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Abstract

Interface conditions are of prime importance for implant fixation in the early post-operative
period and modelling of specific biochemical interactions at implant surface is still missing.
We hypothesized that updating osteoblast adhesion properties and growth factor source in an
active zone located at the implant surface was relevant to model biochemical interactions of
implant with its environment. We proposed an innovative set of diffusive-convective-reactive
equations which relevant parameters were the cell decay factor, the cell motility, and the
growth factor balance.

Initial comparison with histomorphometic results from a stable PMMA canine implant
model provided an encouraging base to implement a numerical sensitivity analysis to evaluate
the role of three types of bioactive surfaces: acid-etched titanium, coarse grit blasted acid-
etched titanium and coarse grit blasted acid-etched titanium with RGDS peptide. We found
that cell diffusion decrease (acid-etched + RGDS peptide vs. PMMA), and increase of local
growth factor fraction (PMMA vs. acid-etched + RGDS peptide), significantly improved the
amount of mineralized tissue on the implant surface. When the variation of structural fraction
to cell motility and growth factor synthesis was investigated, an envelope pattern with an
optimum was obtained but this could be exceeded for strong surface modifications and/or for
high growth factor concentrations. The model also confirmed that implant bioactive properties
should play a limited role to reduce heterogeneity of new-formed tissue. In conclusion, we
suggested that our innovative theoretical approach was relevant to investigate implant fixation
and could potentially help in reduction of implant revision.

Keywords: implant fixation, mechanobiology, growth factor, osteoblast, transport in porous
media



1 Introduction

Conditions favoring periprosthetic tissue healing in the early post-operative period is an
open clinical problem. Low performance of implant fixation is generally associated with a
low mineralization or a heterogeneous ossification of the new-formed tissue. Three
parameters have a significant influence on this process: the surgical technique (Hahn et al.
1988; Morshed et al. 2007), the post-operative mechanical stimuli and the biochemical factors
amongst which physico-chemical properties of implant surface are essential (Anderson et al
2001; Colnot et al.2007; Belmont et al. 2008; Kromer et al. 2008). Clinical studies and animal
studies investigated the role of implant surface properties in osteointegration (Overgaard,
2000; Svehla et al., 2000; Buser et al., 2007; Duyck et al., 2007; Qu et al., 2007; Schwartz et
al., 2007).

Cell adhesion involves short-term events such as physicochemical linkages between cells
and substrates and long-term events leading to the regulation of cell expression involving
extracellular proteins, cell membrane proteins and cytoskeleton proteins (Anselme, 2000).
Cytoskeleton proteins mediate interaction between cell membrane proteins and nucleus via
actin filaments, and regulate gene expression (Sinha and Tuan, 1996). Extracellular matrix
proteins have adhesion properties due to RGD sequence (arginine-glycine-aspartate) specific
to fixation of cell membrane receptors (Grzesik and Robey, 1994). Integrin type receptors of
cell membrane proteins induce cell-substrate adhesion establishing focal contacts. Cell
migration on substrate can be explained by adhesive interaction involving integrins that
locally generate cell traction (Wu et al., 1995). In case of implants, material properties and
surface modification clearly affect cell adhesion and proliferation, and growth factors
production (Kieswetter et al., 1996; Kilpadi et al., 2001; Colnot et al., 2007; Popat et al.,
2007; Anderson, 2001; Raush-fan et al., 2008). It is observed that sensitivity to surface
topology is significant (Pesskova et al., 2007; Neidlinger-Wilke et al., 1994; Fermor et al.,
1998) and generally, osteoblastic proliferation decreases when surface roughness increases
(Martin et al., 1995; Rosa and Beloti, 2003; Mustafa et al., 2001).

Cells produce a significant range of growth factors amongst with TGF-£1 is the major
regulator of bone formation. It involves unique mitogenic action on osteoblasts and it shows
ability to stimulate matrix formation via autocrine, paracrine and endocrine modes (Roberts,
2000). Here also, substrate properties modify the amount of TGF-£1 produced by osteoblasts.
It is shown that the production rate is higher for rough surface (Schwartz et al., 1997) or in the
presence of oxide (Albrektsson et al., 1983), while the presence of metal particles is affecting
TGF-41 synthesis (Wang et al., 1997).

Relevant biomathematical models of migration and differentiation have been proposed in
skin and fracture healing, angiogenesis or bioreactors (Tracqui, 1999; Tranqui et al., 2000;
Bailon-Plaza and Van Der Meulen, 2001; Sengers et al., 2007). Most computational models of
implant fixation were initially based on pure mechanical approaches (Ramamurti et al., 1997;
Prendergast, 1997, Viceconti et al., 2000; Mesfar et al., 2003; Simon et al.; 2003) and more
recently, biochemical aspects have been added (Fernandes et al., 2002, Puthumanapully et al.,
2008, Geris et al. 2008a & b; Checa and Prendergast, 2009). Reliability of numerical
predictions has rarely been correlated to in-vivo or ex-vivo data. We proposed an original
framework to model implant healing unifying mechanical and biomathematical approaches
while considering the biological tissue as a multiphasic convective-diffusive-reactive medium
(Ambard et al., 2004a&b, 2005a&b, 2006, 2007, 2009). The reliability of our theoretical
approach was supported by ex-vivo data from canine implant models (Seballe et al., 1992;
Vestermark et al. 2004).

It appears that interface conditions are of prime importance for bone apposition and implant
anchorage. However, modelling of specific biochemical interactions at implant surface is still



missing and in our knowledge, no predictive model explicitly involved the biochemical
interactions between the implant surface properties and the surrounding biological tissue. We
hypothesized that local modification of cell adhesion properties and growth factor source was
a way to model interactions between the implant and its environment. To proceed, we firstly
proposed a set of new mechanobiological governing equations. Second, we evaluated the
model relevance against histologic data from a PMMA canine implant model (Vestermark et
al. 2004). Around this reference solution, we thirdly implemented a numerical sensitivity
analysis to quantified the potential role of three types of modified surfaces: acid-etched
titanium, coarse grit blasted acid-etched titanium and coarse grit blasted acid-etched titanium
with RGDS peptide.

2 Material & Methods

2.1 Governing equations:

The association of porous media mechanics to biomathematics allowed the diffusive-
convective-reactive governing equations (1) to be derived. Non-linear coefficients L, C, D, Q
described the local variation, the convection, the diffusion, and the source terms. Output
measure u was the structural or mineralized fraction ¢, the fluid fraction ¢, the growth factor
concentration C, (TGF-f1) and the osteoblast concentration C,. At the scale of tissue volume
unit, volumes of cell phase and growth factor phase were neglected compare to the volume of
structural and fluid phases. Fluid fraction ¢, also described the porosity of the newly formed
tissue since ¢ + ¢ = 1. Phases were incompressible with no substrate strain in quasi-static
isothermal evolving. Structural porosity, fluid flow and growth factors conditioned the
cellular behavior: proliferation, chemotactic and haptotactic migrations of cells, and mineral
fraction apposition.

Lg—b;:DAu—CVu+Q (1)

The evolving of osteoblast concentration was described by cell conservative equation (2)
where diffusion coefficient D, and convection coefficients y, and 4,, respectively allowed
modelling random cell migration (Lauffenburger et al., 1983; Dee et al., 1999), chemotactic
active migration and haptotactic active migration. Chemotactic flux of cells was dependant
upon the growth factor gradient VC, whereas haptotactic flux was conditioned by the

gradient of structural matrix V¢, . The cell source (2, represented the proliferation process with

the logistic law (3) where a, and C,, respectively were the rate of cell divisions and the
proliferation threshold. The role of available growth factors in cell proliferation was
specifically taken into account using algebraic difference between the current concentration
C, and the physiological threshold Cg, (Centrella et al., 1994; Alliston and Derynck, 2000).
o(4,C,)
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The growth factor concentration per tissue volume unit was expressed by conservative
equation (4). Replacing the initial diffusion coefficient D, by the effective diffusion
coefficient (Maxwell, 1881; Neale and Nader, 1973) allowed modelling local retention of
growth factors in the primary gap due to surgery. At Darcy scale, fluid flux relative to
structural phase was relied to the pore pressure p and permeability x; dependant from ¢
(Cowin, 2001).
o¢,C,)
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Equation (5) governed the growth factor source £2,. The endocrine mode was governed by
the growth factor concentration imposed as initial condition in the model. To account modes
of production, equation (5) involved fluid fraction (or tissue porosity) ¢ osteoblast
concentration C,, and growth factor concentrations (C,, Cg). Coefficient o, was the
coefficient of growth factor synthesis and d, was the decay factor taking into account the
consumption of growth factor due to osteoblast activity (Stein et al, 2000).

Qg - ag¢fC0 - dg¢fzcv x (Cg - Cgp) ©)

The synthesis of mineral matrix was modelled in equation (6) using the source £ involving
the synergetic action of osteoblast C, and growth factors C, (Meinel et al, 2003). It was
promoted by the fluid fraction ¢rand the coefficient of matrix synthesis «.

Q=a¢,’C,x(C,-C,) (6)

2.2 Active zone of implant

The periprosthetic zone of interest was divided into three sub-domains as shown in Figure
la. The peripheral domain was the host trabecular bone; the boundaries of intermediate
domain were the implant surface and the drill hole. This corresponded to the immediate post-
operative gap. We considered a third domain corresponding to the zone of influence of the
implant or the active zone. This was a layer of a few microns thickness located at the implant
surface, where implant bioactive properties modified the growth factor source and the cell
flux. Cell adhesion was surface- dependant thanks to diffusion coefficient D, in equation (2).
Low value of D, meant significant adhesive properties of the surface.

The local influence on growth factor phase was managed adapting conservative equations
(5) and (6). First, the decay factor d,, expressed by equation 7a, was obtained assuming a
negligible production mode (ag=0), a negligible pressure gradient(Vp =0), and nil growth
factor gradients (VC, = 0) . Second, the synthesis factor o, was calculated using equation (7b)

with d, previously determined and according to the same assumptions in gradients.
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Finally, the active zone was characterized by the cell diffusion coefficient (or motility) D,,
the synthesis coefficient ¢, and the cellular decay factor d.

2.3 Application to the experimental canine model and sensitivity analysis

The reference implant was a PMMA stable canine implant previously evaluated in-vivo
(Vestermark et al, 2004) (Fig.1b). Boundary conditions and peri-implant tissue formation
showed a polar symmetry with a variable level of mineralization in the radial direction 7. The
set of governing equations previously presented was translated into a custom made
axisymmetric finite element formulation. Nine nodes quadratic elements were used with
structural fraction ¢, growth factor concentration C,, osteoblast concentration C, and fluid
pressure p as nodal variables. The associated computational model was implemented with the
Python programming language (Python Software Foundation®) using Pysparse module to
solve the spatio-temporal finite element matrix system.

The model is described in Figure 1c. The domain was radially defined by the implant radius
(r;=3.25 mm), the drill-hole (r; = 4.1 mm) and the surrounding trabecular bone (s = 7 mm =
2 x r;). We assumed a 15 microns thick layer for the active zone considering implant surface
roughness comprises between 0 and 5 microns (Kim et al., 2006; Marinucci et al., 2007;
Meirelles et al., 2007) and mean osteoblast size of 10 microns (Buser et al., 2004). The
meshing was made of 201 nodes and 1206 DOF with steps evolving from 15 microns for the
active zone, 60 microns for the intermediary zone and varying from 60 microns to 315



microns up to the surrounding trabecular bone.

As boundary conditions, fluid flux, cell flux and growth factor flux were nil at boundaries
of the investigated domain shown in Figure 1c; the porosity ¢ of the host trabecular bone was
50 %. As temporal initial conditions, osteoblast concentration of 1000 cell/mm’® was
homogenously distributed into the surrounding bone and post-operative gap, and growth
factor concentration of 0.15 ng/mm’ was homogenous into the gap. According to in-vivo
experiment, the healing process was evaluated up to 8 weeks post-operatively. Model data are
summarized in Table 1.

As shown previously, the implant active zone was characterized by the triplet (D,, dg, ).
This triplet in its wholeness was unavailable in the literature, especially including our specific
constraints: osteoblastic lineage, TGF-£; and orthopedic implant in-vivo. Only data coming
from cell assays could be used. First, decay factor d, was obtained from equation (7a) using a
finite difference scheme in time imposing a decay of 5% each 100 minutes (Wakefield et al.
1990). This parameter was assumed intrinsic to the cell phase, and it was kept independent
from the substrate because of a lack of available experimental data in the literature. Second,
cell diffusion coefficient D, was extracted from (Dee et al.1999). Third, the synthesis
coefficient a; was obtained from equations (7a) and (7b) using a finite difference resolution in
time and TGF-f! concentrations measured in presence of several types of substrates. PMMA,
acid-etched titanium, coarse grit blasted acid-etched titanium, and coarse grit blasted acid-
etched titanium with RGDS peptide (Raush-fan et al., 2008). According to in-vitro
experiments, the structural fraction was nil (¢, = 0) inducing a porosity ¢ fixed to unity.

Since accessible by histomorphometry in case of PMMA implant, the distribution pattern of
structural (or mineralized) fraction ¢ was targeted to evaluate the reliability of the
computational model. After this step, a numerical sensitivity analysis was conducted
involving the surface-dependant doublet (D,, o) in case of PMMA and surface-modified
titanium substrates.

3 Results

Computations were established using a decay factor d, of 8.5x10° mm’/cell.s, obtained
from the resolution of equation (7a). Because of lack of available data in literature, we
assumed that d, was identical for the investigated bioactive surfaces, since intrinsic to the
osteoblastic phase and established with the same growth factor concentration. However,
parameters (D,, @) obtained from equation 7b were surface-dependant and summarized in
Table 2.

The ex-vivo and computed radial distribution pattern of structural fraction ¢ with PMMA
implant were plotted in Figure 2. In digitized histological slices, the summation in concentric
zones of structural fraction pixels was divided by the pixel overall summation of the zone of
interest to derive the radial distribution of structural fraction. Mean value was established on a
base of four slices. It can be observed in Figure 2 that magnitude and radial pattern were well
predicted by the computational model.

Distribution pattern for the other three types of bioactive surfaces were also plotted in
Figure 2. We observed significant differences since ¢ at the implant surface, increased from
59 % for PMMA to 87% for the coarse grit blasted acid-etched with RGDS peptide.
Differences were attenuated close from the drill hole and non-significant in the host bone
whatever the implant constitutive material. We varied the active zone thickness (15 microns +
20 %) and it confirmed the local effect of this parameter.

The numerical sensitivity analysis plotted in Figure 3 first confirmed that the decrease of
diffusion coefficient D, globally increased the structural fraction ¢ into the active zone. To go
further, it appeared that the variation pattern of ¢, to doublet (D,, o) could be described by a
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generic monotonic function increasing up to an optimum and then decreasing. This was clear
for the acid-etched grit-blasted titanium with the optimum (point 4) obtained for o, = 16x10°
" ng/cells, and for the acid-etched grit-blasted titanium + RGDS which optimum was
obtained for ag = 38% 10" ng/cell.s (point B). For the acid-etched titanium, the optimum was
not reached for the range of ¢y, and or the PMMA, the structural fraction was not influenced
by a,. We evaluated a theoretical active surface with a particularly low diffusion coefficient
D, of 1.25 1.25x10”7 mm?/s, and we obtained a constant decrease of structural fraction; the
optimum could potentially be reached for lower values of a.

4 Discussion

Periprosthetic healing is an endochondral process involving complex biological events, and
how biological medium reacts with the implant was underlying our approach. The mechanical
aspect belonged to the domain of reactive transport in porous medium. We proposed an
original set of diffusive-convective-reactive governing equations to investigate in time and
space, the role of surface bioactive properties on cell flux, growth factor balance and finally
structural (or mineral) fraction formation.

We proposed to model the bioactive properties of the implant using the triplet (D,, dy, o)
locally updated in an active zone of few microns. Osteoblastic flux was governed by the
diffusion coefficient D, that conditioned the random motility of cells due to adhesion sites and
porosity of the surface. The haptotactic flux was related to local gradient of structural fraction
@,. The capability of implant surface to modify the balance of TGF-£I was taken into account
the cell decay factor d, and the synthesis coefficient . Although conservative equations (3)
and (4) allowed it, effects on chemotaxis and cell proliferation were not directly updated by y,
and a, respectively, but the chemotactic flux was driven by the local growth factor gradient
relied to oy, d; and local porosity ¢. This choice was due to a lack of available data in
relevant literature. For the same reason, we were unable to update the local effect of bioactive
surface on cell proliferation (¢, in equation (3)), and structural (or mineral) matrix synthesis
(s in equation (6)).

We considered the mechanobiological interactions between osteoblasts and the implant by
using the scale of cell population and growth factor phase. A multi-scale approach could
potentially be relevant. This zone could be modeled at the cell scale with addition of local
physico-chemical parameters. However, this approach should involve significant knowledge
of surface properties and local cell-substrate interactions. This could be a perspective knowing
that implementation of bio-mathematical governing equations at this scale should be
challenging.

The relevance of our governing equations was initially evaluated in an in-vivo application,
which required a custom-made finite element resolution. This application was a stable PMMA
canine implant (Vestermark et al. 2004) whose distribution patterns of periprosthetic tissue
were available by histomorphometry. About structural fraction ¢, the computational model
showed good results in term of magnitudes and spatial distribution. This allowed establishing
the basis of a numerical sensitivity analysis where the role of three type of bioactive surface
was evaluated: acid-etched titanium, coarse grit blasted acid-etched titanium, and coarse grit
blasted acid-etched titanium with RGDS peptide.

The numerical model could have shown numerical instabilities because of strong non-linear
coupling. Previously, this risk has been evaluated by implementing a parametric sensitivity
analysis (Ambard et al. 2004). Despite large variations of input parameters, up to £ 75 %, no
instability was detected. The modeling of the active zone involving the cell motility, the
coefficient of growth factor synthesis and the cellular decay, modified the diffusive terms and
the reactive terms of governing equations. This could potentially provoke instabilities. After



multiple calculations, we checked that no instability of the numerical scheme was induced by
these significant perturbations.

The decrease of cell diffusion, acid-etched + RGDS peptide vs PMMA, and the increase of
growth factor synthesis, PMMA vs acid-etched + RGDS peptide, significantly improved the
amount of structural fraction ¢ (or mineralized tissue) on the implant surface. Lower D,
induced a longer stay of osteoblasts on the implant surface and higher ¢, increased
concentration of TGF-B1. In consequence, osteoblast attraction by chemotaxis was enhanced
and mineralized tissue formation was increased.

When the variation pattern of ¢ to doublet (D,, o) was investigated, an envelope pattern
involving an optimum seemed to be obtained (point 4 and B in Figure 3). However, when this
optimum was exceeded especially for increased value of growth factor synthesis, we obtained
a decrease of mineral fraction formation in the active zone. This could be explained by an
untimely amount of cells and an early haptotactic migration towards the surrounding bone
where the porosity gradient remained high. This result was corroborated by the literature
regarding osseoinduction of surface modified substrate, and suggesting that osseointegration
could not be optimal for strong surface modification and/or high dose of growth factors
(Svehla et al., 2000; Broderick et al. 2005; Buser et al., 2007; Colnot et al., 2007; Qu et al.,
2007).

We found that the distribution pattern of new-formed mineralized tissue was not
significantly modified in the zones of post-operative gap and host trabecular bone. It
confirmed that implant surface properties should play a limited role to reduce heterogeneity of
new-formed tissue, which is unfavourable to the long-term survival of the arthroplasty. Our
theoretical model involved a significant interest to help in the understanding of complex
events in implant fixation. It involved a certain potential to enhance mixed technical-clinical
strategy to reduce revision, avoiding empirical strategy. However, the robustness of a
predictive model is strongly dependant upon the reliability of input data and because our
model relied on interdisciplinary fields, its range of uncertainties was enlarged. Before
targeting transfers in clinical setting, we aim at implementing a systems biology approach by
which biological questions will be addressed through integrating in-vitro experiments with
functionalized bioactive substrates in iterative cycles with computational modelling and
theory.

Acknoledgement: J.E. Bechtold PhD and Prof. K. Sgballe MD PhD.
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Captions for Tables and Illustrations

Table 1 - Parameters of the reference computational model (PMMA implant). Data were from
relevant litterature: Wakefield et al.1990; Maheshwari et al. 1998; Dee et al. 1999; Tranqui et
al. 2000; Vestermark et al, 2004; Bailon-Plaza et al 2001; Raush-fan et al. 2008.

Table 2 - Bioactive properties of active zone according to four type of substrate. Values were
computed from equation (7a) and (7b) using data from relevant literature: Wakefield et
al.1990; Raush-fan et al. 2008. Coefficients for other tissue were @, = 5x10™'* ng/cell s and
D,=2.5%10" mm?s.

Figure 1 - (a) The periprosthetic zone of interest comprises three sub-domains: the host
trabecular bone, the post-operative gap and the active zone of few microns thick where
implant bioactive properties modified growth factor sources and cell flux. (b) Canine
experimental device: stable PMMA implant. (¢) Axisymetric model of the canine implant
device showing the radial location of zones of interest: host trabecular bone, post-operative
gap, implant active zone.

Figure 2 - Radial distribution patterns of structural fraction ¢ for different types of implants.
The experimental pattern concerned the PMMA implant and it was obtained from
histomorphometry. The active zone of 15 microns thick was located at the implant surface and
sensitivity analysis involved titanium substrate with three types of bioactive surface treatment:
acid-etched, coarse-grit-blasted acid-etched, coarse-grit-blasted acid-etched with RGDS
peptide.
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Parameters
Geometry ri=325mm r,=7 mm rq=4.1 mm active zone : 15 um
C, = 1000 cell/mm’ h,=1.8 x 10° mm’/s kg
C,m = 10000 cell/mm’ Yo=3 X 10° mm’ /s.ng
Osteoblast a,=1.9 x1071° mm6/cell.ng.s D,=2.5x%10" mm?/s

o, =6 x 10° mm®/cell ng s
C,=0.15ng/mm’ C,, =0.05 ng/mm’> @, =5 x 10™% ng/cell s
D, =4.8 x 10° mm®/s d, = 8.5 x 10" 'mm’/cell s

Growth factor

Table 1 - Parameters of the reference computational model (PMMA implant). Data were from
relevant litterature: Wakefield et al.1990; Maheshwari et al. 1998; Dee et al. 1999; Tranqui et
al. 2000; Vestermark et al, 2004; Bailon-Plaza et al 2001; Raush-fan et al. 2008.

active zone of implant

coarse grit

PMMA acid-etched coarse grit blasted acid-etched ac]iackl;[slclle d
titanium titanium o
titanium
+ RGDS peptide
dy (10" 'mm’/cell s) 8.5 8.5 8.5 8.5
a, (107 ng/cells) 5 8.5 21 21
D, (107 mm?/s) 2 1.6 1.6 1.45

Table 2 - Bioactive properties of active zone according to four type of substrate. Values were
computed from equation (7a) and (7b) using data from relevant literature: Wakefield et
al.1990; Raush-fan et al. 2008. Coefficients for other tissue were @, = 5x10™'* ng/cell s and
D,=2.5%10" mm?/s.
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Figure 1 - (a) The periprosthetic zone of interest comprises three sub-domains: the host
trabecular bone, the post-operative gap and the active zone of few microns thick where
implant bioactive properties modified growth factor sources and cell flux. (b) Canine
experimental device: stable PMMA implant. (¢) Axisymetric model of the canine implant
device showing the radial location of zones of interest: host trabecular bone, post-operative
gap, implant active zone.
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Figure 2 - Radial distribution patterns of structural fraction ¢ for different types of implants.
The experimental pattern concerned the PMMA implant and it was obtained from
histomorphometry. The active zone of 15 microns thick was located at the implant surface and
sensitivity analysis involved titanium substrate with three types of bioactive surface treatment:
acid-etched, coarse-grit-blasted acid-etched, coarse-grit-blasted acid-etched with RGDS
peptide.
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Figure 3 - Influence of bioactive surface treatment on the structural fraction ¢ in the active
zone located at the implant surface. Surface dependant parameters were the diffusion
coefficient D, (107 mm*/s) and the coefficient of growth factor production in autocrine mode
Oy (107" ng/cell s). The cell decay factor was constant (dy=28.5 x 10" 'mm?*/cell s). Materials
were PMMA and titanium substrate with three types of bioactive surface treatment: acid-
etched, coarse-grit-blasted acid-etched, coarse-grit-blasted acid-etched with RGDS peptide.
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