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ABSTRACT

Porous material is used in engineering and biomedical structures, where the solid phase is the frame of the
material and dissipation effects occur in the pores of the material. This work proposes a stochastic model of
porous material to predict the bone tissue healing process in the early period after the implantation surgery.
The bone implant is assumed to be axisymmetric and the healing process is evaluated up to 8 weeks after
the implantation, which is validated by the canine experiments. The porous dynamic model is coupled with
biochemical equations to take into account the osteoblast cells migration and the growth factors diffusion.
Using the polynomial chaos expansion method, the effects of uncertain biochemical factors on the distribution
of the new-formed tissue around the bone implant are examined. Compared with Monte Carlo simulations, the
stochastic model can obtain high accuracy with greatly improved computational cost. The spatial-temporal
model presented here provides a tool to evaluate the highly complex implant healing process and the influences
of different biochemical factors.

Keywords: Porous material, Stochastic model, Polynomial chaos expansion
I-INCE Classification of Subjects Number(s): 35.2.5

1. INTRODUCTION

The clinical longevity of an orthopedic implant is affected by its fixation to the surrounding bone (1, 2). The
implant fixation quality is determined by the bone healing process in the early period after the implantation
surgery, which is influenced by several mechanical and biochemical factors (3, 4, 5). The mechanical factors
come from the nature of the bone. The bone structure is a porous medium and it consists of two parts, the solid
phase is the bone matrix and the fluid phase is the marrow. The biochemical factors added to the mechanical
behaviour are from the osteoblasts and growth factors, which proliferate and migrate in the marrow. The
osteoblast cells promote bone formation and mineralization. The growth factors regulate cell proliferation and
stimulate bone matrix formation (6).

A numerical model of a bone healing process involves both mechanical (7, 8, 9) and biochemical aspects
(10, 11). Early models focused on the mechanical properties, which simplify the biochemical and time effects
(10, 11). Models have been developed to examine the biological and transient behaviours of the cells and
growth factors (12, 13, 14). The porous bone tissue was modelled as a convective-diffusive-reactive material
(15, 16, 17) and was validated by experimental results (18, 19).

There are many uncertain parameters to consider in a numerical model of a bone implant which will
affect the healing process. Models of uncertainty are generally based on either a parametric or non-parametric
description of the uncertainty. The polynomial chaos expansion method is a parametric approach to describe
uncertain parameters. The polynomial chaos expansion was first introduced as the homogeneous chaos (20)
and is applied to examine systems with high levels of uncertainty (21). Using polynomial chaos expansion, the
stochastic system equations are transformed to a set of deterministic equations using the Galerkin projection
scheme. Compared with Monte Carlo simulations, polynomial chaos expansion can obtain the statistical
characteristics of the results with greatly reduced computational cost.

This paper investigates the effects of uncertain biochemical factors on the bone-implant healing process
using polynomial chaos expansion. The bone structure is modelled as a rigid porous material with a 1D (radial)
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axisymmetric geometry, which supports an unloaded and axisymmetric implant. The mechano-biological
model considers both the mechanical and biochemical equations to take into account the osteoblast cells
migration and the growth factors diffusion. Results from the numerical model of the homogeneous healing of
the bone implant are initially validated by experiment results from literature. Uncertainties within the healing
process are then modelled using the polynomial chaos expansion method. The explicit finite difference scheme
is combined with the polynomial chaos expansion method to solve the stochastic system equations. Results
from the stochastic model are compared with Monte Carlo simulations.

2. POROUS MODEL FOR THE BONE IMPLANT

The diffusive—convective-reactive system equations of bone-implant healing have been developed based
on porous material mechanics (7, 8, 9) and biomechanics (15).The bone structure consists of both solid and
fluid phases, corresponding to the bone matrix and the marrow, respectively.

The coupled bone-implant healing process consists of the mineral deposit by osteoblast cells, the transport
of growth factors by convection, the diffusion and migration of growth factors and osteoblast cells. For a rigid
and axisymmetric bone implant, the mass conservations of each phase during the healing process are given in
what follows (15)

aq)s S S\2 ¢ ~M
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divg’/* = —a*(1 — ¢*)2ccc” 2)
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o’ is the coefficient of osteoid synthesis, q¢ is the cells flow rate, qM is the growth factors flow rate, D is the
coefficient of cell diffusion, A€ is the coefficient of haptotactic migration, p* is the density of solid phase, x¢ is
the coefficient of chemotactic migration, &€ is the coefficient of cell proliferation, N°“ is the inhibition level of
cell proliferation, DY is the coefficient of growth factor diffusion. The outputs of the numerical model are
the solid fraction distribution in the bone structure ¢*, the relative fluid flow rate ¢/ /s, the concentration of
osteoblast cells C¢ and the concentration of growth factors CY.

CC = 1 — ¢S (5)
M
M _ n
M= ©)

where n¢ is the amount of cells per bone element, #* is the amount of growth factors per bone element.

3. STOCHASTIC MODEL

3.1 Polynomial chaos expansion

Using polynomial chaos expansion method, the stochastic system equations are transformed into deter-
ministic equations as follows. The uncertain variables are initially projected onto a stochastic space spanned
by a set of mutually orthogonal base polynomials ¥;, which are functions of a multi-dimensional random
variable § = {&1,&,,...,&,} . Every random variable has a corresponding random space & € Q;(i = 1,2,...,n).
The uncertain variable Y can then be expressed as (22)

Y(E)= Y W) ™
i=0

where Y; are deterministic coefficients. The base polynomials ; are a set of multi-dimensional polynomials in
terms of & with the following orthogonal relationship

E[¥,¥,] = §;,E[¥7] ®)
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0;; is the Kronecker delta and E represents the expected value in the probability space. Selection of the
base polynomials ¥; depends on the probability density function of each random variable (23). Using the
orthogonality relationship, the unknown coefficients ¥; can be determined by stochastic Galerkin projection.

3.2 Uncertain bone-implant healing

In this work, uncertainty in biochemical factors is examined. In what follows, the uncertain parameters
oy, he, X are represented by truncated polynomial chaos expansion (PCE) using a limited number of base
polynomials. Using Ng, N, Ny, to represent the number of base polynomials in the truncated PCE, the uncertain
o, h¢, x¢ are respectively given by

Ny

Ne Ny
@)=Y ¥, , hE) =) h¥,E) . x€) =) ¥ E) ©)
p=0 q=0 r=0
The uncertain output parameters ¢*, g//*,C¢,CM are then expressed by
Nq) Ny Nc
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Ny
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where Ny, N;, N¢, Ny are respectively the number of base polynomials in the truncated PCE for the output
parameters. Substituting the expansion equations given by Egs. (9) and (10) into Egs. (1)-(4), multiplying by a
base polynomial ¥, (§) and then using Galerkin projection results in a set of deterministic equations. To solve
the partial differential equations, the explicit finite difference scheme with variable time steps and upwinding
is utilized .

4. NUMERICAL RESULTS

Figure 1 shows a schematic diagram of an axisymmetric bone implant investigated numerically in Ref. (2).
An enlarged view of the implant shows the radius of the implant denoted by r;, the radius of the drill hole
denoted by r, and the radius of the surrounding bone denoted by r;. In a previous canine implant experiment
(18, 19), the radii were measured as r; = 3.25mm, r; = 4.1mm and r; = 7mm. The healing process is examined
up to 8 weeks after the implantation surgery, where the implant is stable and axially unloaded.

Figure 1 — Axisymmetric bone structure

The initial conditions of the numerical mechano-biological model used here are listed in Table 1. The
fluid flow ¢/ /s cells flow q° and growth factors flow g are zero at the implant surface boundary. The initial
distribution of the solid fraction ¢ in the bone structure is modelled as

5= 500500+ 102 —0f)van™! | £ () an

where ¢7, ¢; are the distribution of the solid fraction at implant surface and surrounding bone, r € [r;, 7] is the
radius, &y is the transition region at the drill hole, &,, r; depend on the surgery technique.
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Table 1 — Initial conditions of the mechano-biological model

Parameter ~ New-formed tissue [r;,ry] Surrounding bone [ry, r;]

0*[%) 6 10-60
q’ /3 [mm/s] 0 0
n‘[cell/mm?3] [0,1000] 1000
CM[ng/mm3] [0,0.3] 0

In the numerical model, the fixed and uncertain parameters are obtained from experiments and literature
(2, 18, 19), as listed in Table 2.

Table 2 — Parameters of the mechano-biological model

Parameter Value Parameter Value
8;[mm] 0.1 03[ %] 50
N¢¢[cell/mm?] 1000 CY[ng/mm?] 0.2
a‘[mm3/(cell.s)] 1.9 x 1010 n¢[cell/mm?] 1000
D[mm?/s] 25x 1077 o [mm®(cell.ngs)]  [1,5]x107°
DM[mm?/s] 4.8 x 1076 h¢ [mm>/(s.kg)] [0.04, 0.88]

plkg/mm®] 257 x10 ®  x¢[mm’/(s.ng)]  [I, 14.5]x1073

Experimental results reproduced from Refs. (15, 18, 19) are compared with results from the numerical
model developed here, as shown in Fig. 2. For the deterministic numerical model in this work, the coeffi-
cient values within the range provided in Table 2 were chosen as follows: coefficient of osteoid synthesis
a’=3.25x 102 mm®/(cell.ng.s); coefficient of haptotactic migration 2°=0.7 mm?>/(s.kg); coefficient of chemo-
tactic migration y°=7x 10~> mm>/(s.ng). Figure 2 shows that the solid fraction distribution from the numerical
model is in very close agreement with the experimental results. Compared with the surrounding original bone
with a boundary value of ¢;=50% at radius r;, the solid fraction distribution of the new-formed tissue in the
gap between the implant and drill hole (r € [r;, r4]) is relatively high. Two peak values for the solid fraction
distribution occur around the implant surface (r = r;, $7=75%) and the drill hole (r = r4, ¢;=73%), which are
close to each other. Outside the implant region (r > r), the solid fraction distribution decreases towards the

boundary value ¢;.
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Figure 2 — Numerical and experimental results for the solid fraction distribution in the bone-implant structure

4.1 Uncertain coefficient of osteoid synthesis o
Variability in the coefficient of osteoid synthesis o* is assumed to follow a uniform distribution within the
range shown in Table 2, which is well represented by the 1st order Legendre PCE (Ny=1) (21). The uncertain
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solid fraction distribution ¢* is represented by the 2nd order Legendre PCE (Ny=2), which is accurate enough
as shown in Fig. 3. The statistical moments of the uncertain output are obtained from the coefficients of the
polynomial chaos expansion using the orthogonality of the base polynomials in Eq. (8). Upper and lower
envelopes of the solid fraction distribution are constructed from the PCE expression. In each case, 50,000
Legendre polynomial samples are generated and substituted into the PCE expression to obtain the maximum
and minimum values of ¢°. Results obtained using polynomial chaos expansion are compared with Monte
Carlo (MC) simulations using 5000 samples. As shown in Fig. 3, both the mean and variance results can be
well predicted by the Legendre PCE. Furthermore, the computational cost is significantly reduced using PCE
as the 5000 MC simulations take 270 hours and the 2nd-order Legendre PCE takes 40 hours to compute. The
coefficient of osteoid synthesis o influences the formation of bone in the whole structure (r € [r;, rs]). The
maximum variations show around the implant surface (r = r;) and the drill hole (r = r;). The synthesis of
bone matrix is very active in the gap (r € [r;, r4]) between the implant and drill hole, which also influences the
solid fraction distribution in the surrounding bone.

4.2 Uncertain coefficient of haptotactic migration h¢

In this case, the variability comes from the uncertain coefficient of haptotactic migration 4¢, which is
assumed to follow a uniform distribution within the range shown in Table 2 and is represented by the 1st order
Legendre PCE (N,=1). As shown in Fig. 4, the coefficient of haptotactic migration 4#° mainly influences the
formation of bone in the gap (r € [r;, r4]) between the implant and drill hole. Haptotactic flow is proportional
to the gradient of solid fraction distribution (15). The maximum variations of the solid fraction distribution
show in the gap and around the drill hole surface, which is attributed to the high gradient of solid fraction
distribution in such regions.
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= 60%} 5 0.015 1
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0% : : : - > 0 - : :
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Figure 3 — Mean and variance of solid fraction distribution with uncertain coefficient of osteoid synthesis o*
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Figure 4 — Mean and variance of solid fraction distribution with uncertain coefficient of haptotactic migration
h¢
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4.3 Uncertain coefficient of chemotactic migration x°¢

Variability in the healing process is now generated by the uncertain coefficient of chemotactic migration
x¢, which is assumed to follow a uniform distribution within the range shown in Table 2 and is represented
by the Ist order Legendre PCE (N,=1). As shown in Fig. 5, the coefficient of chemotactic migration x*
influences the formation of bone in the gap (r € [r;, r4]) between the implant and drill hole. Chemotactic flow
is proportional to the gradient of growth factor concentration (15). The most significant variations of the
solid fraction distribution occur around the implant surface (r = r;), showing high gradient of growth factor
concentration.
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Figure 5 — Mean and variance of solid fraction distribution with uncertain coefficient of chemotactic migration
XC

5. CONCLUSIONS

The bone-implant healing process in the early period after the surgery is crucial to the longevity of the
implant, which is influenced by several uncertain parameters. This paper utilizes a mechano-biological model
to predict the formation of bone structure up to 8 weeks after the implantation. The mechano-biological model
is further combined with polynomial chaos expansion to examine the effects of uncertain biochemical factors.
Compared with Monte Carlo simulations, the stochastic model is shown to obtain accurate results with much
lower computational cost. For the single uncertain coefficient examined here, the computational time for this
stochastic model is about 15% of that for the Monte Carlo simulations. Based on this stochastic model, the
effects of osteoid synthesis, haptotactic and chemotactic migration are examined.
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