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ABSTRACT

This study aims at suggesting a new approach to peri-implant healing models, pro-
viding a set of taxis-diffusion-reaction equations under the combined influence of
mechanical and biochemical factors. Early events of osseointegration were simulated
for titanium screw implants inserted into a pre-drilled trabecular bone environment,
up to twelve weeks of peri-implant bone healing. Simulations showed the ability of
the model to reproduce biological events occurring at the implant interface through
osteogenesis. Implants with shallow healing chamber showed higher proportions of
lamellar bone, enhanced by the increase of mechanical stimulation. Osteoconduc-
tion was observed through the surface treatment model and similar bone healing
patterns compared to in vivo studies.

KEYWORDS
Osseointegration; Mechanobiological model; Implant design; Surface treatment;
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1. Introduction

Screw-shaped titanium implants are commonly used for the treatment of many
pathologies or traumas, from the dental field to the orthopedic one. To improve im-
plants osseointegration in the long term, researchers and manufacturers goal focus
on the constant provision of new designs with innovative geometris and surface treat-
ments obtained through mechanical or chemical process. Osseointegration is a complex
clinical state where direct and functional contact is established between an implant
and bone, involving a sucession of biological events (Branemark et al. 1969; Schroeder,
Pohler, and Sutter 1976). During the surgical procedure, a bone cavity is drilled to
place the implant and is filled with blood, due to vessels damage. Proteins contained
in blood are adsorbed at the surface of the implant (Mavrogenis et al. 2009). This
phenomenon triggers the adhesion and activation of red blood cells, platelets and in-
flammatory cells to secrete cytokines, growth and differentiation factors, resulting in
the formation of a blood clot that acts as a scaffold for the migration of mesenchymal
stem cells (MSC) and osteoblasts towards the implant. These cells, under the influence
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of growth and differentiation factors, deposit a new and condensed collagenous matrix
that forms woven bone, generating a continuity at the bone-implant interface (Meyer
et al. 2004). This formation occurs both from the host bone cavity towards the implant
surface and inversely : we respectively talk about distance osteogenesis (osteoinduc-
tion) and contact osteogenesis (osteoconduction). Then, woven bone is progressively
remodeled into lamellar bone, showing higher degrees of mineralization and provid-
ing a stronger fixation of the implant. Such remodeling is mechanically controlled
through a process called mechanotransduction, in which a physical stimulus is trans-
formed in a biological response by osteogenic cells in order to adapt bone quality and
architecture to the environment stress (Martino et al. 2018). Furthermore, implants
geometry are known to play a crucial role in osseointegration, whether it is through
the achievement of bone anchoring (Shiffler et al. 2016) or the establishment of a bi-
ological interface with bone (Lemons 2000). It is accepted by the scientific literature
that implants surface modifications, in terms of chemical composition and topology,
have an impact on their rate of osseointegration. Indeed, in vitro and in vivo studies
together showed that surface treatments introducing features at micrometric or nano-
metric scale positively affects mesenchymal stem cells and osteoblasts, promoting a
stronger adhesion to the surface, shortening their proliferation phase and enhancing
their maturation to secrete more rapidly bony extracellular matrix (Schwartz et al.
2008; Szmukler-Moncler et al. 2004; Park et al. 2009; Gittens et al. 2013). Among
the wide variety of tests that can be conducted in order to obtain a more compre-
hensive analysis of osseointegration mechanisms, in silico studies bring the advantage
to quickly and cost-effectively assess hypothesis. Furthermore, although in vitro and
i vivo studies give a practical approach to research on osseointegration, ethics and
costs related to the duration and complexity of bone regeneration and remodeling
act as a major drag to evaluate the effect of implant design and surface treatment.
As a consequence during the last decades, computational models have been devel-
oped to characterize, exhaustively or only partially, mecanisms associated to these
phenomena. Among these models, diffusion-reaction models have been widely used to
model cellular activity such as cell migration, proliferation and differentiation. Many
attempts have been conducted in the scientific literature to model peri-implant bone
healing. Ambard et al. (Ambard and Swider 2006; Ambard, Guérin, and Swider 2009)
emphasized the role of bone cell migration and growth factors in bone regeneration.
Andreykiv et al. through a model to study the effect of a porous surface on peri-
implant bone cells differentiation, brought the influence of mechanical stress on cell
proliferation and differentiation (Andreykiv, van Keulen, and Prendergast 2008). This
model predicted cell differentiated phenotype through a criterion used by Prendergast
et al. in a fracture healing computational model. The introduction of cell-implant in-
teractions has been later covered by the work of Moreo et al. and Amor et al. who, in
addition to the implementation of adsorbed proteins and platelets attachment to the
implant, modified boundary conditions or cell proliferation and differentiation param-
eters at the periphery of the implant to model the impact of implant microtopography
(Moreo, Garcia-Aznar, and Doblaré 2009; Amor et al. 2011). These studies manage
to accurately reproduce bone healing patterns in a screw healing chamber, but do
not take into account both the impact of biochemical factors and mechanics on cells
proliferation, differentiation, and extra-cellular matrix secretion. The objective of this
study is to suggest a novel mechanobiological model to study the effect of both im-
plant design and surface treatment on peri-implant bone healing. In particular, this
model takes into account the influence of biological factors and mechanical stress in
the proliferation and differentiation of bone cells, as well as in the extracellular matrix



formation.

2. Materials and method

The mathematical model designed in this study is based on the approach developed
by Amor et al. (Amor et al. 2011), adapting it to distinguish woven bone formation
from lamellar bone remodeling and to introduce the impact of mechanics on biological
events. In particular, a comparison of this model with the in vivo study conducted by
Abrahamsson et al. was conducted to assess its relevance regarding biological events
occurring during implants osseointegration and de novo bone proportions observed in
implants healing chambers (Abrahamsson et al. 2004).

2.1. Governing equations

The present model can be divided into two main parts: a mechanical part and a bi-
ological one. The mechanical part aims at introducing the mechanical stimuli that
influence cellular activity, bone formation and remodeling. Such part is modeled con-
sidering bone as a porous media filled with an interstitial fluid. This porous media is
assigned with evolutive mechanical properties depending on bone regeneration and re-
modeling. The biological part of the model describes cells migration, proliferation and
differentiation in order to produce woven bone that is further remodeled into lamellar
bone. The whole biological process is, in addition to mechanical stimuli, influenced by
the local concentration of growth factors.

2.1.1. Poroelastic theory

The mechanical part of the model is built under the hypothesis of a quasi-static do-
main with a negligible mass increase, and small strain. Bone tissue is composed of
a solid matrix in which an insterstitial fluid flows. Therefore, we characterize bone
as a biphasic material governed by poroelastic theory, considering continuous elastic
and isotropic properties. Furthermore, the porous media is saturated with interstitial
fluid and both solid and fluid components are considered incompressible. Total stress
0 in the media is therefore a function of solid matrix strain & and interstitial fluid
pressure py defined by Eq. (1), where E is the young modulus of the solid matrix and
1 Poisson’s ratio.
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A conservative law is used to describe the interstitial fluid speed regarding the
solid strain, as defined by Eq.(2), ¢ and K being respectively the solid phase porosity
and permeability while py and k; are respectively the fluid dynamic viscosity and
compressibility modulus. The fluid flux is related to pressure gradient through Darcy’s
law Eq.(3).
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The implementation of the poroelastic theory is meant to calculate the distribution
an adimensional criterion S of mechanical stimuli. This criterion derives from Pren-
dergast et al. work on computational prediction of MSCs differentiation in fracture
healing and is defined through the calculation of the octahedral shear strain + and
interstitial fluid speed vy (Prendergast, P.J; Huiskes, R.; Soballe 1997):
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a = 3.75% and b = 3um.s~! are empirical constants (Soballe, KjeldHansenp and
Bunger 1992; Sgballe et al. 1992; Sgballe 1993).

2.1.2. Bone ingrowth

The biological part of the model includes the spatio-temporal evolution of five vari-
ables: concentrations of MSCs (¢;,) and osteoblasts (cop), woven bone (m,,) and lamel-
lar bone (m;) matrix densities as well as osteogenic growth factors concentration (g).
Compared to models developped by Andreykiv et al. (Andreykiv, van Keulen, and
Prendergast 2008) or Amor et al. (Amor et al. 2011), this model does not take into
account the potential generation of fibrous or cartilaginous tissues that are not nor-
mally observed in intramembraneous ossification. Therefore, the biological part of the
model is represented by five differential equations of taxis-diffusion-reaction type:
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With cior = ¢ + Ccop and myor = my, + my. MSCs migration is considered to occur
mainly through diffusion (Gruler and Biiltmann 1984), chemotaxis (Lind, Eriksen,
and Biinger 1996) and haptotaxis (Carter 1965). These migrations are respectively
driven by a diffusion function D, , a haptotaxis one C., and a chemotaxis one x,, .
While it was demonstrated that osteoblasts have the ability to migrate towards the
implant surface (Jones and Boyde 1977), this migration is limited in comparison with
MSCs as osteoblasts attached to the bone surface they secrete lose this ability (Davies
2003). Therefore, osteoblasts migration is neglected regarding MSCs one. In addition to
migration, MSCs and osteoblasts proliferate respectively as a function of P, and P,
that both also depend on my.:. MSCs differentiate depending on Fi, and osteoblasts
apoptosis is considered by a simple linear relation, represented by a constant of decay
d.,p. Osteoblasts concentration then influence the secretion of woven bone at a rate
depending on the functional form Q. This woven bone subsequently remodels into
lamellar bone at a rate that depends of );. Except for cells migration and apoptosis, all
the aforementioned functional forms depend of the stimulus S and/or growth factors
concentration. Finally, growth factors are considered to diffuse with a constant of
diffusion D,. They are produced as a function of osteoblasts concentration at a rate
E, and decay as a linear function of growth factors concentration at a rate dy. An
overview of all variables, parameters and functions is available in the Appendix (Tables
1, 2 and 3). In the absence of experimental data on these parameters and functions,
computational models of the scientific literature are added as references to justify the
values they are derived from.

2.2. Numerical stmulation

The computational model suggested in this study was developed using COMSOL Mul-
tiphysics v5.4 software (Comsol inc, USA). It is based on a finite element formulation.
An implicit method was used to solve non-linear differential equations, with a mesh
closely adapted to the geometry studied. The numerical simulation is conducted in 12
iterative steps to cover twelves weeks of peri-implant bone healing (Fig. 1). At each
iteration, the spatio-temporal distribution of each variable is stored as well as their
proportion in the region of bone healing. It is to notice that biological activity was only
computed in areas concerned by bone healing. Before simulating the osseointegration
of different thread design, this model was calibrated by comparison with data from
scientific literature (Berglundh et al. 2003; Abrahamsson et al. 2004).

2.2.1. Model geometries

For time computation and simplification matters, 2D geometries containing one half
thread and one half screw healing chamber were simulated in this study. Symme-



try conditions were applied in accordance with such simplification. Each geometry
implemented into the numerical simulation was subdivided into different domains,
representing a titanium screw implanted in a trabecular bone environment (Fig. 2a).
For each screw profile, a pre-drilled hole is modeled. The pre-drilled hole and implant
dimensions altogether constrain the healing chamber size. Furthermore, to model bone
damage that is initially obtained through drilling and implant insertion (Brunski 1999;
Kuzyk and Schemitsch 2011), a damaged bone area was implemented distinguishing
the bone healing chamber domain from healthy bone by a zone of 450 pm thick (Kuzyk
and Schemitsch 2011). x-axis geometries limits were constrained on one side by the
screw axis and was set to twice the external implant radius on the other side.

2.2.2.  Material properties

Three materials, representing three tissue state of maturity and mineralization were
defined in this study: granulation tissue, woven immature bone and lamellar mature
bone. Mechanical properties of these materials are summarized in Table 4. As signif-
icantly more resistant than bone, the titanium implant is considered as an infinitely
rigid material in the context of our study. Evolutive materials properties were applied
to the healing chamber and damaged bone domains, using a law of mixture for each
property considered:

E = (1 — kmyot) Egran + £(my Ey + myEp) (10)

Evolutive materials properties are updated at each simulation iteration. Finally,
healthy bone was considered as mature bone and assigned with properties of lamellar
bone.

2.2.8. Initial values and boundary conditions

Initially, the healing chamber is considered filled with a very soft granulation tissue,
while the healthy bone is only composed of trabecular bone. To model the initial bone
resorption following bone drilling and implant insertion, trabecular bone is considered
reduced by half in the damaged bone area (Timon and Keady 2019). The implant
is studied in an unloaded configuration. Mechanical boundary conditions are applied
at the external limit (Fig. 2b) to model an external stimulation of bone tissue. At
this limit, the interstitial fluid pressure was considered null. Therefore, a Dirichlet
condition was applied such as py=0 Pa at this limit. Furthermore, to introduce the
influence of a mechanical stimulus on cellular activity, a compressive displacement
Up= 0.5pum was applied at the external limit of the model. Such displacement was
chosen in order to induce a moderate stress and pressure inside the bone healing
chamber. To observe cellular activity variations regarding the mechanical stimulus,
several studies were conducted on one thread profile (rjp;=3mm, e=0.06mm and a
=30°) with increasing displacements from 0.25um to 1.25 ym. As the titanium implant
was considered infinitely rigid, boundaries at the interface with the implant healing
chamber and with damaged bone were fixed. Then, symmetry conditions were applied
at upper and lower limits to model the screws thread repetition. Biological boundary
conditions were applied at the interface between damaged bone and healthy bone (Fig.
2b). Dirichlet conditions were applied for MSCs and growth factors concentrations,
such as ¢, =10° cells.ml™! and go=10 ng.ml~!. Cellular and growth factors constant



provision were respectively considered to occur respectively during 4 and 10 (Amor
et al. 2011) and cells proliferation during 7 days (Schmitt 2015).

2.2.4. Model calibration regarding scientific literature

In order to provide results that can be compared with literature, a model calibration
was conducted. Such calibration was based on a study conducted by Abrahamsson et
al. (2004) in vivo (Berglundh et al. 2003; Abrahamsson et al. 2004). This study aimed
at evaluating the rate and degree of osseointegration of dental implants during early
phases of healing. Such evaluation was conducted in dogs jaw and for two implants
topographies: a standard surface with no surface treatment turned and a microrough
topography obtained through sandblasting and acid etching. The geometry modeled
for this calibration was derived from the geometry of the titanium implants used for
this study. Therefore, an implant with an external diameter of 4.1mm, an internal
diameter of 2.6mm, a pitch of 1.25mm and inserted into a pre-drilled hole of 3.4mm
diameter was considered for this simulation, resulting in a 0.4mm deep healing cham-
ber (Fig. 3a,b). The healing chamber and its environment have been modeled using
the domains subdivision described previously. Considering the mathematical modeled
developped and the available data from the literature to set a value for each param-
eter (Table 1), The calibration was conducted by varying the parameters related to
woven bone secretion o, and lamellar bone remodeling @);,. The validation is based
on the comparison of woven bone and lamellar bone proportions within the implant
healing chamber, comparing the turned implant experimental data and numerical sim-
ulation results. The most faithful results obtained with a,, = 2.5 x 107%g.day~! and
Q1, = 0.9 x 107 %mm3.(g.day) ! are displayed in this article.

2.2.5. Parametric analysis

A parametric analysis was conducted in order to study the impact of the implant
geometry on the osseointegration process that has been modeled. Titanium screws
commonly used in the orthopedic field with an external diameter 4.5mm, a pitch of
1.75mm and inserted into a pre-drilled hole of 2mm diameter were considered in this
analysis. Three parameters were considered to define the healing chamber geometry:
the thread thickness e, the thread angle a and the core radius r;,; of the implant (Fig.
3c,d). The range of values studied for each parameter is indicated in Table 5.

2.2.6. Surface treatment modeling

For the same thread profile that was used for the analysis of mechanical stimuli vari-
ations, simulations were conducted with local modifications of governing equations
and initial conditions in order to model an implant surface treatment. Therefore, no
modifications have been conducted on the implant macrogeometry nor its microgeom-
etry and the surface treatment was simulated through the local modification of the
cellular activity, based on data from the literature (Lincks et al. 1998). At the surface
treatment interface (domains 5 and 6 in Fig. 2a), cells proliferation, differentiation
and apoptosis, as well as woven bone formation rate and growth factors production
rate were modulated through weighting coefficients according to data obtained in vitro
from Lincks et al. (Lincks et al. 1998) (Table 6). Furthermore, to model the impact of
the surface treatment on the initial blood proteins adsorption, a Dirichlet condition
for growth factors concentration was set at this same interface such as go;=2 pg.ml=?
(Fig. 2c), which remains in the order of values of protein concentrations adsorbed on



titanium surfaces (Sela et al. 2007).

2.2.7. Mesh settings

Depending on the geometry and the boundary counditions that were simulated, mesh
settings were varied to provide the convergence of the simulation. Regarding the model
calibration, triangular elements with a size from 3.62 x 10°mm to 0.17mm were used,
for a total of 11250 elements and an average element quality (skewness) of 0.8989.
On the other hand, triangular element sizes from 1.12 x 10*mm to 0.2mm were used
for a total number ranging from 15827 to 59801 elements and an average element
quality of 0.9237. Finally, 72009 quadrilateral elements with a size from 4.93 x 10*mm
to 0.26mm were used for the surface treatment simulation mesh, with an average
element quality of 0.937. In order to verify the mesh size does not influence simulation
results, a convergence analysis was conducted by varying the elements size by £50%.
No modification of the final results through the convergence analysis were reported by
the authors in terms of bone densities.

3. Results

3.1. Model calibration with experimental findings

Regarding cellular activity, we observed that the damaged bone area is rapidly filled
with growth factors and MSCs differentiating into osteoblasts (Fig. 4). From week 1
to week 4, cells keep migrating from host bone towards the surface of the implants
within the healing chamber. Cells concentration further decreased slowly until week 12.
Regarding woven bone and lamellar bone formation, a front of woven bone formation
was observed going from host bone towards the surface of the implant. This woven
bone is rapidly replaced by lamellar bone as and when the front progresses. These
results are well-correlated with peri-implant bone healing events that were emphasized
by Abrahamsson et al., as a woven bone matrix forms between weeks 0 and 4, that
is progressively remodeled into lamellar bone (Fig. 5) (Abrahamsson et al. 2004). In
particular, an increase in mineralization rate is visible between week 4 and 6 before
slowing down from week 8. In terms of quantitative results, lamellar bone proportions
results accurately fit the experimental data. On the other hand, woven bone simulation
results slightly diverge from experimental data. While a peak in woven bone proportion
is reached experimentally from week 2, simulation results predicted a slower formation,
with a peak reached at week 6.

3.2. Parametric analysis

While revealing no differences in the sequence of biological events occurring during
the simulation, change applied in thread dimensions had an impact in the proportions
of woven bone and lamellar bone observed (Fig. 6a, b). Considering extreme values
of parameters, significant differences were found between an implant defined such as
Iing=1.5mm, e=0.06mm, a=40° and the one with r;,;;=1mm, e=0.4mm, a=0°. At week
12, the parametric analysis highlighted the major effect of the implant internal radius
regarding the two other parameters, showing lower woven bone proportions (Fig. 6c, e)
within the healing chamber and higher lamellar bone one (Fig. 6d, f) with decreasing
internal radius. Similarly, decreasing the thread thickness tends to generate a decrease



in woven bone proportion and an increase in lamellar bone one. These evolutions
occurred however to a lesser extent than those modifying the internal radius. Finally,
it was observed in our simulations that modifying the thread angle does not have a
significant impact on the biological response.

3.3. Influence of mechanical stimuli

Mechanical stimuli applied were found to have an impact on relative bone formation.
Indeed, increasing the applied displacement from 0.25um to 1.25um generated an up
to 5-fold decrease in woven bone formation at week 4 (Fig. 7a). On the other hand,
lamellar bone evolution with increasing displacement is more discrete, showing up to
a 1.35-fold increase in lamellar bone formation at the same time period (Fig. 7b).

3.4. Surface treatment

The local changes applied on cells activity, growth factors production as well as bone
formation changed the pattern of the global biological behavior (Fig. 8). Indeed, the
deposition of osteoblasts and growth factors onto the implant surface in week 2 gener-
ated marked signs of osteoconduction through woven bone formation from the implant
surface towards host bone that could be observed at week 4. Just like the untreated
surface, a decrease of growth factor and osteoblasts were observed within the healing
chamber from week 4. Regarding woven bone and lamellar bone proportions within
the healing chamber, different early behaviors were noticed compared to the untreated
surface. A peak in woven bone was observed at week 4 (Fig. 9a), at which the value
reached 3 times the one of the untreated implant. Likewise, lamellar bone showed at
week 4 a 2.5 times lower proportion than the untreated surface at the same time period
(Fig. 9b).

4. Discussion

The model presented in this study, through the evaluation of different parameters
influence, highlighted several major phenomenon occurring during peri-implant bone
healing. On the one hand, it is to notice the ability of the model to reproduce woven
bone and lamellar bone formation trends from the work of Abrahamsson et al. (Abra-
hamsson et al. 2004). Quantitative simulations results successfully reached the same
order of values than the ones measured in vivo within the healing chamber. In compar-
ison with other attempts to model this behavior, Amor et al. (2011) showed faster bone
formation in their simulations compared to experiments (Amor et al. 2011). Consider-
ing the parametric analysis, our study evaluated the impact of the thread thickness, the
thread angle and the implant internal radius on osseointegration. Among these three
parameters, our results suggest that the implant internal radius has a preponderant
role in woven bone formation and the following bone remodeling into lamellar bone.
These results are in accordance with the initial observation of Lemons et al. (2000)
(Lemons 2000) that was further validated by various studies (Coelho et al. 2010;
Leonard et al. 2009). Indeed, these studies pointed out the greater woven bone forma-
tion with deeper healing chamber compared to implants allowing no space between its
core and host bone. By comparing several healing chamber configuration, Marin et al.
(2010) also denoted that woven bone only filled half of the deepest implants’ healing



chambers, resulting in lower BIC compared to implants with smaller healing chambers
(Marin et al. 2010). Regardless of the impact on primary stability achievement, our
model suggests a faster peri-implant healing with increasing implant internal radius.
On the other hand, it is known that the relative motion between an implant and host
bone affects peri-implant bone ingrowth (Davies 2003). While a low to moderate level
of mechanical stimulation positively affects bone cells response, studies also reported
the existence of a threshold above which the motion becomes excessive and leads to the
formation of fibrous tissue. Different threshold levels have been used in computational
models, allowing maximum bone ingrowth for micromotions of 20pm (Andreykiv et al.
2005) or 40pum (Spears et al. 2000). In the absence of sufficient scientific proof, it is
yet to admit that the appropriate mechanical stimulation of bone formation remains
unknown, especially since this level might also be specy-specific. Therefore, computa-
tional models could only provide an insight of mechanically stimulated peri-implant
bone healing. In our case, local and low values from 0.25pm to 1.25um were applied
as a boundary condition in order to assess the sensitivity of this parameter on bone
formation. In this model, the mechanical stimulation was considered by computing
the octahedric shear strain and the interstitial fluid speed, gathered into the Prender-
gast criterion. Although this criterion was initially used to predict fracture healing,
it remains one the most faithful criteria among the scientific literature (Lacroix and
Prendergast 2002; Isaksson et al. 2006), even in the case of peri-implant osteogenesis.
The surface treatment model is able to portray several major phenomena compared
to untreated implants, although discrepancies remain between simulations results and
experimental findings. First, the peak of woven bone formation observed in vivo by
Abrahamsson et al. (2004) is correctly predicted by the model (Abrahamsson et al.
2004). Nonetheless, the temporal occurrence of this peak as well as its magnitude dif-
fer, as the maximum woven bone proportion obtained through the model at week 4
reaches half the experimentally measured one at week 2. Beyond the differences be-
tween implants’ dimensions for this simulation, this discrepancy might be explained
by the fact that, in absence of sufficient data from the literature, weighting coefficient
used to model a surface treatment were taken from the study conducted by Lincks
et al. (1998) (Lincks et al. 1998). Although the roughness reported by this study is
similar to the SLA surface treatment, it is more likely that the cellular response in-
duced in vitro on these surfaces differs from the one obtained in vivo on a surface that
may have other chemical or topographical properties, resulting in such prediction bias.
Then, our model correctly highlights osteoconduction and the formation of a layer of
bony tissue at the surface of the implant. Similar observations were made in vivo,
depicting the formation of a bone shell around rough and porous surfaces (Gross et al.
1990; Perrin et al. 2002). Finally, the model does not reproduce the subsequent tra-
becularization that has been observed in the work of Perrin et al. (Perrin et al. 2002).
This architecture rearrangement is obtained through a mechanically driven combina-
tion of bone secretion and bone resorption, functionally adapting bone structure to
the implant in order to optimize its response to mechanical stress. In our case, this
optimization was not modeled due to the computational power requirements such im-
plementation requires. The absence of bone architecture reorganization might explain
the lower proportions of lamellar bone observed in the literature within the healing
chamber (Abrahamsson et al. 2004). More generally, while this model allows to re-
produce peri-implant healing patterns and to corroborate the influence of mechanical
strain combined with biological factors, as well as the influence of surface treatment
on cellular activity and tissue production, it remains a simplification of the actual phe-
nomena at stake. Several improvements can be suggested, assuming the availability of
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sufficient computation power. On the one hand, the osseointegration process was sim-
ulated without taking into account the vascular events occuring through angiogenesis.
Indeed, it is known through the scientific literature that the implant design and its
surface treatment have an impact on the formation of surrounding new vessels(Khayat
et al. 2013; Saghiri et al. 2016). In particular, pericytes were shown to have an impor-
tant role in migration of osteoblasts towards the healing zone (Murray et al. 2014). In
our model, such multipotents cells were concatenated into the mesenchymal stem cells
variable that results in a simplification from which may arise interpretation bias. Fur-
ther improvements could be conducted by considering cells phenotypes individually in
order to simulate their interaction in the osseointegration process. On the other hand,
bone was considered as a continuous elastic and isotropic material. Although this sim-
plification is used in many papers and allows to save computation time (Vulovié¢ and
Filipovic 2020), bone was shown experimentally to be a viscoelastic and anisotropic
material (Turner et al. 1999). Further development will have to take these properties
into account in order to increase the accuracy of the model. Then, load conditions
were considered to be represented by a compressive displacement applied at the exter-
nal limit of the model. This displacement was assumed considering surgical protocols
applied in scientific literature, implying that no crown was added to the implants.
Therefore, forces obtained through chewing would only be applied from surrounding
host bone to the implant. Nonetheless, this approach of the mechanical load remains
an arbitrary simplification of the exact implant loading conditions. Considering a 3D
geometry of an implant inserted into a mandible may allow to set more faithful load-
ing conditions for the simulation. Moreover, a rigid bond between the implant and
bony tissue was considered in this study. Yet, It appears that a close relation exists
between implants osseointegration and the primary stability that is achieved (Javed
et al. 2013). Indeed, thread patterns as well as the surgical procedure for their inser-
tion induce an initial stress distribution in bone. Such distribution act as a mechanical
stimulation for osteogenic cells, that alters their behavior positively or negatively if
the implant overloads surrounding tissues. Furthermore, the achievement of a correct
primary stability lies in the occurence of minimal micromotion between the implant
and tissues at its interface. Such micromotion could be introduced in further work by
considering the implant in its larger environment and adding the mechanical impact of
implant insertion into bone. Finally, this model only considered a healthy case of peri-
implant healing. Indeed, no attempt was made to model the mesenchymal stem cells
differentiation into fibroblasts nor chondroblasts in case of higher mechanical stimu-
lation, according to Prendergast criterion. Therefore, this work could be completed
in the future with the eventual production of other tissue phenotypes such as fibrous
tissue or cartilage by adapting Prendergast et al. mechanical criterion, at the price
of the addition of more complexity and mathematical non-linearities to the model. In
conclusion, the model developped in this study brings a first approach of an efficient
method to study the osseointegration process in an ehtical and cost-effective way. Fur-
thermore, many variables of mechanical or biological nature can be included in the
model, providing a method to incrementally add complexity to the simulations that
are conducted. Potential clinical benefits are numerous, from dental applications to
orthopedic and traumatologic ones. First, the improvement of this model could pro-
vide a better understanding of the phenomena occuring during the osseointegration
process, such as angiogenesis or the impact of biomechanical aspects on the process of
bone remodeling. Then, this model could help optimizing implants design by bringing
ways to study the influence of their geometry and mechanical properties on cellular
activity, as well as the ability to simulate passive or bioactive surface treatments.
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Appendix A. Model parameters rational

The estimation of parameters used for the present model were based on several in
vitro studies (Gruler and Biiltmann 1984; Joyce et al. 1990), other computational
models developed peri-implant bone healing (Bailén-Plaza and Van Der Meulen 2001;
Andreykiv, van Keulen, and Prendergast 2008; Amor et al. 2011) and on calibration
conducted using experimental data from an in vivo study (Berglundh et al. 2003; Abra-
hamsson et al. 2004). While few parameters were taken from computational models
on fracture healing, it was reported similarities between this last ossification process
and peri-implant bone-healing (Davies 2003). A summary of models parameters and
functional forms is a available in Table 1 and Table 2.

o Mesenchymal stem cells: MSCs migration coefficient were taken from Andreykiv
et al. work (Andreykiv, van Keulen, and Prendergast 2008), based on a leuko-
cyte movement in vitro study (Gruler and Biltmann 1984). Diffusion coeffi-
cient was set to Dp= 0.0126 mm?.day 1, which is in accordance with order
of values also used in other mechanoregulatory models. While receptor-kinetic
forms were used by many computational studies (Bail6n-Plaza and Van Der
Meulen 2001; Amor et al. 2011), simpler linear formulation were used in this
study to model haptotaxis and chemotaxis, migration rates decreasing with an
increase respectively in ECM matric and growth factors concentration. C,, =
1.224 mm®.day~!.(gml™!) and x., = 0.027 mm*.day~'.(ng.ml™!) were there-
fore adapted from Amor et al. parameter values taking into account this simpli-
fication (Amor et al. 2011). Mechanical stimulus influence on MSCs proliferation
is based on Simmons et al. in vitro study (Simmons et al. 2003). According to
there work, mechanical strain negatively affects MSCs proliferation. A contro-
versy remains however about this behavior as other studies report an increase of
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MSCs proliferation (Song et al. 2007). Therefore, Andreykiv et al. formulation
as a decreasing linear function of mechanical stimulus was used in this model,
with a maximum proliferation of 1.2day ! reported (Andreykiv, van Keulen, and
Prendergast 2008; Simmons et al. 2003). Such proliferation as well as osteoblasts
one was not considered dependent of growth factors concentration, as depicted
by Zhuang et al. work on mechanical-induced osteogenic cells (Zhuang et al.
1996). F¢,, functional form was defined such as both an increase of growth fac-
tors concentration and mechanical stimulus are in favor of MSCs differentiation
into osteoblasts. In the absence of data from scientific literature experimental
work, agp= 10 day~! and B,= 100 day~! were chosen chosen with the same
order of values of Bailon-Plaza et al. model (Bailén-Plaza and Van Der Meulen
2001), while F,, =0.15 day~' was derived from Andreykiv et al. (Andreykiv,
van Keulen, and Prendergast 2008), assuming that MSCs differentiation into
osteoblasts is maximum at the mechanical stimulus above which MSCs start to
differentiate into chondrocytes (Prendergast, P.J; Huiskes, R.; Soballe 1997).
Osteoblasts: functional form defining osteoblasts proliferation was taken from
Andreykiv et al. (Andreykiv, van Keulen, and Prendergast 2008), based on in
vitro observations of rates ranging from 0.5 day~! to 1 day~! with a 1.5 times
increase in function of mechanical stimulation (Kapur, Baylink, and Lau 2003;
Kaspar et al. 2000; Weyts et al. 2003). This proliferation is assumed maximum
at the mechanical stimulus above which MSCs start to differentiate into chon-
drocytes as well. Finally, osteoblast apoptosis rate d.,= 0.1 day~! was chosen in
accordance with the results a linear stability analysis conducted by Bailon-Plaza
et al (Bailén-Plaza and Van Der Meulen 2001).

Growth factors: diffusion of growth factors D,= 0.045 mm?.day~! was derived
from in vitro TGF-5 and BMP molecular weight defintion (Joyce et al. 1990)
related mathematically to the diffusion coefficient (Vander, Sherman, and Lu-
ciano 1998). A similar value of 0.0415 mm?.day~! was estimated by Bailon-
Plaza et al. (Bailén-Plaza and Van Der Meulen 2001). In absence of data
from experimental work, growth factors production rate coefficient E,= 0.057
ng.ml™1. (cells.ml~1)~t.day~! was chosen according to Amor et al. model (Amor
et al. 2011). Growth factors decay rate dy= 100 day ! was estimated from Baflon-
Plaza et al., using a growth factors half-life time of ten minutes (Bailén-Plaza
and Van Der Meulen 2001; Coffey, Russell, and Barnard 1990).

Bone formation: on the one hand, woven bone secretion by osteoblasts was
modeled such as the mechanical influence compared to growth factors one is
neglected for low mechanical strain. With higher mechanical stimuli, woven bone
secretion is defined as a function of g, with a,= 2.5x107* g.day~! calibrated
through a sensitivity analysis and compared with in vivo data (Abrahamsson
et al. 2004; Berglundh et al. 2003). a, and 8,= 10 ng.ml~! were chosen chosen
with the same order of values of Bailon-Plaza et al. model (Bail6n-Plaza and
Van Der Meulen 2001). On the other hand, it is considered that woven bone
remodeling into lamellar is mainly driven by mechanical factors (Davies 2003).
A lamellar bone remodeling rate Q;,= 0.9x10~% mm3.(g.day)~! was obtained
through a sensitivity analysis as well and compared with in vivo studies from
scientific literature (Abrahamsson et al. 2004; Berglundh et al. 2003).
Mazimum cells, growth factors concentration and ECM density: It was esti-
mated by Bailon-Plaza et al. that a typical concentration of cell involved in
bone healing was 10° cells.ml1~!. Such value has been later used by several other
computational models (Ambard and Swider 2006; Geris et al. 2008). Growth
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factors concentrations on the other hand are in the order of value of 10~ mol/1
(Joyce et al. 1990). A typical associated concentration is 100 ng.ml—1, taking
into account a average molecular weight of 100kg/mol. Finally, an estimation
made by Olsen et al. (Olsen et al. 1997) indicates a typical ECM density of
0.1g.ml~! inside the healed bone area. According to all the values aforemen-
tioned, corresponding reciprocal of maximum constants a= 1076 (cells.ml~1)~1,
k=10 (gml™')~! and y= 1072 (ng.ml~!)~! were defined to respectively create
cells, ECM and growth factors saturation functions in the present model.
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