominant parameters on diffusion and to optimize

diffusion experiments.

Chapter 9: A multiphasic model based on contrast enhanced
micro-computed tomography experiments (chapter 5) for the
transport of charged solute across articular cartilage was
developed. Using this method one can obtain fixed charge density

and diffusivity at each cartilage layer simultaneously.

Chapter 10: This chapter presents and reviews the latest finite
element models enabling determination of physical and mechanical
properties of articular cartilage based on indentation and diffusion
experiments. The emergence of artificial neural networks to reduce
the reliance on the finite element modeling will be discussed and
finally conclusive suggestions based on the findings of the thesis

chapters will be provided.

Chapter 11: This chapter summarizes the main findings of the
thesis and what we learned from multi-physics modeling of
cartilage and subchondral bone that also includes some suggestions

for future work.



Chapter 1 7

Finally, a protocol is provided to establish experimental-
computational setup to study transport of neutral and charged

solutes in articular cartilage (Appendix).
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CHAPTER 2

DETERMINATION OF THE MECHANICAL AND
PHYSICAL PROPERTIES OF CARTILAGE BY
COUPLING POROELASTIC-BASED FINITE
ELEMENT MODELS OF INDENTATION WITH
ARTIFICIAL NEURAL NETWORKS"
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the mechanical and physical properties of cartilage by coupling poroelastic-based finite element
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ABSTRACT

One of the most widely used techniques to determine the
mechanical properties of cartilage is based on indentation tests and
interpretation of the obtained force-time or displacement-time
data. In the current computational approaches, one needs to
simulate the indentation test with finite element models and use an
optimization algorithm to estimate the mechanical properties of
cartilage. The modeling procedure is cumbersome, and the
simulations need to be repeated for every new experiment. For the
first time, we propose a method for fast and accurate estimation of
the mechanical and physical properties of cartilage as a poroelastic
material with the aid of artificial neural networks. In our study, we
used finite element models to simulate the indentation for
poroelastic materials with wide combinations of mechanical and
physical properties. The obtained force-time curves are then
divided into three parts: the first two parts of the data is used for
training and validation of an artificial neural network, while the
third part is used for testing the trained network. The trained
neural network receives the force-time curves as the input and
provides the properties of cartilage as the output. We observed
that the trained network could accurately predict the properties of
cartilage within the range of properties for which it was trained.
The mechanical and physical properties of cartilage could therefore
be estimated very fast, since no additional finite element modeling
is required once the neural network is trained. The robustness of
the trained artificial neural network in determining the properties
of cartilage based on noisy force-time data was assessed by
introducing noise to the simulated force-time data. We found that
the training procedure could be optimized so as to maximize the

robustness of the neural network against noisy force-time data.
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2.1. INTRODUCTION

Osteoarthritis (OA) is a common chronic disease that develops as
a result of the degeneration of articular cartilage (AC) which
frequently leads to pain and limited mobility [1, 2]. In AC, collagen
type 1I fibers mainly provide tensile mechanical properties while
negatively charged proteoglycans macromolecules (PGs) provide
shear and compressive mechanical properties of AC [3]. Changes
in the mechanical and physical properties of AC such as Young’s
modulus and permeability as a result of PG loss and collagen fibril
disintegration are the hallmarks of disease progression. Mechanical
characterization of AC and its changes over time is therefore an
important research line within the OA community [4-6]. Available
tools to investigate the mechanical behavior of cartilage are
compression tests among which the most important ones are
confined compression [7-9], unconfined compression [9-11], and
indentation tests [12-14].

The indentation test offers the advantage of obtaining local
mechanical properties of cartilage accurately [15]. It also does not
require cartilage tissue to be cut loose from the bone, and
consequently sophisticated processes for preparing cartilage before
the test do not cause damage to the tissue. It is therefore possible
to state that the indentation test is an absolutely nondestructive
test [11, 16] and consequently it can be performed 7z vivo [17, 18].
Indentation tests are shown to be capable of identifying OA and
healthy cartilage at nano-scale [4] and determining the fixed charge
density of cartilage tissue [19].

One way to specify cartilage’s mechanical properties is to apply
analytical solution to the data from the indentation test. Since no
analytical solution for the indentation of poroelastic materials
exists, this approach may lead to errors for the prediction of
mechanical properties of cartilage [20, 21]. The other approach is

to use finite element method combined with optimization
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algorithm by which cartilage properties can be derived [6, 22]. This
however requires cumbersome iterative processes until the best
finite element model for the problem is achieved [23-26].
Moreover, the entire modeling process needs to be repeated for
every new indentation test.

In this study, we first used finite element models (FEM) to
simulate the indentation of cartilage as a poroelastic material in
relaxation mode for a wide range of properties and their
combinations i.e. Young’s modulus, Poisson’s ratio, permeability,
and friction coefficient between the indenter and cartilage surface.
Thereafter, we used force—time data obtained from FEM as inputs
and properties of articular cartilage as targets to train an artificial
neural network (ANN). This enabled us to extract the precise
properties of articular cartilage under similar boundary conditions
as were used in FEM. This approach will potentially pave the way
toward predicting accurate properties of healthy and OA articular
cartilage when the experimental data from indentation tests are
accessible. The long-term aim of the current study is to conceive a
method by which a user-friendly environment becomes available
that could be used to distinguish between healthy and diseased

tissue.

2.2. Methodology
2.2.1. FINITE ELEMENT MODELING

We used a finite element modeling platform i.e. Abaqus 6.11 to
simulate the indentation test of a cartilage specimen introduced as
a poroelastic material. The essential equations required for
modelling cartilage are presented [10, 27] (Appendix A).
Mechanical and physical properties as well as model assumptions
were chosen based on the previous work [13, 14, 28]. The cartilage
specimen was assumed to have a thickness of 3 mm and an

axisymmetric radius of 20 mm to maximally eliminate the edge
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effects on the fluid velocity vectors. A spherical indenter with the
radius of 5 mm was used in the model (Figure 2.1). The cartilage
properties are provided in Table 2.1 [14, 28-30]. The details of
finite element modeling as well as the required boundary

conditions are presented in Appendix B.

FLVEL, Resultant

Figure 2.1. The axisymmetric model used for simulation of indentation
experiments. Fluid velocity vectors are depicted in this figure for

demonstration purposes.

Table 2.1. Properties of articular cartilage used in finite element simulations
[14, 28-30].

Parameter Value
Poisson’s ratio, V 0.08
Permeability, K 40x107 mm*/Ns
Initial void ratio, €, 4.0 (80 % interstitial fluid)
Coefficient of friction, f, 0.02
Seepage coefficient, ks 1 mm3/N.s — Flow

0 mm3/N.s — No flow

Young’s modulus, E 0.54 MPa
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We developed an Abaqus user subroutine to identify the contact
between the cartilage and the indenter based on Pawaskar’s work
[14]. In this method, when contact stress on the cartilage’s surface
is greater than a threshold value, fluid flow is forced to stop. The
developed user subroutine processed the information received
from the solver in each iteration and created a common block that
included all nodes with contact stress greater than the threshold
(URDFILL). The common block could be accessed by another
subroutine (FLOW). In the FLOW, the closest integration point to
the node that has a contact stress greater than the threshold value
is selected and fluid flow is stopped by setting both the seepage
coefficient and sink pore pressure to zero. Otherwise, it continues
to use a seepage coefficient equal to one while the sink pore

pressure remains zero.
2.2.2. ARTIFICIAL NEURAL NETWORKS (ANNS) APPLICATION

In this section, we describe how we trained an ANN in MATLAB
2013 for predicting the cartilage mechanical and physical
properties such as elastic modulus, Poisson’s ratio, permeability,
and friction coefficient using force—time data (Appendix C. How
does artificial neural network function?).

The indentation test was simulated for a wide range of different
mechanical and physical properties according to the previously
used data from human articular cartilage [14]: elastic modulus
between 0.1 and 1 MPa, Poisson’s ratio between 0.01 and 0.2,

permeability between 107 and 10> mm*/N.s, and friction
coefficient between 0 and 0.05. For every property, the variation
interval was divided into 10 and finite element models were run for
all possible combinations resulting in 10,000 simulations. The
output of this parametric study was force-time data with 121
different time points which are originated from Abaqus resampling

procedure. The input matrix for training the ANN therefore
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contained 10,000%X121 force—time data and the target matrix
contained 10,000%4 cartilage properties. In the current sturdy we
used a number of 30 hidden neurons for the noise-free data and 40
hidden neurons for noisy data. Following the training of the
network, the curves by which the mechanical and physical
properties can be determined were introduced into MATLAB and
the results were effortlessly achieved (CPU time of 0.11 s using a
computer (3.33 GHz (2 cores)).

2.2.3. ROBUSTNESS ASSESSMENT

In reality, noise occurs frequently during obtaining the force—time
diagram using indentation tests. It is therefore crucial that the
algorithm is sufficiently robust and capable of predicting the
mechanical and physical properties from datasets that are
associated with various levels of noise. To simulate the
inaccuracies associated with noise in the force-time curve, a
random Gaussian term (noise) was added to the training force-
time data as follows [31, 32]:

F()=F 1) +NO,o() o
where N(0,0(t)) is a Gaussian distribution and standard deviation

o(t)=F(t)/A. The parameter A represents the signal to noise

ratio: a smaller A results in a noisier force-time data.

2.3. RESULTS
2.3.1. PREDICTION OF THE CARTILAGE’S PROPERTIES FROM
NOISE-FREE FORCE—TIME CURVES

When 10,000 samples were randomly distributed into training 90%
equal to 9000 samples, validation 5% equal to 500 samples and test
5% equal to 500 samples and 30 hidden neurons were used for

training the ANN [31, 33], the Pearson correlation coefficients
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equalled one for training, validation, and test datasets (Figure 2.2A-
C). The ANN training diagram had a small mean squared error for
the training, validation and test datasets, indicating the
effectiveness of the training algorithm (Figure 2.2D).
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1 1 o 1
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Figure 2.2. Regression diagrams for the training (A), validation (B), and test
(C) datasets of the ANN trained in the absence of noise in its training and
test data. ANN training diagram (D) and histogram of identification errors

(e).

The improvement of the performance diagram while training the

network was very similar for training, validation, and test datasets
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(Figure 2.2D). The identification error — which is the value of the
difference between the actual properties and ANN prediction for
test data that was not used in training and validation sets — was
also found to be very small (Figure 2.2E). The distribution of the
identification error was similar to a normal distribution.
Performing statistical analysis on test data can better show the
network’s performance (Figure 2.2F). In all cases, the mean
identification error is of the order of -5 to -6 (Table 2.2). The small
values of the mean identification error and standard deviation of
identification error (Table 2.2), all confirm that the ANN can
accurately identify the mechanical and physical properties of

cartilage from the trained network.

Table 2.2. Mean identification error and standard deviation of identification

error for the case where ANN was trained and tested with noise-free data.

Herr Oerr
Elastic modulus (MPa) -7.8e-6 5e-4
Poisson’s ratio -6.6e-5 9.4e-4
Permeability (mm?*/N.s)  -3.8¢-6 2.3¢-4
Friction coefficient -1.2e-5 1.1e-3

Table symbols: 4, : mean identification error,

O, standard deviation of identification error

2.3.2. PREDICTION OF THE CARTILAGE’S PROPERTIES FROM
NOISY FORCE—-TIME CURVES

To evaluate the robustness of the trained ANN in identifying the
mechanical and physical properties of cartilage in the presence of
noise (section 2.3.1), we created a noisy data by adding a noise
term to the simulated force-time data as described in Section 2.2.3.
The signal to noise ratio parameter, A, was between 10 and 100 for
all cases considered in the current study (Figure 2.3).



20 Chapter 2

A=10
0.9 — A=20
\ —_— A=30
0.8 N — A=100
— Noise - free data
0.7
2 06 VA
) Shelitn
o V
S 0.5 /
w /
0.4 08

5
Fo4

o
w
e o o
- e

\

(] 05 1 15 2
Time (s)

0 200 400 600 800 1000
Time (s)

Figure 2.3. The effects of introducing noise into the force-time curve.

When the data used for training the ANN was noise-free, the
slightest presence of noise in the force-time data, i.e. A =100,
resulted in very inaccurate values of identified parameter
(Appendix D1). Training the ANN with noisy dataset i.e. 4 =10-
100 resulted in more accurate prediction of the mechanical and
physical properties of cartilage (Figure 2.4). As expected, the
accuracy of the predictions gradually decreased as the signal to
noise ratio decreased (Figure 2.4). Training curves and histograms
for the trained networks with noisy data are presented in Appendix
D2 and D3, respectively. The small value of mean identification
error and standard deviation of identification error for noisy data (
A =20i.e. 5% noise) indicates that ANN trained with noisy data
performs efficiently (Table 2.3). The mean identification error was
of the order of -3 to -4 (Table 2.3) that is slightly more than the
case of noise-free ANN (Table 2.2).
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A MATLAB code for generating noisy data, training an ANN and
extracting the results is available in Appendix E.

Table 2.3. Mean identification error and standard deviation of identification

error for the case where ANN was trained and tested with noisy data.

luerr O-err
Elastic modulus (MPa) -0.9¢-4 1.8e-2
Poisson’s ratio 1.7e-3 3.9e-2
Permeability (mm*/N.s) 1.5¢-4 1.6e-3
Friction coefficient -1.8e-4 1.5e-2

Table symbols: g4, : mean identification etror, O, :

standard deviation of identification error.

2.4. DISCUSSION

In this study, we used ANNs to predict the mechanical and
physical properties of articular cartilage from the force—time curve
of simulated cartilage indentation. The advantage of validation of
the ANN based on simulated experimental data and not based on
the actual experiments is that the mechanical and physical
properties are already known, thereby, comparisons between
simulated data and ANN output can be more easily made. The
results of the noise-free ANN prove that the ANN is capable of
predicting the parameters of the poroelastic model from the force-
time data. However, the ANN failed to predict the properties of
cartilage when a small level of noise was present in the force-time
data. This might be due to the fact that training the ANN with
noise-free force-time data obtained using finite element models
results in over-fitting of the ANN to the simulation data. As a
safeguard against errors, a Gaussian noise term was added to
contaminate the training dataset. The ANN is therefore trained
such that it is most sensitive to the general trends and ignores
small deviations from the finite element solution either caused by

uncertainties present in actual experiments or by other factors. The
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results of this study show that such a strategy drastically improves
the robustness of the ANN.

So far the most widely used option for interpretation of
indentation data has been the use of analytical relationships.
However, application of analytical relationships is often associated
with many simplifying assumptions as they are not available for all
practical indentation experiments. In particular, no analytical
relationships ate available for indentation of poroelastic/biphasic
materials particularly when specific types of indenters are used or
when anisotropic properties of cartilage are taken into account.
Oyen [21] developed an analytical model for poroelastic creep
response of hydrated bone for impermeable spherical indenter
which is based on an analytical theory for creep response of
viscoelastic materials. The behavior of solid part is assumed to be
linear elastic and isotropic while Poisson’s ratio equals 0.5. The
latter might impose critical errors while estimating the mechanical
properties of cartilage since the range of Poisson’s ratio has been
proven to be wide [34]. Therefore, recent studies have focused on
finite element modeling of poroelastic indentation [23, 35-37]. The
availability of a pre-trained ANN means that labs and researchers
not equipped with the computational expertise could quickly
analyze the results of their indentation experiments using the ANN
and achieve the same level of accuracy that are normally only
achieved using computational models.

The proposed methodology might also be used for analyzing
indentation data from other musculoskeletal biological tissues and
biomaterials, possibly in combination with viscoelastic and fiber-
reinforced models [37-39]. It is worth to mention that the ultimate
accuracy of the proposed approach in this study is only as good as
the accuracy of the finite element model underneath. But that is
also the case for all alternative approaches that could be used for
estimation of the mechanical properties of biological tissues using

indentation data.
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By training the ANN for wide intervals of mechanical and physical
properties with enough datasets in different scales and indentation
protocols, we can have a powerful tool that is capable of
determining material properties of articular cartilage regardless of
scale and species from which the tissue is originating. This allows
to potentially identifying the progress of osteoarthritis using
indentation tests at the nano- and the micro-scale [4, 22, 40]. Our
proposed approach can potentially be used in designing articular
cartilage tissue engineered constructs and examining mechanical
functionality of repaired articular cartilage post-surgery by
simultaneously comparing their stiffness, permeability and
Poisson’s ratio with those of the native tissue.

The current study has several limitations. Most importantly,
anisotropic properties of cartilage were not taken into account
when creating the finite element models of cartilage indentation
[41, 42]. However, taking the anisotropy into account will require
estimation of even more parameters based on the indentation data
that might not be feasible given the already large number of the
involved parameters of the poroelastic model.

To our best of knowledge, we are the first to report the feasibility
of cartilage properties determination by combining ANN and
biphasic finite element models. In all inverse problems such as in
our study, one needs to note that the validity of the determined
quantities is linked to the wvalidity of the formulated inverse
problem. The cartilage properties determined in the current study
are therefore limited to the conditions where the assumptions of
the poroelastic/biphasic theory hold.

In summary, we established that artificial neural networks are
capable of estimating cartilage mechanical properties by using
force-time data obtained using indentation. We investigated the
effects of noise on the network performance, and the results
showed that training the artificial neural network with noisy data

could make the system more robust against uncertainties and
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errors that could be present in experimental/clinical data. In
conclusion, the trained artificial neural network could be used for
determining the material properties of cartilage without the need

for computational modeling expertise.
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APPENDIX A. GOVERNING EQUATIONS FOR A POROELASTIC
MATERIAL

The essential equations required for modelling cartilage consist of
conservation of mass and conservation of momentum [1, 2]. A
poroelastic material virtually contains two separate phases i.e. solid

and fluid. Assuming the entire volume of mixture as V , volume
fractions (Nn;) of the solid and fluid can be expressed as:

n, =dVv,/dv i=s,f (A1)
where S and f represent solid and fluid phases, respectively. This
will require the following relationship to be satisfied:

n,+n; =1 (A.2)
The overall stress (Oq., ) acting at each point within the tissue is

produced by the summation of the hydrostatic stress tensor in the

fluid phase (—p 1) and the effective stress tensor in the solid phase
(oe):

Ooveral =T — P (A.3)
where | is the unit tensor. The effective stress tensor in a linear
isotropic material can be expressed as follows:

o =Ae 1+ 2ue (A.4)
where €, is the cubic dilatation, ¢ is the strain tensor, and A and
M are the first and second Lame' constants, respectively. The
aggregate modulus of the solid matrix (H,) in the poroelastic
model is related to the Young’s modulus (E) and Poisson ratio

(v)as [2]:

2
H, —a+2y E-f3A*20) A (A.5)
A+u 2(A+ p)
The conservation of mass necessitates that the total mass change
equals the fluid flow flux through the surface of the tissue. In the

case where fluid phase saturates the solid phase completely and
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solid phase can be assumed as an incompressible material, the

continuity equation for the mixture can be written as:

V.(n,v, +n,v,)=0 (A.6)
where \Zand \Zare the velocities of the solid and fluid phases,

respectively. Darcy’s law states that the fluid flux is related to the

hydrostatic fluid pressure as follows:

Ny (\Z _\Z) = _kvp (A7)

where K is hydraulic permeability.

Inserting equation (A.7) into equation (A.0) yields:

V., +V.(kVp) =0 (A.8)
Permeability of cartilage (k) is strain-dependent and can be
described as [3]:

e ) M| 1+e ’
k_ko[gJ exp{7(l+%} —1} (A.9)

where K, is initial permeability, K and M are material parameters,

and € and €, are current and initial void ratios.
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APPENDIX B. FINITE ELEMENT MODELING

The finite element model was discretized with four-node bilinear
displacement and pore pressure elements (CAX4P). Mesh
sensitivity analysis was performed for the force—time diagram in
the indenter reference point (RP) with regard to changes in the

peak of contact pressure and pore pressure data. The average
difference, R,, between force-time curves, Varand Var', was

defined to study the difference between two force-time curves:
. :
RFEZ( |Var-Var |) (A10)
ns"  Var

Concerning the boundary conditions, the bottom surface nodes
were constrained in horizontal and vertical directions, which is in
agreement with physiologic ratio of subchondral bone’s elastic
modulus to cartilage’s elastic modulus [4]. The nodes on the
axisymmetric boundary were constrained in the horizontal
direction. To have an unlimited fluid flow, the pore pressure i.e.
total pore pressure in the porous medium, on the nodes of the
external edges was set to zero. Fluid flow was prevented in the
bottom and in the axisymmetric surfaces. The reference point on
the indenter was constrained in the horizontal direction (Figure
2.1). Stress—relaxation step was kept linear for 2 seconds with 0.3
mm displacement toward the negative Y-axis (step deformation). It

then remained constant until 1000 seconds (step consolidation).
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APPENDIX C. HOW DOES ARTIFICIAL NEURAL NETWORK
FUNCTION?

Artificial neural networks (ANNSs) consist of artificial neurons that
its building blocks are placed in different layers (Figure Al).

Input Hidden layers Output
layer layer

Input2 wep @ iv‘

N
OO
~N)u~f X A).‘,{

4\
W MK

Input 3 s

Inputn s

w, a=gb+>wp)

" ®)

Figure Al. A typical artificial neural network (A) and a single neuron (B).

The main function of the ANN is to map the space of the inputs
to the outputs using the multiple layers in between of them
(hidden layers) where each layer consists of several artificial
neurons (called hidden neurons). Each hidden layer is capable of
containing as many hidden neurons as needed. The received signal
by each neuron is processed using a so-called activation function,

g, such as the tang-sigmoid function. The neurons assign weights
(W,) to each transmitted signal (p,) and the product is summed

and biased (summed with b) before being introduced to the
activation function (Figure Al). The scalar output of the function

will be transferred throughout the connections within the network.



34 Chapter 2

The parameters of the neural network (weights and biases) are
required to be tuned such that the product will be as close as
possible to the desired output (training). Therefore, a training
dataset has to be introduced to the network that consists of a

number of inputs and target outputs [5, 6].
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APPENDIX D. ARTIFICIAL NEURAL NETWORK (EFFECT OF
NOISE)
APPENDIX D1.

: R=0.20748

Output ~= 0.83*Target + 0.0018

6 4 2 0 2 4 6 8
Target

Figure A2. Regression diagrams for a neural network trained using noise-

free data and tested using noisy force-time data (/1 = 100) .
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APPENDIX D2.

Training curves of different ANNSs trained with different levels of

signal to noise ratio were quite healthy with similar training curves

for the training, validation, and tests datasets (Figure A3).
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Figure A3. The training curves of the ANN trained using noisy dataset with

different signal to noise ratios.
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APPENDIX D3.

The number of hidden neurons was 40 and the histograms of
identification errors were quite close to normal distributions for all

cases, regardless of how small the signal to noise ratio was (Figure
A4).
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Figure A4. The distribution of identification errors for the test dataset

presented for different values of the signal to noise ratio (4).
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APPENDIX E. MATLAB CODE
MATLAB script

This MATLAB code is developed to create noisy indentation data
(reaction force: finite element model in ABAQUS) with different
levels of noise as the input. The artificial neural network is trained
using then input and mechanical and physical properties as the
target. Then the mechanical and physical properties of a
poroelastic material can be determined using the trained artificial

neural network.

Mechanical and physical properties: elastic modulus (MPa),

Poisson's ratio, Permeability (mm4/N.s), friction coefficient

load input.txt % A matrix (10000%121) consisting of reaction force
data (FEM) at 121 time points

load target.txt% A matrix (10000*4) consisting of mechanical and
physical properties

%0%0%0%0%0%6%6%0%0%6%0%0%6%0%0%0%6%0%0%6%6%6%6%6%6%6%0%6%0 %%
%0%0%0%6%6%%

% Contamination of data with noise

% By tuning lambda different levels of noise can be produced
lambda=100; % Please insert a value for lambda
for k=1:10000
for 1=1:121
input_lambda(k,l)=input(k,l)+normrnd(0,input(k,l) /lambda);
end
end

save input_lambda.txt input_lambda -ASCII
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%6%6%0%0%6%6%6%0%6%6%0%0%6%0%0%0%6%0%0%6%6%6%6%6%0%0%0%6%0 %%
%0%6%6%0%0%0%6%0 %0

%0%0%6%0%6%6%6%0%0%0%6%0%0%6%6%60%6%6%6%0 %% %% %6 %% %% %0 %0
%0%6%0%0%6%6%0 %%

% Training, validation and test of the artificial neural network

% This script assumes these variables are defined:
% input_lambda - input data.
% target - target data.

x = input_lambda';

t = target;

% Create a Fitting Network
hiddenLayerSize = 40,
net = fitnet(hiddenlLayerSize);

% Choose Input and Output Pre/Post-Processing Functions
% For a list of all processing functions type: help nnprocess
net.input.processFens = {'removeconstantrows',' mapminmax'};

net.output.processFens = {'removeconstantrows',' mapminmax'};

% Setup Division of Data for Training, Validation, Testing
% For a list of all data division functions type: help nndivide
net.divideFen = 'dividerand'; % Divide data randomly
net.divideMode = 'sample'; % Divide up every sample
net.divideParam.trainRatio = 90/100;
net.divideParam.valRatio = 5/100;
net.divideParam.testRatio = 5/100;

% For help on training function "trainlm' type: help trainlm
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% For a list of all training functions type: help nntrain

net.trainFen = 'trainlm'; % Levenberg-Marquardt

% Choose a Performance Function
% For a list of all performance functions type: help
nnperformance

net.performFen = 'mse'; % Mean squared error

% Choose Plot Functions

% For a list of all plot functions type: help nnplot

net.plotFens = {'plotperform','plottrainstate’,'ploterrhist, ...
'plotregression’, 'plotfit'};

% Train the Network

[net,tr] = train(net,x,t);

% Test the Network
y = net(x);
e = gsubtract(t,y);

performance = perform(net,t,y)

% Recalculate Training, Validation and Test Performance
trainTargets = t J* tr.trainMask {1};

valTargets = t .* tr.valMask{1};

testTargets = t * tr.testMask {1};

trainPerformance = perform(net,trainTargets,y)
valPerformance = perform(net,valTargets,y)

testPerformance = perform(net,testTargets,y)

% View the Network

view(net)
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% Plots

% Uncomment these lines to enable various plots.
%figure, plotperform(tr)

Y%figure, plottrainstate(tr)

%figure, plotfit(net,x,t)

Y%figure, plotregression(t,y)

%figure, ploterrhist(e)

% Deployment
% Change the (false) values to (true) to enable the following code
blocks.
if (false)
% Generate MATLAB function for neural network for
application deployment
% in MATLAB scripts or with MATLAB Compiler and Builder
tools, or simply
% to examine the calculations your trained neural network
performs.
genFunction(net,'myNeuralNetworkFunction');
y = myNeuralNetworkFunction(x);
end
if (false)
% Generate a matrix-only MATLAB function for neural network
code
% generation with MATLAB Coder tools.
genFunction(net,'myNeuralNetworkFunction', MatrixOnly','yes');
y = myNeuralNetworkFunction(x);
end
if (false)
% Generate a Simulink diagram for simulation or deployment
with.
% Simulink Coder tools.

gensim(net);
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end

save
%%0%0%0%0%0%0%0%0%0%0%0%0%0%0%0%0%6%0%6%0%0%0%0%0%0%0%0%0 %%
5%%0%0%0%0%0%0%0%

%0%0%0%0%0%0%0%0%0%0%0%0%0%0%0%%0%0%0%0%0%0%0%0%0%0%0%0%0% 0%
%0%0%0%0%0%0%0 %%
% Obtaining mechanical and physical properties using noisy

reaction force data

load reaction_force.txt % A matrix (1*121) consisting of reaction
force at 121 time points

output_lambda=sim(net,reaction_force)
%0%0%0%0%0%/0%0%0%0%0%0%0%0%0%0%0%0%0%0%0%0%0%0%0%0%%0 %0 %0 %0 %o
%0%0%0%0%0%0%0% %0
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CHAPTER 3

TRANSPORT OF NEUTRAL SOLUTE ACROSS
ARTICULAR CARTILAGE: THE ROLE OF
ZONAL DIFFUSIVITIES"

" This chapter is published as a scientific papet:

Arbabi V., Pouran B., Weinans H., Zadpoor A.A. Transport of Neutral Solute
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ABSTRACT

Transport of solutes through diffusion is an important metabolic
mechanism for the avascular cartilage tissue. Three types of inter-
connected physical phenomena, namely mechanical, electrical, and
chemical, are all involved in the physics of transport in cartilage. In
this study, we use a carefully designed experimental-computational
setup to separate the effects of mechanical and chemical factors
from those of electrical charges. Axial diffusion of a neutral solute
(iodixanol) into cartilage was monitored using calibrated micro-CT
images for up to 48 hours. A biphasic-solute computational model
was fitted to the experimental data to determine the diffusion
coefficients of cartilage. Cartilage was modeled either using one
single diffusion coefficient (single-zone model) or using three
diffusion coefficients corresponding to superficial, middle, and
deep cartilage zones (multi-zone model). It was observed that the
single-zone model cannot capture the entire concentration-time
curve and under-predicts the near-equilibrium concentration
values, whereas the multi-zone model could very well match the
experimental data. The diffusion coefficient of the superficial zone
was found to be at least one order of magnitude larger than that of
the middle zone. Since neutral solutes were used, GAG content
cannot be the primary reason behind such large differences
between the diffusion coefficients of the different cartilage zones.
It is therefore concluded that other features of the different
cartilage zones such as water content and the organization
(orientation) of collagen fibers may be enough to cause large

differences in diffusion coefficients through the cartilage thickness.
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3.1. INTRODUCTION

Articular cartilage is a multiphasic, porous, and avascular tissue
that primarily relies on diffusion for transport of crucial signaling
molecules, oxygen, and nutrients that help maintain its proper
metabolic function [1-5]. Osteoarthritis is recognized as a
debilitating disease that mainly affects articular cartilage and
subchondral bone, and is characterized by abnormal loss of
glycosaminoglycans (GAGs) molecules, subsequent collagen
damage, and increased subchondral bone remodeling [6-11].
Reduced GAG concentration and disrupted collagen fibers can
directly affect the interactions between the solutes and the
cartilage’s matrix. Solute-matrix interaction plays an integral role in
the diffusion of various molecules ranging from therapeutics and
fragments of GAGs and collagen II to the contrast agents [12, 13].
Effective early diagnosis of cartilage degeneration most
importantly using computed tomography (CT) and magnetic
resonance imaging (MRI) therefore requires in-depth knowledge of
solute diffusion and partitioning within articular cartilage [11, 14-
17]. That is why several previous studies have used imaging
modalities such as CT, MRI, and fluorescent-based diagnostic
techniques to study the diffusion of contrast agents and
fluorescent labeled molecules across articular cartilage and to
obtain the diffusion coefficient of articular cartilage, e.g. [1, 3, 18-
22].

The above-mentioned studies contributed towards better
understanding of diffusion across articular cartilage. However,
there are certain limitations associated with their methodology. In
particular, large baths of contrast agent are often used in diffusion
experiments to I) facilitate the use of analytical relationships or
computational models that have been developed for infinite bath
conditions and II) simultaneously perform diffusion experiments

for several specimens [6, 7, 23, 24]. This type of experimental
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setup introduces certain inaccuracies in the measurements. Most
importantly, large baths of concentrated solutions of contrast
agents could cause substantial beam hardening artifacts in CT
measurements as a result of preferential absorption of low-energy
photons [25, 26]. Moreover, excessive amount of solutions has to
be used to establish a successful diffusion setup. Finally, testing
multiple specimens at the same time requires the use of a larger
field of view in CT scanners [7], thereby reducing the maximum
achievable resolution [27, 28].

As previously mentioned, the infinite bath assumption was applied
to keep a relatively easy mathematical operation [24]. However, the
use of those simplified analytical or computational models may be
associated with some limitations of their own. Firstly, these models
often overlook the effects of limited solute diffusivity within the
bath itself [0, 7, 24, 27-29]. Those effects are particularly important
for non-stirred viscous baths, because a thin layer forms at the
interface of bath and cartilage that has high solute concentration
values and results in additional transport resistance that is not
captured by simple analytical and computational models.
Ultimately, in the vast majority of previous studies, only one
diffusion coefficient is used for the entire cartilage [6, 7, 22, 24, 28,
29]. That assumption neglects the potentially large differences
between the diffusion coefficients of the superficial, middle, and
deep cartilage zones [1, 30], in particular since the collagen
orientation and likely the preferred diffusion direction as well,

varies considerably in the different zones.

This research aims to study the transport of neutral solutes across
articular cartilage using a combination of an experimental setup
and a computational model that represents the involved physics as
faithfully as possible. Regarding the experimental setup, finite
baths were used to minimize beam hardening. Different

concentrations of contrast agent and osmolality of the solution
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were used to study the effects of those on diffusion. On the
computational front, we wused a finite-bath biphasic-solute
computational model that properly captures the transport of
neutral solutes across articular cartilage in the experimental setup.
In addition, the computational model takes the diffusion of solute
in the bath into account. We then determine the diffusion
coefficient of cartilage by directly fitting the computational model
to experimental readings. The diffusion of solute is studied both
using single-zone and multi-zone computational models to see
how zonal difference in diffusion coefficient could influence the

transport of neutral solutes across articular cartilage.

3.2. METHODOLOGY
3.2.1. EXPERIMENTS
3.2.1.1. BATH AND SAMPLE PREPARATION

Visipaque solutions that contained iodixanol solutes (1550.191
g/mol, charge=0) were prepared in different concentrations and
osmolalities (Table 3.1).

Table 3.1. Experimental conditions (A-C) for diffusion from a finite bath of

iodixanol with different concentrations and osmolalities.

Condition Concentration [mM]  Osmolality [mOsm/kg H>O]
A 420 290
B 420 600
C 210 290

Solution A was directly taken from the original vial of Visipaque
(GE Healthcare, The Netherlands) resulting in an osmolality of 290
mOsm/kg H,0O and a concentration of 420 mM (Table 3.1). In

order to assess the effect of bath osmolality on the transport of
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iodixanol, we elevated the osmolality of solution A using NaCl to
make condition B (600 mOsm/kg H,O and 420 mM) (Table 3.1).
Finally, condition C was prepared by two-fold dilution of solution
A, while maintaining the final osmolality the same as in condition
A (Table 3.1). A freezing point osmometer (Advanced® Model 3320

Micro-Osmometer, The Netherlands) was used to measure osmolalities.

Osteochondral plugs (n=3, cartilage thickness= 2.8 mm, and
diameter= 8.5 mm) were drilled out of two fresh equine femora
using custom-made drill tips. During drilling, phosphate buffer
serum (PBS) was constantly sprayed on the site of sample
extraction to prevent thermal damage to the cartilage. The samples
were kept in PBS solution enriched with protease inhibitor and
ethylenediaminetetraacetic acid (EDTA) at -20 °C before
proceeding to diffusion experiments. Upon thawing, samples were
wrapped laterally using impermeable shrinking tube (CTFC Serzes,
pro-POWER, UK) to prevent leakage and to ensure axial diffusion
through the cartilage surface. During our pilot studies, we
measured the grey values of the shrinking tube and found no
evidence of the diffusion of iodixanol into the material. Motreovetr,
the osteochondral plugs were placed firmly on a plastic support. A

schematic drawing of the sample is presented in Figure 3.1.

3.2.1.2. IMAGE ACQUISITION

We used a micro-CT scanner (Quantum FX, Perkin Elmer, USA) to
measure the transport of iodixanol across cartilage. The samples
were placed on a holder during scans to minimize possible
movement artifacts. The fluid baths contained 650 uL (equal to 14
mm bath height) of solutions A, B & C and were positioned on
top of the cartilage specimens. Images were acquired before adding
the solution and up to 48 hours after adding the solution (17 times
points). The scanning parameters were: 180 uA tube current, 90
kV tube voltage, 2 min scan time, 40x40x40 um’ voxel size and


http://www.aicompanies.com/index.cfm/products/?productId=1
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3600 projections. After completion of each experiment, the
diffused molecules within each sample were fully washed out using
serial desorption baths (PBS+ protease inhibitor + EDTA at 4 °C,

48 hours) before performing diffusion experiments using the next

solution,
Wrapping material
Iodixanol bath
Region of interest Articular cartilage
(ROY)
Subchondral bone

Support

Figure 3.1. The specimen used in the diffusion experiments.

3.2.1.3. IMAGE PROCESSING

The 3D reconstructed images were converted to 2D slices (TIFF
format) using in-built software of the micro-CT machine (Analyze
71.0). We used a Gaussian filter to enhance the signal to noise
ratio. Thereafter, we used Image] 1.47v to select the mid sagittal
slice of each stack and assigned a rectangular region of interest
(ROI) that contained the cartilage, the subchondral bone, and a
small part of the bath (Figure 3.1). The images within the
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prescribed ROI were then thresholded globally for each
experimental time point to isolate cartilage from subchondral bone
and the contrast agent solution. The outline of the cartilage mask
at different time points (Figure 3.2) was then laid over the original

cartilage image to calculate the average grey value.

k b "

1 w2 Y

Cartilage

t=48 hr

Cartilage mask Average grey value

A il Z
Cartilage mask overlaid

Specimen image

Figure 3.2. The sequence of images for one sample specimen and the

different image processing steps used for calculating the average gray values.

No diffusion at t=0 and known concentration of the contrast
agent solution at t=0 were then used to establish a linear
relationship that could convert the average grey values to iodixanol
concentration. The average grey values were calculated using Izage]
1.47v based on the following equation:

Average gray value= —Zpixxi (3.1)

2
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where Pi and Xi are pixel intensity and pixel frequency,

respectively.

3.2.2. COMPUTATIONAL MODEL

Biphasic-solute mixture models are capable of capturing the
diffusion of neutral solutes across cartilage [31]. Three governing
equations need to be solved for such mixture models including the
conservation of linear momentum for the mixture, conservation of
mass for the mixture, and the conservation of mass for the solute
[31-33]. Conservation of linear momentum for the mixture can be

expressed as:
divT =0 (3.2)

where T is the Cauchy stress for the mixture. Conservation of

mass for the mixture is given as:
div(v* +w)=0 (3.3)

where V'is the solid matrix velocity and W is the volume flux of
solvent relative to the solid. Finally, the overall amount of solute

in the bath and tissue remains constant:

D*(Jp"kC)

1
J Dt

+divj=0 3.4
where J =detF, F is the deformation gradient of the solid
matrix, D°®/ Dtis the material time derivative in the spatial frame,
and ] is the molar flux of solute relative to the solid. In Equation
(3.4), @" is volume fraction of the solvent, K is the effective
solubility, and C is the solute concentration. Since effective solute
concentration (C=C/&) is continuous across boundaries and

contact surfaces, it has been used in the computational model
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instead of C [32, 34, 35]. The volume flux of solvent relative to
the solid, W, and the relative molar solute flux, J, are given as [32,

36, 37):

w = —k.grad p (3.5)
j= ﬁd.(—gowgrad ¢ +d£W] (3.6)
0

where
rRozE(. d\|

R:{ 1+—WE£|——H 3.7)
Q do d0

W ®;
=1-1c 3.8
[ ] 3.8)

where pis the fluid pressure, K is the hydraulic permeability tensor
for the flow of the solution, i.e., solvent plus solute through the
solid matrix, K is the hydraulic permeability tensor for the flow of
pure solvent, through the solid matrix, dis the solute diffusivity
tensor in the mixture, 0, is the solute diffusivity in absence of the
solid phase, R is the universal gas constant, 8 is the absolute
temperature, and ¢’ is the volume fraction of the solid phase in

the reference configuration [32, 36, 37].

The virtual work principle was used to solve the conservation
equations according to the previous studies [33, 38]. The dedicated
open-source finite element modeling platform FEBio 2.0.1 was
used for solving the governing equations of the biphasic-solute

model.
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3.2.2.1. GEOMETRY

The diffusion of solutes was assumed to happen primarily in the
axial direction [6, 7]. The computational model consisted of
cartilage and an overlaying bath. Two types of computational
models were used to analyze the diffusion of neutral solutes across
cartilage, namely single-zone and multi-zone models. In the single
zone approach, we considered the cartilage specimen as a single
phase with spatially homogenized properties in the axial direction
(Figure 3.3A) including one single diffusion coefficient. A mesh
was generated using an 8-node trilinear hexahedral element, which
was more refined close to the cartilage-bath interface to ensure

high computational accuracy (Figure 3.3A).

Superficial zone
<«—Middle zone

=~ Deep zone

@A) ®)

Figure 3.3. Schematic drawings of the single-zone (A) and multi-zone (B)
for computational models.

In the multi-zone approach, cartilage was assumed to be
composed of three zones with three different sets of properties
including three different diffusivities. The multi-zone approach
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may better capture the inhomogeneous structure of cartilage
caused by uneven distribution of Glycoaminoglycans (GAGs) and
different density and orientation of collagen (type II) fibers. This
results in location-dependency of mechanical and physical
properties of cartilage. The first zone considered in the model was
the superficial zone that formed 20% of the cartilage thickness,
while the second and third zones were the middle and deep zones
respectively representing 50% and 30% of the cartilage thickness
[39]. In this approach, the mesh is refined also at the boundary of
the different zones (Figure 3.3B).

3.2.2.2. MECHANICAL AND PHYSICAL PROPERTIES OF
CARTILAGE AND BATH

Similar to previous studies [32, 33], cartilage was modeled as a neo-
Hookean material with a Young’s modulus (E) of 10 MPa and a
Poisson’s ratio (V) of 0. The hydraulic permeability of the cartilage
to the solvent (k) and the effective solubility (k) were set to 107
mm*/Ns and 1, respectively [33, 36]. The diffusivity tensor was
considered isotropic. The iodixanol diffusivity within the bath was
set according to a previous study [40]. In the cases where the well-
stitted condition in the bath was to be simulated, the solute
diffusivity in the bath was set much higher than the diffusivity of
the solute in cartilage. The cartilage water content was assumed to

be 0.8 in the single-zone approach [32, 33].

In the multi-zone approach, we introduced three different values
of water content for each cartilage zone: 0.8 for the superficial
zone, 0.7 for the middle zone, and 0.6 for the deep zone [1, 14,
39].
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3.2.2.3. INITIAL AND BOUNDARY CONDITIONS

Solute concentration in the bath (C) was prescribed as an initial
condition for the bath. The concentrations presented in Table 3.1

were used to simulate the diffusion of the solutes under conditions

A, B, and C. Continuity of effective pressure ( Pysoctive) ACLOSS

boundaries is ensured [32, 33] through:

peffective =p- R9C¢! (39)

where R=8.314x10-6 m]/nmol'K and ¢ is the osmotic

coefficient that was assumed to be 1 for all simulations. The
ambient fluid pressure and absolute temperature were considered
p =101 kPa and € =298 K, respectively.

A prescribed displacement equal to 0.001 mm was applied to
maintain a stable contact between the finite bath and cartilage [33].
All faces except for the cartilage-bath interface (Figure 3A-B) were

assigned the no-flux boundary condition.

3.2.2.4. FITTING METHOD

In the single-zone approach, the diffusivity value in cartilage was
determined by minimizing the difference between the
computationally predicted curve and experimental data points
based on the root mean squared error (RMSE) value of their
difference. A similar approach was used in the multi-zone

approach to determine the diffusion coefficients of the superficial

(DSuperficiaI) > middle (DMiddIe) 5 and deep (D

beep) Zones. Direct

scanning of the parameter space was used for minimizing the
RMSE values. This approach ensures all possible solutions are

found within the tolerance of the scanning resolution.
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3.2.3. ANALYTICAL MODEL

To verify the computational model for a finite bath, we used an
analytical model. The analytical solution for axial diffusion from a
well-stirred finite bath to cartilage can be obtained by solving the
Fick’s 2nd law using the Laplace transformation [41]:

OnZ
) |, g 2aenl-r9 )
= 1+ > (3.10)
C, = (1+a+a 9?2 cosq,
where }/zm and Q,s are the none-zero roots of

tan(q,) =—aq, with « :% . D is the solute diffusivity across

cartilage, C(z,t) is the solute concentration profile within the
cartilage as a function of time (t) and spatial dimension (z), C_ is

the equilibrium solute concentrations in the cartilage and a and |
are the length of the solution and length of the cartilage specimen,

respectively.

Assuming a final solute uptake equal to 30% within cartilage, we
calculated the bath height as 2.33 mm with a given cartilage

thickness of 1 mm using the following mass conservation equation

(K =1) [41]:

aC,_

. = aCy, (3.11)

where K is the partition coefficient equal to the ratio of the

equilibrium solute concentration in cartilage and in the bath and

C, is the initial solute concentration in the bath, respectively [41].
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We set the operating conditions and mechanical properties of
cartilage according to a previous study by Ateshian et. al [33]. The
cartilage is modeled as a neo-Hookean material with E =10 MPa,
v =0 and fluid volume fraction of 0.8. The other parameters were
assumed to be: k =10° mm*/Ns, C =1 mM, 6 =298 K, p =0 kPa,
$=1, k=1 and D =5x10-4 mm’/s. Equation (3.10) was used to
validate the results of the computational model in different
locations across cartilage, i.e. Z =-0.15, -0.29, -0.5, and -0.94 mm
for the well-stitred condition. We also simulated the same

diffusion process in FEBio and plotted the solute concentration

vs. n =Dt /1.

3.3. RESULTS
3.3.1. VERIFICATION OF THE COMPUTATIONAL MODEL

To assess the robustness of the computational model for

predicting diffusion from a well-stirred finite bath, we plotted the
ratio of normalized concentration (C/C_) at several locations

versus time (Figure 3.4). The computational results perfectly
matched the analytical solution for all considered cases (Figure
3.4). The concentration rate decreased by both time lapse and
distance from the surface of the cartilage specimen (Figure 3.4).
The larger the distance from the cartilage surface, the more time

was required for equilibrium (Figure 3.4). All layers of cartilage
could finally reach the equilibrium concentration (C_) (Figure

3.4). Moreover, the finite element model could predict the
transient solute diffusion for a well-stirred finite bath model for all
n values (Figure 3.4).



60 Chapter 3

C/IC

Figure 3.4. Analytical (symbols) and finite element model (solid lines)

solutions for finite well-stirred bath: normalized concentration (C/C_) is

plotted versus 77 =+/Dt /| for different locations within cartilage.

3.3.2. EXPERIMENTS

For all conditions (A-C), the highest diffusion rate was observed
for the early-time points (Figure 3.5). The near equilibrium state
could be observed 24 hours after the start of the experiments
(Figure 3.5). The normalized near-equilibrium iodixanol
concentrations (%initial bath concentration) were 27.8+4.6%
(mean * SD) for condition A, 28.8%£8.8% for condition B, and
30.9£7.1% for condition C.
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Figure 3.5. Experimental (symbols) and simulated (dashed-lines)
concentration vs. time for conditions A-C and samples 1(A) to 3 (C).
Computational models (single-zone) were fitted to all experimental data
points.
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3.3.3. COMPUTATIONAL MODEL
3.3.3.1. SINGLE-ZONE MODEL

When the single-zone model was fitted to all experimental data
points of the concentration-time curves, the coefficient of
determination (R®) was ranging between 0.85 and 0.96 for
conditions A-C (Table 3.2). Moreover, the computational model
did not follow the experimental data points and substantially over-
predicted the near-equilibrium concentration values for all
conditions (A-C) (Figure 3.5). Once the single-zone computational
model was only fitted to the eatly-time points, the coefficient of
determination increased to values ranging between 0.97 and 1.00
(Table 3.2) for conditions A-C, indicating that the computational
model could very well capture the early-time diffusion behavior of
cartilage (Figure 3.0). As expected, when the computational model
was fitted only to early-time diffusion data, there was a poor
agreement between the near-equilibrium concentration values
predicted by the model and the measured concentrations (Figure

3.6).

Table 3.2. RMSE and R? to compare the experimental and simulation

solute concentration vs. time for the single-zone computational model.

Condition A B C
Fitti Early- Early- Early-
ftung Total -ar y Total .ar y Total .M Y
data time time time
R? 0.94 1 0.96 0.99 0.91 0.99
Sample 1
RMSE  0.0266 0.0040 0.0201 0.0056 0.0355 0.0082
R? 0.95 0.99 0.95 0.99 0.94 1
Sample 2
RMSE 0.0286 0.0052 0.0234 0.0054 0.0259 0.0046
R? 0.88 0.99 0.86 0.99 0.85 0.97
Sample 3

RMSE  0.0518 0.0085 0.0634 0.0144 0.0710 0.0232
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Figure 3.6. Experimental (symbols) and simulated (dashed-lines)
concentration vs. time for conditions A-C and samples 1(A) to 3 (C).
Computational models (single-zone) were fitted only to eatly-time

experimental data points.

In all conditions and for all specimens, the diffusion coefficients
determined using the early-time diffusion data were larger than the
ones determined using all data points (Table 3.3). The diffusivities
determined for sample 3 were larger than those of both other
samples (Table 3.3).
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Table 3.3. Diffusion coefficients obtained from the single-zone
computational model based on fitting of the model to both eatly-time data

points and all data points.

Fitting data ~ Condition A Condition B Condition C

Total 4 3 6
Sample 1 -
Eatly-time 6.9 5 11
Total 5 4 5
Sample 2 ,
Early-time 8 6.5 7.8
Total 9 12 13
Sample 3 ,
Early-time 20.8 27.5 36

3.3.3.2 MULTI-ZONE MODEL

The multi-zone computational model could very well capture the
diffusion behavior of neutral solutes in articular cartilage both for
the early and late time points (Figure 3.7). The coefficients of
determination were between 0.99 and 1.00 for samples 1 and 2
(Table 3.4) regardless of condition (A-C). The coefficients of
determination were slightly lower for sample 3, i.e. between 0.94
and 0.97 (Table 3.4). For this last sample, the multi-zone model
could not fully capture the concentration curve. In agreement with
the above-mentioned coefficients of determination, the
computational model could follow the experimental data points
very well and could predict not only the early-time concentration
values but also the near-equilibrium concentration values

particularly for samples 1 and 2 (Figure 3.7).
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Table 3.4. RMSE and R’ to compare the experimental and simulation

solute concentration vs. time for the multi-zone computational model.

Condition A B C
R2 0.99 1 0.99
Sample 1
RMSE 0.0068 0.0044 0.0122
R2 1 0.99 0.99
Sample 2
RMSE 0.0058 0.0074 0.0079
R? 0.97 0.95 0.94
Sample 3

RMSE 0.0207 0.0348 0.0349

A parametric study indicated that the diffusivities of the superficial
and middle zones played key roles in contrast to that of the deep
zone, which had minimal impact on the predicted diffusion
behavior of cartilage. Therefore, only the diffusivities of the
superficial and middle zones are reported (Table 3.5). Similar to
the single-zone model, the diffusion coefficients determined for
sample 3 were larger than those of samples 1 and 2 (Table 3.5).

However, the ratio of the diffusion coefficient of the superficial

zone to that of the middle zone (D I Dyjiggie) Was consistent

Superficial
between all samples and for all conditions (Table 3.6): 14.531+1.88
for condition A, 14.2313.1 for condition B, and 13.25%1.64 for

condition C.
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Table 3.6. The ratio of diffusion coefficient of superficial zone to middle

zone (DSuperﬁciaI / DMiddIe)'

Condition A B C

Diffusion Dsyperfciat! Dotidate  Dsuperficiat! Dotiddie D 'superficiat/ Divtidare
coefficient ratio

Sample 1 13.6 17.7 13

Sample 2 16.7 13.3 11.7

Sample 3 13.3 11.7 15

3.4. DISCUSSION

Due to the importance of diffusion for nutrition and oxygenation
of cells in the avascular cartilage tissue, transport of solutes in
cartilage has been studied in several previous studies. There are
three main categories of inter-connected physical phenomena,
namely mechanical, chemical, and electrical that occur
simultaneously and complicate understanding the diffusion of
solutes across cartilage. Those physical complexities particularly
the role of fixed electrical charges and mechanical stresses/strain
were not respected in many previous studies where purely Fickean
diffusion models were used to describe the transport of charged
particles across cartilage. In this study, we used neutral solutes to
separate the effects of electrical charges from those of mechanics,
Le. stresses and deformations, and concentration gradients as
much as possible. To make sure the role of both mechanical forces
and concentration gradients are taken into account, a biphasic-
solute model was used to describe the transport of neutral solutes
across articular cartilage. Moreover, the effects of variation in the
diffusion coefficients of the various cartilage zones, i.e. superficial,

middle, and deep zones, on the transport of neutral solutes were
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studied using both single-zone and multi-zone computational
models. The fact that the presented computational model perfectly
matches the analytical solution in the case of finite well-stirred
bath (one of the closest cases for which an analytical solution is
available) increases our confidence in the accuracy of the presented

computational model.

3.4.1. EFFECTS OF CARTILAGE ZONES ON DIFFUSION

Perhaps the most important conclusion of the current study is that
a single diffusion coefficient is not sufficient to describe the
transport of solutes across articular cartilage. The biphasic-solute
model is incapable of following the experimental concentration-
time curve when the entire cartilage is considered to be one tissue
with one single diffusion coefficient. It is well known that the
different cartilage layers are different both in terms of GAG
content and the arrangement of collagen fibers. The use of neutral
solutes means that electrical charges are not playing a major role in
this observation, suggesting that variation in the organization of
collagen fibers may be sufficient to cause large variations in the

diffusion coefficients of the different cartilage zones.

One needs to note that only the averaged concentration values
were used in the current study to describe the diffusion of neutral
solutes. Two diffusion coefficients may be sufficient to describe
these averaged concentration values because the concentration
values of the deep cartilage zone do not significantly influence the
average concentration value that is calculated for the entire
cartilage. The concentration values of the deep cartilage zone are
expected to play more important roles when the spatial
distribution of concentration is taken into account. However, two
diffusion coefficients may not be enough for capturing the spatial
variation of solute concentration values through the cartilage

thickness. We therefore need detailed experimental data regarding
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the spatial distribution of concentration values throughout
cartilage in order to be able to determine the diffusion coefficient

of the deep cartilage zone.

Throughout the course of diffusion experiments under large
osmolality differences, cartilage is likely to experience large
thickness variations due to swelling/shrinkage. This causes serious
complexities when trying to determine the concentration values
through the cartilage thickness. Major improvements in
experimental and image processing techniques are therefore
needed before one could determine the number of zones required
for accurately capturing the spatial distribution of concentration
values through the cartilage thickness. The mechanical property
gradient across the cartilage’s zones due to altered collagen fiber
orientation, concentration and thickness as well as water content
might also play a role in the diffusion. However, we observed only
a negligible shift in the diffusion curves when the hydraulic
permeability and Poisson’s ratio were varied within the expected
range of the cartilage mechanical properties. Young’s modulus was
chosen so that it was always significantly greater than the effective
pressure generated within the cartilage to prevent large
deformations, which was in accordance with the experimental
observations. On the contrary, water content gradient presents a
strong effect on the diffusion behavior. The near-equilibrium
condition was reached after 24 hr in experiments. However, even
after 48 hr the concentration curve still had the tendency to slightly
rise. As for computational results, the single-zone model highly
overestimated the increase of the concentration after 24 hr. It is
much less so for the multi-zone computational model. The
concentration curves obtained by both multi-zone computational
model and experiments show slight increase after 24 hr. For the
first two samples, the level of the increase in the concentration

curves is similar in the multi-zone computational model and
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experiments. For sample 3, however, there is increased discrepancy
between the concentration curve of the multi-zone computational

model and the experimentally determined concentration curve.

3.4.2. DIFFUSION COEFFICIENTS

The diffusion coefficients are comparable in conditions A-C,
despite large differences in the concentration values. This shows
the Fickian nature of diffusion in the case of neutral solutes: there
is a more or less linear relationship between the concentration

gradient and diffusion flux.

As for the different zones, the diffusion coefficient of the middle
zone is at least one order of magnitude lower than that of the
superficial zone. This is consistently observed within the three
samples used in the current study and implies that the structure of
the superficial zone is specialized for facilitating the diffusion of
solutes into cartilage. As previously mentioned, this observation
may not be primarily attributed to the fixed charge density of the
superficial zone (i.e. its GAG content), as the solutes used in the
current study are not electrically charged. The arrangement of
collagen fibers including their orientation, density, and the steric
hindrance may, however, play important roles in this regard. Since
nutrition and oxygenation of cells inside cartilage should occur
through diffusion and given that the superficial zone is responsible
for most of that diffusion, it is natural to expect the superficial
zone to be specialized in facilitating the process of solute transport

across cartilage.

Interestingly, the diffusion coefficients calculated for sample 3 are
much higher than those of both other samples. A relatively wide
range of diffusion coefficients is therefore observed in the current
study. This is consistent with the previous studies that report wide

ranges of diffusion coefficients [30, 42]. Despite these relatively
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large differences in the absolute values of the diffusion
coefficients, the ratio of the diffusion coefficients of different
zones is very consistent between samples, highlighting the
observation that the diffusion coefficient of the superficial zone is
much higher than of the middle zone regardless of the absolute

values of the diffusion coefficients.

3.4.3. LIMITATIONS AND RECOMMENDATIONS FOR FUTURE
RESEARCH

As mentioned several times so far, we tried to minimize the effects
of fixed charge density on our study through the use of neutral
solutes and a biphasic-solute computational model. It should be,
however, noted that the assumed water content could significantly
influence the diffusion of neutral solutes across cartilage. In this
study, we used realistic water contents decreasing from 80% at the
superficial zone to 60% for the deep layer [1, 14, 39]. This
assumption helps us obtain realistic results in terms of diffusion,
but also indirectly introduces the effects of fixed charge density
(i.e. GAG content). That is because water content is, among other
factors, a function of the fixed charge density [12]. It is therefore
not possible to entirely exclude the indirect effects of GAG
content on diffusion, even in this carefully designed set of

experiments and computational models.

Similar to many recent studies [6, 7, 24], only through-the-
thickness (i.e. axial) diffusion of contrast agent was considered in
the current study. The diffusion tensor is, however, known to be
anisotropic [13] and this could cause specific patterns of radial
diffusion that cannot be captured using axial models. The specific
patterns of radial diffusion are, however, outside the scope of the

current study.
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Finally, the biphasic-solute model presented here could be replaced
by a multi-phasic model to study the diffusion of charged
molecules into cartilage. The experiments need to be performed
using both neutral and charged molecules to enable separation of
the effects of electrical charges from those of other effects. These
topics will be addressed in a future study.

In this study, we tried to take advantage of a clinically used
radiopaque molecule, i.e. iodixanol, to facilitating the use of CT
technology for monitoring the diffusion process. In reality, wide
ranges of molecules with significantly different sizes are
transported in and out of cartilage through diffusion. Some of the
molecules important for cartilage metabolism such as collagen
fragments generated during enzymatic activity and some
therapeutics are small enough to be comparable to our solute [43,
44]. But many other relevant molecules are much larger than
iodixanol. Since the size of relevant molecules could be very
different and given that diffusion coefficients change with
molecule size, no single molecule could represent the entire range
of all relevant molecules. However, this study shows the difference
between the diffusion coefficients of the different zones within
cartilage. Even though the absolute diffusivity values might be
different for different molecules, the main conclusion of the
current study, ie. significantly different diffusion coefficients
through the cartilage thickness, is expected to hold regardless of

the molecule size.

3.5. CONCLUSIONS

The diffusion of neutral solutes across cartilage was studied using
both experiments and computational models. It was found that

one single diffusion coefficient is not sufficient to describe the
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diffusion of solutes across cartilage even when the solutes are
uncharged and, thus, not influenced by GAG content.
Computational models with three separate zones corresponding to
superficial, middle, and deep cartilage zones could very well
describe the diffusion of neutral solutes. The diffusion coefficient
of the superficial zone was in all three tested samples at least one

order of magnitude larger than that of the middle zone.
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ABSTRACT

Analytical and numerical methods have been used to extract
essential engineering parameters such as elastic modulus, Poisson’s
ratio, permeability and diffusion coefficient from experimental
data in various types of biological tissues. The major limitation
associated with analytical techniques is that they are often only
applicable to problems with simplified assumptions. Numerical
multi-physics methods, on the other hand, enable minimizing the
simplified assumptions but require substantial computational
expertise, which is not always available. In this work, we propose a
novel approach that combines inverse and forward artificial neural
networks (ANNSs) which enables fast and accurate estimation of
the diffusion coefficient of cartilage without any need for
computational modeling. In this approach, an inverse ANN is
trained using our multi-zone biphasic-solute finite-bath
computational model of diffusion in cartilage to estimate the
diffusion coefficient of the various zones of cartilage given the
concentration-time curves. Robust estimation of the diffusion
coefficients, however, requires introducing certain levels of
stochastic variations during the training process. Determining the
required level of stochastic variation is performed by coupling the
inverse ANN with a forward ANN that receives the diffusion
coefficient as input and returns the concentration-time curve as
output. Combined together, forward-inverse ANNs enable
computationally inexperienced users to obtain accurate and fast
estimation of the diffusion coefficients of cartilage zones. The
diffusion coefficients estimated using the proposed approach are
compared with those determined using direct scanning of the
parameter space as the optimization approach. It has been shown

that both approaches yield comparable results.
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4.1. INTRODUCTION

Transport of molecules in articular cartilage depends on factors
such as orientation and concentration of collagen fibrils,
proteoglycans, and water content, which vary significantly across
cartilage thickness [1]. The rate of transport can be affected by the
progression of the most common disease of diarthrodial joints, i.e.
osteoarthritis (OA), which is due to changes in molecular structure
of cartilage [2-6]. Molecular transport (diffusion) plays a key role in
monitoring OA progression, delivery of therapeutics and nutrients
as well as in the exchange of signaling molecules between cartilage
and its surrounding tissues of subchondral bone and synovial fluid
[7-9]. Previous studies used analytical solutions, mathematical fits,
and computational models to derive the diffusion coefficients of
solutes in cartilage [2-4, 10-12]. The available analytical solutions
can only be applied to problems where either simple geometries
are used or simplified assumptions are made [13]. Occasionally
mathematical fits have been used when analytical solutions were
not available, however, since mathematical formulae involving
diffusion coefficients are fitted to the experimental data, the
physical importance of certain phenomena might be neglected [4].
Computational models have been used to obtain the diffusion
coefficient of neutral and charged solutes in complex geometries
[2, 11]. Nevertheless, computational models are often associated
with  optimization algorithms which require advanced
computational expertise while being cumbersome and lacking the

capacity to recognize pattern of the experimental data.

Artificial neural networks (ANNs) are considered as intelligent
tools which can be trained using input data and output target to
efficiently fulfill pattern recognition [14]. In biomechanics, ANNs
have been applied to problems such as bone remodeling,

indentation tests as well as sport/gait mechanics [15-19].
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Previously, we described a finite-bath finite element model and
derived the diffusion coefficients of a neutral solute across
cartilage zones using direct scanning of the parameter space as the
optimization algorithm (chapter 3) [2]. We aim to create a package
that can obtain the diffusion coefficients of a neutral solute in
cartilage zones using series of micro-computed tomography
(micro-CT) data even in labs where no computational expertise is
available. From our previous study, we know that ANNs are
extremely sensitive to deviations from their underlying model
(chapter 2) [14]. To improve the robustness of ANN the training
data has to be contaminated with some level of stochastic variation
i.e. noise (chapter 2). Since the required level of noise is generally
unknown, we have proposed, for the first time, to use a second
ANN that could be used to estimate the required level of noise.
The combination of both ANNSs (after training) enables estimating
the diffusion coefficients of a neutral solute across different zones

of cartilage without any computational modeling.

4.2. METHODOLOGY
4.2.1. EXPERIMENTS

The descriptive details of the experiments consisting of sample
preparation, image acquisition, and image processing are presented
elsewhere (chapters 3 and 5) [2, 6]. Osteochondral plugs (#=3,
cartilage thickness= 2.8 mm, and diameter= 8.5 mm) were
extracted from two fresh equine femora using custom-made drill
bits while the site of extraction was constantly sprayed using
phosphate buffer solution (PBS) to prevent overheating. Iodixanol
solutions (finite bath of 650 ul, 1550.2 g/mol, charge=0,
condition A: 420 mM, 290 mOsm/kg H,O, condition B: 420 mM,
600 mOsm/kg H,O, condition C: 210 mM, 290 mOsm/kg H,O,
GE Healthcare, The Netherlands) were prepared and the diffusion of
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iodixonal from each condition was restricted to occur only from
the articular surface of cartilage (Figure 4.1A). A micro-CT scanner
(40 pum spatial resolution, Quantum FX, Perkin Elmer, USA) allowed
monitoring the transport of iodixonal through cartilage at room
temperature. After each experiment, samples underwent
desorption process using a large bath of PBS and protease
inhibitor (¢cOmplete, Roche, The Netherlands). Using the in-built
software of micro-CT (Analyze 11.0), 2D slices with TIFF format
were generated. The mid-sagittal slice was then isolated and
processed to render the concentration-time curves for 17 different

time points until 48 hours (Figure 4.2).

Finite-bath

N

Cartilage

Subchondral plate

) ®)

Superficial zone

€— Middle zone

Deep zone

Figure 4.1. Experimental (A) versus computational (B) models: Iodixonal
finite bath is placed on the surface of the articular cartilage to study its axial
diffusion across various zones of articular cartilage i.e. superficial zone (20%
of cartilage thickness), middle zone (50% of cartilage thickness) and deep
zone (30% of cartilage thickness).
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Figure 4.2. Normalized concentration of iodixonal versus time for samples
1-3 and conditions A-C: points represent the experimental data, solid line is
the inverse-forward ANNSs result and dashed line is the optimization

algorithm result.

4.2.2. COMPUTATIONAL MODEL

The required equations to describe the transport of iodixanol
across cartilage are conservation of linear momentum for the
mixture, conservation of the mass for the mixture, and
conservation of mass for solute, which were described in our
previous work (chapter 3) [2]. We assigned a neo-Hookean
material model for cartilage with a Young’s modulus of 10 MPa,
Poisson’s ratio of 0, hydraulic permeability of 10° mm*/Ns, and
effective solubility of 1. Diffusion coefficient of iodixanol was set
to 0.00025 mm’/s [21] and the diffusion tensor was assumed
isotropic. Since cartilage is a heterogeneous material, we used a

previously proposed multi-zone model (chapter 3) where water
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content varied from 0.8 in the superficial zone (20% of the
cartilage thickness) to 0.7 in the middle zone (50% of the cartilage
thickness) and 0.6 in the deep zone (30% of the cartilage
thickness) [22](Figure 4.1B). The required initial and boundary

conditions to solve the problem have been presented eatlier [2].

4.2.3. INVERSE-FORWARD ARTIFICIAL NEURAL NETWORKS

A conventional feed-forward ANN consists of artificial neurons
that is trained using a set of input data and a set of target data. The
trained ANN processes the data in the hidden layer and generates
the result as the output signal (Figure 4.3).

Experimental concentration vs. time curve
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Figure 4.3. Anatomy of the inverse-forward ANNs.
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Each artificial neuron in the hidden layer has a so-called signal
activation function such as tang-sigmoid function which processes
the signal transmitted by the other artificial neurons, gives a weight
to it, and biases it to generate the output signal (chapter 2) [14].
The biphasic-solute multi-zone finite element modeling was
performed in FEBio for a wide range of diffusion coefficients in
the superficial (0.1-99.1 um®/s with interval 1 um?/s) and middle
zones (0.1-10 um®/s with interval 0.1 um?/s) resulting in 10,000
models, based on the findings of our previous study (chapter 3)
[2]. Using a FEBio-MATLAB interfacing program developed in-
house, concentration-time curves (10,000X17 time points) were
obtained from the biphasic-solute multi-zone finite element model
and constituted the input matrix of the so-called inverse ANN
while diffusion coefficients of superficial and middle zones
(10,000%2 diffusion coefficients) served as the target matrix of the
same ANN. Since the diffusion within the deep zone is not high
enough to enable accurate determination of diffusion coefficient in
the deep zone, we did not report the diffusion coefficients of the
deep cartilage zone (chapter 3) [2]. Our previous study (chapter 2)
showed that ANNSs are very sensitive to any deviations from the
underlying computational model that is used for their training [14].
To alleviate this problem, the training data of ANNs can be
contaminated with some level of noise [14, 23, 24] to increase the
robustness of ANN. Therefore, we trained the ANN using the
input concentration vs. time curves contaminated with different
levels of Gaussian noise, ie. 1-20%. The contaminated

concentration function (€'(t)) is produced as follows:
c'(t)=c(t)+ N (0, o(t)) (4.1)

where N(0,0(t)) is a Gaussian distribution function with the

standard deviation o(t)=c(t)/4, and c(t) is the concentration

data obtained from finite element modeling. The parameter A
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represents the signal to noise ratio, which varies between 100 and
5 with step-size of 5 corresponding to noise levels 1-20%. We used
90% of the input data for the training, 5% for the validation, and
5% for the test of the ANN (30 neurons in the hidden layer).

Next, we introduce the experimental concentration vs. time curves
to the trained inverse ANNs to obtain diffusion coefficients of
superficial (D, ;) and middle (D) zones cortesponding to
each noise level as the outputs. The only remaining question to
answer is “what level of noise should be used for contaminating
the training data of the inverse ANN”. This question cannot be
answered in the general case without performing the actual finite
element simulation to see which noise level produces diffusion
coefficients that result in concentration-time curves that are as
close as possible to the experimental values of the concentration-
time curve. To circumvent this problem and avoid performing
direct finite element simulations, we propose a novel approach that
is based on using a forward ANN. This second ANN receives the
diffusion coefficients as input and returns the concentration-time
curve associated with those values of diffusion coefficients. To
maximize the fidelity of the forward ANN to the actual finite
element simulations, fully clean training data is used for its training.
Similar to inverse ANN, we used 90% of the input data for
training, 5% for validation, and 5% for testing the forward ANN
(30 neurons in the hidden layer). The diffusion coefficients
estimated by the inverse ANN were then fed back to the forward
ANN to estimate the concentration-time curve. The noise level
was optimized to minimize the root mean square error (RMSE)
between the experimental concentration-time curve and the
concentration-time curve estimated by the forward ANN (Figure
4.4). A MATLAB code for generating noisy data and training
inverse-forward artificial networks is available in the Appendix.
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Performing FEM for a wide
Step 1 combination of diffusion

coefficients

v

Step2 | Training inverse-ANNs using
different noise levels

y

Obtaining diffusion coefficients for
Step 3 different noise levels with the
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A

Step 4 Training forward-ANN

v

Obtaining concentration-time

Step 5 curves based on diffusion

coefficients calculated from the
inverse ANNs

Changing noise
increment and/

or noise range
A

¢ No need for FEM
Calculating RMSE using results

Step 6 from step 5 and the experimental
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v

Step 7 Finding minimum RMSE

No
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Reporting
diffusion
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Figure 4.4 Flowchart of inverse-forward ANNs to obtain diffusion

coefficients.
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4.3. RESULTS

The high values of the Pearson correlation coefficients (R) clearly
showed robustness of the inverse ANN when trained under
different levels of noise (e.g. Figure 4.5A-C). The mean squared
error drops to very low values for the training, validation, and test
datasets, thereby confirming the efficacy of the training process
(Figure 4.5D). All training, validation, and test datasets showed
similar improvement as the training iterations progressed (Figure
4.5D). The identification error, i.e. the difference between the
actual set of diffusion coefficients and those predicted by inverse
ANN, for the test dataset that was not used in training process,
was reminiscence of a normal distribution and was quite small (e.g.
Figure 4.5E). Similar results were obtained for all levels of noise

and the same observations held true (data not shown).
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The Pearson correlation coefficients for the forward ANN for all
training, validation, and test datasets was equal to one (Figure
4.6A-C), which suggests perfect capability of the forward ANN in
replacing the actual finite element model for the purpose of
predicting the concentration-time curve given the diffusion
coefficient. Similar to inverse ANN, the training diagram of the
inverse ANN reveals a very small mean squared error for the
training, validation, and test datasets, which further confirms the

efficacy of the training process (Figure 4.6D).

The combined forward-inverse ANN approach proposed here and
the direct scanning of the parameter space as the optimization
approach resulted in similar values of diffusion coefficients (Table
4.1B) and similar concentration-time curves for all the cartilage
samples for which experimental data were available from our
previous experimental study (Figure 4.2). The coefficient of
determination (R?) and RMSE between were similar for the
combined forward-inverse ANN approach and the optimization
approach (Table 4.1A). Except for sample 3 and condition C
where the required noise level in the training phase was around
7%, the other samples and conditions resulted in required noise
levels below 2.5% (Table 4.1B).
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4.4. DISCUSSION

Interpretation of experimental data in tissue biomechanics often
requires the use of complex material models such as multiphasic,
biphasic-solute, as well as complex boundatry conditions and/or
geometries. Analytical and computational solutions have been
developed to interpret experimental data while capturing the real
multi-physics phenomena to the maximum possible extent 2, 11,
12]. Computational models such as FEM can remarkably boost the
solution for more complex problems when complicated material
models, boundary conditions, and geometries are concerned [25].
The major drawback of computational models is that they are
time-consuming to  develop and require  considerable

computational modeling and mathematical physics expertise.

Recently, we developed a multi-zone multi-physics model (chapter
3) to study the transport of neutral solutes across articular cartilage
which enabled us estimate the diffusion coefficients of different
cartilage layers [2]. In spite of being a powerful approach for
accurate estimation of diffusion coefficients, computational
models similar to the one proposed in our previous study require
considerable computational expertise that is not universally
available. Based on the proposed method regarding the trained
ANNSs with noise (chapter 2) [14] in the present study we aimed to
obtain the diffusion coefficients of different cartilage layers using
experimental data collected during diffusion experiments. In the
current work we proposed to combines inverse and forward
artificial neural networks (ANNs) to provide a fast and accurate
estimation of the diffusion coefficient of cartilage without any
need for computational modeling to simulate the diffusion.
Determining the required level of stochastic variation was

petrformed by coupling the inverse ANN with the forward ANN,
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which receives the concentration-time curve and returns the

diffusion coefficient.

This approach presented in this study is not only capable of
cancelling the noise, but also eliminates the need for FEM
knowledge. The first element of the inverse-forward ANNSs is the
inverse ANN which is trained with noisy data and is responsible to
filter the noise, while the second element is the forward ANN
which eliminates the necessity of FEM. Training with noise-free
FEM data of the inverse ANN would result in overfitting and its
subsequent failure [14, 24]. The inverse ANN trained with noisy
data (Gaussian random noise) is most sensitive to the general trend
of the experimental data without being influenced by small
deviations from FEM caused by uncertainties involved in the

experimental data.

The pattern recognition feature of ANN has been previously
stressed and our findings also underscored this feature [14, 26].
The difference between RMSE and R’ from optimization
algorithm and ANN predictions although not large (Table 4.1A),
might be due to differences in interval step sizes by which ANN

was trained and optimization algorithm was processed.

By training the ANN using sufficiently wide range of diffusion
coefficients for different thicknesses of cartilage, different bath
sizes and concentrations, non-FEM specialists can easily benefit
from the application of the inverse-forward ANNs proposed in
this work. Besides, since ANN has been shown to be applicable
for both indentation of poroelastic materials (chapter 2) [14] and
our diffusion experiments, one can take advantage of it in other
areas of tissue biomechanics where complex multi-physics
computational models are needed to estimate specific properties of

tissues.
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More complex computational models particularly nonlinear (i.e.
hyperplastic) models may be needed for estimation of the diffusion
coefficients of cartilage under different (loading) conditions. For
example, there is some evidence that loading may influence the
process of solute transport in cartilage [27, 28]. Experiments that
investigate the effect of mechanical loading on the diffusion
process may therefore be associated with relatively high levels of
strain in cartilage, thereby necessitating the use of hyperplastic
models for describing the elastic part of the cartilage mechanical
behavior. The presence of large deformations and the use of
hyperplastic models introduce strong nonlinearities in the involved
equations one of the consequences of which may be non-
uniqueness of the solutions to the problem of identifying the
physical properties of cartilage. It is important to assess the
capability of ANN in estimating the diffusion coefficient in the
cases where, similar to the case of large deformations, strong
nonlinearity is present. Handling non-uniqueness is one of the
challenging tasks for ANNs because non-uniqueness in the
training data may confuse the training process of ANN and make
it difficult for the ANN to find even one of the (non-unique)

solutions of the problem.

The present study has several limitations. First, cartilage was
modeled as a laterally isotropic material, although it is intrinsically
an anisotropic material mainly due to spatial differences in terms
of collagen fiber distribution/otientation. The molecular size has
been shown to influence the diffusion, however, its effect could
not be considered by the software used in this study. These
limitations are, however, the intrinsic limitations of the full
computational model which is used for training the forward and
inverse ANNSs. Should these limitations be remedied in the full

computational model, it is expected that their correction can be
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reflected in the proposed approach simply by using training data

that are generated using the improved finite element model.

In summary, a novel algorithm combining inverse and forward
ANNSs was proposed to estimate the diffusion coefficient of the
various zones of cartilage based on multi-physics model. The
diffusion coefficients obtained using the proposed approach were
found to be similar to the ones obtained using the conventional
approach of combining full multi-physics computational models
and optimization algorithms. This approach, however, has an
important advantage as compared to the conventional approaches:
researchers and labs without computational modeling expertise can
use it effortlessly, although it should be noted that the
methodology of this work urges for initial FEM expertise but once
established for a specific tissue type e.g. equine cartilage with
similar morphology, no further computational skill will be
required. The proposed algorithm comprising of inverse-forward
ANNSs which could cancel out the input data noise (inverse-ANN)
and eliminate the need for FEM expertise (forward-ANN) as
much as possible could be used for similar biomechanical

applications.
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Appendix

MATLAB script

This MATLAB code is developed to create noisy indentation data (reaction
force: finite element model in ABAQUS) with different levels of noise as the
input. The artificial neural network is trained using then input and mechanical
and physical properties as the target. Then the mechanical and physical
properties of a poroelastic material can be determined using the trained artificial

neural network.

Mechanical and physical properties: elastic modulus (MPa), Poisson's ratio,
Permeability (mm4/N.s), friction coefficient

load input.txt % A matrix (10000%121) consisting of reaction force data (FEM)
at 121 time points

load target.txt% A matrix (10000%4) consisting of mechanical and physical
properties

%0%0%0%0%6%0%0%6%6%0%0%6%0%0%6%6%0%%6%0%0%6%6%0%0%6%0 %0 %6%6%0%0%6%6 % %%
%

% Contamination of data with noise

% By tuning lambda different levels of noise can be produced
lambda=100; % Please insert a value for lambda
for k=1:10000

for 1=1:121

input_lambda(k,})=input(k,l)+normrnd(0,input(k,l) /lambda);

end
end
save input_lambda.txt input_lambda -ASCII
%0%0%0%0%0%0%0%0%0%0%0%0%0%0%0%0%0%0%0%0%0%6%0%0%0%0 %% %/0%0%0%0%0 %0 %0 %%
%% %

%%0%0%0%6%6%6%0%6%0%6%6%6%6%0%6%6%6%0%0%6 %% %0 %6 %0 %% % %0 %0 %0 %0 % %0 %0 %
%% %

% Training, validation and test of the artificial neural network
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% This script assumes these variables are defined:
% input_lambda - input data.
% target - target data.

x = input_lambda';

t = target';

% Create a Fitting Network
hiddenLayerSize = 40;
net = fitnet(hiddenLayerSize);

% Choose Input and Output Pre/Post-Processing Functions
% For a list of all processing functions type: help nnprocess
net.input.processFens = {'removeconstantrows', mapminmax'};

net.output.processFens = {'removeconstantrows','mapminmax'};

% Setup Division of Data for Training, Validation, Testing
% For a list of all data division functions type: help nndivide
net.divideFen = 'dividerand'; % Divide data randomly
net.divideMode = "'sample'; % Divide up every sample
net.divideParam.trainRatio = 90/100;
net.divideParam.valRatio = 5/100;
net.divideParam.testRatio = 5/100;

% For help on training function "trainlm' type: help trainlm
% For a list of all training functions type: help nntrain

net.trainFen = 'trainlm'; % Levenberg-Marquardt

% Choose a Performance Function

% For a list of all performance functions type: help nnperformance

net.performFen = 'mse'; % Mean squared error

% Choose Plot Functions
% For a list of all plot functions type: help nnplot
net.plotFens = {'plotperform','plottrainstate’,'ploterrhist’, ...

"plotregression', 'plotfit'};
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% Train the Network
[net,tr] = train(net,x,t);

% Test the Network

y = net(x);

e = gsubtract(t,y);

performance = perform(net,t,y)

% Recalculate Training, Validation and Test Performance
trainTargets = t .* tr.trainMask {1};

valTargets = t .* tr.valMask{1};

testTargets = t * tr.testMask{1};

trainPerformance = perform(net,trainTargets,y)
valPerformance = perform(net,valTargets,y)

testPerformance = perform(net,testTargets,y)

% View the Network

view(net)

% Plots

% Uncomment these lines to enable various plots.
Y%figure, plotperform(tr)

Y%figure, plottrainstate(tr)

Y%figure, plotfit(net,x,t)

Yfigure, plotregression(t,y)

Yfigure, ploterrhist(e)

% Deployment
% Change the (false) values to (true) to enable the following code blocks.
if (false)
% Generate MATLAB function for neural network for application deployment
% in MATLAB scripts or with MATLAB Compiler and Builder tools, or
simply
% to examine the calculations your trained neural network performs.
genFunction(net,'myNeuralNetworkFunction');
y = myNeuralNetworkFunction(x);

end
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if (false)
% Generate a matrix-only MATLAB function for neural network code
% generation with MATLAB Coder tools.
genFunction(net,'myNeuralNetworkFunction',' MatrixOnly','yes');
y = myNeuralNetworkFunction(x);
end
if (false)
% Generate a Simulink diagram for simulation or deployment with.
% Simulink Coder tools.
gensim(net);
end
save
90%0%0%0%0%0%0%0%0%0%0%0%0%0%0%0%0%0%0%0%0%0%0%0%0 %0 %% %0 %% %0 %% %0 %%

0 ()0 0 0/()

9 ()0 ()0/()0/00/00/00 00/00/00 00 UO/OO/OOA)O/()O/()O/OO/OO 00 00/00 00 00/00/00A)0A)0/00 ()0 ()0/00/00/00/00 00/00/0
9 ()0 ()0/()

% Obtaining mechanical and physical properties using noisy reaction force data

load reaction_force.txt % A matrix (1*¥121) consisting of reaction force at 121
time points

output_lambda=sim(net,reaction_force)
%0%0%0%0%0%0%0%0%0%0%0%0%0%0%6%0%0%0%0%0 %0 %0%0%0%/0%0%0 %0 %0%0%0%0 %% %0 %0 %0
%% %
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ISOLATED EFFECTS OF EXTERNAL BATH
OSMOLALITY, SOLUTE CONCENTRATION,
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ABSTRACT

The metabolic function of cartilage primarily depends on transport
of solutes through diffusion mechanism. In the current study, we
use contrast enhanced micro-computed tomography to determine
equilibrium concentration of solutes through different cartilage
zones and solute flux in the cartilage, using osteochondral plugs
from equine femoral condyles. Diffusion experiments were
performed with two solutes of different charge and approximately
equal molecular weight, namely iodixanol (neutral) and ioxaglate
(charge = -1) in order to isolate the effects of solute charge on
diffusion. Furthermore, solute concentrations as well as bath
osmolality were changed to isolate the effects of steric hindrance
on diffusion. Bath concentration and bath osmolality only had
minor effects on the diffusion of the neutral solute through
cartilage at the surface, middle and deep zones, indicating that the
diffusion of the neutral solute was mainly Fickian. The charged
solute diffused considerably slower through cartilage than the
neutral solute, indicating a large non-Fickian contribution in the
diffusion of charged molecules. The numerical models determined
maximum solute flux in the superficial zone up to a factor of 2.5
lower for the negatively charged solutes (charge= -1) as compared
to the neutral solutes confirming the importance of charge-matrix

interaction in diffusion of molecules across cartilage.
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5.1. INTRODUCTION

Articular  cartilage is an avascular tissue with highly
inhomogeneous organization that lines the end of long bones and
enables low-friction joint mobility [1, 2]. The avascular nature of
articular cartilage means that it has to rely mainly on diffusion for
transport of vital signaling molecules, nutrients and oxygen. Cyclic
loading and the associated fluid flow augment the transport of
large molecules through an additional transport mechanism,
namely convection [3-5]. Transport of small solutes such as ions,
however, cannot be significantly amplified via convection [5].
Extracellular matrix (ECM) of cartilage consists mostly of collagen
type 1I, proteoglycans (PGs) and water. Fragments of PG and
collagen type II are continuously transported within ECM as a
result of enzymatic digestion and remodeling. Collagen type II and
PGs account for the major components of cartilage that provide
the ECM with its shear and tensile properties as well as with
resilience [2, 6]. Articular cartilage is characterized by a zonal
architecture where water content, as the major parameter
influencing solute diffusion, varies from 80% in the superficial
layer to 60% in the deep layer [7-10]. The orientation, thickness,
and concentration of collagen type II fibrils together with uneven
distribution of PGs in various zones of articular cartilage play
significant roles in the solute diffusion across the tissue [1, 11].
Solute diffusion depends predominantly on the nature of the
interaction that can vary as a consequence of different density and
morphology of the tissue at the molecular level (steric hindrance)
and ion-ion interactions. The latter is believed to take place when
the solute is charged and thereby repulsion/attraction interaction
with the negatively fixed charges of the glycosaminoglycans chains
(GAGs) is dominant [12-14]. The combined effects of electric
phenomena with the steric hindrance make the diffusion process

across the articular cartilage extremely complicated.
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To better understand the above-mentioned complexities in the
transport of solutes across cartilage, the current study aims to
separate the various physical mechanisms as much as possible by
using a carefully designed set of diffusion experiments and

associated finite element modeling.

First, we address the question whether the solute transport in
cartilage has a Fickian nature. This would be the case if the
concentration-time curves remain unchanged for different levels of
osmolality and different levels of solute concentration in case the
solute molecules are non-charged. Osmolality difference between
bath and cartilage deforms the cartilage and consequently alters the
molecular morphology and thus the interaction between the solute
and the extracellular matrix that causes deviation from Fickian
diffusion. For instance, it has been shown that Fickian models
could poorly predict the diffusion of cryoprotective agent (CPA)
through articular cartilage primarily due to local osmolality

variation within the extracellular matrix [15].

Second, we address the contribution of electrical charges to the
transport of solutes across cartilage. In the majority of previous
studies, the charged solute’s diffusion attributes have been
obtained by adopting Fickian-based models [16-18]. Answering the
second research question allows us to quantify the effect of this
simplification on the accuracy of determined solute fluxes and the
described diffusion behavior. We therefore not only isolate the
effects of external bath osmolality, concentration and charge from
each other but also quantify those effects using equilibrium curves
and zonal concentration curves as well as solute fluxes. The
present study features a unique experimental approach through
which the aforementioned effects could be separated. Moreover,
biphasic-solute and multiphasic models [9, 19] that we had

previously developed have been used to determine solute fluxes.
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5.2. MATERIALS AND METHODS
5.2.1. SAMPLE HARVEST AND CONDITIONING

Equine knees for this study were obtained from the Equine Clinic
in Utrecht University (approved by Animal Experiments Committee in
Utrecht University). Using a custom-made hollow drill bit, four
osteochondral plugs (8.5 mm diameter, cartilage thickness =
2.5710.27 mm) were harvested from the medial femoral condyle
of two 6-year old equine femurs (samples 1 and 2 from one donor
and samples 3 and 4 from the other). To prevent sample
overheating and to keep the drilling site moist during drilling, we
continuously sprayed phosphate buffer saline (PBS, 290 mOsmol/ kg
H,O, pH=7.4, Life technologies) on the drilling site. We stored the
osteochondral plugs in a large bath of a solution comprising PBS,
protease inhibitors (¢Omplete tablets, EDTA free, Roche, Netherlands)
and 5 mM Ethylenediaminetetraacetic acid (EDTA) at -20 °C
before the diffusion experiments. Upon thawing, the samples were
tightly wrapped laterally using heat-shrinking sleeves to prevent
lateral contrast agent leakage (Figure 5.1). The sample was
protected from heat during heat-shrinking process by optimizing
the heat source distance from the sample, constantly spraying cold
PBS on the sample surface, and mounting small wet cotton pieces

on the boundaries.
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Cork plug —
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Contrast agent solution e
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Figure 5.1. The sample consists of an osteochondtal plug, a cork plug, a

shrinking tube, contrast agent solution and a support.

5.2.2. CONTRAST AGENT SOLUTIONS

The transport of two clinical contrast agents with similar molecular
weights was investigated: iodixanol (I7sipague, 1550 g/ mol, charge=0,
GE Healthcare, Netherlands) and ioxaglate (Hexabrix, 1269 g/mol,
charge=-1, GE Healthcare, Netherlands). In order to study the effects
of bath concentration, osmolality, and electrical charge on solute
transport, we prepared four different contrast agent baths (Table
5.1). We adjusted the osmolality of each solution at the required
level by adding sodium chloride. Enzymatic digestion was
prevented during the diffusion experiments through the addition
of protease inhibitors (cOmplete, Roche, Netherlands) and EDTA to
the baths. A freezing point osmometer (Advanced® Model 3320

Micro-Osmometer, Netherlands) was used to measure osmolalities.

5.2.3. CECT IMAGING

We placed the wrapped samples on a custom-made holder and
fixed the holder inside micto-CT (Quantum FX, Perkin Elpmer,
USA). In each condition, we loaded approximately 650 pL from
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Table 5.1. Specification of the baths used in the diffusion experiments:
Four different bath conditions were used to investigate the effects of
concentration (lodix 320,290 vs. lodix 160,290), external bath osmolality
(lodix 320,290 vs. lodix 320,600) and solute’s charge (lodix 320,600 vs. loxag
320,600) on the diffusion in cartilage.

Concentration Osmolality
Bath Solute Charge (gl ) (mOsm] kg H.O)
Todix 320,290* Todixanol 0 320 290
Todix 320,600" Todixanol 0 320 600
Todix 160,290* Todixanol 0 160 290
Toxag 320,600" Toxaglate -1 320 600

* The conditions are described by their abbreviated solute name (iodixanol
(lodix) and ioxaglate (loxag)), solute concentration in the bath and bath’s
osmolality.

the baths onto the cartilage surface. A cork plug and proper micro-
CT chamber humidification were used to minimize solution
evaporation during micro-CT scans (Figure 5.1). We scanned the
samples at room temperature using micro-CT under a tube current
of 180 MA and a tube voltage of 90 kV, resulting in a scan time of
2 min and a voxel size of 40x40x40 pm’. The resolution was
chosen such that the field of view included the cartilage specimen,
the contrast agent bath, and the subchondral bone. We acquired
images during diffusion process at time points #, (before adding
the bath), 7, (bath injection), 7= 5, 10, 30 min and 7= 1, 2, 3, 4, 5,
7, 10, 12, 24 and 48 hours. When the experiment on every
specimen was finished using one bath and before starting a new
experiments with another bath (Figure 5.2), we washed the
osteochondral plugs in series of large desorption baths [20]
(PBS+protease inhibitor+EDTA (5mM) for 48 hours (4 °C) which
proved to be effective (less than 5% difference between the gray
values). The average grey values for each sample and each

condition were recorded at 7, to make sure of the efficacy of the
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contrast agent washout process. The equilibrium concentration of
ioxaglate (inversely related to GAG content [21]) did not vary after
performing the aforementioned experiments during our pilot
studies suggesting no cartilage degeneration (data not shown).
Furthermore, the remaining of each bath was tested after each
experiment to search for any clues of GAG leakage using
Dimethylmethylene Blue assay (DMMB), which proved no visual
sigh of GAG loss.

Sample extraction & Passive
preparation diffusion

i i

Micro-CT imaging

Desorption bath

Figure 5.2. Flowchatt of the experimental setup: Osteochondral plugs from
the fresh equine femoral condyles were extracted. The osteochondral plugs
were mounted on a support while being wrapped using a shrinking tube.
Passive diffusion experiments were conducted in a micro-CT chamber.
Immediately after each experiment the samples underwent serial desorption

process within large baths before start of the next experiment.

5.2.4. IMAGE ACQUISITION AND PRE-PROCESSING

Image acquisition included 3D image reconstruction that was
undertaken automatically using the built-in micro-CT software.
The 3D files were transferred to Anlayze 11.0 (Perkin elmer, US.A)



Chapter 5 113

to convert them to a sequence of 2D images (TIFF format). The
images underwent noise removal using 3D Gaussian filter (Izage],
1.47v).

5.2.5. EQUILIBRIUM CURVES

We then exported the 2D image sequences to Image] (Image],
1.47v) to process the images. The mid-sagittal slice that included
cartilage, contrast agent, and subchondral bone was chosen as the
representative image to study the transport of contrast agent
molecules across cartilage. Our earlier calculations suggest that
mid-sagittal slice can act as a representative slice and therefore we
restricted our analyses to a single mid-sagittal slice. We applied a
rectangular region of interest (ROI) (width = 5.6 mm) to all mid-
sagittal images at every time point. The cartilage was segmented
from the contrast agent bath and subchondral bone by global
thresholding. This allowed for generation of cartilage masks that
could be used to create another ROI that precisely outlined the
cartilage. We overlaid this ROI onto the corresponding original
images to evaluate the average grey values (Q). The average grey

values were then calculated using the following formula:

XPiX;
Q=T M

where P; and X; are the pixel intensity and frequency, respectively.

We used an experimentally confirmed linear relationship between
the grey value of the cartilage at # = 0 and that of the contrast
agent bath and their corresponding concentrations to obtain the

actual solute concentration within cartilage:

C=aQ+p )
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where C is the solute concentration, @ is the average grey value

and @ and f§ are constants.

5.2.6. IMAGE REGISTRATION

To obtain the zonal diffusion curves, we performed elastic (i.e.
deformable) image registration, which accounted for small elastic
deformations in the cartilage as observed in our experiments
(8£2.55 % of the total cartilage thickness) and spatial movements
during the diffusion process. We registered the images using the
Elastix package (University Medical Center Utrecht, Netherlands) [22,
23]. Two images were required to perform the registration process,
a moving image and a fixed image. Images at # = 0 minutes for
each bath condition (Table 5.1) were selected as the fixed images
while images at 7 = 1, 6, 12, 24, 30 and 48 hours were selected as
the moving images to which the ROIs for the zonal equilibrium
curves will be assigned. Registration is mathematically formulated
as an optimization problem where the cost function has to be
minimized with respect to T to achieve the optimal transformation

[22]. T is the image transformation matrix which is given as:
T(x) = x+u((x) 3)
where u (x) is the translation vector.

Elastix software limits the amount of possible transformations by
introducing a parameterization of the transformation. Eventually,
we examined the accuracy of the registration process through
checking the location of a few fixed points on the cartilage-bath
and cartilage-subchondral bone interfaces using MeVisLab (Mel/7s
Medical Solutions AG, Bremen, Germany) (Figure 5.3).
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)
Subthondral bone
Matched points on the cartilage-subchondral plate interface
Matched points on the cartilage-bath interface
\lY
(B) Articular cartilage Articular cartilage

Subchondral b$ne Subchondral bone

Figure 5.3. Visual inspection of the registration outcome using Mel7sLab. Random
points on the (A) cartilage-subchondral bone interface (blue line) and (B) cartilage-
bath interface were selected to visually inspect whether the points in the fixed and the
registered image matched.

5.2.7. ZONAL DIFFUSION CURVES

Articular cartilage can be considered to comprise three major
zones, l.e. superficial, middle, and deep zones [7, 24-20]. Zonal
diffusion curves can therefore be obtained to provide a more
detailed description of diffusion and equilibrium concentration in
each individual zone. Zonal diffusion curves were generated based
on the previously registered images at 0, 1, 6, 12, 24 and 48 hours.
The first step was to determine the thickness of cartilage at # = 0
for each sample using Bone] (plugin of image]). Then, for each
image, cartilage was divided into three different zones: superficial
(20% of cartilage thickness), middle (50% of cartilage thickness),
and deep zone (30% of cartilage thickness) [7]. Thereafter, Image]
was used to cover the superficial, middle, and deep zones

separately, thereby generating three new ROIs corresponding to
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each zone. Those ROIs were applied to the registered images at 0,
1, 6, 12, 24 and 48 hours to obtain the average grey values. The
average grey values were converted to concentration values using a
similar approach as described in equilibrium curves. The
normalized concentrations were then obtained by dividing the

concentration values by the initial bath concentration.

Since solute flux is the rate of solute transport per unit area, we
used multi-zone biphasic-solute and multiphasic models to curve-
fit the concentration-time data followed by plotting the solute flux
versus time in the middle of the superficial zone (20% of cartilage
thickness) in each sample to compare the transport of neutral
(lodix 320,600) and charged (Ioxag 320,600) solutes in cartilage. The
models [9, 27, 28] included the solid phase, the fluid phase, and the
solutes and could describe the interactions of the solid matrix and
the fluid and solute phases. Physical phenomena such as water
exodus and return, cartilage swelling, electric interactions
(ioxaglate) and the deformations of the solid phase caused by
osmolality shocks and water transport were therefore taken into
account [9, 27]. The model consisted of a finite bath (®14 mm)
and a cartilage that resembled the experimental setup. The
diffusion was restricted to occur only through the surface of the
cartilage (axial diffusion) while the cartilage-subchondral bone
interface was prescribed as a no-flux boundary condition. The
initial concentration of the solute in the cartilage was set to zero.
The model was fitted to the equilibrium curves and the solute flux

curves were subsequently plotted.

5.2.8. STATISTICAL ANALYSIS

Two-factor ANOVA statistical analysis was used to determine the
statistical significance of the normalized concentrations at 48 hours
in the equilibrium curves as well as in the zonal diffusion curves. A
significance threshold of p < 0.05 was used. It should be noted
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though that the aim of this chapter is to address the effects of
external bath osmolality, solute concentration as well as solute’s
charge on the transport within each sample, thereby those effects

should be studied in each sample separately.

5.3. RESULTS

Changes in bath concentration and osmolality may cause local
deformation in cartilage matrix and mass transfer resistance at the
bath-cartilage interface, which consequently alter solute-matrix
interactions through steric hindrance mechanism. On the other
hand, strong solute charge-matrix charge interactions affect the
diffusion and make it deviate from Fickian behavior. Here we
study these interactions with the aid of equilibrium curves, zonal

diffusion curves and solute flux curves.

5.3.1. EQUILIBRIUM CURVES

The near-equilibrium state was reached approximately 24 hours
after the start of the experiments (Figure 5.4). The effect of bath
solute concentration on diffusion was assessed by comparing the
equilibrium curves of bath Iodix 320,290 and lodix 160,290 that
represent the diffusion of iodixanol at different solute
concentrations but with the same osmolality. The normalized
concentrations (% initial bath concentration) for both baths lodix
320,290 and lodix 160,290 were very close to each other (Table
5.2A). For the eatly time points, lodix 160,290 showed a steeper
slope compared to Iodix 320,290 indicating a faster diffusion rate
(Figure 5.4).
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The effect of osmolality on diffusion was assessed by comparing
the equilibrium curves of Iodix 320,290 and lodix 320,600 that
represent the diffusion of iodixanol at different osmolalities but
with the same concentration. In this experiment, the different
osmolalities (hypo- and hyper-osmolal) will lead to differences in
expansion and as a consequence the diffusion can deviate from
Fickian through potential effects of steric hindrance. Fickian
diffusion would require identical diffusion curves for the two
conditions. For both conditions, the near-equilibrium state was
reached at 24 hours (Figure 5.4). On average, the difference

between these two conditions was very small.

We further investigated the effects of charge and consequently
non-Fickian solute diffusion across articular cartilage by comparing
the normalized concentration cutrves between Iodix 320,600 and
Toxag 320,600. These conditions represented the same contrast
agent concentration and osmolality, but different solute charges.
Similar to the previous situations, for both conditions, the near-
equilibrium state was reached at 24 hours (Figure 5.4). The
diffusion rate in Jodix 320,600 was considerably higher than that of
Toxag 320,600 particularly in the very early time points (Figure 5.4).
Moreover, the equilibrium normalized concentrations in lodix
320,600 were markedly higher than those in loxag 320,600 (p-
valne=0.006, Table 5.2A), which indicate a fairly large non-Fickian

aspect in the diffusion.

5.3.2. ZONAL DIFFUSION CURVES

The superficial zone represents the highest values of normalized
concentrations (Figure 5.5A). Solute transport rate was found to
be the highest in the superficial layer for all conditions. However,
it approached the near-equilibrium state shortly after the onset of
the experiments (Figure 5.5A).
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Figure 5.5. (A) Plot of normalized concentration vs. time in the superficial, middle
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To address the effect of concentration on diffusion, resulting
curves for lodix 320,290 and lodix 160,290 were compared. The
diffusion rate was similar between lodix 320,290 and lodix 160,290
but the deep layer showed a larger difference (Figure 5.5A). In the
superficial zone, the near-equilibrium state is reached for Iodix
320,290 and lodix 160,290 after 6 hours (Figure 5.5A). Regardless
of bath conditions, the equilibrium state is not reached for the
middle or deep zones since the diffusion curves keep rising (Figure
5.5A). The equilibrium concentration was not significantly higher
in lodix 160,290 within the deep zone compared to that in lodix
320,290 (p-value>0.05, Table 5.2B).

Effect of osmolality on diffusion was addressed by comparing
resulting curves for lodix 320,290 and lodix 320,600. Both lodix
320,290 and lodix 320,600 reached the near-equilibrium
concentrations at 12 hours in the superficial zone (Figure 5.5A).
The equilibrium concentrations in the superficial, middle and deep
zones between lodix 320,290 and Iodix 320,600 were not
significantly different (p-value>0.05, Table 5.2B).

The effect of solute’s charge on diffusion was studied by
comparing lodix 320,600 and loxag 320,600. In all zones, the
normalized concentration curve for Ioxag 320,600 depicts
significantly lower concentrations compared to those of Ilodix
320,600 (Figure 5.5, p < 0.05, Table 5.2B). However, the time
point where each condition reaches near-equilibrium state was
almost similar and was 12 hours (Figure 5.5A). The typical
concentration versus cartilage depth curves at 48 hours showed
also higher concentration of iodixanol (lodix 320,600) compared to
ioxaglate (loxag 320,600) (Figure 5.5B).

The solute flux for Iodix 320,600 showed higher peak than that of
Ioxag 320,600 and the peak occurred in the early time points
(Figure 5.6). The maximum flux of iodixanol was 0.0084%0.0061
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mmol/m”.s, while that of ioxaglate was 0.0047£0.0031 mmol/ m2s
(p-value=0.185).
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Figure 5.6. (A) Computational model representing bath containing either
iodixanol or ioxaglate and articular cartilage comprising of superficial,
middle and deep zones. (B) Plot of solute flux vs. time in the middle of
superficial zone for both lodixanol (lodix 320,600) and loxaglate (Ioxag
320,600) for samples 1-4 to investigate the effect of charge on solute
transpott.
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5.4. DISCUSSION

Multiple factors contribute simultaneously to the diffusion of
solutes across cartilage. In this study, we strived to use a carefully
designed set of experiments to separate the effects of three of
those factors, namely bath concentration, bath osmolality and
solute’s charge, from each other. Exact Fickian diffusion should
lead to exactly the same diffusion patterns for all experiments and
deviation from this can be observed by comparing the various
experiments. We used equilibrium and zonal diffusion curves as

well as finite element models to study the effects of those factors.

5.4.1. EFFECT OF CONCENTRATION

Normalized concentration values as well as diffusion rates at eatly
time points within cartilage were slightly higher in the bath with
lower concentration (lodix 160,290) compared to the more
concentrated bath (lodix 320,290) (Figure 5.4). Nevertheless, the
final normalized values were largely similar regardless of
concentration (Table 5.2A). Previous study showed insignificant
effect of concentration on the diffusion mechanism using charged,

1.e. anionic solutes [18].

Somewhat different behaviors in Iodix 320,290 and lodix 160,290
are observed when the superficial, middle and deep zones are
concerned (Figure 5.5A). That is associated with some mild
differences between the final normalized concentration values of
Todisx 320,290 and Iodix 160,290 in those zones (Table 5.2B).
However, the final normalized concentration in all zones is not
significantly different between lodix 160,290 and lodix 320,290
(Table 5.2B). It can be therefore concluded that while the main
diffusion mechanism for neutral solutes is Fickian, some zonal
deviations from the Fickian assumption can be pinpointed. The

final normalized concentration values for the superficial zone were
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observed to be higher compared to middle and deep zones for
both lodixx 320,290 and lodix 160,290 that refers to highly
inhomogeneous nature of the articular cartilage. The major reason
that leads to enhancement of diffusion rate in the superficial zone
might be the sparse distribution of GAGs, high water content, and
fine collagen fibers [1, 14, 29, 30]. A previous study, however,
showed that collagen does not considerably affect the transport of
small solutes because collagen fibrils are widely spaced in
comparison to proteoglycans [31]. Relevant research also
addressed the importance of wvarious cartilage zones when
determining the diffusion coefficient of cartilage. Indeed, up to
100 times higher diffusion coefficients were found in the
superficial zone as compared to the deep cartilage zone [9, 24, 32].
The effects of concentration can also be viewed from the
standpoint of more facilitated transport in low concentrated
solutions due to lower mass transfer resistance in the cartilage-bath
interface [33]. Furthermore, lower concentration might lead to
lower solution viscosity that in turn enhances the transport rate
within the bath and also in the cartilage-bath interface [34]. This
underscores the fact that the solute diffusivity within the bath may
need to be considered as a separate parameter to improve on the

accuracy of previously conducted research [14, 16-18].

5.4.2. EFFECT OF OSMOLALITY

Equilibrium curves showed a subtle difference between Ilodix
320,290 and Ilodix 320,600 indicating that the effect of osmolality
on the transport of neutral solutes is insignificant (Figure 5.4,
Table 5.2A) and the diffusion therefore can be considered Fickian.
The zonal differences between lodix 320,290 and lodix 320,600
were present but generally small (Figure 5.5 and Table 5.2B). Since
we used a hyper-osmolal bath, cartilage shrank 8+2.55 % of its

total thickness in the early time points due to water loss.
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Thereafter, cartilage recovered to its original thickness, since
increased ionic concentration in cartilage after initial water loss
caused reversal of the water exodus. This could lead to a more
compact structure of the ECM giving rise to increased solute-ECM
friction and therefore hindered diffusion. However, water exodus
stopped after a few hours and water gain started to maintain the
equilibrium between the cartilage and the bath. This counteracts
the previous hindrance phenomenon and can potentially nullify the
reduced diffusion rate within the ECM. In spite of little effect of
osmolality on diffusion of small molecules observed in this study,
larger tissue deformation and its consequent local re-orientation of
collagen fibrils as well as alterations of proteoglycans
concentration is anticipated to change the cartilage diffusive
attributes [1].

5.4.3. EFFECT OF CHARGE

Negatively charged fixed macromolecules, i.e. keratin sulfate and
chondroitin sulfate, are the major components that give cartilage
its excellent physical and mechanical features [35]. These highly
charged molecules interact with the diffusing charged solutes,
thereby introducing an additional mechanism that, together with
steric hindrance, cause the diffusion process to deviate from the
Fickian model. The last aim of this work was to study the effects
of solute charge on the diffusion of solutes across articular
cartilage. Equilibrium curves for lodix 320,600 showed
considerably higher diffusion rate as well as higher final
normalized concentration values as compared to loxag 320,600
(Figure 5.4, Table 5.2A). Zonal diffusion curves also confirm the
trends seen in the equilibrium curves (Figure 5.5A, Table 5.2B).
Ioxaglate, as a negatively charged contrast agent, had the highest
final normalized concentration in the superficial zone as compared
to two other zones chiefly due to higher water content, less
concentrated GAGs, and less interaction with the ECM in the
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superficial zone. Moreover, the concentration versus cartilage
depth at equilibrium for ioxaglate lied below that of iodixanol
(Figure 5.5B) underscoring the effect of repulsion between two
negatively charged molecules (PGs and ioxaglate) on the diffusion.
The effect of proteoglycans on the diffusion of solutes even
neutral ones rather than collagen has been confirmed due to their
compact structure [36]. It is worth mentioning that the negatively
charged ioxaglate solute has considerably slower diffusion rate and
lower final normalized concentration, as compared to the neutral
iodixanol solute (Figure 5.6 and Table 5.2). The two contrast
agents used in this study had very similar molecular weights i.e.
hydrodynamic radii and therefore it allowed studying the effect of
charge while neglecting the effect of solute size on diffusion across
cartilage.

Based on the prescribed experimental boundary conditions solute
diffusion occurred primarily along the vertical axis of the
cylindrical specimens and therefore the radial component of
diffusion equations has been neglected in our models. Lower
ioxaglate flux peak compared to that of iodixanol (Figure 5.0)
indicates the restrictive effect of electric interactions between the
negatively charged solute (ioxaglate) and negative fixed charges of
articular cartilage. Furthermore, samples 3 and 4, which
demonstrated lower GAG content compared to samples 1 and 2
(higher ioxaglate equilibrium penetration) showed higher
maximum solute flux (Figure 5.4 and Figure 5.6). The findings of
this study highlight the importance of electrical charge and show
that the effects of electrical charge by far exceed those of other
factors considered in the current study including solute

concentration and external bath osmolality.

5.4.4. LIMITATIONS

This study introduces a few limitations associated with the

experiments. Since the aim of this study was to investigate the
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isolated effects of physical parameters on the diffusive transport in
articular cartilage, four samples were randomly extracted from two
different same-age equine femoral condyles, which enables
drawing general conclusion regardless of the donot’s joint. The
sample size could be increased to enhance the power of the study;
nevertheless, the aim was to create an experimental setup by which
conclusions could be made while comparing conditions within
each individual sample without further need to increase sample
size. The time frame of the experiments was chosen to be 48 hours
to ensure reaching the equilibrium state although this might
slightly affect the GAG concentration within the tissue. To
support that, our previous experiments using DMMB assay of the
bath confirmed minimal GAG loss. The study of the effects of
ionic strength and concentration of charged solutes in the bath on
the diffusion process are proposed for the future studies. In this
study, we used osteochondral plugs to ensure minimal damage to
the cartilage constituents particularly collagen fibrils and
proteoglycans. This allowed maintaining physiologic diffusion
condition as faithfully as possible. In our computational model, we
used a no-flux boundary condition at the cartilage-bone interface,

which stayed valid within the timeframe of the experiments.

5.5. CONCLUSIONS

We investigated the isolated effects of solute concentration,
external bath osmolality, and solute charge on the diffusion of
solutes across articular cartilage. The main novelties of the study
are in using the experiments that separate the effects of different
factors from each other to the maximum possible extent and using
zonal diffusion curves and computational models to study the
diffusion behavior of the various cartilage zone, namely superficial,

middle, and deep zones. It was observed that the concentration
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and external bath osmolality do not significantly change the
diffusion behavior of cartilage as a whole and the various cartilage
zones. The diffusion mechanism of neutral solutes was therefore
found to be Fickian in general with some zonal deviations from
the Fickian model, thereby justifying the use of terms such as near-
Fickian for describing the diffusion mechanism of neutral solutes
across cartilage. Comparing the solute fluxes and the diffusion
behavior of solutes with similar sizes but different charges (neutral
versus negatively charged) showed that the maximum solute fluxes
are significantly smaller for negatively charged solutes, indicating
the profound effect of electrical charge on the diffusion behavior.
The effects of electrical charge on the diffusion behavior were the

same regardless of the cartilage zone under consideration.
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ABSTRACT

Cross-talk of subchondral bone and articular cartilage could be an
important aspect in the etiology of osteoarthritis. Previous research
has provided some evidence of transport of small molecules (~370
Da) through the calcified cartilage and subchondral bone plate in
murine osteoarthritis models. The current study, for the first time,
employs a diffusing computed tomography (CT) contrast agent
(iodixanol, neutral, ~1550 Da) to study the permeability of the
osteochondral interface in equine and human samples. Sequential
monitoring of diffusion after injecting a finite amount of contrast
agent solution onto the cartilage surface using a micro-CT showed
penetration of the contrast molecules across the cartilage-bone
interface. Moreover, diffusion through the cartilage-bone interface
was affected by thickness and porosity of the subchondral bone as
well as the cartilage thickness in both human and equine samples.
Our results revealed that in healthy equine samples, porosity of the
subchondral plate contributed more strongly to the diffusion
across osteochondral interface compared to other morphological
parameters. However, in slightly osteoarthritic human samples,
thickness of the subchondral plate contributed more strongly to

the diffusion compared to porosity of the subchondral plate.
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6.1. INTRODUCTION

Etiology of osteoarthritis (OA) implies deterioration of
subchondral bone plate quality such as early thinning, sclerosis and
porosity alterations beside the damage of articular cartilage [1, 2].
The severity and type of those changes depend primarily on the
OA stage [3-6]. According to some theories that go against
conventional theories [7, 8], OA initiates from the subchondral
bone, over-time progressing to the overlying articular cartilage [9,
10]. Regardless of whether one subscribes to the conventional or
alternative theories associated with the etiology of OA, it is clear
that morphological changes in the subchondral bone and articular
cartilage create a driving force for transfer of putative harmful
molecules [1]. Enhanced activity of osteoclasts and subsequent
increased subchondral bone perforations and thinning augment
the diffusion of cytokines and enzymes as well as cross-talk
between cartilage and subchondral bone [2, 5, 11, 12]. These
mechanisms highlight the fact that diffusion likely plays a key role
in molecular signaling across the osteochondral interface. Some
carlier studies on OA models of rabbits and rats reported the
diffusion at the osteochondral interface [1]. The diffusion of small
molecules (<400 Da) was confirmed between the uncalcified and
calcified cartilage in the metacarpophalangeal joints of healthy
mature horses [13]. Diffusion of small molecules across the
osteochondral interface in a murine model using sodium
fluorescein (376 Da) was correlated with OA progression and
diffusion of Gd-DTPA* (MRI contrast agent, 547 Da) in the clinic
was observed [2, 11, 14]. The presence of non-mineralized patches
(~100 nm) within the calcified cartilage as well as invasion of
uncalcified cartilage through the calcified cartilage might explain
the molecular transport [11, 15]. Unlike articular cartilage,
consensus exists regarding the diffusion of molecules between the
intervertebral disk (IVD) and the vertebral body through the
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endplate. Diffusion is known to dramatically influence the health
of the spine, because insufficient nutrition of the IVD is suggested
to accelerate its degeneration [16]. However, it was shown that
load-dependent convection facilitates the transport in the IVD as
well as across the endplate-IVD interface in both healthy and
degenerated disks [17, 18]. A previous study using advanced
micro-computed tomography (micro-CT) showed increased
perforations in the subchondral endplate when the IVD
degenerates [19]. All the previous evidence therefore supports the
theory that direct diffusion between cartilaginous tissues and
underlying bone plays a key role in the normal physiology of

articulating joints as well as the spine.

In the present study, we aim to investigate solute transport
between articular cartilage and subchondral bone of equine and
human samples using multi-resolution micro-CT by applying a
neutral solute. Using the neutral solute enables to exclude the
mechano-electrical phenomena arising when an external charged
solute is transferred through the highly charged articular cartilage.
The effects of the micro-architecture (i.e. porosity and thickness)
of the calcified cartilage/subchondral bone plate complex and

thickness of uncalcified cartilage on diffusion will be determined.

6.2. METHODOLOGY
6.2.1. EXPERIMENTS
6.2.1.1. BATH AND SAMPLE PREPARATION

Cylindrical osteochondral plugs from four cadaveric fresh-frozen
human medial femoral condyles with slight OA (approved by
university medical center Utrecht, age=67-85, n=4, cartilage
thickness=2.53+0.31, diameter=8.5 mm) and one healthy
cadaveric equine medial femoral condyle (approved by Utrecht
university, age=7, n=06, cartilage thickness=1.25%0.52 mm,

diameter=8.5 mm) were drilled using custom-made drill bits
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(Figure 6.1). For the human samples, care was taken to extract
them from a location that was visually intact. The site of drilling
was constantly sprayed using phosphate buffer serum (PBS) to

ensure minimal dehydration and damage to the cartilage.

Medial femoral condyle

[ \
Cadaveric human Cadaveric equine
(age=67-87, n=4) (age=7,n=1)

\ ]

Human
osteochondral plugs
(n=4, diameter==8.5 mm)

Equine
osteochondral plugs
(n=6, diameter=8.5 mm)

Bath
L

Wrapping

Y

Micro-computed
tomography at 4, 10 and
20 pm resolutions

Figure 6.1. Preparing samples for the micro-CT scanning: osteochondral
plugs were extracted from four cadaveric human medial femoral condyles
and one cadaveric equine medial femoral condyle. A shrinking sleeve was
used to wrap the samples before injecting the contrast agent onto the
cartilage surface. Then the samples underwent multi-resolution micro-

computed tomography.

We prepared iodixanol solutions (molecular weight (MW)=1.55
kDa, concentration=420 mM, charge=0, osmolality=300
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mOsm/kgH,O, volume=600 ul, GE Healthcare, Netherlands)
enriched with protease inhibitors (5mM) to study the axial
diffusion through cartilage and the cartilage-bone interface. Since
iodixanol is a neutral contrast agent, the effect of cartilage charge
on molecular transport was eliminated. Immediately post-harvest,
the osteochondral plugs were wrapped using plastic shrinking

sleeves to prevent lateral diffusion (Figure 6.1).
6.2.1.2. QUANTITATIVE MICRO-CT

To study the transport of iodixanol across cartilage and the
cartilage-bone interface, we used a micro-CT scanner (Quantum
FX, Perkin Elmer, USA, spatial resolution of 20 um’ voxel size,
scan time= 2 min, tube voltage= 90 kV and tube current=180 pA,
number of projections=3600) and captured images at #, (before
injection of iodixanol solution), 4 (point of injection of iodixanol
solution), 7= 12, 24, 48 and 72 hours within the field of views
consisting of bath, cartilage, and subchondral bone (Figure 6.2A).

The projected images were transformed automatically to 3D
reconstructed files using in-built software of the micro-CT
machine (Quantum FX). After rigid image registration based on the
#, images, the 3D reconstructed files were converted to a series of
2D images for further analyses (Analyze 11.0). We used Gaussian
blurring 3D filter (radius=3) to minimize the noise and then
selected 20 middle slices of the 2D stack and created rectangular
regions of interest (ROI) in FIJI (free software for image analyses),
which comprised the bath, cartilage, and subchondral plate. The #,
images were locally thresholded (Berusen) using Bone] (plugin of
FIJI) to calculate the thickness and porosity of the subchondral
plate/calcified cartilage as well as the thickness of uncalcified
cartilage (Figure 6.2B and Table 6.1). The subchondral
plate/calcified cartilage zone was defined as the region lying above

the region where the trabecular structure could be easily
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pinpointed. The mean of the average grey values of the
subchondral plate/calcified cartilage at 7 in 20 selected slices was
subtracted from the mean average grey values at the later time
points to measure the diffusion. The relationship between the
diffusion at 72 hours with the micro-architecture of subchondral
plate/calcified cartilage, ie. porosity and thickness, was also

investigated.
6.2.1.3. QUALITATIVE MICRO-CT

To qualitatively visualize the diffusion at the cartilage-bone
interface we also performed micro-CT scan using the previously
mentioned micro-CT parameters but with higher spatial resolution
of 10 um’. To visualize the cartilage-bone interface with ultra-high
resolution phoenix nanotorm micro-CT was used (GE, USA, tube
voltage= 70 kV tube current=110 pA, 4 um’ voxel size, scan

time= 2 hours, field of view: 4 mm).
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A

© Experimental Setup Micro-CT image
- - Contrast agent -
-- Cartilage -
&= Bone =

®)

— Articular cartilage

Figure 6.2. Micro-computed tomography image with spatial resolution of
20 pm3 (A). Local thresholding was employed before injection of contrast
agent to calculate the thickness and porosity of the subchondral bone
plate/calcified cartilage (B).
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Table 6.1. Cartilage thickness, subchondral plate/calcified cartilage
thickness and porosity for human samples and for equine samples.

Cartil
artriage Subchondral/calcified ~ Subchondral/calcified

1 thickn
Sample {eness cartilage thickness (um)  cartilage porosity (7o)

(Hm)
1 2500 175 48
2 2700 115 6.4
Human 2100 186 4.0
4 2800 147 8.1
1 700 178 121
2 1100 468 7.6
3 830 117 17.2
Equine 55 193 5.1
5 1190 175 35
6 2100 332 15

6.3. RESULTS

The thickness of cartilage for human and equine samples was
2525%310 um and 1207£494 pm, respectively. For human
samples the thickness and porosity of the subchondral plate were
155.7£31.3 pm and 5.8%1.8 % and for equine samples the
thickness and porosity of the subchondral plate were 243.7£131.0
pum and 7.8+5.9 % (Table 6.1).

Diffusion of iodixanol from uncalcified cartilage to the
subchondral bone via the calcified cartilage layer for both the

human and equine samples was confirmed (Figure 6.3 and 6.4).
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Low cartilage thickness, high subchondral plate/calcified cartilage
porosity and low subchondral plate/calcified cartilage thickness are
factors contributing to diffusion (Table 6.1, Figure 6.5A and 6.5B).
In the human samples, we observed the steepest rise in the
diffusion within the subchondral plate/calcified cartilage until /=24
h (Figure 6.5A). After 24 hours, the diffusion curves tended to
reach near-equilibrium, achieving the highest average grey value at
72 hours. For all time points, the average grey values were the
highest in sample 2 (human), which has the lowest thickness of the
subchondral plate/calcified cartilage (Figute 6.5A and Table 6.1).
Samples 1 and 3 (human) showed diffusion patterns that were very
similar to each other (Figure 06.5A), as well as similar
morphological characteristics (Table 6.1). Like the observations
regarding human samples, the diffusion curves in the equine

samples reach near-equilibrium at 72 hours (Figure 6.5B).

Plots of near-equilibrium increase in average grey values versus
morphological features (porosity and thickness) of the subchondral
plate/calcified cattilage for both equine and human samples
suggested a link between diffusion behavior of the neutral solute
and the micro-architecture of the subchondral plate/calcified
cartilage (Figure 06.6). To investigate the effect of cartilage
thickness and subchondral plate/calcified thickness and porosity
on diffusion we performed multi-regression analysis. This analysis
was not possible to perform on human samples due to relatively
low sample number. Multi-regression on equine samples showed
significance of cartilage thickness (p-value=0.019) as well as
porosity (p-value=0.0011) and thickness (p-value=0.003) of
subchondral plate/calcified cartilage on diffusion. Diffusion in
human samples did not correlate with porosity as compared to
equine samples (Figure 6.6A, R’= 0.24 vs. R*= 0.91). Nevertheless,

diffusion in the human samples had a stronger correlation with the
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thickness of subchondral plate/calcified cartilage compared to
equine samples (Figure 6.6B, R* = 0.92 vs. R’= 0.43).

A

t=0h t=72h

© t=0h t=12h =72 h

19406

12937

cartilage

6469
Subchondral bone

Figure 6.3. Ultra-high micro-CT (4 pum? spatial resolution) was used to
highlight the interface of cartilage and subchondral bone plate in three
representative slices in a human osteochondral plug. The diffusion at the
interface of uncalcified cartilage (UC) and subchondral bone plate
(SB)/calcified cartilage (CC) is depicted (A). The protrusion of uncalcified
cartilage into the calcified cartilage and mineralized region (arrows) facilitates
the diffusion (10 pm? spatial resolution) (B). The progress of the diffusion

front wave is shown at different time points (20 um3 spatial resolution) (C).
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Figure 6.4. Ultra-high micro-CT (4 pum? spatial resolution) was used to
highlight the interface of cartilage and subchondral bone plate in three
representative slices in an equine osteochondral plug. The diffusion at the
interface of uncalcified cartilage (UC) and subchondral bone plate
(SB)/calcified cartilage (CC) is depicted (A). The protrusion of uncalcified
cartilage into the calcified cartilage and mineralized region (arrows) facilitates
the diffusion (10 um? spatial resolution) (B). The progress of the diffusion

front wave is shown at different time points (20 um? spatial resolution) (C).
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Figure 6.5. Average grey values (diffusion) in the subchondral
plate/calcified cattilage over time for human (A) and equine samples (B).
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6.4. DISCUSSION

In this study, we have observed the direct diffusion between

articular cartilage and subchondral bone plate/calcified cartilage in

human as well as equine osteochondral plugs when a finite volume

of bath containing a neutral solute was inserted at the cartilage
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surface. Furthermore, we confirmed that the molecular transport
to the subchondral bone plate depends on the morphological
parameters of both uncalcified cartilage and subchondral bone
plate. We identified cartilage thickness and porosity and thickness
of subchondral bone plate as the factors influencing the transport.
Porosity and thickness of the subchondral plate in horse samples
were found to have more effect on the diffusion across
osteochondral interface compared to cartilage thickness. Although
in human samples small variation in subchondral plate porosity
was observed, the effect of subchondral plate on diffusion was

more tangible.

The electrically neutral molecules (MW=1.55 kDa) used in our
study allowed excluding the effects of fixed charges entrapped in
the articular cartilage and the resulting electro-mechanically
induced transport. Therefore, in the current study molecular
friction between the diffusing solute and the extracellular matrix of
the cartilage, i.e. water content, collagen fibrils and proteoglycans
as well as the morphology of subchondral plate (porosity and
thickness) are the only limiting factors for neutral molecular
transport between cartilage and underlying bone. This implies that
the diffusion mechanism in our study can be described as a
Fickean diffusion process. In human samples with similar
thickness of the articular cartilage, we observed higher near-
equilibrium increase in average grey value (diffusion, 72 hours)
(Figure 6.5A), which is likely due to the thinner subchondral
plate/calcified cartilage (28% difference, Table 6.1). Similar
diffusion behavior in human samples before 12 hours (Figure
0.5A) may be linked to the fact that similar cartilage thicknesses
could lead to similar frictional loss in driving force eventually
causing similar diffusion behavior in the subchondral
plate/calcified cartilage (Table 6.1).
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The structural changes such as thinning of the subchondral plate in
early OA [3, 5] and subchondral bone sclerosis observed in
advanced OA may alter the transport rate causing interruptions in
trans-signaling between cartilage and subchondral bone plate. Our
study also emphasizes the importance of structure of the
subchondral bone on the transport across osteochondral interface.
Human samples that represent similar thickness and porosity of
the subchondral plate/calcified cartilage showed very similar
diffusion behavior in all time points (Figure 6.5A and Table 6.1).
Enhanced porosity creates more access for the solutes to diffuse
across the subchondral plate since the pores filled with soft tissue
with high water content are more permeable than the mineralized
regions of subchondral plate. A previous study on murine model
of OA also suggested that the transport between cartilage and
subchondral plate increases due to thinning of cartilage and
subchondral plate [2], which is in agreement with our observations.
It should be borne in mind that the inter-connectivity and
tortuosity of the pores has not been investigated in this study, but
could itself play an integral role in solutes distribution and
partitioning. Since both young (equine) and old and perhaps
slightly OA joints (human) were used in this study we can draw the
conclusion that the interface of cartilage and subchondral bone
plate is permeable to at least relatively small solutes (less than 2
kDa) in both healthy and slightly degenerated joints. To our best
of knowledge, we were the first who investigated the transport of
relatively larger solutes across osteochondral interface compared to
other previous studies [13, 14] in both human and horse knees

taking the morphology of the cartilage and bone into account.

Whereas the current study strived to be as thorough as possible, it
is inevitably associated with some limitations. First, the calcified
cartilage and subchondral plate could not be differentiated cleatly

from each other using micro-CT images, especially when the
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contrast agent (lodixanol) diffused through it which limited the
capability of studying the diffusion separately in these two zones.
Second, although our study used largest solute among the similar
studies and applied in large animal model and human, the diffusion
of vital signaling macromolecules may be studied by labeling them
with contrast agent. Furthermore, the effect of solute charge on
diffusion in the subchondral plate/calcified cattilage could be
investigated in future studies to enable studying charged signaling

molecule transfer across the osteochondral interface.

The present study sheds light on the transport of a neutral solute
across the interface of articular cartilage and subchondral plate.
Our findings confirm the direct cross-talk between cartilage and
subchondral bone/calcified cartilage in both human samples
(slightly osteoarthritic) and equine samples (healthy) when applying
a neutral contrast agent to nullify the mechano-electrical-affected
diffusion in the articular cartilage. Besides, we highlighted that
diffusion in the subchondral plate/calcified cattilage could be
estimated when micro-architecture data concerning porosity and
thickness of the subchondral plate/calcified cattilage and cartilage

thickness are available.
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ABSTRACT

Investigation of the solute transfer across articular cartilage and
subchondral bone plate could nurture the understanding of the
mechanisms of osteoarthritis (OA) progression. In the current
study, we approached the transport of neutral solutes in human
(slight OA) and equine (healthy) samples using both computed
tomography and biphasic-solute finite element modeling. We
developed a multi-zone biphasic-solute finite element model
(FEM) accounting for the inhomogeneity of articular cartilage
(superficial, middle and deep zones) and subchondral bone plate.
Fitting the FEM model to the concentration-time curves of the
cartilage and the equilibrium concentration of the subchondral
plate/calcified cartilage enabled determination of the diffusion
coefficients in the superficial, middle and deep zones of cartilage
and subchondral plate. We found slightly higher diffusion
coefficients for all zones in the human samples as compared to the
equine samples. Generally the diffusion coefficient in the
superficial zone of human samples was about 3-fold higher than
the middle zone, the diffusion coefficient of the middle zone was
1.5-fold higher than that of the deep zone, and the diffusion
coefficient of the deep zone was 1.5-fold higher than that of the
subchondral plate/calcified cartilage. Those ratios for equine
samples were 9, 2 and 1.5, respectively. Regardless of the species
considered, there is a gradual decrease of the diffusion coefficient
as one approaches the subchondral plate, whereas the rate of

decrease is dependent on the type of species.
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7.1. INTRODUCTION

Molecular exchange (diffusion) between articular cartilage and the
underlying bone has been identified as one of the parameters that
changes during osteoarthritis (OA) progression [1, 2]. The
pathways for the molecular transport in diarthrodial joints span
from direct cross-talk between articular cartilage and underlying
subchondral bone plate to transport via synovial fluid [3, 4]. Few
studies addressed the direct cross-talk between uncalcified cartilage
and calcified cartilage [5] and between calcified cartilage and
subchondral plate [3, 4], whereas vast majority of the studies
dealing with molecular transport were mostly centered upon
morphology-driven transport between intervertebral disk (IVD)
and endplates [6, 7]. Two consecutive studies have shown the
direct diffusion between calcified and non-calcified cartilage and
subchondral plate in a murine model and have highlighted how
remarkable reduction in subchondral plate and cartilage thickness
post-OA enhanced the transport rate [3, 4]. Assessment of the
Fickean molecular transport in OA and healthy joints of mice [3,
4] and uncalcified cartilage and calcified cartilage of horses [5] was
achieved by fitting a simplified analytical formula to the
fluorescent intensity versus time curves based on fluorescence loss
induced by photobleaching (FLIP) technique and fluorescent
intensity tracing technique to obtain the diffusion coefficient of
sodium fluorescein (376 Da, charge=0). Molecular transport at
osteochondral interface (OI) depends not only on the
concentration and distribution of the exctracellular matrix (ECM)
components but also on the morphological features, e.g. porosity
and thickness of the calcified cartilage and subchondral plate,
which determine the mass transfer resistance at the cartilage-bone
interface [1, 3, 8, 9].
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Previously, we developed biphasic-solute and multiphasic finite
element models to study the diffusion of neutral and charged
solutes across different zones of articular cartilage (chapters 3 and
9) [10, 11]. Those models allowed obtaining the diffusion
coefficients and fixed charge density in various cartilage layers, i.e.
superficial, middle and deep zones, and also shed light on the
effect of inhomogeneity of articular cartilage across its thickness
on the solute diffusion behavior. Besides, the application of the
models capable of predicting the diffusive properties of cartilage in
different zones, the models could potentially be extended to the

cartilage-bone interface.

The current work, for the first time, introduces a combination of
experimental set-up and computational models to enable studying
the diffusion of neutral solutes across cartilage and osteochondral
interface. The experimental setup includes monitoring the
diffusion of a neutral solute from a finite bath inserted on the
cartilage surface of cadaveric human and equine osteochondral
plugs using serial micro-computed tomography (micro-CT)
images. The computational models were established using a multi-
zone biphasic-solute mixture approach. Determination of diffusion
coefficients in various cartilage layers and subchondral bone was
performed by simultaneously fitting the computational model to

the experimental findings.

7.2. METHODOLOGY
7.2.1. EXPERIMENTS

The descriptive details of the experiments consisting of sample
preparation, image acquisition, and image processing are presented
elsewhere (chapter 6) [8]. Osteochondral plugs were obtained

(diameter = 8.5 mm) from four cadaveric human (68-90 years old)
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femoral condyles (one sample from each) and one equine femoral
condyle (six samples) (Figure 7.1A). Upon harvest, the
osteochondral plugs were wrapped with shrinking plastic sleeve to

enable axial diffusion

Osteochondral
plug

|

| Superficial zone
|
5

—  Middlezone

ST = /,// —Ll— Deep zone
Subchondral S ¥ < T ‘ > Subchondral plate
bone E [ (\@’P o - /calcified cartilage
Aol XL & A

(B) ©

Articular
cartilage

Figure 7.1. Schematics of A) femoral condyle and osteochondral sample

location B) sample consisting of finite bath of iodixanol, articular cartilage

and subchondral plate C) multi-zone biphasic-solute model.

of a neutral computed tomography (CT) contrast agent (iodixanol,
1551 Da, 290 mOsm/ kg H,0, charge=0, 420 mM). Finite volumes
of the iodixanol solution was placed on the cartilage surface and its
diffusion across the cartilage and subchondral bone was monitored
up to 72 hours using micro-CT (Qauntum FX, USA) (Figure 7.1B).

The 3D reconstructed images (until 72 hours) were registered and
after applying Gaussian filter (radius=2) 20 stacks of TIFF images
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in the middle were selected. Average grey values within the
cartilage and subchondral bone were converted to the actual
iodixanol concentration using a linear calibration function. The
morphological parameters, ie. porosity and thickness of the
subchondral plate/calcified cartilage, were calculated by locally
thresholding the micro-CT image before injecting the contrast
agent (Table 7.1).

Table 7.1. Morphological specifications i.e. of cartilage and subchondral
plate/calcified cartilage in A) human samples and B) equine samples [8].

A
Cartilage Subchondral plate Subchondral plate
Sample  thickness /calcified cartilage /calcified cartilage
(mm) thickness (mm) porosity (%o)
1 2.5 0.175 4.8
2 2.7 0.115 6.4
3 2.1 0.186 4.0
4 2.8 0.147 8.1
®)
Cartilage Subchondral plate Subchondral plate
Sample  thickness /calcified cartilage /calcified cartilage
(mm) thickness (mm) porosity (%o)
1 0.7 0.178 12.1
2 1.1 0.468 7.6
3 0.83 0.117 17.2
4 1.32 0.193 5.1
5 1.19 0.175 35
6 2.1 0.332 1.5
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7.2.2. COMPUTATIONAL MODEL

Finite element models based on biphasic-solute mixture models
can describe the transport of neutral solutes across biphasic tissues

[12, 13]. Considering T as the Cauchy stress tensor for the

mixture, V°as the velocity of the solid matrix and W as the
volume flux of the solvent (water) relative to the solid (tissue
matrix), the conservation of linear momentum and mass for the

mixture (tissue) can be described as:

divT =0 (7.2)
div(vS +W) =0 (7.3)
and the balance of mass for the solute can be given as:

D*(J¢"kC)

divj=0 7.4
Dt +div) (7.4)

1

J
where J =detF, F is the deformation gradient of the solid
matrix, D®/ Dt is the material time derivative in the spatial frame,
j is the molar flux of solute relative to the solid, @" is volume
fraction of the solvent, K is the effective solubility, C is the solute
concentration and (€ =C/K) is the effective solute concentration,
which is continuous across boundaries and contact surfaces [13,

14]. The relative molar solute flux, J, is given as:

j= Ed.(—(l—%rs)grad é— di (k.grad p)j (7.5)

0
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-1
k ={k—1+R—fE(| —EH (7.6)
p" d, d

where pis the fluid pressure, K is the hydraulic permeability tensor

for the flow of the solution, i.e. solvent plus solute through the
solid matrix, Kis the hydraulic permeability tensor for the flow of
pure solvent through the solid matrix, dis the diffusion coefficient
tensor of the solute in the mixture, d;is the diffusion coefficient
tensor in absence of the solid phase, R is the universal gas
constant, @ is the absolute temperature, and @; is the volume

fraction of the solid phase in the reference configuration [13, 15,
10].

Using the principle of virtual work, the above-mentioned
equations could be solved simultaneously in an open-source finite
element modeling platform FEBio 2.2.6 to describe the transport

of a neutral solute through a mixture.

7.2.2.1. GEOMETRY

Osteochondral plugs contain two distinct phases namely
uncalcified cartilage and subchondral plate/calcified cattilage.
Previously, we have shown that a multi-zone biphasic-solute
model could track the axial diffusion behavior of a neutral solute
across articular cartilage (chapter 3) [10]. Therefore, we introduced
a multi-zone model consisting of four different zones of superficial
(20% of the cartilage thickness), middle (50% of the cartilage
thickness), deep (30% of the cartilage thickness) [17] and
subchondral plate/calcified cartilage (thickness obtained based on
micro-CT [8]) to account for the inhomogeneity of osteochondral
plugs (Figure 7.1C and Table 7.1). The overlaying iodixnol bath

was 12 mm in height for all samples corresponding to the actual
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experiments. We used an 8-node trilinear hexahedral element,
which was refined in the vicinity of the interfaces. For each
cartilage zone and subchondral plate/calcified cartilage, individual

diffusion coefficients were calculated.

7.2.2.2. MECHANICAL AND PHYSICAL PROPERTIES

Cartilage and subchondral plate/calcified cartilage were modeled as
neo-Hookean materials with effective solubility of 1 while the
Young’s modulus was chosen to be high enough to correspond to
the realistic experimental deformations resulting from the osmotic
pressure of the external bath. The diffusion coefficient tensor for
bath, cartilage and bone was considered isotropic. The actual
diffusion coefficient of iodixanol within the bath was 0.00025
um’/s according to the previous studies [10, 18]. Four different
values of water content for each cartilage zone as well as for
subchondral plate/calcified cartilage were used: 0.8 for the
superficial zone, 0.7 for the middle zone, 0.6 for the deep zone
[17] and 0.2 for the subchondral plate/calcified cartilage [19] .

7.2.2.3. INITIAL AND BOUNDARY CONDITIONS

Actual experimental solute concentration in the bath (420 mM)

was prescribed as the initial condition. Effective pressure ( Pygective )

is continuous across boundaries [13, 20] and is expressed as:

Perective = P — RHC¢' (7‘7)

where R=8314x10° mJ/nmol'K and ¢ is the osmotic
coefficient that was set to 1. The ambient fluid pressure and

absolute temperature were P =101 kPa and 6 =298 K.
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7.2.2.4. FITTING METHOD

To obtain the diffusion coefficients of different zones of
uncalcified cartilage and subchondral plate/calcified cartilage
regarded as two distinct phases, we fitted the computational data
to the experimental concentration-time curves for the cartilage and
to the equilibrium concentration point at 72 hours for subchondral
plate/calcified cartilage. The latter is done since distinguishing the
calcified cartilage from subchondral plate is infeasible using micro-
CT (two mineralized materials) and that they are different materials
in terms of diffusive properties [4]. Direct scanning of the
parameter space was used to minimize the root mean square error
(RMSE) values between computational and experimental
concentration-time data (uncalcified cartilage) and between
computational and experimental equilibrium concentration
(subchondral plate/calcified cartilage) to obtain the diffusion
coefficients of all uncalcifed cartilage zones as well as subchondral
plate/calcified cartilage. This guarantees that all possible solutions

can be found within the scanning resolution.

7.3. RESULTS

The near-equilibrium concentration (72 hours) in the cartilage and
subchondral plate/calcified cartilage was 32.7317.36 % (mean *
SD) and 5.16£1.84 % (mean £ SD) for the human samples and
41.4 £7.05% (mean * SD) and 8.08£4.50 % (mean * SD) for the

equine samples (Figure 7.2 and 7.3).

The computational model for the human and equine samples
provided satisfactory fits over the experimental data (Figure 7.4
and 7.5). In general, our multi-zone biphasic model provided more

robust fits in human samples as compared to equine samples



Chapter 7 165

(Table 7.2A-B). The average diffusion coefficients for the
superficial, middle, deep zones and subchondral plate/calcified
cartilage of the human samples were 5.63£2.05, 2.07£0.78,
1.5340.30 and 1.2240.35 pm®/s (Table 7.3A). The average
diffusion coefficients for the superficial, middle, deep zones and
subchondral plate/calcified cartilage of the equine samples were
447414, 0.60£0.34, 0.44%0.29 and 0.36£0.30 pm’/s (Table
7.3B). The ratio of the diffusion coefficients in human samples
were as follows: superficial to middle (Dg,pescia/ Dyiiaae): 2:7310.54,
middle to deep (Dygqqe/ Dpeg): 1.3510.47 and deep to subchondral
plate/calcified cartilage (Dp,..,/ Dspcc):1.28%0.15 (Table 7.4A). The
ratio of the diffusion coefficients in equine samples were as
follows: superficial to middle (Ds, e/ Dasaaie): 8.7012.42, middle
to deep (Dyjgge/ Dpep):1.61£0.60 and deep to subchondral
plate/calcified cartilage (Dy,.,/ Dgpec):1.50£0.33 (Table 7.4B).
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Figure 7.2. Plot of A) normalized concentration versus time of iodixanol in
human cartilage and B) normalized equilibrium concentration in human
subchondral plate/calcified cartilage.
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Equine samples
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Figure 7.3. Plot of A) normalized concentration versus time of iodixanol in
equine cartilage and B) normalized equilibrium concentration in equine
subchondral plate/ calcified cartilage.
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Human samples
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Figure 7.4. Experimental (symbols) and simulated (lines) normalized
concentration versus time for human cartilage samples and normalized
computational and experimental equilibrium concentration for human
subchondral plate/ calcified cartilage.
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Equine samples
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Figure 7.5. Experimental (symbols) and simulated (lines) normalized
concentration versus time for equine cartilage samples and normalized

computational and experimental equilibrium concentration for equine

subchondral plate/ calcified cartilage.

Table 7.2. A) RMSE and R? to compare the experimental and simulation
solute concentration versus time in cartilage and RMSE to compare the
experimental and simulation normalized equilibrium concentration in

subchondral plate for A) human samples and B) equine samples.

(A) Human samples
Sample Sample Sample Sample
1 2 3 4
Cartil R? 0.86 0.98 0.85 0.95
ti
Arese RMSE 00599 00281 00694 0.0377
h 1 pl
Subchondral plate g\ jip 00002 00005 0.0007 00003
/calcified cartilage
®)
Equine samples
Sample Sample Sample Sample Sample Sample
1 2 3 4 5 6
. R? 0.73 0.80 0.83 0.96 0.97 0.95
Cartilage
RMSE  0.1114  0.0906  0.1061  0.0680  0.0398  0.0574
Subchondral
plate
. RMSE  0.0003  0.0005 0.0004 0.0001  0.0003  0.0001
/calcified

cartilage
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Table 7.3. Diffusion coefficients obtained from the multi-zone
computational model for superficial, middle, deep and subchondral
plate/calcified cartilage zones A) human samples B) equine samples.

Diffusion coefficient (um?/s ), human samples

Sample Sample Sample Sample
1 2 3 4
Dsuperficial 6.00 8.00 3.00 5.54
Diddic 1.70 3.10 1.30 2.20
Dbeep 1.50 1.50 1.20 1.94
Dspcc 1.20 1.00 0.95 1.72

Diffusion coefficient (um?/s ), equine samples

Sample Sample Sample Sample Sample Sample

1 2 3 4 5 6
Dsuperficial 4.35 4.25 4.80 3.40 3.00 7.00
Dhvidte 0.4 0.50 0.44 0.60 0.40 1.30
Dpeep 0.18 0.43 0.18 0.55 0.35 0.95
Dspec 0.12 0.30 0.09 0.48 0.25 0.90

Table 7.4. The ratio of diffusion coefficients of superficial zone to middle

zone (D ! Dyjigate)» middle zone to deep zone (Dyigge / Dpeep)

Superficial

and deep zone to subchondral plate/calcified cartilage (D / DSPCC) for

Deep

A) human samples and B) equine samples.

Human samples

A) Sample Sample Sample Sample
1 2 3 4
Dsuperficial/ Dviddie 3.53 2.58 2.31 2.52
Dhiddie/ Dbeep 1.13 2.07 1.08 1.13
Dpecp/Dspec 1.25 1.50 1.27 1.13
®) Equine samples
Sample Sample Sample Sample  Sample  Sample
1 2 3 4 5 6
Dsuperficial/ Dviddie 10.75 8.5 10.90 5.66 7.50 5.38
Daiddie/ Dpeep 2.22 1.16 2.44 1.09 1.14 1.37

Dopeep/Dspec 1.50 1.43 2.00 1.14 1.40 1.05
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7.4. DISCUSSION

In the present study, we provided a quantitative approach to study
neutral solute transport across cartilage and the subchondral bone
plate based on a multi-zone biphasic-solute finite element model.
We have previously shown the capability of the multi-zone
biphasic-solute models in obtaining the diffusion coefficients in
different equine cartilage zones when a finite bath of neutral solute
is placed on the cartilage surface (chapter 3) [10]. In this study, we
showed that for human samples (maximum thickness of 2.8 mm)
and equine samples (maximum thickness of 2.1 mm) 72 hours of
the diffusion experiments not only enabled determining the
diffusion coefficient of the deep zone as well as that of the
subchondral plate/calcified cartilage. The diffusion coefficients
obtained in this study were the first reported for both human and
equine osteochondral plugs using finite-bath multi-zone biphasic-
solute models. Since the thickness of the cartilage used in the
previous study was relatively high (~2.8 mm), the diffusion
coefficient of the deep zone of cartilage could not be exclusively
calculated using concentration-time curves (up to 48 hours). The
rationale behind it is likely due to the insufficient time of the
contrast to penetrate through the entire cartilage and bon layer (48
hours), which caused the diffusive resistance of the deep zone to

overcome the required driving force.

In this study, diffusion coefficients found in different zones of
uncalcified cartilage and subchondral plate/calcified cattilage in
human samples were generally higher than those in equine samples
(Table 7.3). However, the ratios of diffusion coefficients (Dygqq./
Dy, and Dy,

highly comparable (Table 7.4). The diffusion coefficients obtained
for equine calcified cartilage/subchondral plate (femoral condyle)

/ Dgpcc) between human and equine samples were

in the current study were in the same order of magnitude
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compared to diffusion coefficient of equine calcified cartilage
(metacarpophalangeal joint) in another study (using fluorescent
trace distribution), although the molecular size of the molecule in
our study (1550 Da) was four times larger (~ 400 Da) [5]. It should
be noted that micro-CT experiments in our study did not allow
differentiation between calcified cartilage and subchondral plate.
Therefore, the values that we reported as the diffusion coefficients
of the subchondral plate/calcified cartilage are in fact
representative for the entire unit of calcified cartilage and
subchondral bone plate. In spite of this mismatch, the values we
obtained for the subchondral plate/calcified cartilage and the
previously reported values fall within the same order of magnitude
although the applied methods and the sample sources were
different [4, 5]. The diffusion coefficient of the calcified cartilage is
expected to be lower than that of subchondral plate in healthy
joints since porosity of the calcified cartilage is lower (according to
our high resolution micro-CT data (chapter 6) [8]) and therefore
restricts the solute transport more considerably. However, upon
transport across calcified cartilage, the thickness of the
subchondral plate could also affect the transport due to mass
transfer resistance imposed by the materials in the subchondral
plate. In our previous study (chapter 3) [10] where equine cartilage
(2.8 mm in thickness) was split into three distinct zones with their
recommended water content similar to the current study we
obtained extremely accurate fits (nine tests, average R’=0.98) over
the experimental data using multi-zone biphasic-solute model. In
the current study, we observed a correlation between accuracy of
the fit and cartilage thickness (Table 7.1 and 7.2). This indicates
that thin samples may represent different zonal features i.e. water
content and zonal percentages which contributed to larger errors
associated with the computational fits (Table 7.2 and Figure 7.4
and 7.5). As a result, determination of exact properties of cartilage

zones particularly for thin samples is recommended for future
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diffusion-related works. Furthermore, we believe that accurate
determination of diffusion coefficients of the cartilage zones
requires knowledge of flux at the cartilage-subchondral bone
interface as considered in this study. Therefore, failure in
consideration of the flux boundary condition at the cartilage-
subchondral plate/calcified cartilage might cause the obtained
diffusion coefficients of cartilage to be error-prone. Although the
loaded volume of the finite-bath was slightly less in the current
study compared to the previous study (chapter 3) [10], the
diffusion coefficients for the equine cartilage fell under a similar
range as expected. The design of the current study implies that two
different samples were wused: human samples (slightly
osteoarthritic) and equine samples (healthy), thereby the obtained
diffusion coefficients for the healthy human samples may be
slightly different, and perhaps higher than healthy human samples
likely due to elevated permeability and disorientation and damage
of collagen fibrils and proteoglycans. The solute used in this study
although larger in size than in the previously used studies, still does
not lie within the range of most signaling molecules, therefore,
more research needs to emerge to account for the effect of size on
the transport across articular cartilage and subchondral bone. The
effect of solute’s charge, particular positive, may be addressed in
the future work to amplify agent delivery through the cartilage
down to the subchondral plate.

In conclusion, the developed multi-zone biphasic-solute
computational model enabled determining the diffusion
coefficients of neutral solutes across cartilage and osteochondral
interface. The findings of the current work deepen our
understanding of how each layer within the cartilage and
subchondral bone plate communicates when a neutral solute is

administered on the articulating surface of cartilage.
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ABSTRACT

Transport of solutes helps to regulate normal physiology and
proper function of cartilage in diarthrodial joints. Multiple studies
have shown the effects of characteristic parameters such as
concentration of proteoglycans and collagens and the orientation
of collagen fibrils on the diffusion process. However, not much
quantitative information and accurate models are available to help
understand how the characteristics of the fluid surrounding
articular cartilage influence the diffusion process. In this study, we
used a combination of micro-computed tomography experiments
and biphasic-solute finite element models to study the effects of
three parameters of the overlying bath on the diffusion of neutral
solutes across cartilage zones. Those parameters include bath size,
degree of stirring of the bath, and the size and concentration of the
stagnant layer that forms at the interface of cartilage and bath.
Parametric studies determined the minimum of the finite bath size
for which the diffusion behavior reduces to that of an infinite
bath. Stirring of the bath proved to remarkably influence neutral
solute transport across cartilage zones. The well-stirred condition
was achieved only when the ratio of the diffusivity of bath to that
of cartilage was greater than =1000. While the thickness of the
stagnant layer at the cartilage-bath interface did not significantly
influence the diffusion behavior, increase in its concentration
substantially elevated solute concentration in cartilage. Sufficient
stirring attenuated the effects of the stagnant layer. Our findings
could be used for efficient design of experimental protocols aimed
at understanding the transport of molecules across articular

cartilage.
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8.1. INTRODUCTION

Synovial joints provide an excellent enclosed environment where
exchange of macromolecules, small ions and solutes as well as
oxygen between articular cartilage, synovium and subchondral
bone can efficiently take place [1-3]. Delivery of therapeutic agents
and solutes to articular cartilage and understanding of
pathophysiology of the diseased synovial joints rely on various
parameters including volume, viscosity and movement of the
synovial fluid as well as the status of healthiness of articular
cartilage [4-7]. Active mechanical loading of joints increases the
transport of molecules by providing well-mixed synovial fluid and
convection [8, 9]. Recently, efficient design of large cartilage
constructs were accomplished by providing sufficient nutrient
supply as well as enhancement of mechanical stirring in the
medium [10, 11]. The micro-structure of articular cartilage
including  orientation and  concentration  of  essential
macromolecules namely collagen type II and proteoglycans across
its thickness affects solute transport remarkably [7, 12-14].
Therefore, past experimental and computational efforts focusing
on the diffusion across cartilage have acknowledged the
inhomogeneity of cartilage and implemented it [12, 13]. However,
the diffusion phenomena are not only linked with the conditions
of articular cartilage but also with the characteristics of the
overlying bath, which continuously supplies solutes to articular

cartilage [15].

Several studies have tried to use well-stirred infinite baths of
solutes for experiments aimed at understanding the diffusion
behavior of cartilage [16, 17]. That is because application of the
well-stirred  finite bath boundary conditions simplifies the
theoretical models that are needed for interpretation of the

obtained data. However, creating infinite baths for the diffusion
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experiments involving contrast enhanced micro-computed
tomography (micro-CT) may require large volumes of contrast
agent solution that the x-ray beam has to penetrate through. That
adversely affects the accuracy of the micro-CT readings due to the
beam hardening effect particularly when using concentrated
contrast agent solutions. Therefore, the concept of finite baths of
contrast agents have been recently introduced and computationally
implemented to study the diffusion of neutral and charged solutes
across articular cartilage [7, 12, 13]. The boundary between finite
and infinite bath is, however, not clear and the errors introduced
by assuming infinite bath conditions when the bath is finite have

not been quantified before.

The assumption of a well-stirred bath is also difficult to realize in
actual experiments, because that requires continuous stirring of the
contrast agent solution inside the micro-CT chamber, which is not
performed in the vast majority of the experiments performed to
date. It is therefore important to understand how deviations from
this assumption could influence interpretation of the experimental
data. Finally, a stagnant layer forms at the interface of solid-liquid
systems including the bath-cartilage interface in diffusion
experiments. This stagnant layer has been studied analytically and
is shown to change the diffusion characteristics [15, 18].
Nevertheless, most studies ignore the stagnant layer when

interpreting the results of diffusion experiments.

In this study, we consider the three above-mentioned bath
attributes, namely size of the bath, the stirring condition of the
bath, and the proprieties of the stagnant layer, and quantify their
effect on the computational results of models describing solute
transport across articular cartilage. Towards that end, we use a
combination of micro-CT experimental data and multi-zone
computational biphasic-solute models. Our findings are expected

to enhance the understanding of solute transport across cartilage



Chapter 8 181

under various boundary conditions and provide a platform to

more robustly design diffusion experiments.

8.2. METHODOLOGY
8.2.1. EXPERIMENTS

The experimental setup has been described in our previous study
(chapter 5) [7]. Briefly, cylindrical osteochondral plugs (n=3,
diameter=8.5 mm) were extracted from fresh femora’s of 6-10
year-old horses post euthanasia. Finite volumes (650 pl) of a
neutral contrast agent (iodixanol, MW=1560 g/mol, 420 mM) with
osmolalities of 290 mOsm/kg water and 600 mOsm/kg water
were injected on top of the cartilage surface, while iodixanol
diffusion from lateral direction was restricted by wrapping the
sample using heat-shrinking plastic sleeve. Temporal diffusion of
iodixanol (up to 48 hours) was then monitored using a micro-CT
machine (Quantum FX, Perkin elmer, USA, 40X40x40 um’ voxel
size, scan time of 3 min, tube voltage of 90 kV and tube current of
180 pnA) in a field of view consisting of bath, cartilage and
subchondral bone. The grey values in the bath and cartilage were
then converted to iodixanol concentration using a linear function
presented previously [7, 13]. Post-injection of iodixanol on
cartilage surface, thickness and concentration of stagnant layer
forming at the cartilage-bath boundary as well as overlying
homogeneous layer of the bath were measured (iwage] v1.47) and

fed to the computational model (Figure 8.1A).

8.2.2. FINITE ELEMENT MODELING

Biphasic-solute models can accurately describe the transport of
neutral solutes across articular cartilage [19] and can describe
complex boundary conditions such as non-well stirred bath as well

as solute transport across inhomogeneous tissues. The constitutive



182 Chapter 8

equations of biphasic-solute model implemented in FEBio 2.4.1

have been presented extensively [19].

8.2.2.1. GEOMETRY AND BOUNDARY CONDITIONS

The entire height of the bath was 14 mm and the thickness of
cartilage was 2.7 mm (Figure 8.1B) where the cartilage layer was,
split into three different homogeneous zones i.e. superficial (20%
of cartilage thickness), middle (50% of cartilage thickness) and
deep (30% of cartilage thickness) [14] zones to account for the
inhomogeneity of cartilage across its thickness [13]. We used a
mesh consisting of eight-node trilinear hexahedral elements, that

was further refined near the interfaces.

(B)

Superficial zone

Iodixanol bath

Middle zone

- Deep zone

(4)

Stagnant layer
.

Figure 8.1. (A) Iodixanol finite bath including the stagnant layer, articular
cartilage and subchondral bone are shown (B) Finite element model
consisting of finite bath, superficial, middle and deep zones of articular

cartilage (C) Finite element model including the stagnant layer.
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We applied the no-flux boundary condition at the cartilage-bone
interface and insulated the other faces of cartilage and bath to

enable studying axial solute diffusion.

8.2.2.2. PHYSICAL AND MECHANICAL PROPERTIES

Both bath and cartilage were modeled as neo-Hookean materials
with a Young’s modulus of 10 MPa, hydraulic permeability of 107
mm®*/Ns and effective solute solubility of 1 according to our
previous studies [12, 13]. The water content of each cartilage zone
varied from 80% in the superficial zone and 70% in the middle
zone to 60% in the deep zone [14]. The stagnant layer was tied to
the overlying bath while it maintained contact with the undetlying
cartilage (Figure 8.1C). A prescribed displacement of 0.001 mm

was used to ensure the stability of contact between boundaries.

8.2.2.3. PARAMETRIC STUDY

In our previous study, we fitted biphasic-solute model to
experimental concentration versus time data to obtain the
diffusivity of cartilage zones (chapter 3) [13]. Based on those
results, we performed parametric studies to investigate the effects
of bath size, bath stirring and stagnant layer on the diffusion
behavior. To study the effect of bath size with identical solute
concentrations on diffusion, different length ratios of bath to
cartilage were used which spanned from 1 to 100 while cartilage
thickness was maintained constant at 2.7 mm, reflecting the actual
experiment design. Effect of bath stirring was investigated by step-
wise increase of solute diffusivity in the bath relative to superficial
zone of cartilage (diffusivity ratio varying from 10 to 10000) until
fully well-stirred condition is satisfied. Increase in diffusivity ratio
is equivalent to higher bath stirring while decrease in it could make
the bath deviate from the conventional well-stirred assumption. To

assess the effects of thickness and concentration of possible
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stagnant layer formed at the cartilage-bath interface, computational
models with different thicknesses and concentrations of the
stagnant layer were built to perform a parametric study whose
parameter ranges were based on the actual initial concentration
and thickness of the stagnant layer observed during our

experiments in six different conditions [7, 13].

8.3. RESULTS
8.3.1. EFFECT OF BATH SIZE (PARAMETER )

Based on the previous studies (chapters 3 and 5) [7, 13]
experimental concentration versus time for one sample is
illustrated (Figure 8.2A) to provide a better understanding of the
influence of bath size on diffusion behavior across articular
cartilage. Concentrations versus time curves were plotted in

different length ratios of bath to cartilage (@) ranging from 1 to

100, which covers a wide spectrum from a small finite bath to an
infinite bath. Increase in bath size showed increase in the predicted
concentrations up to 48 hours (Figure 8.2A). Ratios greater than
5.18 (previous experimental setup) resulted in root mean square
error (RMSE) of 2e-6 and R’ of 1 compared to length ratio of 10,
yet, the solutions for length ratios above 10 converged to diffusion
behavior corresponding to infinite baths (RMSE=2¢-7 and R’=1).
RMSE values between solution at each length ratio and length
ratio of 10 (infinite bath) indicate that length ratio of 5.18
(previous experimental setup) behaves the same as infinite bath
(Table 8.1). To examine the effect of bath size on diffusion in
different cartilage layers, we plotted the concentration versus time
curves at a distance of 0.4 mm, 0.74 mm and 1.46 mm from the
cartilage surface in an extended time period of 96 hours for length
ratios 1 and 5.18 (equivalent to infinite bath). We observed lower
concentration values in different cartilage zones corresponding to

length ratio 1 compared to those corresponding to length ratio
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5.18 at different time points including final time point (Figure
8.2B).

30 L o
— v Inereasing
= —
=25
2
éZO
] —a=1
(A) Bis a=1.25
g a=1.67
Cigt # —a=2.50
g ¥ —a=5.18
S 5# a=10
Zz ¢ ¢ Experiment
O L 1 L L
0 10 20 30 40 50
Time (hr)

Concentration (m M )

Figure 8.2. (A) Effect of length ratio of bath to cartilage (&) on
concentration vs. time curves (B) Effect of length ratio of bath to cartilage
(a) on zonal concentration vs. time curves at 0.4, 0.74 and 1.46 mm
distance from the cartilage surface.

Table 8.1. RMSE to compate the concentration vs. time curves of different
bath sizes with concentration vs. time curve of an infinite bath (& =10).

Length ratio of bath to

cartilage (0{ ) RMSE
1.00 0.022192
1.25 0.011623
1.67 0.004247
2.50 0.000592

5.18 0.000002
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8.3.2 EFFECT OF STIRRING (PARAMETER /)

A wide range of diffusivity ratios of bath to cartilage (f) from 10
to 10000 including the actual experimental setup (S =33.33) were
used. RMSE and R’ between concentration versus time curves of
diffusivity ratio of 1000 and 10000 were 0.00018 and 1. Greater
than 1000-fold diffusivity ratio resulted in fully stirred bath
condition (Figure 8.3A) and the degree of stirring strongly

influenced the concentration versus time curves (Table 8.2).
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Figure 8.3. (A) Effect of bath stirring (/) on concentration vs. time
curves. Note that the curves of ,BZlOOO and ﬂ:10000 are almost

overlapping (B) Effect of bath stirring ( /) on zonal concentration vs. time

curves at 0.4, 0.74 and 1.46 mm distance from the cartilage surface.
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Concentration versus time curves for different cartilage layers at
0.4, 0.74 and 1.46 mm distance from cartilage surface explicitly
demonstrate that more stirred bath generates higher concentration

values in different time points across cartilage (Figure 8.3B).

Table 8.2. RMSE to compare the concentration vs. time of different
degrees of stirring with curve-fitted concentration vs. time (actual bath

diffusivity).

Stirring degree (/)  RMSE

10 0.0228
100 0.0078
200 0.0152
500 0.0229

1000 0.0265
10000 0.0304

8.3.3 EFFECT OF STAGNANT LAYER (PARAMETER })

The micro-CT observations on diffusion of iodixanol within the
bath in six cases (chapter 3 and 5) [7, 13] showed that the thickness
of stagnant layer varied from 1.6 to 2 mm and the concentration
ratio of stagnant layer to overlying bath () varied from 1.1 to 1.15
(iodixanol injection). To perform the parametric study, the
maximum thickness of 2 mm and maximum concentration ratio of
1.15 were used and compared with the cases where stagnant layer
was not considered (curve-fitting situation). Considering y values
of 1.5 and 2 completed the parametric study. As y increased, the
level of the concentration versus time curves increased (Figure
8.4A), while no considerable changes were observed when
comparing curve fitted data without considering stagnant layer and

the concentration versus time data with maximum realistic
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concentration ratio of y =1.15 and stagnant layer thickness of 2

mm (Table 8.3).

30
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Figure 8.4. (A) Effect of concentration ratio of stagnant layer to ovetlying
bath (¥ ) on concentration vs. time curves where ) =1.15 corresponds to

maximum realistic concentration ratio of stagnant layer to overlying bath.
(B) Effect of stirring () with or without stagnant layer on concentration

vs. time curves.
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Table 8.3. RMSE to compare the concentration vs. time of different
concentration ratios of stagnant layer to overlying bath with the

concentration vs. time of the case with no stagnant layer.

Concentration ratio of stagnant layer

to overlying bath () RMSE
1.15 0.0018
1.50 0.0250
2.00 0.0300

Given the stagnant layer with a thickness of 2 mm and y =1.15,
stirring strongly affected its stability and diminished the effect of
formation of the stagnant layer on the diffusion behavior (Figure
8.4B and Table 8.4). Changing the thickness of stagnant layer from
2 mm to 3 mm while keeping @ and y at 5.18 and 1.15 respectively
did not affect the total concentration versus time curves (Figure
8.5A) nor the zonal ones (Figure 8.5B).

Table 8.4. RMSE to compare the concentration vs. time of
different degrees of stirring (if y =1.15) with the case with no

stagnant layer.

Stirring effect on stagnant layer

(B) G(f y =1.15) RMSE
10 0.003818
33.33 0.001835

1000 0.000063
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Figure 8.5. (A) Effect of stagnation thickness on concentration vs. time
curves (if »=1.15) (B) Effect of stagnation thickness on zonal

concentration vs. time curves (if ¥ =1.15) at 0.4, 0.74 and 1.46 mm

distance from the cartilage surface.

8.4. DISCUSSION

The primary objective of this research was to develop a parametric
computational study based on experimental micro-CT
observations to investigate the effects of bath size, bath stirring
and stagnant layer formation on the diffusion of neutral solutes
across articular cartilage. Our results of bath size effect revealed

that too low length ratio of bath to cartilage may lead to
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insufficient penetration of solutes and thereby reduced equilibrium
concentration. Furthermore, increase of bath size up to a
convergence value seems to be necessary to ensure of sufficient
supply of solute into the cartilage. Comparing the computational
fit to the experimental concentration versus time curves (ratio of
5.18) with the curves corresponding to higher ratios showed that
minimum approximate ratio of 5 can ensure of infinite diffusion
behavior (Figure 8.2A and Table 8.1). This highlights the
importance of considering the minimum solute required to reach
equilibrium prior to designing the experiments. Appropriate
selection of bath size, therefore, guarantees optimal required
amount of solute as well as volume of the bath, which in case of
micro-CT experiments can be of paramount significance chiefly
due to possible effects of beam hardening [20] in large baths of
contrast agent. The optimal ratio presented here may vary slightly
depending on the concentration (compactness) of collagen and
GAG, orientation of collagen fibrils and water content, which

affect the solute partitioning [21].

The degree of stirring as well as formation of stagnant layer at
bath-cartilage interface play roles in determining the maximum rate
at which solute can be transported to the tissue, thereby became

the second and third factors considered in this research.

In our study we investigated the stirring effect by changing the
diffusivity ratio of bath to the curve fitted diffusivity of the
cartilage superficial layer. Increasing the diffusivity of the bath
relative to cartilage simulates different degrees of stirring without
including the additional convection effects (vortex generation)
commonly generated by mechanical stirrers. We observed that, as
expected, stirring could substantially facilitate the transport of
neutral solute across cartilage. Above 1000-factor higher diffusivity
in the bath than in cartilage potentially makes the assumption of
well-stirred condition legitimate (Figure 8.3A). The zonal influence
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of stirring on diffusion decreased from the surface to the bottom
of cartilage suggesting that solute transfer can be more effectively
augmented in the superficial and middle zones (Figure 8.3B).
Increasing the stirring lowers the mass transfer resistance in the
bath, therefore allowing more solutes to penetrate into the
superficial zone, although lower diffusivity of deeper layers
dampens lowered mass transfer resistance in the bath side.
Therefore, one may apply other approaches e.g. using positively
charged solutes to target the deeper cartilage zones rather than
inducing stirring mechanically, although surface of cartilage may be

more easily accessible to the solutes post-stirring.

Based on the experimental observations, the typical concentration
and thickness of stagnant layer on the cartilage-bath interface were
obtained and applied to conduct parametric study. We showed that
failure to consider the exact concentration of stagnant layer only
causes small errors in tracking the concentration versus time
curves as compared to the actual experimental situation (our
experimental observations) (Figure 8.4A). However, care should be
taken when the stagnant layer concentration lies highly above that
of the overlying bath (Figure 8.4A), which might be the case in
other experiments and may cause large deviations in e.g. estimation
of equilibrium concentration. We also showed that when realistic
concentration ratio of stagnant layer to the overlying bath is used,
at high stirring rates, the role of the stagnant layer becomes
minimal (Figure 8.4B). This can be explained in the way that high
stirring power more easily dissipates the formed boundary layer at
the cartilage-bath interface and therefore homogenizes the bath
and minimizes the effect of stagnant layer. Finally, our findings
support that the thickness of the stagnant layer has little effect on
the concentration versus time curves with lowest effect on the
equilibrium concentration (Figure 8.5). This infers that formation

of stagnant layer as long as it does not cause large concentration
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gradients within the bath, does not affect the diffusion attributes
of neutral solutes although this may be different for charged
solutes [12] due to their repulsive-driven diffusion that may even
facilitate the transport into cartilage. Surface chemistry of articular
cartilage, as the substrate changes the solute-substrate interactions
which affects the rate of solute adsorption and possibly the
stability and formation of stagnant layers [22]. Moreover, the size
of the solutes and the viscosity of the solution influence the
diffusivity within the bath that can affect the size of unstirred layer
at the interfaces [18].

This study is associated with some limitations with respect to
experiments and computations. The presented study strived to
provide a realistic approach on diffusion problems. However,
minor assumptions such as considering uniform stagnant layer in
the biphasic-solute model were made. The findings of the study
may be extended in the future works to investigating the effects of

bath size, stirring and stagnant layer formation on charged solutes.

8.5. CONCLUSIONS

The presented study provided an opportunity to study the effects
of bath size, degree of bath stirring and stagnant layer on the
diffusion of a neutral solute with the aid of multi-zone finite
element modeling. Degree of stirring and size of the bath as well as
concentration of the stagnant layer relative to overlying bath
concentration were identified as the dominant factors affecting
neutral solute transport across articular cartilage. The findings of
this study may be used in robust design of diffusion experiments

particularly when cartilage as the tissue type is used.
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CHAPTER 9
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ABSTRACT

Charged and uncharged solutes penetrate through cartilage to
maintain the metabolic function of chondrocytes and to possibly
restore or further breakdown the cartilage tissue in different stages
of osteoarthritis. In this study the transport of charged solutes
across the various zones of cartilage was quantified, taken into
account the physicochemical interactions between the solute and
the cartilage constituents. A multiphasic finite-bath finite element
(FE) model was developed to simulate equine cartilage diffusion
experiments that used a negatively charged contrast agent
(ioxaglate) in combination with serial micro-computed tomography
(micro-CT) to measure the diffusion. By comparing the FE model
with the experimental data both the diffusion coefficient of
ioxaglate and the fixed charge density (FCD) were obtained. In the
multiphasic model, cartilage was divided into multiple (three)
zones to help understand how diffusion coefficient and FCD vary
across cartilage thickness. The direct effects of charged solute-
FCD interaction on diffusion were investigated by comparing the
diffusion coefficients derived from the multiphasic and biphasic-
solute models. We found a relationship between the FCD obtained
by the multiphasic model and ioxaglate partitioning obtained from
micro-CT experiments. Using our multi-zone multiphasic model,
diffusion coefficient of the superficial zone was up to ten-fold
higher than that of the middle zone, while the FCD of the middle
zone was up to almost two-fold higher than that of the superficial
zone. In conclusion, the developed finite-bath multiphasic model
provides us with a non-destructive method by which we could
obtain both diffusion coefficient and FCD of different cartilage
zones. The outcomes of the current work will also help understand
how charge of the bath affects the diffusion of a charged molecule
and also predict the diffusion behavior of a charged solute across

articular cartilage.
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9.1. INTRODUCTION

Extracellular matrix of articular cartilage (AC) is a heterogeneous
material that mainly consists of collagen fibrils, self-assembled
aggrecan  molecules  that contain  negatively  charged
glycosaminoglycans chains (GAGs), mobile counter-ions, and
interstitial water [1, 2]. Understanding the interactions of external
diffusing solutes with the cartilage matrix particularly charged
solutes can help us better understand the role of GAG loss,
damaged collagen (type II) fiber organization, and alterations of
water content as hallmarks of osteoarthritis (OA) [3]. Two distinct
mechanisms contribute to the diffusion of solutes in cartilage: I)
steric hindrance imparted by GAG chains and collagen fibers and
IT) electrostatic interactions between FCD of GAG chains and
solute’s charge [1, 4]. Numerous studies have been investigating
the transport of neutral and charged solutes such as drug carriers,
computed tomography (CT) and magnetic resonance imaging
(MRI) contrast agents across normal and osteoarthritic articular
cartilage [5-13]. However, the vast majority of previous works have
applied Fickean models to obtain the diffusion coefficient of
cartilage. As described before [14], the use of purely Fickian
models might result in inaccurate diffusion coefficients. In a recent
study, we introduced a biphasic-solute finite-bath finite element
model to establish a platform by which the diffusion coefficients
of neutral solutes in different cartilage zones could be accurately
determined (chapter 3) [14]. The finite-bath model enables us to I)
minimize the effect of beam-hardening artifacts while employing
micro-computed tomography technique (micro-CT) to study the
diffusion of CT contrast agents [15, 16] II) minimize the required
volume of bath solution III) maximize the spatial resolution of
CT/MRI [17, 18], and IV) more realistically mimic the physiology
of the diarthrodial joints given the fact that the volume of synovial
fluid within the joints is finite.
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Different methods were proposed to obtain the FCD of cartilage
such as delayed gadolinium-enhanced MRI (dGEMRIC), nuclear
magnetic resonance (NMR), indentation, conductivity and
dimethylmethylene blue (DMMB) binding assay (destructive) [19-
25], although many of them are based on the ideal Donnan theory
that might cause inaccuracies when calculating FCD. Recently, a
more advanced approach using combination of dGEMRIC and
Monte Carlo simulations was developed to more precisely take the
electrostatic interactions into account [26]. Moreover, accurate
FCD calculation using known GAG content by DMMB binding
assay requires accounting for ratio of Keratin sulfate (KS) to
Chondroitin sulfate (CS) in the tissue [25]. Recently, multiphasic
computational models in Abaqus using subroutines have emerged
to study swelling behavior of healthy and OA cartilage [27-29].
Other related work applied user-developed codes based on
multiphasic models to calculate diffusion coefficient and fixed

charge density across cartilage [30].

We aim to introduce a multiphasic finite element model based on
finite-bath model to account for the electrostatic interaction
between a charged solute and the constituents of articular cartilage
particularly FCD of GAGs. We fit the computational data to the
contrast-enhanced micro-CT data to obtain the FCD and diffusion
coefficients simultaneously in different zones within articular
cartilage. The outcome of this work enables determination of FCD
and diffusion coefficients non-destructive. Our findings based on
the multiphasic multi-zone model will be compared with those
obtained using biphasic-solute model to thoroughly investigate the
effects of solute’s charge and FCD i.e. electrostatic interactions on

the molecular diffusion in cartilage.



Chapter 9 201

9.2. METHODOLOGY
9.2.1. EXPERIMENTS

The design of experiments was described thoroughly in our
previous works [14, 31]. A brief description of the experimental
steps is provided in this study. Ioxaglate solutions (1268.9 g/mol,
charge=-1, 420 mM, 600 mOsm/kg H,O, GE Healthcare, The
Netherlands) were prepared. Osteochondral plugs (n=3, cartilage
thickness= 2.8 mm, and diameter= 8.5 mm) were extracted out of
two fresh equine femora using a custom-made drill bit. The
schematic of the sample comprising of cartilage, subchondral
bone, cork plug, contrast agent solution, wrapping sleeve is
illustrated (Figure 9.1A).

We used a micro-CT scanner (Quantum FX, Perkin Elmer, USA) to
monitor the transport of ioxaglate across cartilage (ambient
temperature = 25 °C). The samples were placed on a holder during
scans to minimize possible movement artifacts. The volume of
ioxaglate bath was 650 pLL (equal to 14 mm bath height) and it was
injected on the articular surface of the cartilage specimens. We
acquired images at 17 time points within 48 hours using the
following scan parameters: 180 uA tube current, 90 kV tube
voltage, 2 min scan time, 40X40X40 um’ voxel size, and 3600

projections.

The 3D reconstructed images were converted to 2D slices (TIFF
format) using in-built software of the micro-CT machine (Analyze
11.0). We used zmage] v 1.47 to select the mid sagittal slice and
create regions of interest (ROI) containing the cartilage according
to the previous study (chapters 3 and 5) [14, 31]. The average grey
values of cartilage at different time points were then calculated and

converted to ioxaglate concentration.
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Contrast agent
solution

©

Superficial zone

Wrapping sleeve

= <— Middle zone

Deep zone

Figure 9.1. Schematic of experimental setup (A), the single-zone (B) and
multi-zone models (C). Single-zone model consists of a finite-bath and a
uniform cartilage and multi-zone model consists of a finite-bath and a
cartilage with superficial, middle and deep zones. Mesh is finer near the

interfaces.

9.2.2. COMPUTATIONAL MODEL

Diffusion of charge molecules across cartilage could be described
computationally using multiphasic finite element models [32-36].
The formulas used below are adopted from the previous work of
Gerard Ateshian [34].

Conservation of momentum for the mixture in the absence of

external body forces and in the quasi-static condition is given as:
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divT=0 9.1)

where T is the Cauchy stress for the mixture. Conservation of mass
for the mixture and for the solute when solid volume fraction is

negligible compared to the solute and solvent content can be given

as:

div(v®+w)=0 9.2)
1D® ..

= Jo"K*E*)+divj =0 9.3
3 Dt( p"K“C”) ] 9.3)

where V*is the solid velocity and w is the volume flux of solvent

relative to the solid. J =detF, F is the deformation gradient of
the solid matrix, D°(")/Dt is the material time derivative in spatial
frame following the solid, J* is the molar flux of the solute o
relative to the solid and @" the volume fraction of the solvent.

The effective solute concentration (€“) is given by:
g =c*/R” 9.4)

where €% is molar concentration of solute o and K% is the

partition coefficient of solute « relative to an ideal solution:

y K Z“Fcl//)

=—exp(— 9.5
K " p( RO (9.5)

where K“is the solubility of solute @ in the mixture, y“ is the

activity coefficient of solute ¢, 2% is the charge number of solute

a, F, is Faraday’s constant, I is electric potential, R is universal

gas constant and 6 is absolute temperature.
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The volume flux of solvent relative to the solid, W, and the

relative molar flux of solute ¢, J, are expressed as:

~ ~ i’ ~
W= - k.[gradp + Ré?;fdﬂ.gradcq (9.6)
= z?“d“.(—gowgradéa +;—aWJ (9.7)
0
where
Re ~oOxA da -1
R:{k—u—w K (I-_"‘H 9.8)
" T dg do

where P is the effective fluid pressure which is the mechanical

contribution of the total mechanochemical pressure (P) and

RO CDZ c” is the osmotic contribution of P
p=p-RODD c* 9.9)

where d” is the diffusivity tensor of solute & in the mixture (solid

+ fluid), dgis the isotropic diffusivity of solute in free solution

(fluid), K is the hydraulic permeability tensor of the porous solid to
the interstitial fluid (solvent + solutes), K is the hydraulic
permeability tensor of the porous solid to the interstitial solvent

and D is the osmotic coefficient.

Electroneutrality requires the following relationship to hold:

D 7% =0 (9.10)
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Multiplying equation 9.3 by z%and using electroneutrality

constraint yields:
divd) zj“ =0 9.11)

In cartilage due to presence of fixed charges of proteoglycans,

fixed charge density c© =2°C® is defined. Conservation of fixed

charge in the solid matrix can be expressed as:

F_ 1-¢; cF

¢ = r
J-¢;

9.12)

where € is the fixed charge density in the reference

configuration. In the presence of fixed charge density, the

electroneutrality can be expressed as follows:

ct+> 7" =0 (9.13)

Finite element method was used to discretize and solve the

aforementioned equations simultaneously.

9.2.2.1. GEOMETRY

We assumed the diffusion to take place only from the cartilage
surface in the axial direction (chapter 3) [14]. Similar to our
previous study, we used both single-zone and multi-zone models
to investigate the axial diffusion from the finite-bath through
cartilage (chapter 3) [14]. Single-zone model assumes that cartilage
is homogeneous across its thickness. Therefore, only one diffusion
coefficient and fixed charge density can be defined (Figure 9.1B).
The multi-zone model (Figure 9.1C) assumes that cartilage
properties remain constant within individual zones but different in

each zone. Those differences may originate from inhomogeneous
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distribution of glycosaminoglycans, orientation of collagen (type
IT) fibers, and water content. The first zone in this model
represents the superficial zone (20% of cartilage thickness), while
the second (50% of cartilage thickness) and third zones (30% of
cartilage thickness) represent middle and deep zones [37]. Both
single- and multi-zone models used eight-node trilinear hexahedral
elements for mesh generation, which was refined near the
boundaries (Figure 9.1B and C).

9.2.2.2. MECHANICAL AND PHYSICAL PROPERTIES OF
CARTILAGE AND BATH

We modeled the cartilage as a neo-Hookean material with a
Young’s modulus of 10 MPa, Poisson’s ratio of 0, hydraulic
permeability of 10° mm®*/Ns, and effective solute solubility of 1
(chapter 3) [14]. We examined the effect of hydraulic permeability
and Poisson’s ratio on the concentration-time curves and found
negligible impact when they were changed within their expected
ranges. The Young’s modulus was chosen high enough to resist
the osmotic pressure which in agreement with the experiments,
large deformations could be prevented. We used a viscosity-
dependent relationship to estimate the diffusion coefficient of
ioxaglate in the bath considering actual diffusion coefficient of
iodixanol [38]. Cartilage water content was assumed to be 0.8
throughout the cartilage thickness in the single-zone model [14, 31,
39, 40]. In the multi-zone model, however, it was assumed to
gradually decrease from 0.8 in the superficial zone to 0.7 in the
middle zone and finally to 0.6 in the deep zone [37, 41, 42]. We
considered a wide range of possible FCD (0-350 mEq/]) across
cartilage [11, 43, 44].
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9.2.2.3. INITIAL AND BOUNDARY CONDITIONS

The following steps were prescribed to define FCD, initial, and

boundary conditions:

Step 1, Steady-state: we used the same effective fluid pressures and
concentrations inside and outside cartilage while rising FCD to the
desired value. This allowed equilibrium free swelling of the
cartilage and bath.

Step 2, Transient: to set the concentration in the bath, we linearly
increased the solute concentrations and effective fluid pressures at
the bath boundaries to the desired level. The diffusion coefficient
of the solute in the bath was chosen to be high enough to maintain
the bath well-stirred to enable assigning a single concentration
throughout the bath. Time at which the solute was added and
diffusion coefficient of the solute in the bath were considered as
two factors with which we minimized solute diffusion in the

cartilage. This would help to converge the problem.

Step 3, Transient: we removed the prescribed solute
concentrations and effective fluid pressures at the bath boundary
and reverted the diffusion coefficient of the solute in the bath to

its actual value.

There is one more level of complexity that needs to be addressed:
In the step 3, once we remove all the boundary conditions for the
solute concentrations, there will no longer be any electrical
grounding of the mixture. This means that the electric potential
can float and the analysis will either converge very slowly or fail to
converge. To resolve this problem, we needed to add two other
monovalent counter-ions to the bath and tissue. Since the
concentration of monovalent counter-ions does not interfere with
the diffusion of other solutes, we set their concentrations to some

arbitrary values (e.g. 1 mM) both as initial conditions and as
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boundary conditions at the bath boundary. The precise value of
the monovalent concentrations does not matter as long as it does
not significantly affect the osmotic pressure of the analysis. To
maintain realistic deformation one needs to choose sufficiently
high Young’s modulus to overcome the effect of generated
osmotic pressure in the bath. Ambient fluid pressure and

temperature were considered p=101kPa and 6=298 K,

respectively.

9.2.2.4. FITTING METHOD

We developed a MATLAB (2013b, TU Delft, Delft, The
Netherlands) code to automatically perform simulations in FEBio
in wide range of FCDs and diffusion coefficients for all cartilage
zones, to plot the concentration-time curves and find the
minimum root mean square error (RMSE) between experimental

and computational values of concentration at all time points.

9.3. RESULTS
9.3.1. EXPERIMENTS

Diffusion rate was highest in the early time points followed by a
gradual decrease until the near-equilibrium ioxaglate concentration
(Figure 9.2A). The near-equilibrium ioxaglate concentration for
these samples was reached after 24 hours and was 23.31£4.66 %
of the initial average bath concentration (Figure 9.2A).

9.3.2. COMPUTATIONAL MODEL
9.3.2.1. SINGLE-ZONE MODEL

To account for the effects of charged solute in the bath and FCD
of cartilage and their interactions we have compared the results
obtained by biphasic-solute (solid/fluid) and multiphasic model
(solid/fluid/charge). We obtained the diffusion coefficients using
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both a biphasic-solute model and a multiphasic model while also

calculating the FCDs in the latter case (Figure 9.2A and 9.3A).
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Figure 9.2. Plots of normalized ioxaglate concentration (%o initial bath
concentration) measured from the micro-CT data versus time (experiment:
symbol, FE model: dotted line) (A) and root mean square error (RMSE)

versus diffusion coefficient (B) in samples 1-3 using single-zone biphasic-
solute model.
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Figure 9.3. Plots of normalized ioxaglate concentration based on the initial
bath concentration versus time (experiment: symbol, FE model: dotted line)
(A) and root mean square error (RMSE) versus diffusion coefficient and
FCD (B) in samples 1-3 using single-zone multiphasic model.
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RMSE was used to ensure the models fit to the experimental data
(Figure 9.2B and 9.3B). The entire solution process is provided as
a flowchart (Figure 9.4). The diffusion coefficients and R’ obtained
for both biphasic-solute and multiphasic models were quite similar
while the results of multi-phasic model were slightly more accurate
than those of biphasic-solute model (Table 9.1A).

> Start

NG
A4
Step 1 Steady state:
Apply fixed charge density
v
Transient:

Compare computational Step2 | Make bath well-stirred, then set the Compare computational
and experimental data concentration of the bath and experimental data
A + A
Transient:

Step 3 Revert diffusion coefficient of
well-stirred bath to the actual
diffusion coefficient

Single-zone Multi-zone
model model
4 ) 4
Arm AT TH Estimate diffusion coefficient
| Ceterminciffusion and FCD of the superficial
coefficient and FCD P A
zone
/ Determine diffusion
I End coefficient and FCD of all —

zones

Figure 9.4. Matlab-FEBio interface to solve the multiphasic finite element
model of a finite-bath.
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Table 9.1. Root mean square error (RMSE) and R? for single-zone biphasic-
solute and multiphasic models (A). Diffusion coefficients for single-zone
biphasic-solute and multiphasic models and FCD for single-zone
multiphasic model are presented (B).

QY
Fitting data ~ Biphasic-solute model =~ Multiphasic model
R’ 0.98 0.98
Sample 1
RMSE 0.0091 0.0089
R’ 0.94 0.95
Sample 2
RMSE 0.0207 0.0203
R’ 0.92 0.93
Sample 3
RMSE 0.032 0.0308
®)
o Diffusion coefficient Fixed charged
Fitting data )
(wm?/s) density (mEq/L)
Biphasic solute model 1.6 -
Sample 1 _ _
Multiphasic model 1.6 -125
Biphasic solute model 2.3 -
Sample 2 _ .
Multiphasic model 2.1 -65
Biphasic solute model 4.7 -
Sample 3 - -
Multiphasic model 4.6 -80

9.3.2.2. MULTI-ZONE MODEL

The multi-zone biphasic model was capable of capturing the

trends of experimental data for all samples (Figure 9.5).
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Figure 9.5. Plots of normalized ioxaglate concentration based on the initial
bath concentration versus time using multi-zone biphasic-solute model

(experiment: symbol, FE model: dotted line).

The optimization algorithm of the multiphasic model requires to
consider several parameters i.e. diffusion coefficients and FCDs of
the superficial, middle and deep zones which makes the entire
process computationally expensive. Therefore, we first estimated
the diffusion coefficient and FCD of the superficial zone by
minimizing RMSE (Figure 9.6A). This was done in such a way that
changing diffusion coefficient and FCD of the middle and deep
zones did not affect the curve trend before ~3 h (Figure 9.6A).
Using the estimated diffusion coefficient and FCD in the
superficial zone, we continued the simulation until we reached the
minimum RMSE to obtain the diffusion coefficients and FCDs for
the cartilage zones (Figure 9.6B). RMSE and R’ for both biphasic-
solute and multiphasic models confirmed robust results (Table
9.2A). Larger differences between the diffusion coefficients
obtained from biphasic-solute and multiphasic models were
observed in the middle zone than in the superficial zone (Table
9.2B).
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The ratios of the diffusion coefficient in the superficial to that of
the middle zone were more consistent using multiphasic model i.e.
8.2511.89 as compared to those obtained using the biphasic-solute
model, ie. 14.39%f 7.90 (Table 9.3). Furthermore, the ratio of
FCDs of the middle zone to the FCDs of the superficial zone was
1.9£0.09 (Table 9.3).

Table 9.3. The ratio of diffusion coefficient of superficial zone to middle
zone (DSupetficial/DMiddle) and the ratio of FCD of middle zone to the
supetficial zone (FCDMiddle/FCDSupetficial).

D Super, m'rr// D Middle FCD I\Ifl{d/f?/ FCD Superficial

Biphasic-solute model 12.7 -
Sample 1 - -
Multiphasic model 8 1.9
Biphasic-solute model 23 -
Sample 2 - -
Multiphasic model 10.25 1.82
Biphasic-solute model 7.47 -
Sample 3 . :
Multiphasic model 6.5 2

Equilibrium partitioning of ioxaglate clearly illustrated the FCD
difference between three samples (Figure 9.7A). There was an
inverse relationship between the concentration of ioxaglate and

FCD in the superficial zone and in the middle zone (Figure 9.7B).
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Figure 9.7. Near-equilibrium partitioning of ioxaglate in samples 1-3 where
the color bar represents the ioxaglate partitioning across cartilage samples
(A) and strong relationship between near-equilibrium  ioxaglate
concentration in the superficial and middle zones and FCD calculated using

multi-zone multiphasic model.

9.3.2.3. PARAMETRIC STUDY

We investigated the direct effects of FCD on the concentration-
time curve by comparing the outputs of the multiphasic model that
did or did not consider FCD, i.e. FCD=0 (Figure 9.8A-C). In all
samples, concentration-time curves obtained from the multiphasic
model that considered FCD were below those obtained from the
multiphasic model that did not consider FCD. We investigated the
direct effect of bath ionic strength on the concentration-time curve
by comparing concentration-time curves obtained from the
biphasic-solute model and multiphasic model that did not consider
FCD (Figure 9.8A-C). The curves obtained using the biphasic-
solute model were below those obtained from multiphasic model
that did not consider FCD. The synergistic effect of bath ionic
strength and FCD in cartilage can be observed by comparing the
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concentration-time curves of the biphasic-solute model with that
of the multiphasic model that considered FCD (Figure 9.8A-C).
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Figure 9.8. Comparing fit obtained using multi-zone multiphasic model,
multi-zone multiphasic model without considering FCD (FCD=0) and
multi-zone biphasic-solute model for samples 1-3 to elucidate the effects of
FCD and bath ionic strength (experiment: symbol, FE model: dotted line).
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9.4. DISCUSSION

Both single-zone biphasic-solute and multiphasic models could
capture the experimental curves (Figure 9.2A and 9.3A; Table
9.1A). However, curve trends could not be fully predicted by both
single-zone models (Figure 9.2A and 9.3A). The multi-zone
biphasic and multiphasic models produced excellent fit over the
experimental curves (Figure 9.5 and 9.6B; Table 9.2A). The
rationale behind can be sought through variation in cartilage
properties such as water content, FCD and orientation of collagen
fibers across its thickness [14, 31].

In the single-zone model, quite similar diffusion coefficients
between biphasic and multiphasic models were observed (Table
9.1B). Multi-zone model resulted in more distinct diffusion
coefficients between biphasic-solute and multiphasic models in the
middle zone (Table 9.2B). Small differences between the diffusion
coefficients of the superficial zone calculated with biphasic-solute
and multiphasic models may be due to the fact that movement of
negatively charged solutes from the bath to the cartilage (self-
repulsion) counterbalances the repulsion force between the
negatively charged solute and negative fixed charges of cartilage in
this zone. Nevertheless, in the biphasic-solute model, likely due to
neglecting the interaction between charged bath and fixed charges
in the middle zone, the difference between the diffusion
coefficients of multiphasic and biphasic-solute model are more
pronounced. These messages imply that efficient delivery of
charged therapeutics relies on both sufficient charge density as well
as taking the role of higher FCD in the middle and deep zones into
account e.g. intra-articular injection systems. This corroborates the
strategy that was previously suggested to enhance penetration
depth and retention of pharmaceutics by using a positively charged
carrier (Avidin) across cartilage [12, 13]. Although determination
of diffusion coefficient and FCD in the deep zone for these
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samples (Figure 9.7A) is infeasible due to little diffusion in this
zone, previous data shows that the FCD of the deep zone of
equine cartilage remains similar to that of the middle zone [44].
Consistent diffusion coefficient ratios (Dy,, i/ Dysas) may be
linked to the more realistic diffusion coefficients predicted by the
multiphasic model as compared to the biphasic-solute model. Our
findings show that the ratio of FCD of the middle to that of the
superficial zone was found to be almost 1.9 (Table 9.3). This is
consistent with the reported ratio of FCD (correlated with GAG)
in the middle zone to that of the superficial zone [44]. Partition of
a negatively charged solute such as ioxaglate is inversely related to
FCD [8]. ioxaglate partitioning in sample 3 implicitly indicates that
FCD in this sample should be lower than the other two samples
(Figure 9.7A). This is in agreement with FCD wvalues reported
(Table 9.2B). Due to proximity of equilibrium partitioning of
ioxaglate in samples 1 and 2 it is difficult to draw a conclusion in
terms of their FCDs (Figure 9.7A and Table 9.2B), yet, a linear
relationship between ioxaglate equilibrium concentration and FCD
(Figure 9.7B) exists in the superficial and middle zones of all

samples.

According to Figure 9.8A-C, diffusion curve of biphasic-solute
model always stayed below the diffusion curve of the multiphasic
model that did not consider FCD. This comparison shows that the
diffusion of negatively charged solutes can be amplified via
downward repulsion forces within the overlaying baths that direct
the solutes toward bath-cartilage interface. Comparing the
diffusion curves between the multiphasic models that did and did
not consider FCD suggests that FCD can significantly hinder the
penetration of negatively charged ioxaglate through cartilage.
These conclusions might help design efficient OA treatment
strategies by considering e.g. therapeutics’ charge and injection

volume as well as GAG content of cartilage. In addition, our
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findings might open windows toward better understanding of OA
(e.g. GAG loss) through interactions between charged solute and

cartilage matrix.

The multi-zone multiphasic model could very well capture the
diffusion of a relatively small charged molecule through articular
cartilage. However, steric hindrance due to uneven distribution of
collagen fibers and their interaction especially with larger solutes
such as therapeutically relevant solutes cannot be yet described
using the existing model and therefore requires further research. In
order to determine the diffusion coefficient and FCD of deep zone
of cartilage using the developed multiphasic model we offer some
solutions: thinner samples, prolonged experimental time as well as
using positively charged solute in the bath such as CA*" [16].
Moreover, diffusion is an anisotropic tensor. Performing
experiments involving radial diffusion might therefore add further
information in terms of spatial distribution of cartilage
components. The solution containing ioxaglate used in our
experiment was a hyper-osmolal solution (600 mOsm/kg H,O)
and its effect was not assessed in the current work, however, this

will be addressed in our future studies.

In summary, multiphasic model enabled obtaining both FCD and
diffusion coefficients in the different zones of equine cartilage in a
finite-bath model of diffusion in a non-destructive way while
considering the negative charges imparted by both keratin sulfate
and chondroitin sulfate. The equilibrium partitioning of ioxaglate
was shown to correlate with the FCD obtained using our
multiphasic model. The findings of this work suggest that
diffusion coefficient of the superficial zone can be up to 10 times
higher than that of the middle zone and that FCD can be up to
two times higher in the middle zone as compared to the superficial

zone.
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CHAPTER 10

MULTIPHYSICS COMPUTATIONAL MODELING
IN CARTILAGE BIOMECHANICS: ESTIMATION
OF MECHANICAL AND PHYSICAL PROPERTIES"

*Arbabi V., Pouran B., Weinans H., Zadpoor A.A. Multiphysics
computational modeling in cartilage biomechanics: Estimation of mechanical and

physical properties. (a review: in progress)
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ABSTRACT

Multiphysics computational modeling of soft hydrated tissues has
become a popular trend toward more realistic prediction of
mechanical and physical properties of tissues. As the mainstay of
multiphysics modeling, finite element models (FEM) have pursued
user-friendly approaches by which accurate estimation of crucial
parameters of articular cartilage was achieved. Those advanced
strategies enabled the implementation of properties that have
persistently been challenging. To date, determination of diffusivity
and fixed charge density of articular cartilage in different zones
using FE-models proved to be feasible. Since recently, FE-models
could not only quantify mechanical loading and solute diffusion
experiments but also coupling them with advanced techniques
such as artificial neural networks boosted their efficacy. The
advantage of coupling artificial neural network (post-training) with
FE-models is that it could lift the need for FE-modeling. The aim
of this chapter is to review critically the lately established efficient
FE-models describing indentation and diffusion tests and essential
underlying material models as well as to open up key opportunities

to apply FE-models in a more smooth, practical and effortless way.
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10.1. INTRODUCTION

Computational models have been used extensively to describe
behavior of biological materials and tissues under complicated
geometries and boundary conditions [1-9]. Selection of appropriate
implemented material models in finite element analysis assists
substantially in accurate identification of the behavior of biological
materials and tissues such as articular cartilage [1, 2, 8, 10]. The
major components of articular cartilage are collagens,
proteoglycans (PGs) and water where their concentrations change
across their thicknesses which provide the articular cartilage its
excellent mechanical properties [11-13]. Given the extracellular
matrix (ECM) of cartilage comprising two distinct phases of
interstitial fluid and the solid matrix, the tissue can be perceived as
a biphasic material. However, the fixed charges of PGs render the
cartilage a negatively charged hydrated tissue, which the negative
charge is counterbalanced by the action of mobile ions permeating
through water influx. Therefore, articular cartilage is truly a
structured multiphasic material as it contains neutral and charged
solutes floating within the interstitial fluid as well as essential
macromolecules of PGs and collagens (Figure 10.1). The negative
fixed charge density (FCD) in ECM causes the tissue to swell due
to osmotic gradient between inside and outside the ECM attracting
water from the synovial fluid [14-18]. The swelling pressure not
only protects the cartilage from compressive loads but also
produces constant stretch on collagen fibrils (pre-stress), giving the
tissue its elastic stiffness. Another interesting hypothesis
concerning the collagen stretching has been regarding its potential
key role in preserving them from excessive enzymatic cleavage [19,
20].

In osteoarthritis (OA), cartilage experiences aggravation of its
physical and mechanical properties due to loss of proteoglycans

and disruption of collagen fibrils [21-23]. Advanced computational
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models are demanding to provide possibility of detecting slight
(early OA) and large (advanced OA) alterations in cartilage

properties.
Biphasic Multiphasic
behavior behavior

Solute transport

Figure 10.1. Schematic of the multiphasic principle: The interactions between
solid matrix of extracellular matrix, interstitial fluid conveying mobile neutral

and charged solutes throughout extracellular matrix swell the cartilage.

Several fundamental material models have been adopted to
simulate the mechanical behavior of articular cartilage namely
elastic,  hyperelastic,  viscoelastic,  poroelastic  (biphasic),
poroviscoelastic and fiber-reinforced hyper-poroviscoleastic |2, 24-
27]. To investigate the neutral solute transport across articular
cartilage biphasic-solute models needed to be developed and
implemented [3, 28, 29]. However, description of solute transport
when the solute of interest is charged requires adopting
multiphasic models that account for continuous interactions
between the solute and FCD of articular cartilage [30, 31].
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Cartilage properties such as Young’s modulus, Poisson’s ratio and
permeability can be obtained using experimental techniques among
which confined and unconfined tests as well as indentation (nano
and micro) are the most widely used [26, 32, 33]. Indentation
stands out from the other techniques in the sense that it can be
performed to determine local mechanical and physical properties
of articular cartilage, is minimally invasive, maintains physiologic
properties of sample. Furthermore indentation tests can even be
performed in-vivo [34, 35]. Indentation experiments can be
performed in creep mode or in stress-relaxation mode, where in
creep mode force is applied and displacement of indenter is
recorded, whereas in stress-relaxation mode displacement is
applied and reaction force between indenter and cartilage surface is
recorded [34]. Diffusive properties of cartilage namely diffusivity
can be characterized by tracking temporal solute diffusion using
advanced imaging modalities e.g. computed tomography (CT),
nuclear magnetic resonance (MRI) and fluorescent-based methods
[36-40]. To characterize physical and mechanical properties of
cartilage FE-models need to provide the best obtainable fit to the

experimental curves [306, 41].

Applications of FE-models may be restricted to the labs where
highly sophisticated computational expertise is available. An
invaluable opportunity can be therefore conceived if assisting tools
eliminate the need for computational expertise. Artificial neutral
networks (ANNs) are powerful tools for non-linear mapping from
input data space (e.g. FE-output) to target data space (e.g. FE-
input: mechanical and physical properties) [41-44]. Recent findings
(Chapter 2 and 4) confirmed that using trained ANNs
accompanied by finite element data enabled the mechanical and
physical properties to be determined without any need for

computational expertise [41, 45].
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In this overview we aim to not only provide the latest
implemented models and computational approaches, which enable
characterizing the mechanical and physical features of articular
cartilage using the output of indentation and diffusion tests, but
also suggest future perspectives to even enhance the model
efficiency to possibly detect the earliest possible changes of the
cartilage in OA. The main items of this chapter fall into three
categories. The first category discusses the available computational
tools based on indentation data to determine cartilage mechanical
and physical properties. In the second category, finite element
models to quantify the experimental diffusion data will be
discussed and critically reviewed. Finally, the capabilities and
advantages of ANN-assisted determination of mechanical and
physical properties of cartilage will be discussed thoroughly and
future remarks for efficient modeling of diffusion and indentation

and their combination will be provided.

10.2. MULTIPHYSICS COMPUTATIONAL MODELING OF
INDENTATION

The level of accuracy in predicting mechanical and physical
properties of articular cartilage post-indentation tests depends
remarkably on the solution methods of governing equations that
are used for curve fitting. To this end, analytical and computational
methods have been proposed [10, 27, 46, 47]. The application of
analytical methods could not be extended further than elastic,
hyperelastic and viscoelastic theories [47, 48]. The only analytical
method to obtain properties of poroelastic materials was limited to
viscoelastic assumption in creep mode where Poisson’s ratio equals
0.5 (Table 10.1)[47]. Since viscoelastic models are not fully able to
capture intrinsic biphasic behavior of articular cartilage, developing
models based on biphasic theories seems inevitable. Previous study
(chapter 2) showed that using poroelastic models for spherical

indentation  enables determination of Young’s modulus,
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permeability and Poisson’s ratio simultaneously [41]. Spherical
indentation likely raises an advantage, that is, estimation of local
cartilage properties can be accomplished since fluid flow is
gradually and continuously initiated and propagated which firmly
reflects the biphasic behavior of cartilage more accurately (Figure
10.2).

Table 10.1. Availability of analytical solutions for creep and stress-relaxation
modes of indentation test when using different material models of articular

cartilage and common geometries of indentation tip.

Indentation Indenter shape
Analytical solution
mode Cylindrical Conical Spherical
Creep v v v
Linear elasticity
Stress-relaxation v v v
Creep v v v
Hyperelasticity
Stress-relaxation v v v
Creep v N/A* v
Viscoelasticity
Stress-relaxation v v v
Creep N/A N/A N/A
Poroelasticity
Stress-relaxation N/A N/A N/A

* Not available
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G

®)

Figure 10.2. Schematic of axisymmetric model used for indentation of articular
cartilage (sample thickness 3 mm, Young’s modulus 0.54 MPa, Permeability
4x103 mm4/N.s and Poisson’s ratio 0.08) as a poroelastic material in stress
relaxation mode (spherical indenter with radius of 5 mm was moved linearly for
2 seconds with a total of 0.3 mm displacement) (A) fluid velocity vectors at 2 s
and (B) after some time-lapse (1000 s) of indenting articular cartilage.

In addition, based on a model presented in the previous research
(chapter 2) [41], parametric study with FEM on Young’s modulus,
permeability and Poisson’s ratio of poroelastic spherical
indentation in stress relaxation mode revealed that each parameter
could affect the reaction force between indenter and cartilage
surface (Figure 10.3). Since the effect of each parameter on
reaction force is tangible, the biphasic model has a potential to
precisely estimate the cartilage properties after fitting it to the

entire force-time data.



Chapter 10 237
1.5 : :
. Young’s modulus=0.1, 0.3, 0.4,
Z 0.54, 0.7, 0.8 and 0.9 MPa
o
g 1 \ Young’s modulus increases
&3
=
g
£05
S
o
0 200 400 600 800 1000
Time(s)
! Permeability=(1, 2, 3, 4, 5, 8 and
Zz R 10)x103 mm?*/N.s
T
2
<
= 05| :
2 Permeability increases
g
o
% 200 400 600 800 1000
Time(s)
1 T . T .
— Poisson’s ratio= (0.1, 0.4, 0.8, 10, 12,
= 15 and 20)x10!
L
2
=] =
F= 051 poisson’s ratio i
g 01sson’s ratio 1mcreases
5
<
)
nd
% 200 400 600 800 1000

Time (s)

Figure 10.3. Parametric finite element study on (A) Young’s modulus, (B)
permeability and (C) Poisson’s ratio of the indentation test (sample thickness=3
mm, Young’s modulus 0.54 MPa, Permeability 4X10-3 mm*/N.s and Poisson’s
ratio 0.08, spherical indenter with radius of 5 mm was moved linearly for 2

seconds with a total of 0.3 mm displacement). The model’s sensitivity to these

three essential parameters indicates its appropriateness for cartilage modeling.
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Moreover, material models such as fiber-reinforced poroelastic and
nonlinear fiber-reinforced poro-hyperviscoelastic have been
implemented based on poroelastic models [1, 2]. These models,
however, can be used for specialized purposes for example, when
effect of fibers on the mechanical response of cartilage needs to be
investigated. In spherical indentation of poroelastic-based materials
contact detection between the indenter and cartilage surface
remains a challenge that has been addressed using user subroutines
associated with Abaqus [33, 41], although in FEBio software
(nonlinear finite element analysis in biomechanics and biophysics)
it has been internally incorporated [49]. To account for effects of
FCD and mobile ions in ECM of cartilage, multiphasic models can
provide a more realistic approach for cartilage characterization [30,
50]. Applying multiphasic indentation opens a window to obtain
FCD [51]. Previous studies determined FCD of cartilage by
adopting indentation although the indentation data was analyzed
based on biphasic theory [52, 53]. Finite difference was employed
to discretize governing equations to determine FCD [51, 54].
Nevertheless, application of finite difference may be limited to
simplified problems e.g. small deformations; therefore, FE-
modeling of multiphasic indentation can be preferred. Finite
element modeling of multiphasic phenomena has previously been
implemented and verified [30, 31]. Cartilage swelling is naturally
observed in multiphasic models, therefore, to preserve the contact
between indenter and cartilage surface, depending on the type of
indentation test i.e. creep or stress relaxation, one needs to assign a
small load or displacement. To apply FCD in cartilage, algorithms
have recently been proposed consisting (chapter 9) of two steps of
computationally efficient steady state step where FCD is raised to a
desired value and transient step where the solution is initiated and
completed [30, 41]. Since cartilage is a heterogeneous material
denoting that the concentrations of its components vary from

surface to deep zone e.g. water content varies from 0.8 at the
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surface to 0.6 at the deep zone [11], multiphasic indentation can be
performed utilizing multi-zone cartilage approach to enhance the

precision.

Poroelastic-based modeling of cartilage indentation in dynamic
mode in broad spectrum of indentation frequencies enables
obtaining dynamic Young’s modulus and permeability of fibrillar
and non-fibrillar cartilage network [55]. Multiphasic models can be
applied to dynamic indentation, which can result in more reliable
estimations of Young’s modulus and permeability across the

cartilage zones.

10.3. MULTIPHYSICS COMPUTATIONAL MODELING OF
SOLUTE TRANSFER

To study the diffusive properties of articular cartilage, various
experimental setups based on CT, MRI and fluorescent solute
tracing have been proposed [39, 50, 56-59]. Quantification of
diffusive properties requires analytical and computational models
[36, 40, 60]. Analytical models can only be applied to relatively
scarce cases of diffusion ie. Fickean diffusion with simplified
boundary conditions and geometries [61, 62]. Different numerical
schemes have been proposed to model the diffusion process in
porous media [36, 50, 60, 63-65]. Recent advances in finite element
modeling of solute transport in soft hydrated tissues confirmed its
capability and robustness when used for complicated boundary
conditions and geometries [3, 4, 29-31, 36, 50, 66]. Biphasic-solute
based finite element models incorporate essential equations to
describe transport of neutral solutes across articular cartilage and
cartilaginous tissues [3, 29]. Besides, the advent of multiphasic
models facilitated studying charged solute transport across soft
deformable tissues [5, 6, 30, 50, 67]. Implementation of neutral
solute transport across different geometries and in the presence of

infinite and finite sources of solute in contact with articular
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cartilage has been successfully conducted, which allowed obtaining
diffusivity [3, 29, 36]. Multi-zone models were shown to accurately
track the diffusion behavior of neutral solutes across articular
cartilage (chapters 3, 5 and 9) when intrinsic inhomogeneity of the
tissue is considered, which allows determination of diffusivity in
different zones of cartilage [36, 40, 50]. Similar to implementation
of multiphasic indentation mentioned earlier, two steps including
steady state and transient were applied to build potent multiphasic
models in FEBio (chapter 9). Multiphasic models supplied with
multi-zone approach were recently developed (chapter 9) which in
addition to diffusivity allowed obtaining the FCD of cartilage
layers [68]. Multiphasic and biphasic-solute indentation of articular
cartilage can be performed in diffusion setups to determine
dynamic diffusivity of charged solutes and FCD as well as dynamic

diffusivity of neutral solutes, respectively.

10.4. MULTIPHYSICS COMPUTATIONAL MODELING COUPLED
WITH ARTIFICIAL NEURAL NETWORKS

Artificial neural networks (ANNSs) were applied in biomechanical
engineering applications particularly in studying bone remodeling
[42, 69, 70] and estimating diffusive and mechanical properties of
articular cartilage [41, 45]. ANNs are powerful nonlinear mapping
tools that bridge two spaces of data [41, 45, 70]. Optimization
algorithms are demanding in every finite element modeling
application to derive mechanical and physical properties of tissues.
This implies that computational expertise is mandatory which
hinders its widespread use and also potential clinical applications.
Additionally FEM along with optimization algorithms should be
repeated for every individual experiment, which is a cumbersome
and time-consuming process. It is therefore wise to perceive a
package, which clears the need for computational expertise and is
particularly beneficial for the non-FEM specialists working in the
labs and clinics (chapters 2 and 4). ANNs receive simulated data
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from FEM as input to become trained and return
biomaterial/tissue  properties. One obstacle against wide
application of ANN is that small amount of noise associated with
experimental data can easily impair the functionality of ANN [41,
09]. To overcome this, ANNs were trained with different noise
levels to mimic existing experimental noise [41, 69, 71-73]. After
inserting the experimental data into each ANN trained with a
distinct level of noise, a solution can be obtained, however, the
correct solution between different noise levels is not generally
known. Traditionally, one may run multiple FEM models to
identify the correct level of noise linking to the solution of the
problem. To overcome this baffling problem, a complementary
ANN (forward-ANN) was suggested to associate the first ANN
(inverse-ANN) (chapter 4)[45]. Inverse-ANN receives the material
properties and returns simulated data. Since training of ANN
requires performing FEM simulation over a wide interval of
material properties, identification of effective parameters is
important (chapter 4). To extract material properties using the
above algorithm, one needs to directly use the proposed flowchart
(Figure 10.4) (chapter 4) [45].
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Performing parametric studies in FEM for effective parameters

'

Performing FEM for wide ranges of effective parameters

!

Training inverse-ANN under different noise levels

{

Introducing experimental data as input to inverse-ANN and
returning mechanical and physical properties under different noise
levels

!

Training forward-ANN

!

Introducing the output of inverse-ANN as input to forward-ANN

!

Comparing output of forward-ANN with experimental data

I

‘ Finding minimum RMSE

Changing noise
increment and/
or noise range

No need for FEM

Reporting
material
properties

!

End

Figure 10.4. Flowchart of the proposed inverse-forward ANNs for

determination of the mechanical and physical properties of materials.
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10.5. REMARKS AND SUGGESTIONS

Recently, finite element models have been shown to be the most
robust computational tools in modeling multiphysics phenomena
in cartilage across different scales [31, 36, 41, 50, 74]. Those
models advanced such that essential cartilage parameters i.e. fixed
charge density, diffusivity of charged and uncharged solutes could
be successfully implemented [30, 31, 36, 50]. Besides, potentials of
the combination of these advanced finite element models with
artificial neural networks have received attention since they can be
readily used [41, 45]. In the light of the above-mentioned
advantages of FEM models we will review and discuss material
models with gradual increase in complexity order with respect to

the underlying multiphysics model.

10.5.1. BIPHASIC MATERIAL MODEL

Biphasic material model has been widely used to describe the
behavior of articular cartilage since it can satisfy the essential
minimum conditions of cartilage from a component (interstitial
fluid and solid matrix) point of view [33, 52, 55, 75]. The model
has been applied in different studies including determination of
dynamic modulus using dynamic indentation and determination of
fixed charge density using indentation [55, 74]. In line with those
researches, the parametric study in continuum scale and using
indentation shown earlier in chapter 2 confirmed that biphasic
model is a proper principle material model for articular cartilage.
In the past research, OA detection could be possible using elastic
model at nano-scale but not in micro-scale [76], however, biphasic
models may be preferred to elastic models such that its application
can be suggested for OA detection at micro-scale. One benefit of
poroelastic models belonging to the primary family of biphasic
models is the relatively low number of material parameters

involved helping application of ANN to be more straightforward.
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Training ANNs using wide ranges of mechanical and physical
properties for different indenter tip geometries, size and
indentation protocols may be suggested to provide a package,
which can be customized in existing indentation machines and

even in-vivo arthroscopic indentation machines.

10.5.2. BIPHASIC-SOLUTE MODEL

Biphasic-solute models concern the combination of a biphasic
material model and the transferring neutral solute that disperses
across the tissue [3, 29, 36]. Multi-zone models associated with
biphasic-solute model enable accurate estimation of diffusivity in
cartilage zones (chapter 3) [36]. Combination of multi-zone
biphasic-solute models with biphasic-solute indentation is
suggested prior to obtaining dynamic properties of different
cartilage layers e.g. dynamic diffusivity. Dynamic indentation in
normal physiologic conditions boasts an advantage in the sense
that it can more realistically identify persistently slight changes in
cartilage properties as these may occur in the course of
osteoarthritis. Therefore, a thorough study on cartilage specimens
with various levels of cartilage degeneration could be performed in
a hope to efficaciously address long-lasting problem of identifying
the first signs of osteoarthritis and its consequences for the
physical/mechanical behavior. A platform can be established by
coupling ANN with multi-zone biphasic-solute model to reduce
the reliance on finite element models and to characterize articular
cartilage flawlessly. Osteoarthritis progression is closely associated
with GAG loss, which indicates less friction (steric-hindrance)
between the diffusing neutral solute and the ECM of cartilage.
Subsequently, application of biphasic-solute models can be
proposed to capture alterations in solute diffusivity after the first
signs of GAG loss or during progression of the early phase of

osteoarthritis.
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10.5.3. MULTIPHASIC MODEL

Multiphasic models since their introduction revolutionized the
studies in the realm of solute transport particularly transport of
charged solutes [30]. Using these models one investigates the
interactions between charged diffusing solute and fixed charges of
PGs since they can be implemented using recently developed
algorithm [30, 50]. Multiphasic models have been shown to be
capable of obtaining fixed charge density and diffusivity in
cartilage zones (chapter 9) [50]. However, studying dynamic
diffusion of charged solutes requires taking both multiphasic
indentation and multiphasic diffusion into account, which raises
difficulty confronting the solution due to multitude of parameters.
This issue can be tackled by a dual step strategy: first, determining
the fixed charge density in cartilage zones using a single diffusion
experiment employing charged solutes and second, inserting the
obtained fixed charge density in the multiphasic indentation model
to obtain other properties of articular cartilage. Application of
combined multi-zone multiphasic indentation and ANN although
useful, may encounter computational problems due to large
number of required simulations leading to excessive time needed

for convergence.

10.6. CONCLUSIONS

Multiphysics models with their recent advancements not only
provide an easy-to-use application but can also be applied in
different areas of cartilage research including studying
deterioration of cartilage quality as this might relate to etiology of
osteoarthritis. Combining multiphysics models and artificial neural
networks enables their application to be accessible without any

need for computational expertise.
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11.1. CONCLUSIONS

Multi-physics finite element models were developed in this thesis
to estimate the mechanical and physical properties of articular
cartilage. Experimental data were also presented to support the
development of multi-physics finite element models and to enable
estimation of the mechanical and physical properties of cartilage
through fitting the developed multi-physics models to the
experimental data. Overall, it was generally that our understanding
of the mechanical and physical phenomena governing the function
of articular cartilage could be significantly improved using multi-
physics models. Multi-physics models and the associated
experimental data were particularly helpful for accurate
quantification of the contribution of various factors such as the
mechanical properties, diffusion coefficient, fixed charge density,
and morphology of the cartilage to the response of cartilage to
mechanical and/or osmotic loading. Quantifying the contribution
of different factors is instrumental in evaluating their relative
importance and optimizing experimental protocols and the
structure of the computational or analytical models that are used
for interpretation of the obtained experimental data. The detailed
conclusions drawn from the different chapters of the thesis are

presented below.

Chapter 2: Cartilage is a biphasic material. That necessitates
application of advanced finite element models for describing its
indentation behavior that, in turn, allows for obtaining physical
and mechanical properties of cartilage. An Abaqus user subroutine
was developed to detect the contact between a spherical indenter
and cartilage surface. Wide range of physical and mechanical
properties, i.e. Young’s modulus, Poisson’s ratio, permeability and
friction coefficient of cartilage surface was used to run the
developed model prior to constructing an artificial neutral network
(ANN). The ANN received the simulated force-time data as input
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and mechanical and returned the physical properties of cartilage as
output. We identified that noise had a considerable effect on the
performance of the trained ANN to determine mechanical and
physical properties of cartilage. Therefore, the ANN was trained
with noisy input data (random noise) to make it robust against
possible external uncertainties. In conclusion, trained ANN with
noisy data enabled robust estimation of cartilage properties

without any need for computational expertise.

Chapter 3: A set of experiments based on micro-computed
tomography was designed to monitor the diffusion of neutral
solute from a finite bath through articular cartilage. A biphasic-
solute model was developed and verified with analytical solution to
study the transport of neutral solute across cartilage. For an
inhomogeneous tissue such as cartilage, our biphasic-solute model
based on single zone proved incapable of tracking the diffusion
behavior of neutral solute. Therefore, a biphasic-solute model
based on a multi-zone approach, i.e. superficial, middle and deep
cartilage zones, was developed which was successful in capturing
the diffusion behavior of neutral solutes. It was the first model by
which diffusivity of equine cartilage in different zones could be
obtained and the model revealed that the diffusivity of superficial
zone is one order of magnitude higher than that of the middle

zone.

Chapter 4: Quantification of experimental observations where
computational expertise is scarce is sometimes considered as a
major bottleneck. The goal of this chapter was to present a novel
algorithm that allows eliminating the need for computational
expertise to obtain the diffusivity of a neutral solute in different
cartilage zones based on experimental setup and biphasic-solute
model introduced in chapter 3. This was carried out by coupling
two artificial neural networks (ANN), ie. inverse and forward
ANNSs. The inverse ANN was trained using biphasic-solute finite
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element model (concentration versus time curves contaminated
with different levels of noise) considering the wide range of
diffusivities of various cartilage layers. The forward ANN was
trained using diffusivities of cartilage layers as input and simulated
concentration versus time curves as output. The inverse ANN
mitigates the effect of noise associated with experimental data and
the forward ANN eliminates the need to create a new
computational model for every new experiment. Working together,
these ANNs enable experimental labs to determine the diffusivity
of cartilage without any need for computational expertise (after
training both ANNSs). The diffusivities obtained using the inverse-
forward ANNs were similar to those obtained using optimization

algorithm indicating the robustness of the proposed approach.

Chapter 5: Contrast enhanced micro-computed tomography
experiments were used to monitor the diffusion of neutral and
negatively charged solutes with similar molecular weight across
articular cartilage. To isolate the effects of osmolality,
concentration and charge on diffusion, different bath conditions
were prepared. Our results suggested that osmolality and
concentration had no significant effect on diffusion behavior in
different cartilage zones. However, the effect of charge dominated
the other effects in all cartilage zones and the flux of negatively
charged solute obtained from a multi-zone biphasic-solute was

significantly lower than that of neutral solute.

Chapter 6: Serial monitoring of diffusion using contrast enhanced
micro-computed tomography technique was used to investigate
the transport of neutral solute across osteochondral interface. Our
findings not only confirmed the diffusion of neutral solute across
osteochondral interface of equine and human samples, but also
showed that the diffusion of molecules at the boundary of cartilage
and subchondral bone is linked with morphological features of

articular cartilage and subchondral bone plate.
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Chapter 7: Using experimental setup of chapter 6, the diffusivity of
different cartilage zones and subchondral bone plate were obtained
using a multi-zone biphasic-solute model. This was done by fitting
the computational model to the concentration versus time curves
of cartilage and to final concentration value of subchondral bone
plate. Regardless of the species, a gradual decrease in diffusivity

from cartilage zones to subchondral bone plate was observed.

Chapter 8: The effects of size and stirring of the bath containing
neutral solute as well as thickness and concentration of stagnant
layer at bath-cartilage interface on diffusion across cartilage were
investigated using parametric biphasic-solute computational
studies and experimental data. Our findings suggested that an
optimal bath size can be designed prior to experiments. Stirring of
the bath could substantially affect the diffusion behavior in
cartilage. Unlike concentration of the stagnant layer, its thickness

did not significantly affect the diffusion in cartilage.

Chapter 9: Transport of a negatively charged solute was monitored
using serial contrast enhanced micro-computed tomography
(chapter 5). A novel multiphasic finite element model based on the
properties of different cartilage zones was developed. Using the
proposed model, one can obtain diffusivities and fixed charge

density of different cartilage zones simultaneously.

Chapter 10: Application of multiphysics computational modeling
to obtain mechanical and physical properties of cartilage was
reviewed and suggestions were made to elucidate further

application of those models in future research.

The thesis presented finite element approaches to address
challenging multiphysics problems in cartilage mechanics.
Combination of artificial neural networks and finite element

models showed to be capable of creating user-friendly packages,
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which will potentially meet the clinical applications. Extension of
the presented biphasic and multiphasic models is recommended
for complicated cartilage modeling phenomena to quantify
dynamic diffusion and indentation phenomena with highest

possible accuracy.
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11.2. SUMMARY

Recent advances in the realm of computational modeling of
complex multiphysics phenomena in articular cartilage enabled
efficient and precise determination of articular cartilage properties.
However, still accurate quantification of complicated indentation
and diffusion processes tying closely with the inhomogeneity of
articular cartilage remains challenging. In the present thesis
accurate approaches are proposed to capture the mechanical and
physical behavior of articular cartilage as faithfully as possible.
Finite element models (FE-models) capable of detecting contact
between indenter and cartilage surface are developed and applied
to spherical indentation process. To predict mechanical and
physical properties of cartilage artificial neural networks (ANN)
were used and to guarantee the efficacy of the generated ANN
they were trained using simulated noisy force-time data. The
combination of FE-model and ANN trained with noisy data
allowed obtaining cartilage properties robustly. FE-models taking
the inhomogeneity of articular cartilage into account were
developed and validated and applied to capture neutral (biphasic-
solute model) and charged (multiphasic model) solute transfer
across articular cartilage in a finite bath experimental setup. Those
models could capture the behavior of solute diffusion across
cartilage and provide diffusivities and fixed charge densities (FCD)
of different cartilage zones. An algorithm consisting of inverse and
forward ANNs was developed to obtain the diffusivities of
cartilage layers which eliminates the need for computational
expertise. The final goal of this algorithm is to introduce a
methodology by which properties of cartilage can be determined
without any need for computational expertise, which provides a
promising opportunity to meet the needs for clinics when it comes
to assess the healthiness of articular cartilage during osteoarthritis

progression. Effects of bath osmolarity, concentration and charge
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of solute were investigated using a combination of micro-CT
experiments and FE-models. The results suggested that solute
charge unlike the osmoalrity and solute concentration had a
profound effect on solute diffusion. Porosity and thickness of
subchondral plate were identified as two primary factors affecting
the diffusion of neutral solutes across subchondral plate. Using a
developed multi-zone biphasic-solute model allowed obtaining the
diffusivities of cartilage layers as well as subchondral plate. Using a
multi-zone biphasic-solute model, we found that overlying bath
size, bath stirring and thickness of the formed stagnant layer can
substantially influence the diffusion across cartilage. This provides

an opportunity to optimally design diffusion experiments.
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11.3. SAMENVATTING

In dit proefschrift is gebruik gemaakt van computermodellen
waarmee de vervorming en vloeistofstroming in kraakbeen wordt
gesimuleerd. Deze eindige elementen computermodellen worden
vervolgens gerelateerd aan experimentele gegevens, zodat fysische
eigenschappen zoals elasticiteit en permeabiliteit nauwkeurig
kunnen worden bepaald. Omdat veel fysische parameters voor het
kraakbeen en de experimentele setting niet exact bekend zijn,
moeten we aannamen doen om de werkelijkheid in de computer
modellen zo goed mogelijk weer te geven. In feite gebruiken we
het model op zodanige wijze dat we beter inzicht verkrijgen in het
experiment en tegelijkertijd de fysische eigenschappen toch nog

goed kunnen benaderen.

Voor het simuleren van indentatie proeven op kraakbeen is er zo
goed mogelijk rekening gehouden met de mechanische interactie
tussen indentor en kraakbeen, waarbij contactcondities zoals
wrijving een essentiéle rol spelen. Om de elasticiteits- en
stromingseigenschappen snel en nauwkeurig te kunnen
voorspellen, is er gebruik gemaakt van artifici€le neurale netwerken
die het ‘overall’ gedrag van het kraakbeen weergeven. Zo’n neuraal
netwerk dient ‘getraind’ te worden om de oplossingen in de
modellen goed weer te geven. Het blijkt dat een zekere mate van
ruis in de data, de oplossingen van het neurale netwerk om de

kraakbeeneigenschappen te voorspellen, sterk verbeterd.

Vervolgens zijn ook de inhomogeniteiten van het kraakbeen in de
modellen verwerkt en zijn diffusie experimenten gesimuleerd.
Hierbij zijn moleculen met verschillend molecuulgewicht en lading
gebruikt. Deze zogenaamde multi-fase modellen van moleculair
transport door het kraakbeen, konden de bijpassende
experimenten zeer goed beschrijven. Wederom zijn neurale

netwerken ingezet om ook deze meer complexe diffusie weer te
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geven. Het voordeel van de neurale netwerken is dat de
eigenschappen van het kraakbeen hiermee bepaald kunnen worden
zonder kennis te hebben van complexe eindige elementen
modelvorming. Wellicht een handige manier om het e.c.a. in te
zetten voor klinische toepassingen waarbij de fysische
eigenschappen van kraakbeen bepaald dienen te worden als

criterium voor de mate van kraakbeenkwaliteit of ernst van artrose.

Vervolgens is met de modellen onderzocht wat het effect van de
osmolariteit is op de diffusie-eigenschappen. Aangezien
osmolariteit zorgt voor uitzetting van het weefsel, zou dit een
effect kunnen hebben. Dit bleek nauwelijks het geval, echter
vooral de lading van de moleculen was van doorslaggevend belang
voor de diffusie-eigenschappen. Daarnaast werden porositeit en

dikte van het kraakbeen gevonden als belangrijke parameters voor
diffusie.

Tenslotte is in detail onderzocht wat het effect is op diffusie van
de wijze waarop de vloeistof met de diffunderende moleculen is
aangebracht. Het volume van de vloeistof, de wijze waarop deze
geroerd wordt en de mate van een stilstaande vloeistoflaag tegen
het kraakbeen, heeft een substanti€le invloed op de uitkomsten van
de diffusie-experimenten. De eindige elementen modellen kunnen
aldus bijdragen aan het uitvoeren van verbeterde diffusie-
experimenten, waaruit de fysische eigenschappen van kraakbeen

gemakkelijker en nauwkeuriger te bepalen zijn.
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TO INVESTIGATE TRANSPORT OF NEUTRAL AND

CHARGED SOLUTES ACROSS ARTICULAR CARTILAGE"

" This appendix is submitted as a scientific video journal (Invited):

Arbabi V., Pouran B., Zadpoor A.A., Weinans H. Experimental and finite element
protocol to investigate transport of charged and nentral solutes across articular cartilage.
Journal of Visualized Experiments, 2016 (under review).
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ABSTRACT

Osteoarthritis (OA) is a debilitating disease that is associated with
degeneration of articular cartilage and subchondral bone.
Degeneration of articular cartilage impairs its load-bearing function
substantially as it experiences tremendous chemical degradation,
L.e. proteoglycan loss and collagen fibril disruption. One promising
way to investigate chemical damage mechanisms during OA is to
expose the cartilage specimens to an external solute and monitor
the diffusion of the molecules. The degree of cartilage damage (i.c.
concentration and configuration of essential macromolecules) is
associated with collisional energy loss of external solutes while
moving across articular cartilage creates different diffusion
characteristics compared to healthy cartilage. In this study, we
introduce a protocol which consists of several steps and is based
on  previously developed  experimental —micro-computed
tomography (chapter 5) and finite element modeling (chapters 3
and 9). The transport of charged and uncharged iodinated
molecules is first recorded using micro-computed tomography,
which is followed by applying biphasic-solute and multiphasic
finite element models to obtain diffusion coefficients and fixed

charge densities across cartilage zones.
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INTRODUCTION

Molecular transport plays a vital role in the homeostasis of
articulating joints, delivery of therapeutics to articular cartilage and
contrast-enhanced cartilage imaging [1-3]. Factors such as cartilage
integration and intactness, solute charge and size as well as
osmolarity and concentration of bath in contact with cartilage may
influence the transport rate [4-6]. The transport of solutes -either
neutral or charged can be different between articular cartilage
zones, because each zone consists of different concentrations and
orientations of major extracellular matrix molecules, namely
proteoglycans (PGs) and collagen type 11 [1, 7]. More importantly,
the transport of charged solutes can be highly dependent on the
concentration of proteoglycans comprising negative fixed charges
within the extracellular matrix which increases across articular
cartilage [8, 9]. Those parameters particularly fixed charge density
(FCD), orientation of collagen fibrils and water content variation
across cartilage may undergo alterations as osteoarthritis (OA)
progresses, thereby signifying the importance of studying diffusion

across cartilage.

In the current study, a protocol based on previously established
experimental and computational studies (chapters 3, 5 and 9) [4, 9,
10] is proposed to accurately investigate diffusion under various
boundary conditions using neutral and charged solutes in a finite-
bath model of diffusion. The proposed methods are composed of
micro-computed tomography imaging (micro-CT) of a system
including cartilage and a finite-bath supported by advanced
biphasic-solute and multiphasic finite element models. These
models enable obtaining the diffusion coefficients of neutral and
charged molecules as well as FCDs across various zones of
articular cartilage. Using these models, one can gain better
understanding of the behavior of the diffusing neutral and charged

molecules that could be used to investigate the interactions
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between cartilage and overlaying finite-bath.

PROTOCOL

Note: The protocol presented here is adopted from the
experimental and computational procedures of ongoing and recent
research papers (chapters 3, 5 and 9) [4, 9, 10]. The protocol is
illustrated in Figure 1.

The cadaveric materials were collected with permission from

veterinary faculty of Utrecht University.

1. SAMPLE AND BATH PREPARATION

1.1. Drill out cylindrical osteochondral plugs (diameter of 8.5
mm) from cadaveric equine femoral condyles using custom-made
drill bit (Figure 1) while spraying cool phosphate buffer serum
(PBS) to prevent overheating and subsequent cartilage damage.

1.2, Heat-shrink the osteochondral plugs with a plastic
shrinking sleeve to minimize the lateral diffusion of the overlaying
bath. The osteochondral plug with cartilage at the top was
mounted initially inside the plastic shrinking sleeve followed by
blowing hot air to it. Wet cotton pieces were added on the surface

of cartilage to prevent heat-related damage.

1.3. Prepare finite-baths of charged (650 pL, 420 mM,
ioxaglate, molecular weight (MW) = 1269 Da, charge=-1) and
neutral (650 pl, 420 mM, iodixanol, MW= 1550 Da) solutes

separately.
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Drill bit Medial femoral condyle Osteochondral plug

e ‘ Image processing

Micro-CT

Figure 1. A) Sample extraction procedure using a custom-made drill bit, B)

Micro-CT imaging procedure to monitor diffusion process.

1.4.  Load the prepared finite-baths on the surface of cartilage
using a syringe and place a cork plug on the wrapped sample to
prevent evaporation during experiments at room temperature
(Figure 2A). To study the neutral solute transport place the
iodixanol bath and to study the negatively charged solute transport

place ioxaglate bath onto the cartilage surface.
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Figure 2. A) Schematic of experimental sample design B) multi-zone
computational model consisting of the finite bath, superficial, middle and
deep zones of cartilage and associated mesh.

2. IMAGING AND IMAGE PROCESSING

2.1, Place the wrapped samples on a custom-made holder
attached to the motorized stage of a micro-CT. The sample was
placed so that cartilage surface covered with contrast agent

solution was facing upward.

2.2, Scan using the micro-CT (voxel size of 40X40x40 um?’
scan time of 3 minutes, tube voltage of 90 kV and tube current of
180 pA) a field of view consisting of cartilage, subchondral plate,
and finite-bath in several time points until equilibrium state (48
hours) is reached (Figure 2A). The equilibrium state can be

determined when concentration values do not change over time.

2.3.  Register the 3D images in different time points based on
the initial image to facilitate positioning of the region of interest

(ROI) using manufacturer’s software (e.g., Analyze).
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2.4.  Convert the 3D reconstructed micro-CT images into 2D
tagged image file format (TIFF) stack before processing them

using manufacturer’s software.

2.5. Globally segment (Image]>Adjust>Threshold) the
cartilage from the subchondral bone and overlying bath in image]

software.

2.6.  Obtain the average grey value of cartilage at different time
points (Image]>Analyze>Measure) using the generated cartilage

mask in the previous step.

2.7.  Use a linear calibration curve to convert the average grey
values to the actual concentration of solutes (based on the initial
bath concentration). Our previous data support the fact that grey
values maintain a linear relationship with the concentration of

contrast agents.

2.8. Plot the solute concentrations versus experimental time
points.

3. COMPUTATIONAL MODELING

3.1. The diffusion in this problem is assumed to take place in

1D (along z-axis) which complies with the experimental boundary
condition. Therefore, the geometry could be arbitrarily created.
Build finite-bath based cartilage multi-zone models: 1) cartilage
consisting of superficial zone (20% of the total cartilage thickness),
middle zone (50% of the total cartilage thickness) and deep zone
(30% of the total cartilage thickness) [11] 2) finite-bath in
FEBio[12, 13] (Figure 2B).

3.2 Assign the mechanical and physical properties of different
zones of cartilage and bath in FEBio. Young’s modulus (10 MPa)
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was assumed to be high enough to resist the osmotic pressure
exerted by the overlying bath and therefore protect the cartilage
from excessive deformations. Hydraulic permeability of 107
mm*/Ns and Poisson’s ratio of 0 were used. Actual solute

diffusivity of the bath was used in the simulations [9, 10].

3.3.  Generate mesh (8-node trilinear hexahedral elements) and
refine it near the boundaries (Figure 2B)[9, 10].

3.4.  Biphasic-solute model
3.4.1.  Apply initial solute concentration in the bath and effective
pressure corresponding to it. Look at the description of effective

pressure in [10, 14].

3.4.2. Run the model in transient mode to obtain solute
concentration versus time curves according to the prescribed

diffusion coefficients in different cartilage zones.

3.5. Multiphasic model

Note: The electric fluctuation between bath and tissue can be
circumvented by adding two monovalent counter-ions to both
bath and tissue.

3.5.1. For steady-state models: use the same effective fluid
pressures and concentrations in cartilage and overlying bath while

increasing FCD to its desired value.

3.5.2. For transient models: create a well-stirred finite-bath by
keeping the diffusion coefficient in the bath sufficiently high.
Inject the solute from the bath-air interface into the bath to reach

its desired concentration value.
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3.5.3. Transient: remove the prescribed solute concentration
boundary condition in the previous step and revert the diffusion

coefficient of the finite-bath to its actual diffusion coefficient.

3.5.4. Run the model to obtain solute concentration-time curves
based on applied FCDs and diffusion coefficients in different

cartilage zones.

3.6.  FEBio-MATLAB interface
3.6.1. Develop a MATLAB code to automatically perform

simulation in FEBio and plot concentration-time curves (FEBio-
MATLAB interface)[9, 10].

3.6.2. Change diffusion coefficients and FCDs in cartilage zones
using FEBio-MATLAB interface. Run models in FEBio and

extract solute concentration-time curves [9, 10].

3.6.3. Compare the obtained solute concentration-time curves
with the experimental data and obtain sets of diffusion coefficients
and FCDs in different cartilage zones based on minimum root
mean square error (RMSE)[9, 10].

REPRESENTATIVE RESULTS

The representative results provided here are adopted from
previous and ongoing research papers (chapters 3, 5 and 9) [4, 9,
10].

In OA, articular cartilage undergoes significant changes most
importantly GAG loss and collagen fibril damage [15-17]. Those
changes may affect the diffusive behavior of solutes through
articular cartilage [18, 19]. We studied axial diffusion of two

iodinated contrast agents, i.e. iodixanol (charge=0) and ioxaglate
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(charge=-1), in cadaveric equine osteochondral plugs using micro-
computed tomography. To quantify the diffusion process of a
neutral solute (iodixanol), a biphasic-solute model and a charged
solute (ioxaglate) multiphasic model were developed in FEBio that
considered the zonal structure of cartilage. The biphasic-solute and
multiphasic models could predict the diffusion of iodixanol and
ioxaglate across articular cartilage (Figure 3). These models enabled
obtaining diffusion coefficient of iodixanol (biphasic-solute) and
diffusion coefficient as well as FCD (ioxaglate) in different
cartilage zones (chapters 3 and 9)[9, 10].
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Figure 3: Multi-zone biphasic-solute and multiphasic models fits
(dashed) versus experimental data (symbol) [9, 10].

DISCUSSION

We presented an experimental protocol combined with a finite

element modeling procedure to study the diffusion of neutral and
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charged solutes across articular cartilage. According to our recent
studies (chapters 3 and 9), the proposed models could accurately
describe the transport of both neutral (biphasic-solute) and
negatively charged (multiphasic) solutes across different zones of
articular cartilage [9, 10]. It is widely believed that articular cartilage
becomes functionally limited through loss of its vital components
such as negatively charged GAG macromolecules as well as
collagen fibrils during OA progression [19, 20]. Using the
technique proposed in this study, one can potentially examine the
healthiness of articular cartilage. The transport of neutral solute
may be augmented in OA primarily because of lower interactions
between the solute as well as GAGs and collagens. On the other
hand, the transport of negatively charged solutes could help
acquire information with respect to the concentration of fixed
charges of proteoglycans, thereby giving some indication of the
level of OA progression.

The biphasic-solute and multiphasic models that were developed
based on the emergence of finite-bath concept according to the
previous studies could serve as platforms by which accurate
estimation of zonal properties of articular cartilage could be
provided. Limitations associated with large baths of contrast
agents namely possible beam-hardening artifacts and assigning a
single diffusion coefficient to articular cartilage [7, 18, 21-24] drove
the motivation to develop the current study. In the future OA
research, our developed models might potentially find applications

for early OA diagnosis.

There are some critical steps required both in experiments and
computational simulations. To preserve cartilage integrity during
experiments, one would require adding sufficient amounts of
protease inhibitors to prevent subsequent enzymatic activities. In
case of using one sample for more than one experiment, wash-out

time for the penetrated solutes after equilibration was
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approximately 48 hours. The wash-out efficiency needs to be
checked using micro-CT. When using our set up employing equine
cartilage, the minimum volume of the overlying bath equivalent to
an infinite bath was calculated to be five times higher than cartilage
volume. Moreover, to perform finite element modeling of
diffusion, it is critical to apply actual bath diffusivity since

deviation from that could affect the outcomes.

In the underlying finite element models solute size effect was not
implemented and therefore could not be studied. Our proposed
finite-bath model offers some advantages such as capability to
better understanding diffusion process in the articulating joints as
well as significant reduction of beam hardening artefacts. Our
proposed technique combining experiments and computational
models enables scrutinizing the diffusion attributes of cartilage
when positively charged contrast agents are applied. In case of
diffusion experiments employing finite baths in the future, actual
diffusion coefficient of bath needs to be available which may be
missing for some solutions. This would require either obtaining
the diffusion coefficient of bath experimentally or readily using

literature values.

In conclusion, we proposed a general protocol consisting of
experiments and computations to investigate the transport of
charged and uncharged solutes across articular cartilage. Using the
protocol, one can successfully obtain diffusion coefficients and

fixed charged densities in different cartilage layers.
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Technology

Knowledge of mechanical and physical properties of articular cartilage is crucial in
proper understanding of osteoarthritis progression and etiology. Advanced computa-
tional models associated with algorithms were developed and applied to spherical in-
dentation tests and diffusion tests based on micro-computed tomography to deter-
mine Young’s modulus, Poisson’s ratio, permeability, solute diffusivity and fixed charge
density of articular cartilage. As computational expertise among clinicians and expeti-
mentalists does not always exist, a novel intelligent system based on combined artificial
neural networks-finite element models was proposed to eliminate experimental noise
and computational expertise. This algorithm proved to be efficacious when applied to
problems of solute transport across articular cartilage and indentation of poroelastic
materials e.g. articular cartilage.
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