Bone Remodeling Under Tooth Loading

Kangning Su, Li Yuan and Jing Du

Abstract The stability and success rate of orthopedic and dental implants are
affected by their surrounding bone quality. Bone adapts to mechanical loads
through remodeling activities to achieve new equilibrium in strain/stress state. The
object of this study is to develop a numerical algorithm to simulate bone remodeling
activities under mechanical loading. Finite element method is used to calculate the
strain/stress distribution in the alveolar bone under tooth loading. The bone density
remains unchanged near the equilibrium point of the mechanical stimulus; under
greater or smaller mechanical stimulus, it increases or decreases. Iterations are
performed to simulate the evolution of bone density. Effects of model geometry and
adjacent teeth are studied. Effects of various applied loads and boundary conditions
are compared. Simulation results are validated using computed tomography
(CT) data of human mandibles. The implications of the results on patient-specific
treatment and the insights for clinical techniques are also discussed.

Keywords Bone remodeling + Finite element « Dentistry

Introduction

Teeth are attached to jaw bone through the periodontal ligament (PDL). Bone is a
living tissue. It has the ability to adapt to the change of mechanical stimulus [1].
Generally, the increase and decrease of mechanical stimulus promote bone
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formation and resorption activities, respectively. The resorption and formation pro-
cesses of bone are called bone remodeling. It has been studied using various animal
experiments [2, 3] and numerical simulations, such as finite element method [4, 5].

In numerical simulations, bone remodeling is usually represented by the change
of bone density. A commonly used rule [6] for bone density change is presented in
Fig. 1. The mechanical stimulus can be mechanical strain [7], daily stress [8], strain
energy density [9] or micro-damage [7]. Inside the equilibrium zone, the desired
value of mechanical stimulus retains the bone density. When the applied
mechanical stimulus is less than the desired value, bone density decreases due to
bone disuse. In contrast, when the applied mechanical stimulus is greater than
equilibrium, bone overuse causes the increase of bone density.

In the simplified model in Fig. 1, the rate of density change is linearly pro-
portional to the difference between the applied mechanical stimulus and the equi-
librium zone. When the mechanical stimulus is beyond the upper or lower
thresholds, the bone density changes at a constant rate. In other works [5], parabolic
relation between density change rate and mechanical stimulus were used. In such
cases, when the applied mechanical stimulus was much greater than equilibrium, it
caused overload bone resorption.

In this study, the trabecular bone density is assumed to be uniform initially.
Finite element method is used to calculate the strain energy density in teeth and
their surrounding tissues under normal chewing and biting forces. The bone density
change was calculated using the bone remodeling algorithm. Iterations are carried
out to simulate the adaptation of bone density over multiple time steps. Several
model geometries and boundary conditions are used to study the effects of adjacent
teeth. Computed tomography (CT) data of human mandibles are used to validate the
simulation results. The implications of the results on patient-specific treatment and
the insights for clinical techniques are also discussed.
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Bone Remodeling Simulations

Finite Element Model

The finite element simulations were carried out using the Abaqus FEA software
package (Dassault Systemes Simulia Corporation, Providence, RI) to calculate the
strain energy density in the tooth-bone structures under normal chewing force.
2-dimensional (2D) models were built to simplify the geometry of natural human
teeth in the jaw bone, as shown in Fig. 2. Figure 2a shows lateral incisor and its
surrounding soft and hard tissues. Figure 2b shows central and lateral incisors,
canine and their surrounding tissues. The dimensions of the mandible bone and the
geometry of the lateral incisor were the same in both models. They each consisted
of enamel, dentin, pulp, cementum, periodontal ligament (PDL), gingiva, cortical
bone and trabecular bone. The geometry and dimensions of the models were based
on the average anatomy of natural human teeth [10]. The thickness of cortical bone
layer was 2 mm.

4-node linear quadrilateral element was used in the mesh. An identical load was
applied on each tooth to simulate the normal chewing and biting force [11]. It
consisted of a lateral force of 10 N to the right (mesial direction) and a vertical force
of 100 N. The bottom of the model was fixed. Two kinds of boundary conditions
were used for the left and right boundaries of the model. In one case, the two sides
were constrained to move only in the vertical direction. In the other case, they were
set to be free.

The material properties of the teeth and their surrounding tissues used in the
simulations are listed in Table 1 [12]. All the materials were assumed to be linear
elastic and isotropic.
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Fig. 2 Finite element model of a lateral incisor and b central and lateral incisors, canine and their
surrounding soft and hard tissues
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Table 1 Material properties used in the finite element simulations

Materials | Enamel | Dentin | Pulp | Cementum | Periodontal | Gingiva | Cortical | Cancellous
ligament bone bone

Young’s 79.6 18.6 0.15 |13.7 0.2 0.2 13.7 1.5

modulus

(GPa)

Poisson’s 0.3 031 049 | 03 0.45 0.45 0.3 0.33

ratio

Bone Density and Young’s Modulus

Carter and Hayes [13] suggested an empirical relationship between trabecular bone
density and its Young’s modulus:

E=Cp’ (1)

where E is the Young’s modulus in GPa, C is a constant, which in this case is 3740,
and p is the apparent density in g/cm3. Equation (1) was used to calculate the bone
density in the initial condition and to change the Young’s modulus of trabecular
bone in the following steps.

Bone Remodeling Algorithm

The flow chart of the bone remodeling algorithm is presented in Fig. 3. The
algorithm was implemented using Python scripts to set up and run finite element
simulations in Abaqus. The density and Young’s modulus in the trabecular bone
were assumed to be uniform in the initial conditions. The strain energy density in
the tooth-bone structure was calculated using the model presented in “Finite
Element Model”. The bone density change was calculated using the remodeling
rules [14] given by

U
Bone loss at constant rate: Ap= —0.05-B - At, if; <E (2)

Next time step

v Bone

. deli
nitial Finite Strain energy remrzleimg Change bone Change
nitia element —»  densityin > d 22 —> Young's
condition —— bone ensity modulus of bone

Fig. 3 Flow chart of the bone remodeling algorithm
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U U
Bone loss: Ap:B(E —(1 —6)E> “At, if 0.05-B+ (1 -3)E< — < (1 -9)E

p
(3)

U
Bone equilibrium: Ap=0, if(1 —§)E< 5 <(1+d)E 4)

U U
Bone growth: Ap=B(E —(1 +6)E> At if(1+8)E< — <0.05-B+(1+9)=E

p
(5)
LU
Bone growth at constant rate: Ap=0.05-B - At, if 5 >EB, (6)

where U is the strain energy density, 2 is the reference strain energy density per unit
bone mass, =, and E; are the upper and lower limit of strain energy density shown
in Fig. 1. & is the range factor for the equilibrium zone, B is the remodeling
constant, and t is time. In this case, = is 0.0036 J/(g cm3), 6 is 10% and B is 10
(time unit - g/cm’). A small time increment was used to assure convergence, thus
At was set to be 0.2 s. In natural teeth, the trabecular bone is less dense than cortical
bone. Therefore, p is set to be less or equal to 2.0 g/cm’. Also, it is set to be greater
than 0.1 g/cm®. [15] The Young’s modulus of each element was then calculated
using Eq. (1).

Results and Discussion

Strain Energy Density and Bone Density

For the 3-tooth model, simulation results at the 5th, 10th, 15th and 25th time steps
are presented in Figs. 4 and 5, respectively, for constrained and free boundary
conditions. It can be observed that the strain energy density initially concentrated
near the apical region of the teeth. As time goes by, strain energy density dissipated
into other regions of the structure and resulted in a more uniform distribution.
Moreover, the overall strain energy density in trabecular bone reduced over time.

Bone density was set to be uniform in trabecular bone initially. During the bone
remodeling processes, bone density gradually changed under load. The bone den-
sity increased between tooth roots, where strain energy density was greater. It also
increased in the right side of the model (mesial side), towards the direction of the
applied load.
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Fig. 4 a Strain energy density and b bone density in the 3-tooth model with constrained boundary
conditions
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Fig. 5 a Strain energy density and b bone density in the 3-tooth model with free boundary
conditions

Boundary Conditions

The results from models using constrained or free boundary conditions were similar
in the vicinity of the lateral incisor. For the two boundary conditions, the bone
density intensity increased between lateral incisor and its adjacent teeth during the
remodeling process. Generally, the bone density value was lower in the coronal
region and higher in the apical region. Below the lateral incisor, the bone density
distribution is more uniform when the boundary was constrained (Fig. 4b).
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When the boundary was set free, the variation in the bone density below the lateral
incisor is more severe (Fig. 5b).

The actual teeth movement is constrained by their adjacent teeth and jaw bone.
Therefore, the constrained boundary condition may be a better representation of the
actual situation. Furthermore, the boundaries should be set far away from the region
of interest. In other words, the results in the middle of the model (near the lateral
incisor) are more reliable than those close to the left and right boundaries of the
model.

Adjacent Teeth

Figure 6 shows the results obtained from the 1-tooth model with constrained
boundary conditions. Strain energy density was higher towards the direction of
applied load. The overall variation of the strain energy density decreased during
bone remodeling process. It increased below the tooth in the direction of the applied
load. The bone density also increased in the similar regions below and to the right
of the tooth. In contrast, bone density to the left of the tooth drastically decreased.
When adjacent teeth were missing, with fewer constraints, the density variation in
the left (distal) and right (mesial) sides of the tooth was more severe.
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Fig. 6 a Strain energy density and b bone density in the 1-tooth model with constrained boundary
conditions
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A virtual slice of the dental computed tomography (CT) images of a human jaw is
presented in Fig. 7. The greyscale of the image represents the density of the bone.
As shown in Fig. 7, the density of cortical bone is much higher than trabecular
bone. The trabecular bone around the lateral incisor is relatively denser than those
below the tooth. There is not significant variation in the bone density beneath the
tooth. These are in agreement with the bone density distribution obtained from
3-tooth model with constrained boundary conditions.

Implications

The current results suggest that there is a relationship between the applied load and
the bone density distribution in jaw bone. Human teeth have the natural tendency to
move towards the front and center (mesial drift) [16]. Moreover, jaw bone level
decreases rapidly in the first 6 months to 2 years following tooth extraction. [17]
Bone remodeling simulations can provide insights to these dental phenomena.
However, there is a need to develop more accurate bone remodeling models.

There are several limitations in the current model. For example, the initial bone
density was set to be uniform. Also, other stimulus for bone remodeling, such as
biochemical signals, were ignored in the model. Further work is also needed to
assess the actual geometry of teeth in jaw bone and the anisotropic and viscoelastic
mechanical properties of the tissues.

Conclusion

This paper presents the results of the numerical simulations of jaw bone remodeling
processes during normal chewing and biting activities. Bone increased at the
regions where the mechanical stimulus (strain energy density) was greater, and vice
versa. The variations in mechanical stimulus in the whole structure reduced over
time. The overall level of the mechanical stimulus also reduced. With constrained
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boundaries far from the region of interest, results obtained from 3-tooth model were
in agreement with the dental CT data. Without constrained boundaries, the results
were not comparable to CT data in the regions below the tooth. Without the
presence of the adjacent teeth, bone density in the left (distal) side of the tooth
decreased drastically in the 1-tooth model.
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