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Abstract

Osseointegration, understood as an intimate apposition and interdigitation of
bone to a biomaterial, is usually regarded as a major condition for the long-term
clinical success of bone implants. Clearly, the anchorage of an implant to bone tissue
critically relies on the formation of new bone between the implant and the surface
of the old peri-implant bone and depends on factors such as the surface microto-
pography, chemical composition and geometry of the implant, the properties of the
surrounding bone and the mechanical loading process. The main contribution of this
work is the proposal of a new mathematical framework based on a set of reaction-
diffusion equations that try to model the main biological interactions occurring at
the surface of implants and is able to reproduce most of the above mentioned bi-
ological features of the osseointegration phenomenon. This is a two-part paper. In
this first part, a brief biological overview is initially given, followed by the pre-

sentation and discussion of the model. In addition, two-dimensional finite element
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simulations of the bone-ingrowth process around a dental implant with two different
surface properties are included to assess the validity of the model. Numerical solu-
tions show the ability of the model to reproduce features such as contact/distance
osteogenesis depending upon the specific surface microtopography. In Part 2 (Moreo
et al., 2008), two simplified versions of the whole model are proposed. An analytical
study of the stability of fixed points as well as the existence of travelling wave type
solutions has been done with both simplified models, providing a significant insight
into the behaviour of the model and giving clues to interpret the effectiveness of
recently proposed clinical therapies. Futhermore, we also show that, although the
mechanical state of the tissue is not directly taken into account in the model equa-
tions, it is possible to analyse in detail the effect that mechanical stimulation would
have on the predictions of the model. Finally, numerical simulations are also in-
cluded in the second part of the paper, with the aim of looking into the influence

of implant geometry on the osseointegration process.

Key words: Osseointegration, Implant microtopography, Bone implant, Finite

element simulation

1 Introduction

The number of different types of bone implants and prostheses that are cur-
rently being used in clinical practice is great and follows an increasing trend.
Perhaps, we could cite dental implantation as the area that has most ben-
efited from the significant innovation and progressive development of bone

implants in recent years. The achieved popularity of dental implants relies
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on the impressive clinical results obtained with very high long term success
rates (Schmitt and Zarb, 1993; Naert et al., 2000; Haas et al., 2002). How-
ever, these convincing clinical achievements, that are shared in general by
other types of bone implants such as hip or knee prostheses, are not corre-
lated with an equivalent degree of understanding of the basic mechanisms of
peri-implant bone healing. Actually, key information about the biomechanical
and biological function of bone implants is still lacking. As far as biomechan-
ics is concerned, perhaps the only well-established fact is the relation between
excessive early micromotion and the formation of a fibrous capsule instead of
an osseointegrated interface (Pilliar et al., 1986; S¢balle et al., 1992a,b; Brun-
ski, 1999; Cullinane et al., 2003). The information about the influence of the
frequency, amplitude and type of loading on new bone formation is neverthe-
less still incomplete, despite abundant in vitro and in vivo experimental works
(Szmukler-Moncler et al., 1998; Pavlin and Gluhak-Heinrich, 2001). Regard-
ing biology, the different phases and most important concepts of peri-implant
bone healing are currently well determined (Davies, 2003; Marco et al., 2005).
However, important details about the influence mechanisms of factors such as

the implant material or surface microtopography still need further research.

Current implantology research is focused on the design of devices that en-
hance and accelerate bone healing, lead to an interfacial matrix with ade-
quate structure and properties and therefore allow faster recuperation and
earlier loading of the implant (Puleo and Nanci, 1999). Different approaches
can be distinguished, but most of them are based on a proper modification of
a certain property of the surface: physicochemical, morphological or biochem-
ical. Among the different methods of surface modification, two of them stand

out because of their current popularity. In first place, alterations in surface



microtopography are used to influence cell and tissue responses (Brunette,
1988; Hayakawa et al., 2002; Schierano et al., 2005). Secondly, biochemical
modifications of the surface can also be designed with the aim of controlling
the biological reaction at the interface by means of the delivery of specific
molecules. This includes, for example, immobilisation of proteins or peptides
on the surface of the biomaterial or controlled release of osteogenic growth fac-
tors (Lind et al., 1996; Lind, 1998; Elmengaard et al., 2005; Oates et al., 2007)
and the coating of implant surfaces with minerals, such as calcium phosphate
(Hayakawa et al., 2002). It is clear as well that further progress within these
techniques is still needed and this demands deeper knowledge of the biological

cascade associated to early bone healing around the implant.

In addition to the extensive experimental research, mathematical models and
computational simulations can also provide some insight into these matters.
In fact, the majority of the existing works of this type on bone implants have
focused on the biomechanical nature of the problem, trying to draw conclu-
sions from the change of the mechanical state of bone after placement of
implants, evaluating the influence of mechanical factors such as the geometry
of the implant or magnitude of loading and proposing phenomenological mod-
els for the study of bone ingrowth or remodelling (Swider et al., 2006; Moreo
et al., 2007b; Pérez et al., 2007; Daas et al., 2007; Liao et al., 2008). Although
the interest of these works is unquestionable, it is the authors’ opinion that
mechanobiological models in which specific biological processes coupled with
mechanics are modelled together with their influence on the structure and
mechanical properties of tissues constitute a richer source of information for
the understanding of many problems in biomedical sciences. However, it is a

field where not many works exist, being possible to find only a few addressed



to the study of peri-implant endosseous healing (Geris et al., 2004; Andreykiv
et al., 2005; Ambard and Swider, 2006; Liu and Niebur, 2007). We would like
to remark that all these works consider in different depth several aspects of
the biology of bone healing around implants, but they do not contemplate, or
they do it in a superficial manner, the effect of the implant surface topography
on biological processes. Only in Andreykiv et al. (2005) the effect of friction
due to the finishing of the artificial component was taken into account, but
exclusively affecting the mechanical part of the model and not the biology,
and in Liu and Niebur (2007) bone ingrowth into a porous coated implant
surface was simulated taking into account the porosity of the surface in the

geometric model.

Thus, the goal of this contribution is to propose a new biological model for the
study of bone ingrowth on endosseous implants that, by means of consider-
ing the main biological interactions occurring between the tissue and implant,
is able to reproduce several significant features of the osseointegration phe-
nomenon. Unlike other previous models, ours is focused on the early stages of
bone healing, taking into account immediate events upon implantation of bio-
materials such as platelet activation, what allows reproducing in a simple way
the effect of surface microtopography. Slower long-term processes, i.e. bone
remodelling, are here contemplated only in a simplified manner. This makes
sense if one considers, first, that much effort has already been devoted to the
mathematical modelling of bone remodelling (see Doblaré and Garcia-Aznar
(2005); Reina et al. (2007) and references therein); second, that it is reported
that in many types of bone implants most failures occur within the first year
and implant loss is significantly lower in subsequent years (see, for example,

Goodacre et al. (1999) for the case of single unit dental implant restorations).



This indicates that the critical issue for this type of implants is the early
bone healing and represents a difference with other types of implants such as
cemented hip prostheses, in which long-term failure due to bone resorption
caused by stress shielding or crack growth within the cement mantle is a typ-
ical phenomenon (Bobyn et al., 1992). In order to validate the model, two
different strategies have been followed. In first place, computational simula-
tions using the finite element method have been performed, obtaining results
in qualitative agreement with experiments. In addition, mathematical anal-
yses of two different simplified versions of the model have been done, from
which interesting conclusions about the global behaviour of the model can be

drawn, that are again in the line of what the experiments dictate.

The work is organised in two articles. In this first article, a brief overview
of the biology of bone healing is provided, followed by the presentation and
discussion of the complete model. Moreover, numerical simulations of bone
healing around a dental implant are shown, where some features of the model
can be evaluated. Next, in the second article presented in Part 2 (Moreo et al.,
2008), an analysis is performed where the stability of fixed points and the ex-
istence of travelling wave-type solutions are studied in two simplified versions
of the model. From this analysis, great insight into the behavior of the model
is gained. In particular, we have focused on the effect that mechanical stim-
ulation can have on the migration of osteogenic cells. Finally, we also include
another numerical simulation of bone ingrowth around a dental implant with
a very particular geometry, characterised by having grooves on the surface of

the threads.



2 Mathematical modelling of bone ingrowth

2.1 Brief biological overview of peri-implant bone healing

It is the purpose of this section to supply the reader with a very concise
—therefore incomplete— biological description of peri-implant bone healing,
sufficient for the modelling purposes of this paper. For a detailed description
of the process we refer the reader to Davies (2003); Marco et al. (2005); Puleo
and Nanci (1999); Brunski (1999); Joos et al. (2006) and the extensive number

of references therein, from which the following description has been extracted.

In first place, the surgical procedure, necessary to drill a cavity in the host
bone and place the implant, leads to inevitable surgical trauma and damage
to blood vessels, followed by the filling of the bone cavity by blood. Immedi-
ately upon placement, proteins from blood and tissue fluids are adsorbed to
the surface of the implant (Sela et al., 2007). Platelets become activated after
contacting with the surface (Nygren et al., 1997a,b) and release a number of
growth factors, such as platelet-derived growth factor (PDGF') and transform-
ing growth factor beta (TGF-3) among many others. These growth factors
have been shown to stimulate the migration and proliferation of bone marrow
derived-cells as well as the proliferation of human osteoblasts (Linkhart et al.,
1996; Dimitriou et al., 2005; Kark et al., 2006). Note that an increase in the
implant surface microtopography with an appropriate surface roughness can
enhance protein adsorption, promoting platelet adhesion and activation, even-
tually leading to an acceleration of the global healing process (Park et al., 2001;
Kikuchi et al., 2005). At the same time, a fibrin network is formed through

the well known process of hemostasis. Next, local ischemia due to cessation



of circulation gives rise to necrosis and a subsequent inflammatory reaction is
triggered. Both neutrophils and macrophages reach the site of injury along a
chemotactic gradient and are in charge of the removal of necrotic tissue. In
parallel, a new peri-implant vascular network starts to form by means of the

well-known mechanism of angiogenesis (Lakey et al., 2000).

After these initial events, osteogenic cells coming from the surface of the old
host bone migrate through the remnants of the clot towards the surface of the
implant and differentiate into osteoblasts, that will later synthesise bone ma-
trix. This phase can be enhanced by the presence of growth factors (Linkhart
et al., 1996) and is also influenced by the mechanical state of the tissue. Ac-
tually, moderate mechanical stimulation of cells can enhance osseointegration
(Rubin and McLeod, 1994) by promoting differentiation of osteogenic cells
into osteoblasts and increasing the secretion of growth factors (Pavlin et al.,
2000; Pavlin and Gluhak-Heinrich, 2001), but excessive levels of tensile or de-
viatoric stresses can also induce the formation of a not desirable fibrous tissue
around the implant (Jones et al., 1995; Jasty et al., 1997). The global impor-
tance of this phase, sometimes referred to as osteoconduction, is crucial and
has been highlighted in Davies (2003). It is necessary at this point to remark
that new bone always grows by apposition, that is, by deposition of matrix
on a preexisting surface. Since osteoblasts become trapped in the own matrix
that they secrete and are no longer able to move, becoming osteocytes, forma-
tion of new bone on a surface clearly depends on the continuous migration of
osteogenic cells to the surface which differentiate into osteoblasts and secrete

bone matrix. Hence the importance of the osteoconduction phase.

When the osteogenic cells reach the implant surface and differentiate, a new

phase starts where bone matrix formation is carried out by osteoblasts. Usu-



ally, rapid woven bone formation takes place first to restore continuity, even
though its mechanical properties are lower than those of lamellar bone due to
the random orientation of collagen fibers (Probst and Spiegel, 1997). Woven
bone is eventually replaced by mature lamellar bone in a final bone remodelling
phase that takes place at a considerable slow rate compared to the previously
mentioned events. One final consideration should be done that refers to the
place where bone is laid down. Until the moment we have assumed that new
bone forms first on the implant surface. In this case osteogenesis proceeds
from the implant to the host bone and is described as contact osteogenesis
(Davies, 2003). However, that is only the first possibility since bone can also
be deposited directly on the surface of the host bone in the peri-implant site.
Note that in this case osteoconduction is not so critical since bone surfaces
constitute a source of osteogenic cells that now do not have to migrate un-
til reaching the implant. In this second case osteogenesis proceeds from the
host bone towards the implant, that now becomes surrounded by bone, and is
therefore designated as distance osteogenesis (Davies, 2003). Rough implant
microtopography has been found experimentally to enhance osteoconduction
and, therefore, contact osteogenesis. On the other hand, distance osteogene-
sis can be expected with polished surfaces and cortical host bone (Berglundh

et al., 2003).

2.2  Mathematical model

We adopt a continuum approach and, consequently, are interested in the
spatio-temporal evolution of the volumetric concentration of each specie. There-

fore, our model is based upon the fundamental conservation law for the con-



centration of each specie ) = Q(x,t) at time ¢t and spatial position x:

o = —V-Jo+fo (1)

where Jg is the flux (rate of outgoing matter per unit area) of specie () and

fo the rate of net production of Q.

The different variables of the model can be classified into three groups: cell
densities, growth factor concentrations and matrix volume fractions. We have
considered three different types of cells: platelets, osteogenic cells and os-
teoblasts, whose respective densities will be denoted by ¢, m and b. The ex-
plicit inclusion of platelets is new in this kind of applications and, as will be
shown later, is necessary to account for the early stages of bone healing. Note
that ¢ stands for the density of the total population of platelets, activated
and not. A wide diversity of growth factors and other signalling molecules are
known to play a role in the mediation of bone healing mechanisms (Dimitriou
et al., 2005), but a model in which a large number of them were individu-
ally taken into account, as well as being extremely complex and confusing,
would be completely impractical due to the lack of quantitative experimental
results needed to fit the parameters. This is why we have preferred to gather
all the growth factors into two generic types: the first one, with concentra-
tion denoted by s, corresponds to the release of activated platelets (PDGF,
TGF-(3), whereas the second one, s, represents the set of signalling molecules
secreted by osteogenic cells and osteoblasts (BMPs, TGF-/ superfamily). The
extracellular matrix can be composed of three different structures: first, the
fibrin network, whose volume fraction is denoted by vy, that is assumed to be

the only starting component since we do not address the problem of coagu-

10



lation; second, woven or inmature bone, v, that is laid down by osteoblasts
and, third, lamellar or mature bone, v;, that comes from remodelling of wo-
ven bone. Finally, the concentration of adsorbed proteins, p, appears in the
equations but is not a model variable since its value is assumed to be known a
priori as a function of the microtopography of the implant surface. It reaches
its maximum value at the surface of the implant and decreases very fast as we

move away from it, taking value zero in the rest of the domain (Nygren et al.,

1997a).

With this, we can particularise the evolution of each cell population density

as follows:

PLATELETS, c(x,t)

% =V -[D.NVNe— H.cVp| — Acc (2)
The contribution to the cell flux is random dispersal. Thus it has been here
modelled as a first approximation by a linear diffusion term with coefficient D.,
and the cell adhesion to the implant surface. Platelet adhesion has been found
experimentally to depend on the microtopography of the surface that alters
the concentration of adsorbed proteins to the implant surface (Nygren et al.,
1997a; Park et al., 2001). Therefore, it has been modelled as a linear “taxis”
term, depending on the gradient of p with coefficient H.. A high platelet
concentration is assumed at the beginning and thus the only kinetic term

comes from cell removal due to inflammatory mechanisms with linear rate A..

OSTEOGENIC CELLS, m(x,t)

11



am = D Vm — m(Bm1VS1 + Bm2v82)]

N n Oy 82 (1 m) QmpS1 A

O, m - — )= —m - A,m

0 ﬁm+31 ﬁm+32 N ﬁmb+31 NV
— Death

Proliferation Differentiation

(3)

Osteogenic cell flux comes from random cell movement that can be biased by
the presence of growth factors. Mathematically this is modelled by means of
linear diffusion, with coefficient D,,, and linear chemotaxis along gradients
of the growth factors s; and sy with coefficients B,,; and B,s (Dimitriou
et al., 2005; Kark et al., 2006; Lee et al., 2006; Fiedler et al.; 2006). For the
kinetics, there is a proliferative term consisting of a logistic growth with a
natural linear rate «,,9 that can be enhanced by the presence of s; and s
(Kark et al., 2006); phenotypic differentiation into osteoblasts is stimulated
by growth factor s; (Linkhart et al., 1996; Dimitriou et al., 2005); and natural

cell death is assumed to be produced with a linear rate A,,.

OSTEOBLASTS, b(x,t)

ob s

— = —"m— Apb 4
8t ﬁmb‘i‘slm b ()

Osteoblasts remain on the surface of the bone matrix they are secreting
(Davies, 2003) and therefore we can assume that there is no flux of this cellu-
lar type. The kinetics has a source term of differentiation from the osteogenic

phenotype and a decay term representing differentiation into osteocytes Ay.

Now we present the equations that characterise the evolution of each growth

factor concentration: in first place, si, secreted by platelets, and, next, s,

12



secreted by osteogenic cells and osteoblasts.

GENERIC GROWTH FACTOR 1, s1(x,1)

0s1 Q1P Q251
— =V -|DsgV — A, 5
ot DaVal + (@:1 +p+ﬁc2+51>c o (5)

Random dispersal of the growth factor is modelled with a linear diffusion term
with coefficient D,;. The first kinetic term takes into account the secretion of
s1 by platelets (Bolander, 1992; Bostrom, 1998) that depends on the degree
of activation. Platelet activation in turn is assumed to be fostered by the
concentration of adsorbed proteins p and the own growth factor s; (Park

et al., 2001). There is also a natural decay of the growth factor with rate As;.

GENERIC GROWTH FACTOR 2, Sy(x,1)

(982

E =V- [DSQVSQ] + Mm + Mb — ASQSQ (6)

Bz + S2 B2 + 52

The structure of the equation is completely equivalent to the one of sy, al-
though in this case there are two source terms corresponding to secretion of
se by osteogenic cells and osteoblasts. This secretion is enhanced by the own

growth factor s, (Linkhart et al., 1996; Dimitriou et al., 2005).

Finally, the evolution of the volume fractions of each component of the matrix

are shown below:

FIBRIN NETWORK VOLUME FRACTION, v¢(X,t)

Ovy Oy S9
= — bvs(1 —
at ﬁw + 82 Uf( Uw) (7)
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Initially the whole volume between bone and implant is assumed to be filled
with a fibrin network and vy takes value 1. Therefore the only kinetic term
comes from partial substitution of the fibrin network by woven bone matrix,
that is, secretion of new bone by osteoblasts, stimulated by s, (Rosier et al.,
1998). Additionally, it is reasonable to consider that the rate of bone secretion
takes its maximum value when there is no formed bone (v; = 1) and decreases
as the fibrin network is substituted progressively by bone, until reaching a null
value when v,, = 1. Consequently, the rate of fibrin adsorption is zero when
the fibrin concentration is zero, which is logical and necessary to avoid the

prediction of unrealistic negative concentrations.

WOVEN BONE VOLUME FRACTION, ¥,,(X,t)

OUy, Oy S92

8t _ﬁw—‘l_SQ

bup(l = vy) = Y0u(1 —v) (8)

Woven bone formation is taken into account by the first term, that was ex-
plained in the previous paragraph and describes the formation of woven bone
that replaces the initial fibrin network. Note that the secretion of woven bone
is stopped when its volume fraction reaches the maximum value, 1.0, avoiding
the appearance of unrealistic volume fractions larger than 1.0. The second term
is a very simple way of considering remodelling of woven bone into lamellar

bone.

LAMELLAR BONE VOLUME FRACTION, v;(X,t)

14



Finally, the only contribution to the evolution of lamellar bone comes from
remodelling of woven bone. Note also that bone remodelling stops when the

totality of woven bone has turned into lamellar bone, as wanted.

3 Numerical simulation of bone ingrowth around a dental implant

As discussed in the Introduction, the use of endosseous dental implants in
clinical dentistry and maxillofacial surgery has expanded during the last two
decades. Originally conceived as a foundation for dental prostheses, nowadays
endosseous implants are not only used to restore missing teeth, but also to sup-
port devices for orthodontic anchorage, distraction osteogenesis, craniofacial
reconstructions and nasal prostheses. Additionally, the amount of experimen-
tal work devoted in recent years to the study of bone ingrowth around implants
has been mostly carried out with dental implants, what facilitates the task of
modelling. However, from the point of view of mathematical modelling, qual-
itative comparisons between predictions and experimental results are many
times the only way of validating biological mathematical models. In any case,
these two factors, the growing utilisation of dental implants and the relative
abundance of experimental results, at least compared to other types of bone
implants, have inclined us to perform numerical simulations of bone healing

around dental implants as a way to validate the model.

3.1 Description of the simulation

As a first approach, we propose a simple two dimensional simulation in a do-

main that reproduces the cavity between the host bone and two threads of

15



a screw-shaped dental implant (see Fig. A.1). In particular, we have chosen
a typical implant geometry characterised by threads with inclined walls. The
equations have been solved with two different levels of concentration of ad-

2 at the surface of the implant, simulating

sorbed proteins: p = 0.5ug/mm™
the case of a high microtopography surface implant, and 0.1ug/mm™2, in the
case of an implant of low surface microtopography. These values fall within
the range of experimental measurements of plasma proteins adsorption on ti-
tanium surfaces (Sela et al., 2007) and were imposed at the nodes belonging to
the surface of the implant. Moreover, p was assumed to decrease linearly with
the distance to the implant surface, reaching value zero at a distance of 0.1
mm. In the rest of the domain situated farther than 0.1 mm, p took value zero.
The reason to simulate with two different values of protein adsorption lies in
the fact that we want to show the ability of the model to reproduce one of the
most relevant features of peri-implant bone healing, which is the difference
between contact and distance osteogenesis depending on the implant surface
properties, a matter of the utmost importance in the design of new models of
implants. We recall here that implants with surfaces characterised by a high
microscopic roughness tend to enhance the formation of bone on the surface of
the implant, as opposed to polished or low microtopography implants, where

the front of ossification typically moves forward from the host bone towards

the implant (Berglundh et al., 2003; Davies, 2003).

As initial conditions, we have considered a concentration of 2.5 10® platelets/ml,
being this high value characteristic of blood (Ganong, 2005), and residual con-
centrations of osteogenic cells and osteoblasts of 103 cells/ml. Both growth
factors are also present at the initial time at a very low concentration of 1

ng/ml. Zero flux boundary conditions have been applied for all the species of

16



model at the surface of the implant and the host bone, except for the con-
centration of osteogenic cells, that was fixed to 2 10° cells/ml at the surface
of bone during the first 14 days. The healing period that was simulated con-
sisted of twelve months, more than sufficient in clinical practice to obtain a
full osseointegration of the implant and achieve a high degree of remodelling

of woven bone into lamellar bone.

The full model has been numerically solved by means of the finite element
method, using second order spatial interpolation with eight-node Serendip
elements, a generalised trapezoidal method for the integration of temporal
derivatives (Hughes, 2000) and a Newton-Raphson implicit scheme with full
linearisation of the residual vector for the treatment of the nonlinearities
(Zienkiewicz and Taylor, 2000). This formulation has been implemented in
an UFEL subroutine of the commercial software ABAQUS 6.6. The model pa-
rameter values were estimated from the literature as discussed in detail in the

Appendix.

3.2  Results

From the results of the simulations, we must highlight in first place the sub-
stantial difference early found in the density of platelets ¢ and the concentra-
tion of the growth factor s; depending on the microtopography. In Fig. A.2 it
can be observed that only one day after implantation the high concentration of
adsorbed proteins on the surface of the high microtopography implant leads to
an increase in the number of platelets near the surface, compared to the situa-
tion of a low microtopography implant, where the density of platelets is almost

uniform. Actually, an almost 4-fold variation in the concentration of platelets
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at the very surface of the implant was obtained between the two types of
surfaces, what corresponds with the range of experimental observations (Park
et al., 2001; Kikuchi et al., 2005). This alteration of platelet concentration was
expected, since H,. was precisely chosen in such a way that such an increase
took place when the implant surface microtopography, i.e. the concentration
of adsorbed proteins, was changed from low to high. This increase in platelet
concentration and activation leads to not only a higher concentration of s;
after 14 days of healing, but also to a gradient of this growth factor, being its
concentration markedly higher near the implant surface and decreasing as we
move away (see Fig. A.3a). On the other hand, a low surface microtopography
does not favour the formation of this gradient, as we appreciate in Fig. A.3b,

where a variation of only 10% is obtained along the whole cavity.

It is evident that this early discrepancy between the two types of implants
will strongly condition the subsequent healing phases, since, for instance, the
migration and invasion of the cavity between bone and implant by osteogenic
cells is stimulated by the gradient of s; and their proliferation fostered by
the level of concentration of the growth factor. Differences in the migration of
osteogenic cells can be appreciated in Fig. A.4. After only 3 days we observe
that in the case of a rough (high microtopography) implant the density of
osteogenic cells is particularly high near the surface, due to the high concen-
tration of the growth factor s; at the surface, while in the case of the polished
(low microtopography) implant a propagating front of cells is moving away
from the surface of the host bone. After 7 and 14 days this trend continues:
cells invade the cavity from the host bone with the polished implant and from
both the host bone and the surface of the implant with the rough implant.

Note that in the third and fourth weeks the number of osteogenic cells ceases

18



raising, since they start differentiating into osteoblasts.

In Figs. A.5 and A.6 the temporal evolution of the volume fraction of lamellar
bone has been depicted. Note again that significant differences appear between
the two microtopographies. In the case of the rough implant (Fig. A.5), we
observe that the model predicts the formation of new bone from the surface
of the implant towards the inside of the cavity, which is commonly denoted
as contact osteogenesis. This phenomenon is especially clear during the first
month after implantation, since it is in this period when a more pronounced
gradient in the volume fraction of lamellar bone develops. It is noteworthy
that an ossification front also propagates from the surface of the peri-implant
bone directed to the implant surface, since the surface of bone is in any case
an important source of osteogenic cells. However, this second mechanism leads
to a more constant and slow bone ingrowth. We could say that contact osteo-
genesis is responsible for the very early formation of new bone on the surface
of the implant, what ensures a fast mechanical stability and prevents at the
same time the formation of a fibrous capsule, but it is the host bone, act-
ing as a source of osteogenic cells, that guarantees the full ossification of the
chamber between bone and implant by means of distance osteogenesis. The
coexistence of these two ossification mechanisms was observed experimentally
in a rough SLA implant surface by Berglundh et al. (2003) and is evident
in our simulations from the observation of the results of Fig. A.5 after one
and two months of healing. With respect to the time needed to achieve full
osseointegration, almost the whole chamber is filled with a volume fraction
of lamellar bone greater than 0.8 after four months, increasing this value to

0.875 after six months and 0.95 after the whole year (not shown).

In the case of the low microtopography implant, the features of the ossification
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process are noticeably different. In first place, the mechanism that inevitably
prevails is distance osteogenesis, as shown in Fig. A.6 after healing periods of
two weeks and one month. Observe that the rate of bone formation during this
initial phase is appreciably slower than in the previous situation. Actually, the
volume fraction of lamellar bone after one month reaches a value of 0.3 at the
surface of bone, whereas with the rough implant values of 0.4 were already
obtained along the whole surface of the implant at that very moment, what
is in agreement with experimental observations of Puleo and Nanci (1999),
where a difference of 30% in the rate of bone formation was found between
contact and distance osteogenesis. Another interesting issue is the fact that
the fraction of bone is now quite uniform along the chamber, what can be
explained by the absence of contact osteogenesis, that clearly leads to a more
uneven distribution. Finally, the global levels of lamellar bone volume fraction
achieved after four, six and twelve months are in general terms comparable to
the obtained with the high microtopography implant, although smaller in all

cases by a 5-10% amount.

4 Discussion

A biological model able to reproduce several important features of peri-implant
bone formation has been here presented. As the most important novel feature,
we must emphasise the inclusion of the platelet cellular type and the associ-
ated secreted signalling molecules. This enables a careful examination of the
early stages of osseointegration and a study of the influence of implant surface
properties on the whole process of bone healing. In particular, we have focused

on the influence of surface microtopography, which has been found experimen-
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tally to be a determinant factor on osteogenesis (Lossdorfer et al., 2004) and
had not been considered in previous mechanobiological models of peri-implant
bone ingrowth. Its effect has been taken into account in an indirect way, by
means of considering the dependence of platelet activation and aggregation
on the density of adsorbed plasma proteins on the implant surface, which
is determined a priori as a function of the microtopography. Although other
possibilities could be proposed for this aim, this one stands out because of
its conceptual simplicity and the abundant information regarding the relation

between surface topography and protein adsorption existing in the literature.

However, we must admit that this part of the model is just an approxima-
tion to the actual physics and biology of platelet behaviour and, consequently,
there are a number of limitations associated to the chosen approach. First,
note that the distance from the implant at which p becomes zero, 0.1 mm,
implicitly is another model parameter. To be physically realistic, this value
must be sufficiently small, since it can be expected that the influence of the
implant surface is not noticeable far away from it. Nevertheless, note that the
gradient of p obviously depends on this distance, so the fit of parameter H,
eventually depends on the choice of the distance. Secondly, there are various
experimental works reporting that the migration of cells in response to gra-
dients of chemoattractants not only depends on the gradient but also on the
average concentration: at higher concentration levels the ability of cells to sense
such gradients is reduced (see Schneider and Haugh (2005) for fibroblasts and
Fiedler et al. (2006) for mesenchymal cells). This phenomenon is also expected
to happen with platelets in response to the concentration of adsorbed proteins
and has not been considered in the model, constituting another limitation of

the formulation. Next, the effects of platelet activation have been taken into
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account in a rather simplified way. The first of these effects is the increase
of growth factor secretion, which has been modelled as a source term for s;
(Eq. (5)) dependent on p. Another is the loss of mobility of platelets after ac-
tivation, which translates into aggregation and adhesion. The net effect of the
flux terms of Eq. (2) is responsible for this behaviour in our model. However,
it is clear that in further versions of this work a more elaborated activation
model would be desirable. To this end, the explicit discrimination in the for-
mulation between non-activated and activated platelets, with a law regulating
the transition from one state to the other, could help. Finally, it is to be noted
that the continuum approach based on a reaction-diffusion equation used to
model platelet behaviour is near its limit of validity, due to the reduced num-
ber of cells. All these reflections stress the need of further refinement of this

part of the model in the future.

In second place, as it has been shown in the finite element simulation of Sec-
tion 3, the full model is in agreement with the most important well-established
concepts of endosseous healing (Davies, 2003): bone matrix is synthesised only
by osteoblasts; bone only grows by apposition, that is, by deposition of matrix
on a preexisting surface; and bone matrix has no inherent capacity to grow.
The first feature is automatically satisfied from the consideration of Eq. (8),
where the formation of new woven bone depends on the density of osteoblasts
b. The other two can be verified from the results of the simulations where there
is always an ossification front towards the implant or coming from its surface,
but never isolated islands of newly formed bone emerge. Moreover, the model
is able to reproduce the two basic ways osteoblasts have to lay down new bone
matrix around endosseous implants: distance and contact osteogenesis. This

distinction goes back to Osborn and Newesely (1980) and its reproduction is a
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very desirable property of any mathematical model for bone ingrowth around
implants. Our model specifically predicts the predominant laying down of new
bone on rough implant surfaces and on the surface of the host bone in the case
of implants with a low microtopography, which agrees with the experimental
observations (see Berglundh et al. (2003) and references therein). To the au-
thors’ knowledge, this is the first time that this feature has been simulated by
a model of this type. Finally, the results of the model are in general agreement
with the clinical observations in terms of time needed to achieve the differ-
ent levels of osseointegration. In this regard, we must admit that a detailed
quantitative validation of the temporal evolution of the different biological
processes is not possible, mostly due to the inherent variability of the speed of
each process, what translates into significant differences between the available
experimental works. However, to show that the results fall within the phys-
iological range, we can cite the results of Sennerby et al. (1993), where the
first signs of hard tissue formation were noticed after one week and that the
whole process of remodelling was completed six weeks to three months after
insertion of the implants in rabbits. In Roberts (1988) it is established that
the approximate ratio in the bone healing time between rabbits and humans
is 1:3, therefore the predictions of our model for bone ingrowth at humans

seem to be within the expected interval.

Nevertheless, there are some features of peri-implant bone ingrowth that the
model is not able to reproduce. One of the most relevant limitations of the
model has to do with the shape of the ossification front. Usually, it adopts an
irregular shape (see for example Berglundh et al. (2003); Gotz et al. (2004)),
whereas our model predicts the formation of an ossification front with a more

regular shape. This is the result of contemplating in the model only the in-
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fluence of growth factors on the formation of bone and differentiation of cells,
but not, at least explicitly, the effects of mechanics and/or angiogenesis. Other
mathematical models that incorporate these effects present a more irregular

distribution of bone (Gémez-Benito et al., 2005; Geris et al., 2004, 2008).

It is also interesting to discuss the different phases of peri-implant bone healing
that have been considered in the model. The first one in the temporal cas-
cade of biological events that follow the placement of an endosseous implant
is hemorrhage and formation of a blood clot. This has not been considered ex-
plicitly in the model, since the starting point for the simulations is the already
formed fibrin network. We think nevertheless that this simplification does not
take away significant predictive capabilities from the model. Activation of
platelets and the subsequent release of growth factors play, on the contrary,
a major role in the model and their inclusion has been evidently justified by
the results, as discussed before. The following event in the sequence would
be inflammation that again has been neglected in this work. The reason is
that the main result of this biological process, that is, clot and necrotic tissue
demolition, is not easy to model theoretically, while at the same time is not
necessary for a correct simulation of the following healing phases. In parallel to
inflammation, angiogenesis takes place and it is necessary as the only means of
providing nutrients supply to the peri-implant healing compartment. In Geris
et al. (2008), the role of angiogenesis in bone fracture healing was considered.
In the present contribution, by not modelling it, we are implicitly assuming
that it always occurs successfully. However, it is true that the formation of a
new vascular network can be influenced by implant surface properties (Matsuo
et al., 1999), although few experimental data exist and the understanding of

the biological mechanisms that regulate this influence is still reduced, what
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makes very difficult the modelling task. This remains being a limitation of the

model and constitutes a future line of research.

The next three phenomena, osteoconduction, new bone formation and bone
remodelling, are not only crucial in the whole process of peri-implant bone
ingrowth, but also critical in the more general field of bone healing and re-
generation (Davies, 2003), and have been considered in detail in the model,
especially the two first ones. The main criticism that must be done regarding
this part of the model has to do with the no inclusion of mechanical effects.
Bone remodelling depends indeed on mechanical loading, but, as discussed in
the Introduction, this phase is not usually the critical point for the clinical
result of dental implants. The speed and direction of cell migration can also
be affected by the mechanical stress of the surrounding tissue, what has been
taken in (Moreo et al., 2007a), and by the damage of the tissue (Gémez-Benito
et al., 2005; Garcia-Aznar et al., 2007). In our case, however, we consider more
important the chemotactic effect of growth factors and therefore neglect these
mechanical influences. Furthermore, osteogenic cells differentiation can also be
influenced by the mechanical state of the tissue, in addition to growth factors.
The assumption that these cells always differentiate into the osteoblastic phe-
notype is not true under high deviatoric or tensile loading, where endochondral
ossification of fibrous tissue formation can appear (Claes et al., 1998). This
is usual in cases with early excessive mechanical loading of the implant and
hence the validity of the model is restricted to scenarios of moderate load-
ing. However, we think that it is much more interesting to study how bone
ingrowth can be enhanced in a favourable situation, rather than focusing on a
very extreme situation due to severe early mechanical loading, scenario that a

priori is well known to be harmful for the osseointegration of an implant and
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must be avoided in any case.

There are two additional issues that must be addressed to finish the discussion.
The first is the large number of parameters comprised in the model. Some
of them have been directly obtained from the literature, others have been
estimated from experimental results and a third group of parameters have
been taken from other computational works or have been fitted by means
of numerical simulations. The difficulty of finding adequate values for the
parameters due to the lack of direct experimental measurements is a weak

point, shared to some extent by many mechanistic models.

The final comment is related to the suitability of the boundary conditions ap-
plied in the finite element simulation. At the implant surface zero flux bound-
ary conditions were imposed for all the variables, which is logical since neither
cells nor growth factors are capable of migrating through it. However, the sit-
uation is not so clear in the case of the host hone surface, especially when the
diffusion of growth factors is contemplated. Bone always has a certain level of
porosity, which in the case of trabecular bone can be significant. It is therefore
reasonable to consider that growth factors can partially diffuse through the
host bone, away from the cavity. However, the porosity of bone is markedly
lower than that of the fibrin network, the structure that predominates at the
early stages of healing when the influence of growth factors on cell behaviour
is more important. Thus, only a small fraction of the growth factor is expected
to diffuse through the bone and the zero flux boundary condition for its con-
centration, albeit not corresponding exactly with the real physical situation,
can be considered to be sufficiently accurate for the purposes of this work.
However, it is true that this boundary condition can be partially responsible

for the high levels of concentration of s; at the corners between the implant
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and the bone (Fig. A.3).

In summary, we have presented a new mathematical model for the study
of bone ingrowth that presents some novel features compared to preexisting
models. In particular, the incorporation of the activation of platelets in the
formulation has provided a simple way to take into account the influence of
implant surface properties. Although the extreme complexity of the biology
of bone healing has forced us to make important simplifications in order to
obtain a tractable model, the obtained results show the ability of the model

to reproduce many important features of this important biological process.

The present work opens interesting new lines of research related to the design
of bone implants. In first place, the proposed framework is perfectly valid to
study, by means of computational simulations, the effect of some techniques
that are being nowadays investigated to improve bone healing, such as surface
functionalisation or controlled release of osteogenic growth factors. In second
place, the formulation can be used to analyse the effect of the geometry of
the implant on the osseointegration process. Note that the inclusion of certain
geometrical features, such as grooves on the surface of the implant threads,
can certainly alter the development of bone formation. In last place, moder-
ate mechanical loading can enhance determined biological processes, therefore
stimulating the formation of bone, what can be easily studied with our model.
The last two issues, i.e. the influence of the geometry and mechanical loading,

have been addressed in detail in Part 2 of this paper (Moreo et al., 2008).
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A Model parameters value estimation

The parameter values were derived from the literature when possible and

estimated when no relevant data were available:

o Platelets: A value of 1.365 1072 mm? /day was taken for the diffusion coef-
ficient D, from Goldsmith and Turitto (1986) and Goodman et al. (2005).
Assuming that after one month of healing, only a residual fraction of 10%

of the initial concentration of platelets remains, the cell decay rate A, was
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estimated as 0.067 day~!. The “taxis” parameter H, was determined by
means of numerical simulations so that a 4-fold increase in the concen-
tration of platelets at the surface of the implant was obtained when the
microtopography was changed from low to high, which is in the range of
the experimental observations (Park et al., 2001; Kikuchi et al., 2005). This
procedure led to a value of 0.333 mm*/(day ug) for H.,.

Osteogenic cells fluz: A value of 0.133 mm?/day was taken for the diffu-
sion coefficient D,,, in the order of magnitude of other computational works
(Bailén-Plaza and van der Meulen, 2001; Gémez-Benito et al., 2005; Geris
et al., 2008) and within the range of 1078-1071° cm? /s, obtained experimen-
tally for most of types of cells (Gruler and Biiltmann, 1984; Friedl et al.,
1998; Maini et al., 2004; Cai et al., 2007). Several experimental studies have
looked into the chemotactic effect on osteogenic cells migration (Fiedler
et al., 2004, 2005, 2006; Lee et al., 2006). For example, Lee et al. (2006)
reported up to a 1.7-fold increase in cell speed thanks to this effect. Rough
estimates based on these data suggest values for the chemotactic coefficient
in the order of 1 mm?day~!(ng/ml)~!. Accordingly, B,,1 and B,,; were es-
timated as 0.667 and 0.167 mm?2day ! (ng/ml)~!, respectively.

Osteogenic cells and osteoblasts kinetics: From various experimental works
(Izadpanah et al., 2006; Mareddy et al., 2007), the rate of cell proliferation
can be estimated between 0.3 and 0.5 day . Moreover, Farré et al. (2007) re-
ported a half reduction in the doubling time of human bone marrow-derived
mesenchymal stem cells in cell proliferation experiments, what suggests that
the natural cell proliferation rate can be doubled on account of the pres-
ence of growth factors. This led us to use values of 0.25 day~! both for
amo and «,,. Based on geometrical constraints, Bailén-Plaza and van der

Meulen (2001) derived a value for the limiting cell density N of 10° cells/ml.
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Based on the typical lifespan of mesenchymal stem cells (Izadpanah et al.,
2006), a value of 2 1073 day~! was determined for A,,. Quantified rates
of cell differentiation are not available and in the absence of experimental
data a sensitivity analysis was performed. A value of 0.5 day™! for a,;, was
found to yield results in agreement with the experimental temporal evolu-
tion of the process. Just like in other computational studies (Bailén-Plaza
and van der Meulen, 2001; Geris et al., 2008), it was assumed that relatively
low values of growth factor concentrations are sufficient to have a significant
effect. Therefore, concentrations of 10 ng/ml were used for (3,, and G, in
this work. A similar strategy was used in the rest of equations where similar
terms appeared. Finally, a rate of 6.67 1073 day~! was used for A, related
to cell death and differentiation into osteocytes.

Growth factors: The estimation of Dy; and D,y has been done on the same
basis as in Bailén-Plaza and van der Meulen (2001) and Geris et al. (2008).
Basically, the reasoning is based on the fact that the diffusion coefficient
of a substance in aqueous solution can be determined from its molecular
weight (Vander et al., 1998). This procedure leads to values for the diffusion
coefficients in the order of magnitude of 1078 cm?/s. Furthermore, we have
taken into account that the growth factor s; migrates essentially through
the remnants of the blood clot and the early granulation tissue, whereas the
growth factor s, has to diffuse through the already forming bone matrix,
that has a higher density and thus offers a greater resistance to the diffusion.
Based on this considerations, values of 0.3 and 0.1 mm?/day were taken for
Dy and Dy, respectively. Growth factors involved in bone healing have
in vivo half-lives in the order of 1 hour (Coffey et al., 1990; Dasch et al.,
1989; Edelman et al., 1993). Accordingly, values of 10 day—! were used for

Ag and Ag. No experimental data were available on the secretion rates of
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growth factors, so a range of values was explored numerically and values
of 6.67 107°, 1075, 2.5 107 and 2.5 107® ng/ml day'(cells/ml)~! were
finally chosen for a.i, o, e and agg, respectively. (§.; was estimated as

2 so that, with the low microtopography surface, the rate of

0.1 pg/mm
secretion of s; dependent on the concentration of adsorbed proteins p was
half of the maximum value. Finally, (.o, Bne and [y were chosen as 10
ng/ml, based on the same considerations of the osteogenic cells kinetics
terms.

Bone formation: In Schenk and Hunziker (1994) it is reported that woven
bone filled small holes drilled in rabbit cortical bone six weeks after surgery.
Assuming that bone healing in bone-implant gaps proceeds as in the small
holes, which is quite reasonable from the examples of the literature (Brunski,
1999), and that the approximate ratio in the bone healing time between
rabbits and humans is 1:3 (Roberts, 1988), we should expect a value of
vy close to 1.0 after 18 weeks of healing. Rough estimates based on Eq. 7
contemplating this data suggest values of o, in the order of magnitude
of 1076-1077 day~* (cells/ml)~1."A value of 1077 day~! (cells/ml)~* was
chosen for o, and 10 ng/ml for 3,,. v was determined by means of numerical

simulations, as the value that led to an almost full remodelling, v; ~ 0.9,

after 1 year of healing period.

40



List of Figures

Al

A2

A3

A4

A5

A6

(a) Sketch of the insertion of a screw-shaped dental implant
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Figure A.1. (a) Sketch of the insertion of a screw-shaped dental implant in a drilled
cavity of bone, where the computational domain of our simulations is highlighted;

(b) Boundary conditions and dimensions of the domain.
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Figure A.2. Density of platelets ¢ (x10° cells/ml) 1 day after placement of the
implant in the case of an implant with (a) high microtopography and (b) low mi-
grotopography.

43



ACCEPTED MANUSCRIPT

0.65
0.645
0.64
0.635
0.63
0.625
0.62
0.615
0.61
0.605
0.6

Figure A.3. Concentration of growth factor s; (x100 ng/ml) after 14 days in the
case of an implant with (a) high microtopography and (b) low microtopography.
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Figure A.4. Temporal evolution of the density of osteogenic cells m (x10° cells/ml)
for both types of implants: rough (high microtopography) and polished (low micro-

topography).
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Figure A.5. Temporal evolution of the volume fraction of lamellar bone around an
implant with a high surface microtopography.
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Figure A.6. Temporal evolution of the volume fraction of lamellar bone around an
implant with a low surface microtopography.
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