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Role of initial density distribution
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Purpose: In this paper, the effect of initial density distribution upon the predicted density via numerical simulations of bone remod-
eling was evaluated. The main purpose was to correlate the numerical results with clinical data according to which the initial bone quan-
tity is an essential factor for long term survival of dental implants. Methods: Two-strain energy density-based bone remodeling theories
were employed, one which accounts for overload resorption and the second one, which does not. The remodeling parameters were de-
rived from the mechanostat theory. Bone remodeling around an osseointegrated dental implant was simulated based on finite element
method using a generic mandible plane model. A variable time step was introduced to increase the speed of the remodeling simulations
by keeping the truncation errors small. The simulations were performed for several initial density distributions correlated with values
from clinical classifications of bone quality. For each density value, the occlusal load was defined in two ways so that to consider normal
and overload mastication forces, respectively. Results: The results showed that the initial density distribution influences the predictions
of bone remodeling simulations. For the analyzed model, the remodeling algorithm predicted overload resorption only in the case of
low initial density, which can be associated with low bone quality, which, from clinical perspective, may probably lead to implant loss.
Conclusions: The paper demonstrated that when simulating bone remodeling around dental implants using finite element method, it is

important to account for initial density distribution in correlation with the bone quantity.
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1. Introduction

Dental implants are used to replace the teeth roots
of edentulous patients in order to provide support for
dental prosthesis. The placement of such devices within
bone is an invasive procedure which determines the
processes of bone healing and remodeling to occur
[12]. Bone healing lasts up to 6 months [20] and in-
volves new bone formation around and on the im-
plant, determining the so-called implant osseointegra-
tion. Bone remodeling (BR) is a long-lasting process
which begins during the healing period [12] and takes
place for the rest of life. It involves an increase of
bone mass in the areas with higher stresses via a sub-

process called bone formation (BF) and a decrease
where the stresses are low throughout the subprocess
known as bone disuse resorption (DR) or underload
resorption [4]. Thus, bone cells react to mechanical
stimuli by maintainig an optimum bone mass which is
needed to ensure mechanical support. If locally more
bone is needed due to high loads, BF occurs and if too
much bone locally exist to sustain small loads, the
bone is resorbed away by DR mechanism. However,
bone deposition does not occur at unlimited high
loads. Over a certain limit of stresses, bone overload
resorption (OR) occurs [8].

Prior to implant placement, clinicians investigate
the structure of bone in the surgical area in order to
ensure mechanical support for the dental prosthesis.
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The density of bone in the investigated region is termed
bone quantity (BQ) [13]. It is known that the BQ is an
important factor for implant success [13], [15], i.e.,
long term implant survival. Higher chances of implant
failure due to overloading by high mastication forces
are associated with lower bone densities [15].

Numerical bone remodeling theories were success-
fully applied demonstrating the ability of algorithms
to predict density distributions around dental implants
resembling the actual bone architecture [2]. The simu-
lation of BR starts from an initial density distribution
which is usually considered constant over the simula-
tion domain [2], [11]. By correlating the Young’s
modulus with the density via empirical expressions [6],
an initial constant rigidity of the trabecular architec-
ture is defined. However, different initial Young’s
modulus, which mimic the initial BQ, determines a dif-
ferent stress distribution as the local rigidity influences
load transfer within statically indeterminate systems.
In the case of mathematical BR models which do not
account for OR, the higher the load applied, the higher
the predicted density. Such results are not consistent
with the clinical data according to which the over-
loading is a potential cause of implant lose due to OR
[22]. However, if the OR is accounted for, as some
mathematical models employ it [8], [21], it is likely to
obtain different density distributions, depending on
the initial Young’s modulus selection.

Based on the above observations, the aim of this
work was to simulate BR around dental implants using
different initial conditions (initial Young’s modulus)
correlated with clinical bone quantity. It is of interest to
check whether the initial Young’s modulus influences
the density predictions in the sense that clinical out-
comes report, i.e., higher implant loss rate in the low
quantity bone. There are employed two commonly
used mathematical models of BR, based on Huiskes et
al. [7] formulation in which the strain energy density
(SED) is the mechanical driving stimulus. The first
model accounts only for the DR and BF, while the
other is also capable of simulating OR. The simula-
tions are performed on a plane model that represents
an occlusal section of a generically shaped mandible.
Also a generic implant is considered.

2. Methods

Bone remodeling theories

Following Huiskes et al. [7], the BR equation with-
out OR capability is given in:

B[S-S,(1-w)], S<S,(1-w)
ar _ ), S, (1-w)<S<S,1+w), (1)
B[S-S,(1+w)], S>5,(1+w)

where p is the apparent density which includes tissue
and pores, B is a constant indicating the rate of re-
modeling, S a measure of the mechanical stimulus that
bone cells are supposed to detect and S, a reference
homeostatic value of the mechanical stimulus. Equa-
tion (1) also incorporates the so-called lazy zone,
which is an extension of the equilibrium stimulus
to an interval of no remodeling values, with the
width 2w.

In order to account for the OR effect, Lin et al. [8]
added a quadric term to the Eq. (1), but with no lazy
zone (w = 0), as in the form:

% B(s-5,)-D(5-S,). @
dt

where D is a parameter adjustable as a function of B
and S,, so that the quadric term influence to be signifi-
cant at physiologically high loads, i.e., stresses over
certain values which bone is supposed to normally
sustain. Therefore, Eq. (2) predicts resorption over such
loading values, while Eq. (1) predicts unlimited den-
sity growth.

In this paper, a simple extension of the Eq. (2) is
employed to account for overload resorption, by in-
troducing the lazy zone, as follows:

B[S —5,(1-w)].
a0 _J,

S<S,(1-w)
S(1-w)<S<S,(1+w)
BIS—S,(1+w)]-D[S-S,1+wT, S>8,(1+w)
3)
The rate of remodeling corresponding to the two

mathematical models were graphically presented in
Fig. 1a and b, for a more intuitive understanding.

dp/di dp/dt

Fig. 1. Remodeling rate variation in the case of BR models:
a — without OR and b — with OR

It is noteworthy that the OR quadric term was only
introduced within the range of driving stimuli ex-
ceeding the equilibrium interval, thus in which the
overload is likely to occur. A similar approach was
presented by Hassan et al. [5], with the difference that
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the quadric term was also included within the range of
driving stimuli bellow the equilibrium interval. The
third branch of Eq. (3) has only a root within its appli-
cability range. This root has the meaning of the SED
threshold at which the remodeling rate becomes nega-
tive, thus the OR occurs. Denoting it with §,, from
Eq. (3), it follows that:

B
Sp=B+SO(1+W). 4)
As in most studies, the mechanical stimulus was
expressed as strain energy per unit of bone mass

(SEM), based on:
s=Y, 5)
P

where U is the SED.

The Young’s modulus was correlated with the ap-
parent density following Carter et al. [1] via the ex-
pression:

E=3790 p°. (6)

The remodeling algorithm and parameters

The two above-mentioned theories were coupled
with the finite element method (FEM) using MATLAB 7
(MathWorks, Inc.) and ANSYS 18 (Ansys, Inc.). Two in-
terconnected codes were developed: one (in MATLAB)
for the evaluation of the remodeling process and the
other using APDL (Ansys Parametric Design Lan-
guage) for the finite element analysis (FEA).

As in most studies, the integration of bone remod-
elling equation was based on forward Euler scheme,
being accurate enough for this kind of simulations
[16]. Thus, the density update follows the rule:

At(i)dp

d -’ M

pn+1 = pn +
where A#(7) is the time step defined in this paper as
a function of the iteration index i. Other studies [2],
[5], [7], [8], [11] considered a constant integration
step, which, in the case of a large value, determines
large truncation errors and in the case of small values,
too many iterations are needed for convergence to be
achieved. The basic idea was to keep an integration
step small enough at the beginning of the simulation,
when the density variation is high, so that the large
truncation errors can be avoided. As the BR simula-
tion progresses, the density variation diminishes
substantially. A higher integration step in this case
would not significantly affect the convergence be-

haviour. Following these arguments, the time step
was defined as:

At 7’ ®)
where d is a positive integer which allow for con-
trolling the speed of time step growing. According to
Lin et al. [11], if a unity time step is chosen to repre-
sent one month, then the speed constant B should be
equal to 120 month-g/cm’, so that one iteration is
to equate one month of BR. Thus, if T is the total
number of iterations, in the case of a one month
time span, it is equal to the number of BR months.
For the variable time span given by expression (8),
if B =120 month-g/cm5 , than, in order to achieve
T months of BR simulation, the number, 7, of neces-
sary iterations can be determined from:

1 n
gz n=T. )
i=1
Thus, it follows that

. —1++/1+8dT

5 (10)

After several numerical tests, for B = 120 month-
g/em’, d was chosen equal to 1200. Therefore, one
month of BR simulation was achieved after n = 49 itera-
tions.

The other parameters of the remodeling equation
were derived from the mecahostat theory of Harold
Frost [4]. According to this theory, bone mass is
regulated by strain magnitude. Between 200 pe and
1500 pe, an equilibrium strain range was defined, i.e.,
no bone mass change was determined. This interval of
strains is equivalent with the lazzy zone, thus it fol-
lows that w = 0.57. Under 200 pe, bone exhibits DR,
while over 1500 pe, mass growth was determined by
new BF. If strains exceeds 3000 pe, it can be assumed
that microdamage growth overcomes the capacity of
bones to repair itself, corresponding to a pathological
condition. In Frost’s theory, the strain direction is not
discussed. In this paper, the mechanostat thresholds
were equated with von Mises strains and converted
into SED wvalues, under the linear elasticity hypothe-
sis. Assuming a tissue density p, = 1.54 g/em’ [10],
from the mean strain value of mechanostat equilib-
rium interval, one can determine that the targeted
SEM is Sy = 0.0045 J/g. The value of S, threshold is
thought to correspond to the pathological strain mag-
nitude. Thus, S, = 0.035 J/g. From Eq. (4), it follows
that D = 4296 month-J/cm’. The minimum allowed
value for density was taken as ppi, = 0.1 g/cm’.
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Initial conditions

Roy et al. [18] addressed bone quantity as initial
Young’s modulus distribution in finite element simula-
tions around dental implants to select the optimal dental
geometry that best suits the different bone quantities.
They defined five different bone quantities based on
statistical estimation from 89 patients’ CT scans, con-
sidering the average as normal. In this paper, the initial
quantity was introduced following Norton and Gamble
[15] who defined three levels of trabecular bone
density, correlated with clinical bone quantity.
Based on CT data, on the Hounsfield scale, the cor-
responding density range was: greater than 850 HU
— for quantity 1 (Q1 — high), 500..850 HU — for quan-
tity 2 (Q2 — average) and 0..500 HU — for quantity 3
(Q3 — low). In this paper, the HU values were con-
verted into density units [g/cm’], using the empirical
relation [19]

p=(1.067 HU +131)-107". (11)

The initial Young’s modulus was further determined
from Eq. (6). The intervals for each BQ are given in
Table 1.

Table 1. Correlation of bone quantity
and initial conditions intervals

Clinical  |Imaging interpretation:|Mechanical interpretation:
interpretation: | Tissue radiodensity, |Apparent Young modulus,
BQ estimation RD [HU] E [MPa]

High (Q1) RD > 850 E> 4238
Medium (Q2)| 500 <RD < 850 1114 < E <4238
Low (Q3) 0 <RD <500 9<E<I1114

For Q1 bone, the simulations were performed us-
ing initial young moduli £; = 5000 MPa. For Q2 and
Q3, the average values of Young’s moduli were used
over the corresponding intervals from Table 1, being
considered representative for each BQ. Thus, the ini-
tial Young’s moduli were E, = 2676 MPa for Q2 and
E; =561 MPa for Q3.

The finite element model

A plane model of an occlusal section was consid-
ered, as presented in Fig. 2. A generic geometry is
created based on the dimensions given in [2]. Two
bony material regions, corresponding to cortical (the
outer layer) and trabecular bone types, were defined.
The remodeling process was simulated only within the
trabecular region. Also, a generic implant shape was
employed, with the dimensions and the threat type
taken from [3] (Fig. 3).

10 mm
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Fig. 2. Plane model of the implant — mandible assembly
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Fig. 3. Generic shape implant and its dimensions [mm)]

An 8-nodded plane element was used, with the
plain strain option, as in [2]. In the remodeling region,
the average element edge length dimension was 0.15
mm, with 0.1 mm around the implant to better capture
the threat influence (Fig. 2). The implant and the sur-
rounding bone were considered perfectly bonded,
assuming that the implant was osseointegrated, i.e.,
the healing was achieved. Following other studies [2],
[5], the outer contour of the cortical shell was loaded
with a constant pressure to account for the entire
mandible action upon the considered part. A value of
2.8 MPa was applied, chosen in order to the von
Mises strains over the most trabecular region to be
between 200 ue and 1500 ue (bone maintenance inter-
val according to Frost), for all the initial densities, in
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absence of the implant load. The implant was loaded
with an axial force, uniformly distributed over the
implant top line. In order to account for a normal
mastication load and for a situation that may produce
local bone overload, there are employed two force mag-
nitudes of 100 N and 200 N, respectively. The two val-
ues were chosen from the range of 42 N and 400 N
which were estimated to be the average human bite [9].
The cortical shell had a thickness of 1 mm as in paper [2]
and a Young’s modulus of 13.8 GPa, as deduced from
relation (4) for a tissue density of 1.54 g/cm’. The im-
plant material was considered to be a titanium alloy,
thus with Young’s modulus of 110 GPa. The Pois-
son’s ratio, for all the regions, including trabecular
(remodeling space), compact and implant, was taken
as 0.3.

12 cases using different BQ, initial conditions and
occlusal loads were analyzed, as presented in Table 2.

Table 2. Analyzed cases

BQ BR model F[N] Case name
) 100 QIORF1
With OR
ol 200 QI10ORF2
100 QINORF1
No OR
200 QINORF2
) 100 Q20RF1
With OR
0 200 Q20RF2
100 Q2NORF1
No OR
200 Q2NORF2
) 100 Q30RF1
With OR
3 200 Q30RF2
100 Q3NORF1
No OR
200 Q3NORF2
3. Results

In Figures 4-6, for all the analyzed cases, the re-
sults were given in terms of density distributions,
corresponding to one month and 12 months remod-
eling periods. One can notice that only in the case of
Q3 trabecular bone and high load (Fig. 6), the algo-
rithm predicted local OR occurring up to one-month
simulation time, near the implant apex. Up to one
year, the OR extended along the implant vicinity,
indicating risk of implant loss. Due to the redistribu-
tion of bone stiffness via remodeling, the force trans-
fer from implant to bone follow new formed paths
which have higher stiffness, attracting thus local
density growth. Therefore, the total trabecular mass

slightly increased compared to the initial value, as
can be seen in Fig. 7.

For the Q1 bone, the final density distributions
(one year) that correspond to the same loading condi-
tions were similar (Fig. 4). However, there were dif-
ferences regarding the total trabecular mass variation
and its final value. For the 100 N occlusal load, one
can notice from Fig. 7 that the mass diminished com-
pared to the initial value. It seemed that the loading
was low compared to the bone maintenance interval of
SED values. This condition determined DR within the
regions with SED bellow S,(1 — w). In the model
without OR the mass dropped more rapidly than in the
case with OR and the final value was smaller with 7%
indicating that more bone had resorbed away. It can
be deduced that, at the beginning of the simulation,
the OR model generated local OR determining redis-
tribution of loads within trabecular bone also through-
out regions with low initial SED. Therefore, the SED
increased in these regions generating local BD instead
of DR and an overall mass decrease reduction. For the
200 N occlusal load, the smaller differences between the
two models were registered. Only the mass variation
with time was different, once again indicating a more
rapid mass diminish in the case of model without OR,
although the final values were almost the same. It can
be concluded that the OR model tends to generate
more uniformly distributed density by reducing high
and low SED concentrations.

The Q2 trabecular bone model behaved similarly
for the 100 N force load, regardless the OR term. The
same final density distributions (Fig. 5) and mass
variation during simulation time (Fig. 7) were regis-
tered. However, although the mass was the same for
each iteration, Fig. 5 indicated faster redistribution of
densities after one month for the model without OR.
Admittedly it can be the explained in the same way for
the Q1 model. Similar observations can be applied for
the 200 N cases, except for the mass variation, which,
as for the Q1 bone, showed a faster and higher mass
diminishing for the model without OR.

Similar behavior was registered between Q3 mod-
els, except for the one with OR and 200 N force,
discussed above. It is interesting to notice that high
density bone struts tended to form (Fig. 6) instead of
a more homogenous distribution, as obtained for Q1
and Q2 bone types. Due to local high density of these
struts, the force transfer from implant to bone was
mainly achieved through those areas which have the
capacity of transferring both force values. This caused
no need for supplementary increase of density in the
case of higher force, as one can deduce from Figs. 6
and 7.
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Fig. 4. Density distributions corresponding to Q1 BR simulations
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Fig. 5. Density distributions corresponding to Q2 BR simulations

Another interesting result was that different initial
BQs generated close values of the final trabecular mass
for the same loading force, although density distribu-
tions were different. This result is consistent with pre-
vious studies regarding the sensibility of the mathe-

matical model of BR to initial conditions [14], [17]. It
can be concluded that there is an optimum bone quan-
tity needed for a certain loading condition to be main-
tained within physiologically acceptable limits and
different bone morphologies can ensure such quantity.
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Fig. 6. Density distributions corresponding to Q3 BR simulations
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Fig. 7. Trabecular bone mass variation during simulation time

4. Discussion

Predictions of bone density redistribution due to
mechanical interaction with the dental implants, based
on computer simulations, became a field of interest in
Computational Biomechanics, because it may give
insights, among others, on how bone responds to dif-
ferent implant shapes, dimensions, materials, im-
planted position. Such knowledge would enable best
implant selection, optimization or customization. In
this context, the aim of this work is to correlate the

initial density distributions in BR models with data
from clinics, according to which, prior to implanta-
tion, bone density is examined as an important factor
for implant survival. Too low density does not ensure
mechanical support for the implant, increasing the risk
of implant failure.

In most simulations of BR around dental implants,
initial bone density is homogenized over the analysis
domain, resulting in a constant distribution. Usually,
the constant is defined as half of the cortical density
[2], [16], or follows values from other studies [9]-[11].
Because the simulations are intended to test mathe-
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matical models and to check different correlations
with the clinical data, such approach is convenient and
sufficient. This work demonstrates that extending the
goal of the simulations towards designing custom den-
tal implants, optimization of existing ones or selecting
from a given set, the initial density must be considered
an important parameter in correlation with the OR.

Using a variable time step enables increasing the
speed of the remodeling simulations, by reducing the
number of iterations needed for convergence and
keeping the truncation errors small. In previous stud-
ies, a constant time step small enough to assure
mathematical precision was used, thus a high number
of iterations were needed for convergence.

The limitations of the study are determined by the
model dependence. The results are dependent on finite
element model, initial Young’s modulus values con-
sidered representative for the three BQs, occlusal
loading, implant geometry, boundary conditions. For
instance, increasing the loading force over 200 N may
result in overload resorption also for medium quality
of bone or for higher values in the low quantity inter-
val. Also, by applying an inclined force, the occlusal
load acts may increase the stresses, especially at the
implant tip and, as a result, the Young’s modulus ini-
tial values that generate overload resorption will be
increased. Nevertheless, such an increase would not
be too high due to the small value of the horizontal
component of the occlusal force. Different quantita-
tive model behavior is also expected by changing the
BQ reference values of initial Young’s modulus. How-
ever, by using average values for the representative
initial Youngs’ moduli, the results obtained indicate
a correlation of numerical simulation with clinical real-
ity. Thus, following quantitative imagistic data, the
clinical bone density with the Young’s modulus is
equated, which determines the model initial stiffness
and, therefore, the simulated remodeling process be-
havior.

The results presented here are also consistent with
previous studies [18] which demonstrated that bone
elastic modulus is an important parameter for select-
ing the proper implant due to the influence upon inter-
face stress-strain states which determines bone re-
modeling process behavior.

5. Conclusions

This article demonstrates that the initial material
properties are important parameters when simulating
bone remodeling around dental implants, especially

when overload resorption prediction is employed.
Theories that do not account for overload resorption
may conduct to qualitative false results, because, re-
gardless of the initial density, they predict highly
growing density. Such results are not in accordance
with the clinical reality, which often shows implant
failure in low quality trabecular bone. Therefore, when
applied to implant design or optimization, it is likely
to obtain wrong designs.
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