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A Fully Coupled Poroelastic Reactive-Transport Model of Cartilage
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Abstract: Cartilage maintains its integrity in
a hostile mechanical environment. This task
is made more difficult because cartilage has no
blood supply, and so nutrients and growth fac-
tors need to be transported greater distances than
normal to reach cells several millimetres from the
cartilage surface. The chondrocytes embedded
within the extracellular matrix (ECM) are essen-
tial for maintaining the mechanical integrity of the
ECM, through a balance of degradation and syn-
thesis of collagen and proteoglycans. A chondro-
cyte senses various chemical and mechanical sig-
nals in its local microenvironment, responding by
appropriate adaption of the local ECM. Clearly
a ’systems understanding’ of cartilage behaviour
is of critical importance in developing an inte-
grated understanding of both normal and abnor-
mal physiology of cartilage. In a series of papers,
we have developed a reactive-transport porous-
media model to investigate the coupled processes
of growth factor transport, mechanical deforma-
tion and fluid flow, and in this paper, we extend
the model to include biosynthesis and degradation
of matrix molecules. The model is validated us-
ing three independent experimental data sets, it
being found that a single set of parameters de-
scribed the experimental results remarkably well.
The model is then employed to make predictions
about changes in proteoglycan content under a va-
riety of conditions. This model may prove use-
ful in predicting the behaviour of tissue engineer-
ing constructs, or predicting the outcome of repair
processes in cartilage.
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1 Introduction

Articular cartilage needs to maintain its integrity
in a hostile mechanical environment. Injuries
to cartilage (perhaps due to disease processes or
traumatic impact loading) are a common source
of chronic debilitation, and so increasing our
understanding of the processes governing carti-
lage homeostasis are critical to an informed un-
derstanding of abnormal physiological processes.
Current limitations in our understanding restrict
our ability to interpret cartilage behaviours and
develop strategies to repair damaged cartilage, or
to engineer replacements. At least in part this
is due to the complexity of the system. For ex-
ample, cartilage matrix biosynthesis is known to
be controlled by both the chemical and mechan-
ical microenvironment of the chondrocytes. The
transport of nutrients to chondrocytes in cartilage
(which is part of the chemical environment) and
the transport of newly synthesized matrix compo-
nents, are also coupled with the mechanical en-
vironment, both directly through advective trans-
port, and indirectly through changes in the matrix
physical properties due to changes in biosynthe-
sis. The system is further complicated by bind-
ing proteins embedded in the cartilage matrix, cell
surface receptors, and the complexities of intra-
cellular signaling pathways. The list of possible
components and processes is daunting. There is
a clear need for a model to integrate current and
future experimental data about this complex sys-
tem, and to explore the range of potential states
of the system with the goal of identifying opti-
mal strategies for maintaining healthy cartilage
or growing new cartilage for implantation. To
this end, we have been systematically developing
a fully coupled model of cartilage biosynthesis.
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This model includes: IGF-I reactive-advective-
diffusive transport, competitive binding of IGF-I
to two functional groups of IGFBPs, binding to
a single group of cell surface receptors, receptor-
IGF-I endocytosis, receptor recycling, IGF-I in-
duced proteoglycan (aggrecan) biosynthesis, in-
terstitial fluid flow-induced proteoglycan biosyn-
thesis, basal proteoglycan biosynthesis, and pro-
teoglycan hindered reactive-advective-diffusional
transport and degradation. The reactive-transport
model described is formulated within a fully cou-
pled poro-eleastic model of cartilage that includes
compression-tension nonlinearity.

Approximately 25% of the wet weight of articular
cartilage is composed of proteoglycans. Aggre-
can monomers are the predominant proteoglycan
constituents in the ECM; they are relatively large
molecules (3.5×106 Da), with a central protein
core containing up to ∼100 chondroitin sulfate
GAG chains [1]. These negatively charged GAGs
generate an osmotic (or disjoining) swelling pres-
sure through the presence of counterions, and this
GAG concentration contributes substantially to
the compressive stiffness of cartilage [2].

Most proteoglycans (around 60–80%) within the
interterritorial matrix are believed to be in sta-
ble forms (i.e., effectively immobilized within the
ECM). Newly synthesized aggrecan monomers,
continually secreted by the chondrocytes, are mo-
bile until the majority become bound to hyaluro-
nan in the form of supramolecular aggregates;
other newly synthesized aggrecan monomers may
be lost from the tissue by diffusion. Finally, un-
der normal turnover conditions, a small popula-
tion of newly synthesized and/or pre-existing ag-
grecan are degraded, predominantly by one of the
aggrecanases [1]. These aggrecan molecules are
soluble and mobile in interstitial fluid, and may
be transported through the ECM [3-5]. Indeed,
the newly synthesized aggrecans need to be trans-
ported away from chondrocytes after secretion
and ultimately incorporated into the tissue matrix,
while degraded aggrecans may find their way out
of the cartilage ECM and into the synovial fluid.

DiMicco et al [6] theoretically studied the steady-
state metabolism and transport of the cartilage
matrix components using a continuum model.

Most importantly, they modeled the matrix
molecules as three groups–soluble, bound and de-
graded components and investigated the synthe-
sis, binding, and transport behaviour of each com-
ponent, and their interactions. Klein et al [7]
later extended this continuum model to under-
stand the effects of membrane permeability and
perfusion on proteoglycan accumulation in tissue
engineered cartilage. However, as cartilage tissue
survives in an extremely hostile mechanical envi-
ronment, a plausible model should be able to de-
scribe both the mechanical behavior of cartilage
and the important transport mechanisms (e.g., for
IGFs and matrix components (e.g. aggrecan))
[8, 9]. Moreover, the contribution of biochemi-
cal stimuli (e.g., growth factors) and mechanical
stimuli (e.g., interstitial fluid flow) to the biosyn-
thesis of cartilage needs to be included in the
model.

It is known that tissue growth factors (e.g., IGFs)
are important stimuli for cartilage extracellular
matrix (ECM) synthesis and assembly [10]. How-
ever, a great deal of evidence suggests that phys-
iological relevant dynamic loading alone can also
stimulate cartilage synthesis [11]. For example,
recent in-vivo studies using Magnetic Resonance
Imaging technology reported positive effects of
moderate exercise on improving GAG content in
human knee cartilage [12]. However in a care-
fully planned set of experiments Buschmann et al
[13] clearly indicated the role of interstitial fluid
flow in the stimulation of proteoglycan production
in calf cartilage explants, and presented evidence
supporting the hypothesis that dynamic loading
induced biosynthesis depends on a certain thresh-
old of interstitial fluid velocity. In addition, the
mechanical stimulation was shown to be depen-
dent on the frequency of applied load or applied
strain, as well as the duration of the mechanical
stimuli.

The study of matrix protein metabolism in tis-
sue engineered cartilage constructs by Davisson
et al., 2002..[14] found that static compression at
50% strain diminished GAG synthesis by 57%.
In contrast, a dynamic loading compression at
0.1 Hz increased the GAG production by 179%.
Buschman et al [13] also observed a uniform ag-
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grecan synthesis in cartilage explants undergo-
ing unconfined cyclic compression at intermedi-
ate frequency of 0.01 Hz, and most importantly,
the aggrecan biosynthesis was only seen in pe-
ripheral regions at a higher frequency of 0.1 Hz.

Interstitial fluid flow not only induces ECM
biosynthesis, but also can enhance solute trans-
port within the cartilage tissue [11]. For small
solutes with large diffusion coefficient in range
of 2-6×10−6 cm2/s, fluid advective transport does
not significantly affect solute transport. However,
fluid movement may noticeably affect the trans-
port of large solutes with small diffusion coeffi-
cient (e.g., 2×10−7 cm2/s) [15] (i.e. for these
molecules the Peclet number is much higher).
Indeed this was shown to be the case for IGF
molecules [16].

Newly synthesized mobile aggrecans are very
large molecules with very small diffusion coeffi-
cients in the range of 10−10 − 10−9 cm2/s [17],
and so dynamic loading is expected to signifi-
cantly influence their transport. However, as carti-
lage ECM itself contains many large immobilized
or bound molecules, this may decrease the mo-
bility of macromolecules and so limit their trans-
port. For this reason we include hindered ad-
vective transport in the governing transport equa-
tions.

Obviously, cartilage is a complex system involv-
ing different transport characteristics, and a clear
systems level understanding is required. The aim
of this study is to develop an integrated computa-
tional model to investigate the coupled processes
of growth factor and matrix macromolecule trans-
port, as well as IGF-I and mechanical stimuli me-
diated aggrecan biosynthesis behavior within the
cartilage. The model builds upon our previous
publications on fully-coupled mechanical and so-
lute transport processes, growth factors competi-
tive binding to IGFBs and cell surface receptors
[16, 18-20]. In this paper, we extend the model to
include proteoglycan formation and degradation.

The paper first describes the model within the
framework of porous media theory, which in-
cludes our previous reactive-transport modeling
of IGF. The new model, which includes proteo-
glycan formation and degradation, is based on the

findings of three independent experimental stud-
ies [13, 21, 22]. Our aim is to harmonise these
experimental findings, in the sense of obtaining a
unique set of model parameters that explain the
observed system behavior in each of the experi-
mental systems. After validating the model, it is
used in a predictive capacity to demonstrate the
expected response of cartilage to loading and IGF
stimulation. The fundamental objective of this
study is to construct a quantitative model to en-
hance our understanding of cartilage homeostasis,
both in-vivo and in-vitro.

2 Model description

While the detailed mechanisms of cartilage
biosynthesis and degradation behavior are far
from clear at the present time, there is experimen-
tal evidence indicating that growth factors such as
IGF-I and the mechanical loading are key factors
that can regulate matrix biosynthesis. To calculate
the microenvironment that informs these response
mechanisms, we make the following assumptions:

• The IGF binding proteins (IGFBPs) and
chondrocytes are effectively immobilized in
the tissue ECM. IGFs may bind to cell sur-
face receptors (R1) and IGFBPs simultane-
ously.

• Forming the IGF-I/R1 complex (R1I) initi-
ates an intercellular signaling cascade which
ultimately leads to the production of carti-
lage ECM constituents (e.g. aggrecan and its
constituent GAG chains). IGF-I may also be
internalized during the process [23].

• The major function of IGFBPs is to sequester
IGFs, but it is the ‘free’ IGF that is the func-
tionally active form. IGFBPs can be clas-
sified into two functional groupings [19].
The first grouping has approximately simi-
lar binding affinity to both IGF-I and -II (i.e.
IGFBPs 1-5), whereas the second group has
significantly higher binding preference for
IGF-II compared to IGF-I (i.e. IGFBP-6).

• As experiments have demonstrated that
chondrocytes synthesize little or no IGF-I
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under explant culture conditions [10], it is
reasonable to assume the majority of IGF-I
in cartilage is supplied from synovial fluid.

• In the framework of porous media theory, ar-
ticular cartilage is modeled as a three phase
mixture, namely, a solute phase that includes
mobile IGF-I and aggrecan molecules, a
fluid phase representing interstitial fluid,
and a solid phase representing immobilized
ECM.

2.1 IGF-I transport

The reversible reaction involving IGF-I, receptors
and IGFBPs can be described by:

IGF-I + IGFBP
k+1↔
k−1

Complex (2.1)

IGF-I +R1
k+2↔
k−2

R1I
k0→R1 (2.2)

Using the law of mass action [20], equations (2.1)
and (2.2) can be included in the reactive-transport
equations for IGF-I and IGFBPs as follows,

dc f
I

dt
= −∇ ·

(
−DI∇c f

I +v f c f
I

)
−k+1c f

I cBP

+k−1cb
I −k+2c f

I cR1 +k−2cR1I (2.3a)

dcb
I

dt
= −∇ ·

(
vscb

I

)
+k+1c f

I cBP −k−1cb
I (2.3b)

dcBP

dt
= −k+1c f

I cBP +k−1cb
I (2.3c)

dcR1

dt
= −k+2c f

I cR1 +(k−2 +k0)cR1I (2.3d)

dcR1I

dt
= k+2c f

I cR1 − (k−2 +k0)cR1I (2.3e)

where c f
I , cBP, cb

I , cR1 and cR1I are volume based
IGF-I, IGFBP, IGF-I/IGFBP complex, receptor
and IGF-I/receptor complex concentrations re-
spectively. DI is the diffusion coefficient of IGF-I,
k+1, k−1, k+2, k−2 and k0 the reaction rate con-
stants that have been estimated from published
experimental studies (see Table 1), while v f and
vs are the fluid and solid phase velocities respec-
tively.

2.2 Aggrecan transport

After being secreted, newly synthesized aggrecan
molecules are initially mobile and move into the
surrounding matrix, where they become bound to
hyaluronan as proteoglycan aggregates and so be-
come much less mobile. (In this paper, we as-
sume that they effectively become immobile when
incorporated into the ECM as aggregates). Sim-
ilarly, other secreted matrix molecules can be-
come assembled within the ECM; however, we
focus in this study on aggrecan. Aggrecan (and
other ECM macromolecules) can eventually be
degraded; when degraded, they become mobile
again, and are potentially released from matrix
[6] finding their way into the synovial fluid. The
total matrix aggrecan concentration in cartilage
(ca) is the sum of chondrocyte-derived mobile
component transported in fluid phase (c f

a); ‘im-
mobilized’ proteoglycan component effectively
‘bound’ within ECM (cb

a), and finally the mobile
component degraded from the ECM structure (cd

a)
(which may escape from the cartilage altogether).
So the total aggrecan concentration is given by,

ca = c f
a +cb

a +cd
a (2.4)

The transport equation of each component is rep-
resented as:

dc f
a

dt
+∇ · (−KdDa∇c f

a +Kav f c f
a

)
= sp − sbc f

a

(2.5)

dcb
a

dt
= sbc f

a − sdcb
a (2.6)

dcd
a

∂ t
+∇ ·

(
−KdDa∇cd

a +Kav f cd
a

)
= sdcb

a (2.7)

where Da is diffusion coefficient of free aggre-
can. Kd is a dimensionless tortuosity coefficient,
and Ka a dimensionless hindrance coefficient. The
values of Kd and Ka depend on molecular size and
shape of the molecule being transported through
the ECM. sb and sd are aggrecan binding and
degradation rate respectively, which are obtained
from experimental studies [6, 7].
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Table 1: Material parameters used throughout this study.

Parameter Value Ref
Radius of cartilage disc (r0) 1.5 mm [21]
Hydraulic permeability (κr) 2×10−15 m4/Ns [33]
Diffusion coefficient of IGF-I (DI) (3-6)×10−12 m2/s [34]
Diffusion coefficient of aggrecan 10−9-10−10 m2/s [6]
Fluid phase volumetric fraction (φ f ) 0.8 [21, 33]
Dissociation constant for IGF-I and IGFBPs 1-5 4.8 nM [19]
IGFBPs concentration (cBP0) 30-150 nM [35]
Associate rate constant for IGF-I and receptors
(k+2)

(0.2−0.5)k+1 [36]

Dissociate rate constant for IGF-I and receptors
(k−2)

k−2/k+2 = (0.5−2.5)×10−6 M/m3 [36]

Receptor internalization rate (k0) (0.5−3)k−2 [36]
Aggrecan binding rate (sb) 1.2×10−5 s−1 [7]
Aggrecan degradation rate (sd) 3.7×10−7 s−1 [7]
Basal synthesis rate of bovine cartilage (sp0) 1.9×10−8 g/cm3 · s [6]
Total aggrecan concentration in normal bovine
cartilage (ca0)

(10-50) mg/ml [30, 31]

Maximum cartilage aggrecan concentration
(ca max)

5% – 5.7% wet weight [26]

Total receptor concentration (cRT ) 0.6 nM [36]
Tensile aggregate modulus (H+A) 13.2 MPa [27]
Compressive Possion ratio (υ) ≤ 0.045 [27]

2.3 Aggrecan biosynthesis

Consistent with experimental observations, the
aggrecan production rate sp is here taken to be the
sum of the basal production rate sp0 [7], IGF-I me-
diated production rate spI , and mechanical stimuli
induced production rate spm. That is

sp = sp0 + spI + spm (2.8)

The production rates spI and spm can be defined by
so-called “Hill functions”, which are commonly
employed in the physiology [24]. Our previous
study [20] suggested spI depends on the number
of IGF-I ligands bound to chondrocyte receptors
(i.e. cR1I). It is also limited by the maximum
aggrecan concentration (i.e. ca max) possible in
the cartilage tissue [25]. The cellular response to
mechanical stimuli has been reported to exhibit
a threshold behaviour, with production triggered
when the interstitial fluid Darcy’s velocity (vd)
reaching a certain threshold (v0) [13]. No appar-
ent dose dependence of aggrecan production on

fluid velocity was observed experimentally [13].
Based on these observations, the aggrecan pro-
duction rate is here taken to be,

Chemical stimuli

spI =
(

β cn
R1I

Kn +cn
R1I

)(
1− c f

a +cb
a

ca max

)
(2.9)

Mechanical stimuli

spm =

⎧⎨
⎩λ

(
1− c f

a+cb
a

camax

)
, (|vd| ≥ v0)

0, (|vd| < v0)
(2.10)

vd = φ f (v f −vs)= −κ∇p (2.11)

where parameter K is the ‘activation coefficient’,
n defines the steepness of the Hill function, β
is the IGF-I mediated maximum production rate,
λ mechanical mediated production rate, φ f vol-
ume fraction of fluid phase, vd the Darcy velocity,
κ the permeability tensor, p the interstitial fluid
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pressure, and ca max the maximum aggrecan con-
centration possible in the tissue [26]. The me-
chanical quantities, such as v f , vs and p can be
estimated using methods as described in our pre-
vious published studies and so are not elaborated
further here [16, 18].

3 Unconfined dynamic compression

Consistent with experimental protocols employed
for studying the biosynthetic response of cartilage
explants to IGF-I or mechanical stimuli [13, 21],
the model geometry considered here describes un-
confined compression of a tissue explant. Conse-
quently the governing equations are presented in
cylindrical coordinates, viz,

(i) Equations describing IGF-I transport and in-
teraction with IGFBPs and receptors

φ f ∂c f
I

∂ t
−φ f DI

(
∂ 2c f

I

∂ r2 +
1
r

∂c f
I

∂ r

)

+
(

φ f vr −κr
∂ p
∂ r

)
∂c f

I

∂ r

=−k+1φ f (1−φ f )c f
I cBP +k−1

(
1−φ f )cb

I

−k+2φ f (1−φ f )c f
I cR1 +k−2

(
1−φ f )cR1I

(3.1)

∂cb
I

∂ t
+vr

∂cb
I

∂ r
= k+1φ f c f

I cBP −k−1cb
I (3.2)

dcBP

dt
= −k+1φ f c f

I cBP +k−1cb
I (3.3)

dcR1

dt
= −k+2φ f c f

I cR1 +(k−2 +k0)cR1I

(3.4)

dcR1I

dt
= k+2φ f c f

I cR1 − (k−2 +k0)cR1I (3.5)

(ii) Equations describing aggrecan molecule
transport, production, binding and degrada-

tion

φ f ∂c f
a

∂ t
−φ f KdDa

(
∂ 2c f

a

∂ r2 +
1
r

∂c f
a

∂ r

)

+Ka

(
φ f v−r κr

∂ p
∂ r

)
∂c f

a

∂ r

=
(

sp0 +
β cn

R1I

Kn +cn
R1I

+λ
)

[
1− φ f c f

a +(1−φ f )cb
a

ca max

]
− sbφ f c f

a

(3.6)

(
1−φ f ) ∂cb

a

∂ t
= sbφ f c f

a − sd
(
1−φ f )cb

a

(3.7)

φ f ∂cd
a

∂ t
−φ f KdDa

(
∂ 2cd

a

∂ r2 +
1
r

∂cd
a

∂ r

)

+Ka

(
φ f vr −κr

∂ p
∂ r

)
∂cd

a

∂ r
= sd

(
1−φ f )cb

a

(3.8)

(iii) Equations describing the mechanical behav-
ior of cartilage

vr

r
+

∂vr

∂ r
+

∂εz

∂ t
−κr

(
∂ 2 p
∂ r2 +

1
r

∂ p
∂ r

)
= 0

(3.9)

−∂ p
∂ r

+H+A

(
−ur

r2 +
1
r

∂ur

∂ r
+

∂ 2ur

∂ r2

)
= 0

(3.10)

where εz = (∂uz/∂ z) is the applied time-
dependent axial strain and vr = (∂ur/∂ t) is
the radial component of the solid phase ve-
locity. It has been found that cartilage has
different mechanical properties under ten-
sion and compression, and so this is in-
cluded in the model [27]. Equation (3.10)
is obtained from the Conewise Linear Elas-
ticity model with cubic symmetry. H+A is
the tensile aggregate modulus [27].
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The applied strain is in the axial direction and is a
sinusoid, i.e.

εz = −ε0

2
[1−cos(2π f t)] (3.11)

where ε0 is the peak-to-peak strain amplitude and
f is the loading frequency.

3.1 Boundary and initial conditions

To close the set of partial differential equations
described above, boundary conditions and initial
conditions are required. At the outer edge of the
cartilage (i.e. r = r0) the following boundary con-
ditions apply:

(i) For fluid pressure and solid phase displace-
ment:

p(r0, t) = 0,

∂ur (r0, t)
∂ r

= − υ
1−υ

[
ur (r0, t)

r0
+εz

]
(3.12a)

(ii) For IGF-I:

c f
I (r0, t) = cI0 (3.12b)

(iii) For aggrecan:

c f
a (r0, t) = 0, cd

a (r0, t) = 0 (3.12c)

At the centre of the cartilage (i.e. r = 0), the fol-
lowing boundary conditions apply:

(i) Fluid pressure and solid phase displace-
ment:

ur (0, t) = 0,
∂ p(0, t)

∂ r
= 0 (3.13a)

(ii) For IGF-I:

∂c f
I (0, t)
∂ r

= 0,
∂cb

I (0, t)
∂ r

= 0 (3.13b)

(iii) For aggrecan:

∂c f
a (0, t)
∂ r

= 0,
∂cd

a (0, t)
∂ r

= 0 (3.13c)

where cI0 is the bath solute concentration,
and υ is the compressive Poisson’s ratio.

For the simplicity, the initial conditions are as-
sumed to be constant throughout the tissue.

(i) Fluid pressure and solid phase displace-
ment:

ur (r,0) = 0, p(r,0) = 0 (3.14a)

(ii) For IGF-I:

c f
I (r,0) = 0, cb

I (r,0) = cb0 (3.14b)

(iii) For aggrecan:

c f
a (r,0) = 0, cb

a (r,0) = ca0, cd
a (r,0) = 0

(3.14c)

where cb0 is initial IGFBP concentration,
and ca0 the volume-based initial total aggre-
can concentration. The model was solved
numerically, using the commercial finite el-
ement software package COMSOL [28].
The applied strain deformation is repre-
sented through time discretization. At each
time step, the mechanical quantities, like
solid phase displacement and velocity are
calculated, and these quantities are then
used to describe the transport behavior of
IGF-I and mobile aggrecan molecules. A
one-dimensional domain in the radial direc-
tion represented by 150 quadratic Galerkin
elements was used for all calculations, and
relatively small tolerances (relative toler-
ance 10−8, absolute 10−9) were employed
for all calculations. The FEM discretiza-
tion of the time-dependent PDE problem is
solved using an implicit solver of COM-
SOL.

4 Model validation

4.1 Parameter estimation for aggrecan pro-
duction

Most of the transport and mechanical quantities
are relatively well characterised based on previ-
ous studies. Table 1 lists the range of parameters
used in this study, which are based on the previous
estimates of these parameters.
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In this study, we wish to extend our model
to include the behaviour of aggrecan molecules
and their associated GAG chains. This presents
a number of challenges in estimating suitable
model parameters. It is known that the diffusiv-
ity of mobile aggrecan is in the range of 10−9

to 10−10 cm2/s [6], however there is no informa-
tion on aggrecans for the estimation of parameters
representing hindered transported through ECM.
Due to the unavailability of experimental infor-
mation, Ka is first estimated from a study by Ed-
wards et al [29] on hindered transport of macro-
molecules. The influence of this parameter on
matrix macromolecule transport is further inves-
tigated by means of a parametric study described
later in this paper.

Further challenges present themselves. Matrix
formation and degradation are complex processes,
and there is no absolute quantitative measurement
of these rates in cartilage for any species to date.
However, there have been numerous attempts to
quantify aggrecan turnover. Some relevant infor-
mation required for the model estimates can be
obtained from the study of DiMicco et al [6] on
tissued-engineered cartilage. They estimated the
formation rate sb from the half-time (4-24 hours)
of the conversion of new synthesized low affinity
aggrecan to high affinity aggrecan suitable for at-
tachment to hyaluronan. The degradation rate of
aggrecan sd was calculated from the half-life (21
days) for the turnover in normal bovine cartilage
explants. However, it is important to note that the
values of sb and sd will undoubtedly vary from
in-vitro to in-vivo and from species to species, as
well as the stage of development of the individual
animal. Thus, the parameter values of sb and sd

adopted in this study based on the work of DiM-
icco can only be treated as a first estimate.

The greatest parameter uncertainty relates to ag-
grecan formation. However there are three inde-
pendent studies on aggrecan synthesis performed
on one to two week old calf cartilage explants,
and we base our model developments on these
studies [13, 21, 22]. Because these three stud-
ies were all done using bovine cartilage explants
at the same stage of development, our challenge
here is to find a single set of parameters that are

consistent with the aggrecan biosynthesis behav-
ior observed in all three independent experimen-
tal studies [13, 21, 22]. Parameters in Equations
(2.9) and (2.10) related to aggrecan synthesis that
need to be estimated include the coefficient n, the
activation coefficient K, the IGF-I mediated max-
imum production rate β , and mechanical stimuli
mediated production rate λ , as well as estimating
the initial aggrecan concentration ca0. A major
outcome of this paper is achieving this goal.

4.2 Estimating aggrecan production in bovine
cartilage explants

In the three independent experimental studies on
aggrecan production [13, 21, 22], cylindrical car-
tilage explants (3mm in diameter and 1mm thick)
from the femoropatellar groove of 1- to 2- week-
old calves were tested. Buschmann et al. (1999)
[13] studied the spatially distribution of biosythe-
sis in the cartilage explants in response to cyclic
mechanical loading at frequencies of 0.01 – 0.1
Hz at displacement of amplitude of 50 μm for
23 hours. The rate of aggrecan synthesis was
assessed by measuring the 35S-sulfate incorpora-
tion during the last 8 hours. Later Bonassar et
al. (2000) [21] and Jin et al.(2003) [22] investi-
gated the aggrecan synthesis when cartilage ex-
plants were exposed to a range of IGF-I concen-
trations under conditions of free diffusion. The
35S-sulfate incorporation was also used to assess
the effect of IGF-I on aggrecan synthesis.

Buschmann et al [13] reported that there is a cor-
relation between dynamic loads induced local in-
terstitial fluid velocities and matrix synthesis in
cartilage. Buschmann et al. postulated that the
stimulatory effect occurs in the regions where
fluid velocity exceeds a certain threshold veloc-
ity, that is, v0= 0.25μm/s [13]. However, one can-
not discount the possibility that cell deformation
is also important. Hence in Figure 1a-c show typ-
ical variation in Darcy’s velocity profile through
a single loading cycle under various loading con-
ditions and in Figure 2 we show the radial strain
profiles in a cartilage disk under similar dynamic
loading. The numerical results in Figure 1 and
Figure 2 do not support the hypothesis that in-
creasing strain levels in solid matrix stimulate ag-
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Figure 1: Darcy’s velocity as a function of radial distance from centre of the cartilage for a number of time
steps throughout a single loading cycle. (a) 0.1 Hz @ 10% strain, (b) 0.01 Hz @ 10% strain, (c) 0.001 Hz
@ 10% strain. The aggrecan synthesis is stimulated when Darcy’s velocity ≥ v0 (i.e. 0.25 μm/s [13]).
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Figure 2: Radial strain as a function of radial distance from centre of the cartilage for a number of time steps
throughout a single loading cycle. (a) 0.1 Hz@10% strain, (b) 0.01 Hz@10% strain.

grecan synthesis as strain profiles are predicted
to decrease toward peripheral regions where ma-
trix synthesis increases (Buschmann et al [13]).
Hence, the numerical results of Darcy velocity
profiles are employed to predict the aggrecan pro-
duction at a first estimate.

We can see that numerical results based on Equa-
tions (2.10) and (2.11) fit well with the experi-
mental data at the frequencies of 0.01 Hz (Fig-
ure 3a) and 0.1 Hz (Figure 3b) respectively when
mechanical stimuli mediated production rate λ ≈
1 × 10−5 mg/ml·s and ca0 ≈ 16 mg/ml. It can
be seen from Figure 3 that mechanical loading

stimulates aggrecan biosynthesis in a frequency
and spatially dependent manner. Although a load-
ing regime of high frequency 0.1 Hz results in
the greatest fluid velocity, the mechanical stim-
ulation is localized to the periphery domain. For
the intermediate frequency of 0.01 Hz, the region
experiencing mechanical stimulation extends into
the inner region of the domain, whereas a low
frequency at 0.001 Hz there was no stimulatory
effect. The current study underlines the impor-
tance of the optimal selection of dynamic load-
ing regimes to stimulate matrix synthesis in carti-
lage, which has obvious application in tissue engi-
neering, and possibly in clinical rehabilitation of
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Figure 3: Fitting of the numerical predictions to the experimental data from Buschmann et al [13]. Spatially
dependent synthetic rate of aggrecan in dynamically compressed cartilage disk is normalized to the control
mean. (a) 0.01 Hz, (b) 0.1 Hz.

joints.

The parameters in the numerical model may be
adjusted to fit the measured aggrecan synthesis
data from Bonassar et al [21] and Jin et al [22]
when cartilage explants were exposed to a range
of IGF-I concentrations. As the concentration
of free, bound and degraded aggrecan is gener-
ally non-uniform in the radial direction, it is use-
ful to define the normalized average concentration
of each aggrecan component using the following

equations: Free aggrecan:

c f
aavg =

1
ca0

(∫ r0
0 2πrcf

adr∫ r0
0 2πrdr

)
(4.1a)

Bound aggrecan:

cb
aavg =

1
ca0

(∫ r0
0 2πrcb

adr∫ r0
0 2πrdr

)
(4.1b)

Degraded aggrecan:

cd
aavg =

1
ca0

(∫ r0
0 2πrcd

adr∫ r0
0 2πrdr

)
(4.1c)
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Figure 5: Fitting of the numerical predictions to the IGF-I dose-response experimental studies from Jin et al
[22].

Remarkably, with suitable parameter choice the
numerical model is able reproduce the trends in
the measured biosynthesis data from both exper-
iments. The parameters employed in the model
were taken to be ca0 ≈ 16 mg/ml,n ≈ 3, K ≈ 30%
total receptor concentration, and β ≈ 3.8×10−5

mg/ml·s (Figure 4 and Figure 5). The estimate of
ca0 is consistent with previous experimental stud-
ies showing the aggrecan content of bovine carti-
lage ranges from 10 – 50 mg/ml [30, 31]. Further-
more, Figure 4 shows that there is a threshold of

IGF-I concentration (at around 10 nM), at which
a significant increase of aggrecan production is
triggered, but the effects of IGF-I on biosynthesis
reaches a plateau when IGF-I concentration >100
ng/ml.

While this model parameters estimation based on
available data is very encouraging, given the lim-
ited experimental information to date, the model
clearly needs to be further validated against future
experimental datasets, including studies consider-
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Figure 6: Effect of IGF-I on time dependent free, bound and degraded aggrecan concentration profiles under
free diffusion. (a) Free aggrecan; (b) Bound aggrecan; (c) Degraded aggrecan.
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ing the combined effect of IGF-I and mechanical
loading. Nevertheless, the model proposed here
provides a useful start in modeling aggrecan pro-
duction and removal, and allows quantitative pre-
dictions to be made and explored. The follow-
ing sections detail some predictions made by the
model.

5 Theoretical prediction of aggrecan synthe-
sis in cartilage

5.1 Free diffusion

The validated computational model is now em-
ployed to predict the time dependent aggrecan
concentration, with or without the treatment of
300 ng/ml IGF-I. It can be seen from Figure 6
that IGF-I increases steady-state free aggrecan by
17%, bound aggrecan by 16% and degraded ag-
grecan by 10% in comparison to the basal con-
dition (no treatment of IGF-I). In addition, in
the absence of IGF-I, free aggrecan concentra-
tion reaches its steady-state at around 5 days (Fig-
ure 6a), whereas bound and degraded aggrecan
concentrations take much longer time to reach
their steady-state (around 11 months) (Figure 6b-
c). However, when the influence of 300 ng/ml
IGF-I is included, it is observed that free aggre-
can concentration increases very significantly at
early time, reaching its peak at around 2∼3 days,
and then gradually decreases to its steady-state at
around 2 months (Figure 6a). One explanation for
these findings is that it takes a relatively short time
for the IGF-I to diffuse into cartilage tissue, with
its stimulation effect on biosynthesis reaching its
maximal level when IGF-I fully saturates the car-
tilage disk on a timescale of days. The increase in
free aggrecan then stimulates proteoglycan on a
longer timescale, the increased proteoglycan con-
centration leads to increased degradation. IGF-I
was seen to reduce the time for bound and de-
graded aggrecan to reach their equilibrium (Fig-
ure 6b-c). Although it would be very difficult to
test a hypothesis based on the need for such long
term culture experiments to test and compare to
the predictions of Figure 6, it is interesting and
potentially important to note the wide range of
time scales that can result from the combination

of loading and growth factor stimulation, and the
fact that certain pathways may, indeed, involve
longer duration processes than others.

5.2 Free diffusion with cyclic deformation

Chondrocytes can sense various signals rang-
ing from biochemical information transmitted by
growth factors and cytokines to physical stim-
uli (like matrix deformation and interstitial fluid
flow). Throughout life, chondrocytes respond
to these signals by producing appropriate matrix
proteins that assemble in the extracellular envi-
ronment to maintain the normal function of tissue
in order to withstand external mechanical forces.
Figure 7 investigates the individual as well as the
combined effect of IGF-I and mechanical stim-
ulation on time dependent synthesis of aggrecan
within the cartilage. It can be seen from Fig-
ure 7a that IGF-I alone at 300 ng/ml stimulates
free aggrecan synthesis by around 100% in com-
parison to basal condition (i.e. 0 ng/ml IGF-I,
no loading), mechanical loading alone at 0.01 Hz
and 10% strain amplitude increases free aggre-
can concentration by around 20%, but when ap-
plied together, the degree of aggrecan stimulation
is greater than that achieved by either IGF-I or
mechanical loading alone (at around 120%). Fig-
ure 7b shows the effects of IGF-I and mechanical
loading on bound aggrecan concentration. Dur-
ing the first 20 hours, IGF-I, mechanical load-
ing and the combination of the two stimuli lead
to a slight increase of bound aggrecan concentra-
tion at around 2.3%, 0.7% and 3.0% compared to
the basal condition respectively. The implication
of this numerical outcome is that during a short
time scale (e.g., 20 hours), only a small fraction
of newly synthesized aggrecan molecules are able
to effectively be immobilized within the ECM be-
cause the actual accumulation process normally
take much longer time (e.g. in months as shown
in Figure 6b). As for the degraded aggrecan, its
concentration shows little difference in the pres-
ence of either IGF-I or mechanical loading due
to the relative stability of bound aggrecan and the
short time scale considered here (Figure 7c).

In order to understand the spatial biosynthesis be-
havior under IGF-I and mechanical loading, the
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concentration profiles. The numerical predictions are normalized to initial total aggrecan concentration (ca0
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model was employed to estimate the spatial ag-
grecan concentration profiles, which are not eas-
ily observed experimentally. The cartilage is sub-
jected to 300 mg/ml IGF-I, 0.01 Hz @10% strain
for 20 hours, and the corresponding results are
shown in Figure 8. It can be observed from Figure
8a-b that in comparison to mechanical stimula-
tion, IGF-I induced biosynthesis is more obvious
and seen throughout the entire cartilage disk, al-
though the greatest stimulation was seen near the
periphery where there is a relatively higher IGF-I
concentration. Again for the degraded aggrecan,
there is little observed effect during the first 20
hours.

5.3 Parametric study

Due to limited experimental information on likely
tortutosities of the ECM relating to diffusion,
and hinderance by the ECM relating to advec-
tive transport, a parametric study was carried out
to investigate the relationships between the car-
tilage biosynthesis behavior, matrix distribution
and matrix aggrecan transport coefficients. Figure
9a compares IGF-I mediated biosynthesis with Kd

= 0.1 or 1.0. Results show thatKd = 0.1 reduces
free aggrecan diffusion into the centre of the car-
tilage from the periphery, and leads to a signif-
icant increase of free aggrecan concentration at
the periphery. When hindered transport of free
aggrecan was considered, a similar phenomenon
was also observed (in Figure 9b-c). The results
indicate in both cases that reduced transport, ei-
ther by reduced diffusion or reduced effectiveness
of advective transport, leaves the aggrecan macro-
molecules close to where they were produced.

The aim of tissue engineering research is to de-
velop a viable replacement for damaged tissue.
Optimal selection of initial cell density is essen-
tial for the successful in vitro cultivation of large
tissue constructs [32]. Figure 10 predicts the spa-
tially dependent normalized free aggrecan con-
centration at total chondrocyte receptor concen-
trations 0.6 nM and 6nM respectively after 15
hour treatment of IGF-I (300 ng/ml) in combi-
nation of dynamic compression (10% strain @
0.01 Hz). It can be seen that at early times
(e.g., the first 5 hours), there is little difference in

the spatially dependent aggrecan production be-
tween these two concentrations (i.e., 0.6 nM and 6
nM). However, with increased time, much greater
biosynthesis is seen in the interior region of car-
tilage at low receptor concentration (i.e., 0.6 nM)
compared to that at high receptor concentration
(i.e., 6 nM). This observation may be explained by
the likelihood that most of the IGF-I binds to cell
receptors at the periphery of the cartilage disks
when receptor concentration is high, so at low
concentrations of IGF-I and high receptor den-
sity, there is little chance that IGF-I will reach the
interior of the tissue. We envisage that this ap-
proach may be useful in identifying optimal cell
density distributions for efficient protein synthesis
and more uniform cartilage development in tissue
engineered constructs.

6 Conclusion

In this paper, we developed a quantitative model
to describe the coupled processes of growth fac-
tor and matrix molecule transport, interstitial
flow (induced by the mechanical deformation of
the cartilage), to better understand homeostasis
within cartilage. The model builds on our pre-
vious publications by incorporating proteoglycan
biosynthesis and degradation in the model. The
proposed model was validated using a series of
experimental data. The greatest parameter uncer-
tainties in the model were those relating to ag-
grecan biosynthesis. However there are three in-
dependent studies on aggrecan-GAG production
performed on 1-2 week old bovine calf cartilage
explants that were the basis of our model devel-
opment [13, 21, 22]. A key challenge was to
find a single set of parameters that are consistent
with the aggrecan biosynthesis behavior observed
in all three independent experimental studies [13,
21, 22]. Parameters in Equations (2.9) and (2.10)
that needed to be estimated include the coefficient
n, the activation coefficient K, the IGF-I medi-
ated maximum production rate β , and mechani-
cal stimuli mediated production rate λ , as well as
estimating the initial aggrecan concentration cg0.
A major outcome of this paper was identifying a
single consistent set of parameters for aggrecan
production in juvenile bovine cartilage subject to
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Figure 9: Comparison of free aggrecan concentration as a function of radial distance from centre of the
cartilage under various dimensionless tortuosity and hindrance coefficients. The numerical predictions are
normalized to initial total aggrecan concentration (ca0 = 16 mg/ml). (a) Free diffusion of 300 ng/ml IGF-I;
(b) Dynamic compression at 10% strain @ 0.01 Hz; (c) The combination of IGF-I and dynamic compression.
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Figure 10: Comparison of free aggrecan concentration as a function of radial distance from centre of the
cartilage at various total receptor concentrations. The numerical predictions are normalized to initial total
aggrecan concentration (ca0 = 16 mg/ml).

chemical and mechanical stimulation.

Based on the model, quantitative predictions were
made as to how cartilage would respond to chem-
ical and mechanical stimulation. While further
validation of the model against future experimen-
tal datasets (e.g. involving humans) is obviously
necessary, the model proposed nevertheless pro-
vides a useful starting point for understanding car-
tilage homeostasis, and may be useful in explain-
ing the behaviour of tissue constructs and ulti-
mately disease and repair processes.
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