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Chapter 1

Introduction

As a result of osteoporosis, osteoarthritis, rheumatoid arthritis or severe trauma
from a shoulder fracture, it is possible that the shoulder joint dysfunctions.
The cartilage is thinner than it is supposed to be or the bones are too weak.
As a result the bones rub together causing pain, swelling and/or loss of motion
of the joint.

To improve the movement of the joint and to relief the pain, a prosthesis to
replace the glenoid of the shoulder joint is an option.

The shoulder is a ball-and socket joint, which means that the end of one
bone has a ball-like surface which is surrounded by a concave socket (the end
of the other bone). The range of motion of the joint is determined by the rate
of coverage of the ball by the socket, see figure 1.1.

Glenoid

Figure 1.1: The shoulder joint is a ball-and-socket joint [1]

The glenoid is the cavity of the scapula (shoulder blade) in which the upper
arm fits.
The prosthesis, often made of stainless steal combined with polyethylene, re-



places this glenoid cavity and is made of porous material at the bone side. This
way bone can grow into the prosthesis, which leads to a fusion of bone and
prosthesis.

However, it is possible that no bone ingrowth will occur at all, if the mechanical
stress is too low. For this reason it is important to know what the stress distribu-
tion should be and what material is best to be used for the prosthesis, to make
sure the bone ingrowth is optimal. The model to simulate the bone ingrowth
consists of two parts: one part relating to the biophysical stimuli and the other
part relating to the tissue differentiation. In this report the tissue differentia-
tion will be discussed by using two different models. Chapter 2 explains the cell
differentiation process, which is similar to the process of secondary healing of a
bone fracture.

Several models describing this process will be discussed. For two models the
differential equations will be given and boundary conditions will be derived.
The models can be solved using numerical methods. These methods and the
discretisation of the differential equations of the model of Prendergast will be
given in chapter 3. This will be implemented in MATLAB to get a solution.

In chapter 4 the results will be given and also a sensitivity analysis will be
shown. In chapter 5 some conclusions will be drawn and the future goals for
this project are given in chapter 6.



Chapter 2

Models

The cell differentiation during bone ingrowth in an artificial shoulder is actually
the same process as the cell differentiation during a secondary fracture healing.
Fracture healing begins as undifferentiated mesenchymal cells migrate from
the periosteum and the surroundings (like muscles). They produce initial con-
nective tissue around the fracture side, forming an initial stabilizing callus
[Bailon-Plaza, A. and M. C. H Van der Meulen(2001)]. This callus depends on
the size of the fracture gap and the mechanical stability.

Healing processes can be divided into two groups: primary healing and secondary
healing. Primary healing takes place when the fracture size is very small and
stable. The bone fragments get reattached by direct bone remodelling, forming
a very small or no callus.

In most cases fractures heal by secondary healing. This happens when the frac-
ture size is relatively big or unstable. Secondary healing can be divided into
four stages: Inflammation, callus differentiation, ossification and remodelling,
see figure 2.1.

normal bone 2 e i = + healed fracture

haematoma .cartitnuus bony callus and : re-modelling
and granulation callus cartilaginous
periosteum tissue remnants

callus

Figure 2.1: The different stages during the process of bone fracture healing [2]
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During the inflammation stage blood cells, coming from the ruptured blood
vessels, form a fibrin matrix. Mesenchymal cells originate from the broken pe-
riosteum and replace the fibrin matrix to form the external callus.

Depending on the mechanical and biological environment the mesenchymal
cells differentiate into fibroblast (cells forming fibrous tissue), chondrocytes
(cartilage-forming cells) or osteoblast (bone-forming cells). During callus diffe-
rentiation mesenchymal cells along the bone side differentiate into osteoblasts,
which begin to actively synthesize intra-membranous woven bone. In the interior
of the callus mesenchymal cells differentiate into chondrocytes, while mesenchy-
mal cells that reach the fracture gap will differentiate into fibroblasts. During
healing the intra-membranous ossification front advances towards the center of
the callus and the chondrous callus grows due mesenchymal cell differentiation
into chondrocytes and chondrocytic proliferation. As time goes on ossification
of the cartilage callus starts, called endochondral ossification.

During endochondral ossification chondrocytes undergo apoptosis and will be
replaced with osteoblasts. This process continues until all the cartilage is re-
placed with bone and the fracture gap is closed.

The last stage of bone remodelling starts when the fracture gap is ossified and
ends with the restoration of the original form of the bone. This last stage has
not been studies in the models presented here.

2.1 Model of Prendergast

The first model to be dealt with is the model of Prendergast. This models de-
scribes the behavior of the mesenchymal cells, the fibroblasts, the chondrocytes
and the osteoblasts and also the matrix production caused by these various cell
types[Andreykiv, A (2006)].

Since it is assumed that the mesenchymal cells and the fibroblasts migrate
through the callus they are modelled by means of a diffusion-reaction equation.
The chondrocytes and the osteoblasts are assumed not to migrate, so their
equations do not contain diffusion terms.

For all these cell types there is one term that describes the proliferation of
the cell type and one or more terms to describe the differentiation of the
cells (see figure 2.2). For example the mesenchymal cells can differentiate into
fibroblasts, chondrocytes or osteoblasts, so the equations for the mesenchymal
cells contains three differentiation terms. The matrix densities are influenced
by the production and resorption rates of the various tissues and the cellular
densities of the corresponding tissue. The resorption rates are chosen to be
equal to the production rates.

The following symbols will be used:

C represent the cellular densities, cior = ¢y +cc + ¢y + cy

m; represent the matrix densities, mior = me + mp +my

D;  are the diffusion coefficients (depending on m), for i = m, f
P;  are the proliferations rates

F; are the differentiation rates

Q;  the production rates of the tissue(matrix)

D; are the tissue resorption rates (equal to @), for i = ¢, b
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Figure 2.2: Mesenchymal cells can differentiate into fibroblasts, chondrocytes
or osteoblasts. Fibroblasts can differentiate into chondrocytes and osteoblasts.
Chondrocytes can differentiate into osteoblasts.

Initially the callus is only filled with granulation tissue and all the cell
concentrations are zero. Thus the initial conditions are given by

¢i(z,0) = m;(z,0) = 0.

Mesenchymal cells originate from the periosteum layer and the bone marrow,
hence the mesenchymal cell density at those areas is kept constant at the highest
saturation level, thus

cm|periosteum = Cmax’vt'

The change in the cellular densities can be described by the following partial
differential equations:

ag:‘ = Dy V2 + Po(1 = ciot)em — Fy(1 = cp)em — Fo(l — co)em(2.1)
—Fb(l - Cb)Cm.
aCf 2
W = va cf+ Pf(]. — Ctot)cf —+ Fj(]. — Cf)Cm — FC(]. — CC)Cf (22)
—Fb(l — Cb)Cf.
e,
5 = P.(1 = ciot)ce + Fe(l — o) (em +cp) — Fy(1 — cp)ce, (2.3)
861,
e Pb(l *Ctot)cb‘i’Fb(l 7Cb)(cm+Cf+CC). (24)

ot
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The first terms on the right hand side of (2.1) and (2.2) represent the diffusion
of the mesenchymal cells and the fibroblasts respectively. The second terms
represent the proliferation of the cells. The last three terms of (2.1) express
the differentiation from mesenchymal cells into fibroblasts, chondrocytes and
osteoblasts. These last terms will come back in the equations for the other cell
types.

The third term of (2.2) represents the cells which differentiated from mes-
enchymal cells into fibroblasts. The fourth and fifth term of (2.2) represent the
differentiation of fibroblasts into chondrocytes and osteoblasts.

The equations for cartilage cellular density (2.3) and bone cellular density (2.4)
only contain terms for proliferation and differentiation.

For the change in the matrix densities the following differential equations
are derived:

6mf o

5 = Q1 —myor)ey — (Dyey + Dece)m pmiyor, (2.5)
ome.
5 = Qc(1 —my — me)ce — Dycymemyor, (2.6)
om
Ttb = Qb(l — mb)cb. (27)

The first terms on the right hand side of (2.5), (2.6) and (2.7) express the
production of the tissue. The second terms on the right hand side of (2.5) and
(2.6) represent the resorption of the tissue.

All equations and parameters are non-dimensionalized.

Cell differentiation, proliferation and tissue production are regulated by tissue
shear strain and interstitial fluid velocity, so P, F, @ depend on S. The
following equation holds for S:

YooV
= — 4 — 2.
S=_+7 (2.8)

where 7 represents the maximum shear strain and v the fluid/solid velocity.

2.2 Model due to Bailon-Plaza

Another model to investigate is the model by Bailon-Plaza
[Bailon-Plaza, A. and M. C. H Van der Meulen(2001)]. This model leaves
out the fibroblasts and the fibrous tissue and has extra equations for the growth
factors of bone and cartilage .

Growth factors are proteins that are involved in cell differentiation and
growth [3]. So they influence the differentiation rates from mesenchymal cells
into either osteoblasts or chondrocytes and the endochondral replacement
of the chondrocytes. Unlike the previous model, where the growth factors
themselves are not modelled, here their behavior is described by means of a
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convection-diffusion-reaction equation. So they are assumed to migrate and
they are depending on their corresponding cellular densities and the growth
factor production rates.

For the mesenchymal cells, chondrocytes and osteoblasts and the bone and
cartilage matrix densities the same sort of equations are chosen as in the
previous model.

The non-dimensionalized model looks as follows:

The equations for the change in mesenchymal, cartilage and bone cell densities
are

8;—:” =V - (DVey — Cery, V) + A (1 — amenm) — Fiem — Focm,  (2.9)
Oc,
5 = Acce(l — acee) + Focy, — Fseg, (2.10)
8cb
— :Abcb(l 7Ozbcb)+F10m+Fgccfdbe, (211)

ot

where D and C represent the haptotactic and haptokinetic cell migration speeds.
The proliferation rates are denoted by A,,, A. and Ap, F} is the mesenchymal
differentiation into osteoblasts, F» the mesenchymal differentiation into chon-
drocytes and F3 the endochondral replacement of chondrocytes. The symbol d,
stands for osteoblasts removal and the «a;’s result from non-dimensionalizing the
equations.

The changes in cartilage and bone matrix densities are modelled in the following
way:

83::6 = Prs(l - Hcmc)(cm + Cc) - chmccba (212)
% = Pps(1 — kpmp)cyp, (2.13)

where P.; and Py represent constants of cartilage and bone matrix production
and Q.4 is a constant of matrix degradation.
The growth factor concentrations g. and g, are modelled in the following way:

dg. 0 99

ot = %( gc%) + Egccc - dgcgca (214)
0 0 0
% = %(ng%) + Egpep — dgbg, (2.15)

where Dg. and Dy, are diffusion coefficients, Fy. and Egp are functions relating
growth factor production to growth factor concentration, and dy. and dgp are
constants of decay.

The initial and boundary conditions for the cellular densities and the matrix
densities are given by

_ dem B y
Cm‘periosteum = Cmax> % =0, t
other boundaries



2.2Model due to Bailon-Plaza 10

Cm(la O) =0, CC(Q’ O) =0, Cb(z’ 0) =0.

my(z,0) =0, m(z,0)=0.1.

The initial and boundary conditions for the growth factors are given by

Gi (&, 0) =0,
where i = ¢, b.
For ¢ < tx
99
gc‘f“wtm“@ gap — 20, gb|along pone = 20, ox =0
other boundaries

For ¢t >t

dgi _o,

or

all boundaries

where i = ¢, b.

ti is the time whereafter no growth factors will originate anymore from the
fracture gap and along the bone respectively.

At last the functions are defined by:

D= (1(,§D+hm2)m’ (2.16)

C— (Kkikm)?’ (2.17)

Ay = (Kﬁf%m (2.18)

A, = (K;%m, (2.19)

Ay = (Kg/:%m, (2.20)

F, = (1{1}/741—95)“%7 (2.21)

F5 = (I{:/j_.%)gc, (2.22)

Fy = (5 )2, (223

BS. +m8&"" Hz + gy



2.30ther Models 11

Gycge m
E, = g , 2.24
g (ch+gc Kgc+m3) ( )
Ggv9p
E,=-—%2" . 2.25

where Dh7 Khack7 Kka Am07 Kma AcO; KCa AbOa Kb7 Yla H17 YQ, H27 1f33 H37
Bee, Gyey Hyey, Kge, Gy and Hgy, are constants.
The functions and constants are not regulated by mechanical stimuli.

2.3 Other Models

2.3.1 Model of Ament and Hofer

Another, totally different, model for fracture healing is the model due to Ament
and Hofer [Ament, Ch. and E. P. Hofer (2000)]. It is an algorithm which also
consist of a mechanical stimuli part and a tissue differentiation part, only here
both should be determined during every time step. The three types of tissues
that are involved here: cartilage, bone and fibrous connective tissue. The latter
contains also granulation tissue in this model. It is assumed that each element
is completely composed by these three types of tissue.

For every time step look for each element at the tissue composition and
the dominating part of it, to figure out if it is fibrous tissue, cartilage or bone.
The strain energy density can be determined using the modulus of elasticity
and the Poisson’s ratio. The tissue differentiation is determined by the spatial
change of the bone matrix density. This is called the osteogenic factor. This
will be calculated for every element.

Finally, when both the strain energy density and the osteogenic factor are
determined, one can calculate the tissue differentiation rates per element, which
leads to the new tissue composition.

2.3.2 Model of Adam

The model due to Adam[Adam, J. A. (1999)] examines the conditions under
which wound healing will occur.

A thin layer of bone at the wound edges manufactures growth factors. In 1D
these layers lie at —L/2 <z < —L/2—¢ and L/2 < 2 < L/2+ . The wound
width lies at —L/2 <z < L/2.
Since this problem is symmetric from now on only the domain [0,00) will be
considered. The goal is to find a value for §, so healing will occur.
The fundamental equation for the growth factor concentration is described by
oC 0%C
— =D— - XC+PS 2.26
=D - AC+ PS(a), (2:26)
where D is the diffusion coefficient of the growth factor, A the decay of the
growth factor and P the production rate of the growth factor. These are all
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constants. S(z) is the source term, describing the distribution of the growth
factors, which is chosen to be uniform (so S(z) =1at L/2 <z < L/24 ¢ and
S(z) = 0 elsewhere).

It is assumed that the distribution is independent of time, so W = 0. Fur-
thermore the assumption has been made that the growth factors regulate the
growth of bone. Also it is presumed that there are no mechanical constraints,
so the bone is free to grow into the wound.

Now the equation can be written as

C =

d*C A P L

and

2O _ Aoy, (2.28)

elsewhere.

Two models are investigated. In the first model it is assumed there is no tissue
in the wound interior —L/2 < & < L/2, in the second model it is assumed there
is still some tissue in the wound interior.

The boundary conditions for model 1 are given by
(i) C(x), %€ are continuous at z = L/2 +§
(ii)limg— 0o C(x) =0

(i) 4€ = 0 at x = L/2

and the boundary condition for model 2 are given by

(i) C(x), %€ are continuous at x = L/2 and = L/2 +§
(i)limy 0o C(z) =0

(111)@ =0atz=0

Solving these models values for § are obtained for which healing will oc-
cur.
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Chapter 3

Numerical Methods

To solve these differential equations numerical methods will be used. First a
discretisation in space should be performed and then a discretisation in time.
There are several methods to this purpose.

3.1 Discretisation in space

For the first derivative in space a very commonly used method is the central-
scheme. The equidistant grid is divided in N, parts. The scheme looks as follows:
Ou , Ujr1 —Uj1
ox 2h ’
where j are the data points and h = 1/N,, is the spatial step size. For the second
derivative the three-point-method is often used:

(3.1)

8211, -~ Ujy1 — QUJ‘ + Uj—1

~ 3.2
Ox? h? (3:2)
Both schemes are of order hZ.
Another possible scheme is upwind discretisation:

Qu 4 = uj—1, (3.3)

or h
This method is of order h.

Another method also very often used is the Finite Volume method. Very
briefly this method works as follows:

(1) The domain is subdivided segments,also called control volumes, with length
hj,j=1,..,N.

(2) In a vertex-centered grid the nodes j are distributed over the domain and
also at the boundaries nodes are put. The boundaries of the control volumes
are centered between the nodes.

(3) The equation will be integrated over the control volumes to obtain the
scheme.

For further details see [Wesseling, P. (2002)].
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3.2 Discretisation in time

For discretisation in time the most commonly used scheme is the backward
FEuler scheme. Consider the equation

Ju

= f(¢t 4
= f(t), (34)
where f is a function. Then the backward Euler scheme leads to

+1

vt oy _ f(tyl+1,un+1), (3.5)
T

where 7 is the step size in time. This is an implicit method.

Also the w-scheme can be used, which is a combination of the forward and the

backward Euler scheme(0 < w < 1):

= (1 —w)f(t", u™) + wf(" 1wt (3.6)

Another possible method is the Runge-Kutta-4 method
[Burden, R. L. and J. D. Faires (2001)]. This is an explicit method and

works as follows:

Calculate
Kl :Tf(tnvun)
n, T o n, K
K2—Tf(t +§au + 2)
T K2
K3 = "+ = u"t  —=
3 Tf( + 2)“ + 9 )
Ky=71f(t"+1,u" + K3)
and set

1
uttl = + 6<K1 + 2Ky +2K3+ K4) (37)

3.3 Application to the model of Prendergast

For the 1D discretisation of the model of Prendergast the central scheme and
the three-point method are used for discretisation in space. An equidistant grid
is used. The backward Euler method is used for discretisation in time.
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3.3.1 Mesenchymal cellular density

For the first equation, the one for the mesenchymal cellular density, the equation

in 1D is:

Ocm 0%c,,

W = me+Pm(l_Ctot)cm_Ff(].—Cf)Cm (38)
—F.(1 =co)em — Fo(1 — ¢p)em.

After discretisation in space it follows for an interior point j = 2,.., N, — 1

Cm(j=1) = 20m(j) + Cm(j+1)
; o == () (1= Cror())ems) (3.9)

—Fr(1 = crgy)emi) — Fe(l = o)) emi) = Fo(l = cog))em)-

dcm ()
ot

= Dny)

For j =1 holds:

Cmax — 2cm + Cm
h2(1) 2) + Pm(l)(l - Ctot(l))cm(l) (3.10)

—Fr(1 = cpy)emy — Fe(1 = coay)emy — Fo(1 = cp1))em1),

8cm(1)
ot

= Dp

and for j = N,, using a virtual point and the Neumann boundary condition:

dcm(N,) 2Cm(N,—1) — 2Cm(N,)
—r = Dm : — 3.11
+Pm(Nm) (1 - CtOt(Nm))CnL(N,I)
—F(1 = cpn,))em(nNg) — Fe(1 = con,)) Cmn,)
_Fb(1 - Cb(NI))Cm(NI)~
So at the end it becomes a time-dependent vector-differential equation:
Jc
7 = Zem : 3.12

Here Z.,, is an N, x N, tridiagonal matrix, represented by

[ B A; .
Ay By A
Az Bj

An,—1 Bn,—1 An,—1

I 2An,  Bn, |
where
Ai = D}Té(i)
and
2D
Bi = — 5=+ Pin(i) (1 = cror(i)) — Fr(1 = cp(3)) — Fe(l = ce(iy) — Fo(1 — i)

h2
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Further the following functions are defined:
Py, = mO(l_mc_mb)a Dm:DmO(l_mc_mb)
and ¢,, and f = are represented by:

Cm(1)
Cm(2)

Ie)
I

Cm(Nm_l)
Cm(NT)

and
A(l)cmax
0

0
where the first entry of the vector f,, follows from the Dirichlet-boundary
condition given on the periosteum.

Now discretisation in time can be applied. The values for ¢, will be
taken implicit and the other variables will be taken explicit. However, the
equation contains a non-linear term c2 , so a problem arises. This will be solved
by using Picard linearization, which means (c1)? will be replaced by c? ct!.
So the discretisation in time becomes semi-implicit method. This will also be
done for other non-linear terms in this report. It follows(for simplicity the

underlining is left behind):

cn+1 . .n

%Cm — Zn enlentl g ogn (3.13)
Collecting terms gives:
G = T2+ £) (3.14)
and finally
(I —7(Z%, — Prct))ett =+ rfo. (3.15)

3.3.2 Fibrous cellular density

The discretisation of the differential equation for the fibrous cellular density fol-
lows the same procedure as for the mesenchymal cellular density. So the equation

Oc 9%c
an = Dy ax; + Pi(1 = cror)cy + Fr(1 = ¢f)em (3.16)

7FP(]~ - Cc)Cf - Fb(l — Cb)Cf
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becomes
aCf i Cr(j—1 —2Cf i +Cf i+1
52 = Dy IO Py (L= cuon))er) (317)

+Fr(1 = cpigy)emg) — Fe(l = cey)epy — Fo(1 = cugy)eriy
forj=2,....,N, — 1.

For j = 0, using a virtual point and the fact that it is Neumann bound-
ary, it holds:

dcy(o) —2¢5(0) + 2¢(j+1)
o = Do s+ Pro) (1= crono))er) (3.18)

+F¢(1 = cp0))em(o) — Fe(l = ceo))ero) — Fu(1 = ep(0))c (o)
and for j = N,, which is also a Neumann boundary:

dc Ny 2c No— — 2c N,
% = Df(NI) f( 122 f(Na) + Pf(Nz)(l — Ctot(NI))Cf(Nx) (319)

+F(1 = cpn,))emv,) — Fe(l = cen,))epv,) — Fo(1 = e, )ep (v,

So at the end a time-dependent vector-differential equation is obtained:

dcy
o~ ety + /s (3.20)
where Zs is the tridiagonal (N, + 1) x (N, + 1) matrix
[ B() 2A0 . 1
Al By Al
Ay B

i 2AN, By,
and
Dy
A = 2
and
—2Dy;
Bi = T() + Priy(1 = croriy) + Fr(1 = i) = Fe(l = ceiy) = Fy(1 = i)
Further
Pf:Pfo(l—mc—mb), Df:DfO(l—mc—mb), if:chm

and ¢; is represented by:
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For the discretisation in time again a semi-implicit method is used, because of
the non-linear term in the equation. It follows (again for simplicity the under-
lining is left behind):

G-
n n+l n
- = . 3.21
. cfcf + ff ( )
Collecting terms gives:
c’}“ =ch+ T(Z(?fc;}“ + 1), (3.22)
and finally
(I —7(Z — P}lc}‘))c}”l =c}+1f}. (3.23)

3.3.3 Cartilage cellular density

For the differential equation for chondrocytes no discretisation in space is
needed, only a discretisation in time.
First collect terms:

Oce
ot

= P.(1—cior)cc+ Felem +¢f) — Felem +cy)ee (3.24)

—Fy(1 —cp)ee
= (P(1—cp—cm—cp)— Felem +cf) — Fp(1 —cp))ce

+Fe(em + Cf)
= chcc + fca
where the rows of Z,. are represented by

Dee = [ 0 P.(1—ctor) — Felem+cs)—Fy(l—cp) O ]
and
P.=Po(l—me—my), fo=Flem+cy). (3.25)

Now discretisation in time can be applied. It follows:

(I—7Z5)eitt = +7fl. (3.26)

3.3.4 Bone cellular density

Also the differential equation for osteoblasts only needs time-discretisation, be-
cause there are no derivatives in space.
861,
i Py(1 — crorey + Fop(em +cp + co) (3.27)
—Fy(em +cp +co)
= (P(1 = ctor) — Fi(
+Fo(cm +cf +ce)
= Zcbcb + fbu

Cp

Cm +C§ + Cc))cb
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with
Zcb: [ 0 Pb(l—Ctot)—Fb(cm+cf+cc) 0 :I ’

Pb:Pbo(l—mc—mb), fb:Fb(Cm—‘rCf—f—Cc). (328)

Applying time-discretisation:

(I—7Z5)cpt =cp +1f (3.29)

3.3.5 Discretisation fibrous matrix density

For the three matrix densities the same holds as for the chondrocyte and os-
teoblast densities: Only discretisation in time is needed. For fibrous matrix tissue
it follows:

om
a—tf = Q¢(1 —myot)cy — (Docy + Doce)mye(my + me + myp) (3.30)
= Qs —(mec+me))cy — Qpeymy — (Dycy + Dece)(me + mp)my
—(Dyep + Dccc)m?
= Zpmymy — (Dycp + Dccc>m?‘ + fmng>
where
Zmp=1[0 —Qscs—(Dycy + Dece)(me +mp) 0 ]
and

fmg = Qs (L — (me+my))cy. (3.31)

Applying time-discretisation:

m"t —mn
! - L= frg + Zh mp = (Dycy + Dece)mpmy (3.32)
gives
(I —7(Z}; — (Dyep + Deco)m}))myt = mlf + 771 . (3.33)

3.3.6 Cartilage matrix density

For cartilage matrix the discretisation is as follows:

ome,
el Qc(1 —me —my)ce — Dycyme(my + me + mp) (3.34)
Qc(1 —my)ce — Qeceme — Dycy(my + my)me — Dycym?
= ZmcMe — Dbcbmz + fmcv
where

me = [ 0 _Qccc - Dbe(mf +mb) 0 ]

and

fmc = Qc(]- - mb)cc~ (335)
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Applying time-discretisation:

m2tt —mn

e e - € = fn + 7" m't — DyeymPmntt (3.36)
gives
(I —7(Z". — Dyeym™))m" ™t =m" + 1. (3.37)

3.3.7 Bone matrix density

Finally, for bone matrix tissue, discretisation is done in the same way as above:

om

Tb = Qvcy — Qucomy (3.38)
t

mtt —

%b = Qucp — Qucpmy ™! (3.39)
(I +7Qpey)mp ™ =my + TQucy (3.40)

3.4 Application to the model of Bailon-Plaza

3.4.1 Mesenchymal cellular density

The 1D equation for the mesenchymal cellular density is represented by

e, 0 ocm, om
W = % <D81; — Ccmaz) + Amcm(l — amcm) — F]Cm — FQCm. (341)

3.4.2 Discretisation in space

For this model the Finite Volume Method will be used for discretisation in space.
This because of the derivative of m in the convection term. An equidistant
vertex-centered grid will be used.

For a point in the interior this method leads to the following:

Tj+1/2 acm Tjt+1/2 a acnl

j—1/2 J—1/2

Tz g om

i—=1/2

Tj+1/2 Tj+1/2
+/ Apcm(l — amen)dr — / (F) + Fs)epde.

j—1/2 Tj—1/2

The first two integrals of the right hand side can immediately be determined:

Tit1/2 Ocy, _ Oy 179172 Om 1 %i+1/2

i—1/2 Tj_1/2

Tj—1/2

Tj+1/2 Tjt1/2
+/ Apcm(l — apmen)de — / (F1 + Fy)epde.

j—1/2 Tj—1/2
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Assuming an equidistant grid, this leads to the following equation
acm(' Cm(j4+1) — Cm(j Cm(5) — Cm(j—1
at])h — Dj+l/2 ¥ )h ) _ Dj—l/2 () ; (-1 (344)
mai 1_m, m-—m‘_l
~Cis1/2tm(i1/2) 5 + Cjm1jatm(jor/2) ———
+ (Amyem) (1 = amem) = (Fig) + Fag))emey) b
and dividing by h
Iem(j) 1 Cm(i+1) ~ Cm() 1 Cm(j) ~ Cm(i-1)
Tj - ED“W% B EDJ’”Q% (345)
1 Mip1 — M, 1 m; — m;_1
—g0j+1/2cm<j+1/2) e n T+ gcj—1/2cm(j—1/2> = A :
+(Am)em) (1 = amem@)) — (F1) + F2(5))em)
Cm(j+1) ~ Cm(j) Cm(j) — Cm(j—1)
= Dji1p—* 2 T = Dyt h2m :
A GG+ T Cmg) My — My

Con(i) T Cm(i—1) M — Mi_
+Cj71/2 (4) 5 (j—1) My th 1

FAm)em() (1 = amem(s)) = (Fi) + Fagj))em()-

At the Dirichlet boundary x = 0 there is no need to derive an equation for
Cm(0) because it is prescribed: ¢,,(0) = Cmaz-

At the Neumann boundary x = L the control volume has length h/2
and applying the Finite Volume Method leads to:

TN Oem TN 0 oc,

N-1/2 N-1/2
TN
7/ 2 <C’cm8m) dx
o ox ox
TN TN
+/ Amcm(l — apen)de — / (Fy + Fy)epde.
TN—-1/2 TN—-1/2

This leads to the following equation

Ocmn,) by O 17N om1*~

2 ITN—-1/2

ITN—-1/2

| >

+ (A vy Cm(v) (L = amCnn,)) — (Fiv,) + Fova))Cm(n,))

Dividing by % and using the Neumann condition

ICm(N,) 2 Cm(N2) — Cm(Ny—1)
ot - _ED(erm h (3.48)
2 m(N,) — MY(N,—
+EC(N171/2)Cm(N171/2) Sl A Sitm

(A, emnv,) (1 = amemn,)) = (Fiv,) + Fav,))emn,)
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cm(NT) - Cm(Nmfl)

= —Dwv,-1/2 W2
Cm(Ny) T Cm(N,—1) MN, — MN, -1
+COw, -172) 5 W2

AN Cm(N,) (1 = @mCm(n,)) — (Fuv,) + Fan,))Cm(n,)-

With (3.45) and (3.48) a vector differential equation is obtained:
ac,,
ot

where the rows j = 1: N, — 1 of the N, x N, matrix Z.,, are represented by

= Zemm + [ (3.49)

[ X Y W],
and the row j = N, by
[ 2X; 2(Y;—W;) 0], with

Dj—1/2 n Cj—l/z(mg‘ - mj71)

Xi = 2h2 ’
v, = “Divyz Dicyp Cinp(min —my) | Cjajp(my —mj1)
J h? h2 2h2 2h2
FAmG) (1 = amem(y) = (Fi) + Fag)),
w. = Divyz  Civijp(mizn —mg)
J h? 2h?

Dji1/2 and Cj4q /2 will be approximated by

M1 + My
Djy1p =~ D(%)a
Ci1ja C(W%W).
The vector icm looks as follows:
Xico ]
0
icm = .
0
- 0 -

Discretisation in time

Now discretisation in time will be applied. Again the non-linear term (c¢!)?2

will be approximated by c¢Flc? and ,using the same semi-implicit scheme as
seen before, it follows:

cn+1 — "

m m n n+l n n+1l n
R =Z0 et — At ettt 4+ (3.50)
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which leads to

I-722, + TozmAmc"m)cfnJrl =cp +7f0.. (3.51)

3.4.3 Cartilage cellular density

Only discretising in time is necessary because there is only a derivative with
respect to time. With the semi-implicit method it becomes:

dee

il Accel — acce] + Facy, — Fiee, (3.52)
C"+1 —c"
c € = AT = ) 4 Foc? — Fet (3.53)
-
= (Ac— acAccl — Fy)cit + Byl
(I —TA.+ Ta Ak + TF3) M = ¢ + 7Fycl,. (3.54)

3.4.4 Bone cellular density

Again like with the equation for the chondrocytes, only discretising in time
is necessary because there is only a derivative with respect to time. With the
semi-implicit method it becomes:

0
% = Apcy[1 — apep] + Ficm + Fsee — dyoy, (3.55)
et en
% = Ay (1 — apep) + Ficl, + Fscl — dpep ™ (3.56)
= (Ap — apdpey — db)cg+1 + Ficp, + Fscl,
I —7Ay + TapApel + 7dp) ™ = ¢ + 7F e + TF5cn. 3.57
b b b m c

3.4.5 Cartilage matrix density

Discretising in time using the backward Euler scheme gives:

ome
gtl Pcs (Cm + Cc) - Pcstc<Cm + Cc)mc - chcbmc (358)
= (_Pcs"{c(cm + cc) - chcb)mc + Pcs(cm + cc)7
mn+1 —mn?

e 2 — (—Paskioly + €2) = Qeach)mit 4 Posle +2), (3:59)

(I 4 TPeskic(c, + ) + TQeac)m ™ = (m + 7Pus(c?, + ). (3.60)
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3.4.6 Bone matrix density

Again the backward Euler scheme is used here:

8mb

W = Pbs(l — ﬁbmb)cb (3.61)
= Dyscp — Poskpcpme,
n+l _ n
My T Pyscp — Pbs/sbc?mgﬂ, (3.62)
-
(I + 7Pyskpcy)mp ™t = mi + 7 Pysey. (3.63)

3.4.7 Cartilage growth factor concentration

The differential equations for the growth factors contain derivatives in space, so
here the Finite Volume Method will be applied again. The equation was

dg. 0 99

= —(Dgje—— E,.cc—dgege. 3.64
at az( g ax ) + g c g g ( )
Using Finite Volume Method leads to
Tjt1/2 Tjt1/2
/ %dx = / aﬁ <Dgcaagc) dx (3.65)
Tj—-1/2 t Tj—-1/2 €z z
Tjt1/2 Tjt1/2
+/ Egcccdacf/ dgegcde,
Tj—1/2 Tj—1/2
Tjy1/2 agc agc Tj+1/2
——dr = |Dj.— 3.66
/x_l ot ** [an] (3.66)
j—1/2 Tj—1/2
Tj+1/2 Tj+1/2
—|—/ Egcccdx—/ dgegcdz.
Tj—1/2 Tj-1/2

Integrate all terms:

99c(j)

Je(i+1) — Ye() 9e(3) — 9e(i—1)
=P I (3.67
5 (3.67)

ho = Docvry=—p— ~ Doeti-1/2) N

FEge(j)Ce(i) It — dge(s) 9ot P
and dividing by h

Oge( Ge(it1) — Ge(i Gl — Golit
% - Dgc(j+1/2)w_Dgc(j—1/z)% (3.68)

+Ege(j)Ces) — dge(j)9e()-

Since Dy, and dg. are constant

99:G)  _ py 9et+1) ~ 29¢) + 9ei-1)
gc

ot iz + Ege(j)Ce(i) — dgee(iys (3.69)
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so the vector differential equation becomes

8gc
ot

Zgeg, + Egece, (3.70)

where the rows of Z,. are given by

Dy Dye Dy
ch:|: h!; —2 h% *dgc h% :|

Applying the semi-implicit method and losing the underlines gives

n+1 n
9e —9c n n n
= ede 1y Egecy (3.71)
and finally
(I —7Z3.)g0"" = g2 + TEgecl. (3.72)

3.4.8 Bone growth factor concentration

The equation for g is the same as the one for g. with changing the subscript ¢
to subscript b, which leaves

(I =72}t = g + TEgcy, (3.73)

where the rows of Zg, are represented by

D D D
Zgb = [ HE T29E —dgy 3

3.5 Model of Prendergast in 2D

In 2D only the discretisation for the equations for the cellular mesenchymal
cell density and the fibrous cellular density have to be extended. The three-
point method and the central scheme is used for discretisation in space and the
backward Euler scheme for discretisation in time.

3.5.1 Mesenchymal cellular density

ocm,

5t = Dy Ve 4 Po(1 = Ciot)em — Fr(1—cf)em (3.74)

—F.(1—=co)em — Fp(1 = cp)em,

ey

ot = vach + Pf(l - Ctot)cf + Ff(l — cf)cm — Fc(l — CC)Cf (375)

—Fy(1 - Cb)Cf.
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Discretising gives:

0
% = DpV2e + Po(l = co— ¢f — Cb)cm — Pmc2, (3.76)
—Fr(1 —cf)em — Fe(l —co)em — Fy(1 — cp)em
Dcmig) Cm(i=1,5) ~ 2Cm(ij) T Cm(i+1,5)
Cm(ij—1) — 2Cm(i,j) T Cm(ij+1)
Do (i)~ e : ’

2
+Pm (i) (1 = Ceig) = C1G,5) = Cb(i.5))Cm(ig) — Pm(i.j)Ciming)
—Fp(L = cpig))emig) — Fe(l = cegij))emi ) — Fo(1 = o)) eming)

Dm 1,7
= h(2 D) (em(i-11.5 + (13 + Cmlig—1) + Cm(ig+1)
—4Dm (i)
g+ P (L= Ceig) =€) — ) = Fr(l = cpi)

—Fe(1 = ceig)) = Fo(1 = o)) Cmig)-

So at the end it becomes a time-dependent vector-differential equation:

ac,,

‘at = Zcmgm - ngfn +im’ (378)

where the rows of Z,,, are represented by

Dy
3
?LQ” _‘gm +Pm<1—CC—Cf—Cb)—Ff(l—Cf)—Fc(l—Cc)—Fb(l—cb) %
Dy
p)
and

P, = mO(l_mc_mb)y Dy, :DmO(l_mc_mb)~ (379)
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The N, (N, + 1) x N, (N, + 1) matrix Z.,, has the form:

[ B 24 A
A . A
A . A
2A B
A B 2A
A . A
A .
A 2A
2A
where
Dy,
A=
and
B:—4Dm

2A

B

2A

2A B

e +Pn(l—cc—cp—cp) —Fp(l—cf) — Fe(l — o) — Fp(1 — cp),

both dependent of the spatial coordinates (i,j). The 2’s result from the

Neumann boundary conditions.

The vectors ¢, and im are represented by:

€m(0,1)
Crm(1,1)

Cm(Ng,1)
‘m(0,2)
Cm(1,2)

[e)
I

Cm(Ng,2)

Cm(0,N,)

L Cm(NZ,NI)
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Acmaw

Acmaz

0

where the first entries of the vector f,, follow from the Dirichlet-boundary
condition given on the periosteum.

For the discretisation in time the semi-implicit method is used, because
of the non-linear term in the equation. It follows (for simplicity the underlining
is left behind):

cn-i—l — "

% =70 ¢l pren entloofn (3.80)
Collecting terms gives:
et = e+ T(Zinen™ = Prepen™ + 1) (3.81)
and finally
G = ([ — (20, — Pl )L (e 4 fh) (3.82)

3.5.2 Fibrous cellular density

For the fibrous cellular density the same procedure will be followed. Now all the
boundaries have Neumann boundary conditions.
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This results in a (N, + 1) x (N, + 1)? matrix Z.;:

[ B 24 24
A . A
A . A
2A B
A B
A
A
2A
where
and
—4Dy
B = 2

2A

2A B

2A

B 2A

24

oo

+Pr(l—cc—cp—cp) + Fr(1—cp) — Fe(1 —c.) — Fy(1 — ),

both depending on the spatial coordinates (7, 7). Again the 2’s result from the

Neumann boundary conditions.

The vectors ¢y and f 5 are given by

€f(0,0)
Cf(1,0)

Cf(Nz,0)
Cr(o,1)
Cr(1,1)

. and if =

CF(Na1)

Cf(0,Nz)

L Cf(Ny,Ng)
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Chapter 4

Numerical Results

Before running the model due to Prendergast to simulate the bone-ingrowth
process in 1D, the following values are chosen for the non-dimensionalized pa-
rameters:

Do = 0.3456, Dsg = 0.1152, Py = 0.5, Py = 0.75, Py0 = 1.2, Prg = 0.1,
Fy =0.01, F, = 0.3, Fp, = 0.15, Q5 = 0.06, Qp = 0.1, Q. = 0.2, Dy, = Q,
D, = Qm Cmaz = 1;

Time t is in days and the thickness of the prosthesis L, where the bone has to
grow into, is chosen to be 10mm.

4.1 Cellular and matrix densities

4.1.1 Results in 1D

Figure 4.1 represents the cellular densities of the four tissues after 3, 9, 30 and
60 days. The red line represents the mesenchymal cellular density, the blue
line the fibrous cellular density. The cartilage and bone cellular densities are
represented by respectively the cyan line and the green line.

The migration of the mesenchymal cells becomes clear in the plots for ¢t = 3
and t = 9. At t = 3 the closer to the periosteum, the higher the density of
mesenchymal cells and at ¢ = 9 you can see a kind of wave pattern where the
densities between [ = 4 and [ = 8 are higher then at [ = 3.

As expected the level of chondrocytes is higher than the level of osteoblasts at
the beginning of the process, but as time progresses the osteoblasts take over
and keep growing, while the density of chondrocytes decreases.

The fibroblasts level stays very low during the whole process except very near
the periosteum, where the density seems to grow a little.

Figure 4.2 represents the matrix densities of the different tissues. The
level of fibrous tissue is very low and a closer look at the densities learns that
its highest value is my = 0.0039. This value is reached after 15 days, whereafter
it decreases again.

At time t = 3 already a little cartilage is formed and very little bone. At time
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Figure 4.1: Cellular densities after 3, 9, 30 and 60 days. The red line represents
the mesenchymal cells, the blue line the fibroblasts, chondrocytes are given in
cyan and osteoblasts in green.

t = 9 the cartilage and bone tissues both increased, but there is still more
cartilage than there is bone. Between ¢ = 9 and ¢ = 30 endochondral ossification
takes place, because at t = 30 the cartilage level has decreased, while the bone
tissue has grown. Around ¢t = 60 almost all cartilage has disappeared and the
whole tissue consist of bone.

It is interesting to find out when the endochondral ossification will take place.
In figure 4.3 the matrix density at the periosteum is plotted against the time.
It turns out that around ¢ = 15 the endochondral ossification starts and the
cartilage will be replaced by bone.

4.1.2 Results in 2D

Running the model in two dimensions gives comparable results. In figure 4.4 the
density of the mesenchymal cells at ¢ = 9 is shown and like in one dimension a
wave pattern is observed. At the right the osteoblast density is plotted, which
has the same pattern as in one dimension.

At the bottom the matrix densities of cartilage and bone are shown at ¢ = 15,
which is around the time that the endochondral ossification starts. At t = 15
the level of cartilage is still higher than the level of bone.



4.2Influence of parameters 32

> matrix densities m
o
m

> matrix densities m,
o
w

5 4 s
- length | > length |

=30 =60

o
)

> matrix densities m
o o o o
oL =

> matrix densities m
o o o
[ o

o
o

o
o

[ 2 ERE 5 B 7 8 9 10 [ 2 ERE 5 B 7 8 9 10
> length | > length |

Figure 4.2: Matrix densities after 3, 9, 30 and 60 days. The blue line represents
fibrous tissue, cartilage is given in cyan and bone in green.
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Figure 4.3: Matrix densities at the periosteum during time of healing. The blue
line represents fibrous tissue, cartilage is given in cyan and bone in green.

4.2 Influence of parameters

It is assumed the bone is strong enough if the matrix density has reached
level my = 0.95. Figure 4.5 shows the bone ingrowth in the whole length as a
function of the time (in 1D). As mentioned the matrix density level is 0.95.

Simulation of the model gives that at ¢ = 42.3 the bone growth starts near
the periosteum and has grown into the whole length at time ¢ = 53.7. It is
interesting now to find out which parameters have the most influence on the
rate of the bone ingrowth. To this purpose T is assumed to be the time the bone
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Figure 4.4: At the top left the mesenchymal cellular density is shown at ¢ = 9.
At the top right the density of the osteoblasts is given at t = 9. The plot at the
bottom left represents the matrix density of cartilage at t = 15 and the plot at
the bottom right the matrix density of bone at ¢t = 15.
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Figure 4.5: The bone ingrowth process starts at ¢ = 42.3 and is finished at
t=53.7

is fully grown in. This T depends on the different parameters. The gradient
vector of T around the given data for the parameters will be approximated and
from this an estimate can be made for a measure of the sensitivity of the model
to the different parameters. This will be done for the 1D model.

Using the central scheme and setting

T = T(Dm()»Dan-PmOvPf07PcOu-PbOvchvaFfaFC?Fb)
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It is obvious that the parameters with the strongest influence are the
bone production rate @, and the differentiation rate Fj. Also the mesenchymal
diffusion coefficient D,,o and the proliferation rate of mesenchymal cells P,,o
and osteoblasts Pyg have an impact, although much smaller. These parameters
have the property that when their value increases, the bone growth will go
faster.

The opposite holds for the proliferation rate P,y and the differentiation rate F,
of the chondrocytes. When they increase the growth of the bone will go slower.
Further the parameters relating to the fibroblasts and the fibrous tissue seem
to have no effect at all.

Figure 4.6 shows the growth into the bone as a function of time for dif-
ferent values of @), and Fp. The red line represents the bone growth using the
parameter values as used before. The green line shows the growth when the
parameter values are increased and the black line when the value is decreased.
It is clear Qp has the greatest impact. When @, = 0.05 the growth has not even
started at ¢ = 60. Study learns it starts at ¢ = 75 and at ¢ = 87 the bone has
fully grown in. For @, = 1.5 the bone ingrowth is finished considerably faster.

For F;, the same can be concluded from the pictures, although the times of full
ingrowth lie closer to each other.
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Figure 4.6: Values @ = 0.05,0.1,0.15 lead to full ingrowth at T =
87,53.5,32.5resp. and values F, = 0.05,0.15,0.25 lead to full ingrowth at
T = 66.5,53.5,50.4 resp.
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Chapter 5

Conclusion

In this report the process of tissue differentiation during bone ingrowth into an
shoulder prosthesis has been described. A comparison to the process of fracture
healing has been made and two models to describe this process have been
explained: the model due to Prendergast and the model due to Bailon-Plaza.
A third model is briefly mentioned.

The model due to Prendergast in 1D has been implemented in MAT-
LAB using the central scheme for discretisation in space and the (semi-implicit)
Euler backward scheme for discretisation in time. After this the model is also
simulated in 2D.

To determine the most influential parameters of the model the time T', where
the bone has fully grown in, has been defined as a function of the parameters.
The gradient vector of T" has been approximated to find the most important
parameters.

The results show that the values of the initial production rate of bone
tissue Q) and the differentiation rate to osteoblasts F, have the biggest effect
on the time where full bone ingrowth has been accomplished.

Also it has been shown that a change of parameters relating to fibrous tissue
and the fibroblasts do not change the process of bone tissue production. This
also holds for the initial proliferation rate of cartilage.

The production rate of cartilage tissue and the differentiation rate of chondro-
cytes have a inverse relation with the growth of bone. If their values increase,
the process of bone growth will go slower.
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Chapter 6

Future goals

In this paper it is assumed the mechanical stimuli is constant during the whole
process, for the model of Prendergast. The next step is to add a tension field.
This would be hypothetical, but should be taken as realistic as possible.

Then the model of Prendergast and the model of Bailon-Plaza will be compared.
Since Bailon-Plaza models the growth factors and leaves out the fibroblasts and
the mechanical stimuli, in comparison to the model of Prendergast, a combina-
tion of both models will be constructed.

Further, there exist a 3D implementation of the Prendergast model on an area
of 1 mm?, using Finite Elements. On this model, including the mechanics, a
sensitivity analysis will be performed.
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