Finite element analysis of maxillary central incisors restored with various post-and-core applications
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Abstract
The purpose of this study was to investigate the effect of rigidity of post core systems on stress distribution by the theoretical technique, finite element stress-analysis method. Three-dimensional finite element models simulating an endodontically treated maxillary central incisor restored with a zirconia ceramic crown were prepared and 1.5 mm ferrule height was provided. Each model contained cortical bone, trabecular bone, periodontal ligament, 4 mm apical root canal filling, and post-and-core. Six combinations of three parallel type post (zirconia ceramic, glass fiber, and stainless steel) and two core (Paracore and Tetric ceram) materials were evaluated, respectively. A 50 N static occlusal load was applied to the palatal surface of the crown with a 60° angle to the long axis of the tooth. The differences in stress transfer characteristics of the models were analyzed. von Mises stresses were chosen for presentation of results and maximum displacement and hydrostatic pressure were also calculated. An increase of the elastic modulus of the post material increased the stress, but shifted the maximum stress location from the dentin surface to the post material. Buccal side of cervical region (junction of core and crown) of the glass fiber post restored tooth was subjected to the highest stress concentration. Maximum von Mises stress in the remaining radicular tooth structure for low elastic modulus resin core (29.21 MPa) was slightly higher than that for high elastic modulus resin core (29.14 MPa) in case of glass fiber post. Maximum displacement of glass fiber post restored tooth was higher than that of zirconia ceramic or stainless steel post restored tooth.
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I. Introduction
Restoration of endodontically treated teeth is still a controversial subject in these days. It is known that those teeth are generally weakened because of dental structure loss, cavities, filling preparation and root canal instrumentation1). Therefore, special care is indicated when selecting the most efficient way to restore them.
It is believed that when an endodontically treated tooth is subjected to occlusal loads, stress is mostly concentrated at the cervical area2). The placement of posts in endodontically treated teeth reduced stress in this area3-5). When the post is inserted into the root canal, some of its force is directed along the post length. Thus, the placement of posts may assist in protecting the remaining tooth structures6). In the case of substantial horizontal loss of the clinical crown, there is no restorative alternative other than fabricating a post-and-core buildup. Nowadays, prefabricated posts are more preferred than custom-made posts in many cases and many materials have been developed for prefabricated post. Titanium, glass fiber reinforced polymer, and ceramic posts currently predominate, because their performance can be compared with that of custom-made posts7).
The fracture resistance of dowel-restored teeth has been the subject of numerous in vitro and in vivo studies with a theoretical approach. Many contradictory points of view regarding the best choice of dowel and restorative technique can be found in the literature. One reason for this contradiction is that in vivo studies often cannot control the many variables that are present clinically. Another reason is that in vitro studies on fracture resistance are encumbered with standard deviations that are relatively very high. Because of the large variability of the results obtained from in vitro studies, an increasing number of investigations of dowel-restored teeth are based on finite element analysis8-11).
Although photo-elastic analysis supplies visual information on stress distribution, it is limited by the fact that it does not supply information on the state of single component of the sample (post, cement, root, etc.). An innovative method recently introduced to dentistry is finite element analysis in which the various component of a system are digitally modeled and subdivided into simpler geometric shapes or elements whose apices meet to form nodes. The elastic constants and E (Young's elastic modulus) and ν (Poisson's ratio) for the modeled materials are specified for each element. A system of simultaneous equations is generated and solved to yield predictable stress distributions in each element throughout a structure12).
Although finite element analysis doesn't permit any variation in interpreting results, considerable controversy exists regarding the optimal choice of material of dowel and core in previous finite element analysis studies. In one study, a root canal dowel of high modulus is recommended13), while another advocates that a modulus of elasticity close to that of dentin is preferable8). That is because the stress distribution patterns simulated may be different depending on the model used in the experiments. Therefore, study with more clinically relevant model is needed.
The purpose of this study was to investigate the effect of rigidity of post-and-core systems on stress distribution by finite element stress analysis method in moderately fractured maxillary central incisor model.

II. Materials and Methods
The study was conducted using a three-dimensional FE method (FEM) and FE structural analysis programs were HyperVeiw 8.0 (Hyperwork, Altair, Korea) and ABAQUS 6.5 (ABAQUS Inc, Providence, RI).
A three dimensional FE model was fabricated to represent an endodontically treated maxillary central incisor. The model contained a simulated periodontal ligament (PDL) and alveolar bone structure (Figure 1). The external shape of the maxillary central incisor was obtained by the micro CT (SkyScan 1072, SkyScan N.V., Belgium) of a previously extracted maxillary central incisor. The scanned profiles were assembled in a 3D wire frame structure using 3D image software (V-works 4.0, Cybermed Inc. Korea). On the basis of the root-form geometry of teeth, a simplified 0.25 mm PDL and 0.25 mm lamina dura were developed. The cortical layer of bone was 2 mm thick and was covered with 1 mm thick layer of soft tissue. The remaining bone was modeled as trabecular bone.
[image: Figure 1]
Figure 1 3-D finite element model of Maxillary central incisor.

Tooth length was 21 mm long and incisal 7 mm was supposed to be fractured horizontally and 1.5mm ferrule height was modeled(Figure 2). 12 mm parallel type post was inserted and width of post was 1.4 mm. Gutta-percha filling was left 4 mm apically and core height was 6.5mm. The crown and post were retained with a resin luting cement of thickness of 0.1 mm.
[image: Figure 2]
Figure 2 llumination of ferrule height and post space

In the FE analysis, three different post materials and two different core materials were evaluated, respectively (Table 2). The post systems modeled for analysis were a glass fiber, stainless steel and zirconia ceramic post material. The core materials modeled were Tetric Ceram (Ivoclar Vivadent, Schaan, Liechtenstein) and Paracore (Coltene Whaledent, Langenau, Germany) composite resins. A zirconia ceramic (Zirconia LAVA, 3M ESPE, USA) was simulated as the final crown material.
Table 2 Maximum von Mises stress and maximum displacement of experimental models.

[image: Table 2]
An average occlusal force of 50 N was determined from the literature14)(Figure 3). Static occlusal load was applied on the palatal surface of the crown at a 60 degree angle to the tooth's longitudinal axis. Nodes at basis of the alveolar bone were assumed as fixed in all directions to calculate the stress distribution.
[image: Figure 3]
Figure 3 Load application.

The mathematical models included 13616 nodes and 67437 tetrahedral solid elements. Except for the glass fiber post, materials used in study were assumed as homogeneous and isotropic. The glass fiber post was considered orthotropic, so that it showed different mechanical properties along the fiber direction (x-direction) and along the other two normal directions (y- and z-direction)15). The elastic properties of the materials (Young's modulus[E] and Poisson's ratio[µ]) were determined from the literatures and are provided in Table 1.
Table 1 Mechanical properties of investigated materials

[image: Table 1]aAcquired from manufacturer


The FEM results are presented as stresses distributed in the investigated structures. These stresses may occur as tensile, compressive, shear, or a stress combination known as equivalent von Mises stresses. von Mises stresses depend on the entire stress field and are a widely used indicator of the possibility of damage occurrence10,16). Thus, von Mises stresses were chosen for presentation of results, and maximum displacement and hydrostatic pressure were also calculated.

III. Results
Stress values are present in all of the structures as color figures in Figure 4 and hydrostatic pressure values are present in Figure 5. Both stress values and its location were different between the 3 evaluated types of post systems. High stress values were observed in the buccal portion of the post in Model 1, 3 particularly, at the middle third of the post. Low stress values were observed at the apical and coronal tip of the post.
[image: Figure 4]
Figure 4 Distribution of von Mises stresses (MPa) in bucco-lingual section. a. Model 1, b. Model 2, and c. Model 3, d. Model 4, e. Model 5, and f. Model 6. Dark blue to red colors represent stress values from lower to higher, respectively

[image: Figure 5]
Figure 5 Distribution of hydrostatic pressure (MPa) in bucco-lingual section. a Model 1, b Model 2, and c Model 3, d Model 4, e Model 5, and f Model 6. The blue color indicates the area is under tensile force and the red color indicates the area is under compressive force.

In Model 2 and 5, stress concentrated on the buccal side of the CEJ next to the prosthetic margin and progressively decreased from the outer to the inner portion of the root. In Model 4, 6, stress distributions quite similar to those described for Model 1,3 were observed. When the zirconia ceramic post and glass fiber post system were compared, von Mises stresses were smaller for glass fiber post system (Table 2).
In Model 1,3,4,6, both compressive force and tensile force were concentrated primarily on zirconia ceramic or stainless steel post. In Model 2,5, however, compressive force was concentrated on the buccal side of coronal root portion and tensile force was on the lingual side of coronal root portion.
In Model 2, the maximum von Mises stress was slightly greater than that of Model 5. In case of glass fiber post, Paracore core (29.14 MPa) exhibited slightly less stress concentration in dentin when compared with Tetric Ceram core (29.21 MPa). Maximum displacement of glass fiber post restored tooth (0.03497-0.03499) was higher than that of zirconia ceramic or stainless steel post restored tooth (0.03245-0.03452 mm).

IV. Discussion
The FEM has been used in many previous investigations of the stresses generated in post-and-core restored teeth and has been shown to be a useful tool when investigating complex systems that are difficult to standardize in vitro and in vivo10,11,17).
The FEM has several limitations. The accuracy of a 3-D FEM relies on the precision of the simulation model. However, the physical properties of biologic structures are only approximates, since all materials are considered homogeneous and have a linear response to stress. Actually, in a living organism, the response to these structures to stress is more complex, For instance, it is well described that cortical bone of the mandible is transversely isotropic and inhomogeneous18). In addition, the stress distribution patterns simulated may be different depending on the materials and properties assigned to each layer of the model and the model used in the experiments19,20). Thus, the inherent limitations in this study should be considered.
Sorensen et al.21) reported that coronal dentin above the shoulder decreased stress concentration in dentin, so, in the modeling process of this study, a ferrule design was created in the proximal, lingual and buccal surfaces at the cervical region. Pierrisnard et al.16) reported that ferrule preparation was more efficient when the post has a high elastic modulus. The combination of a tooth-colored core and restorative material was chosen, considering that a zirconia ceramic crown should restore an endodontically treated tooth for optimum esthetic results.
Stress concentrates where not homogeneous material distributions are present just like interfaces. Interfaces of materials with different moduli of elasticity represent the weak link of restorative systems5,22). Stresses located at the dentin may influence the risk of root fracture, and stresses located at post/dentin interface may influence the risk of loss of post retention. Thus, every effort should be made to reduce these stresses. The present study compared the stress distributions of different restorative systems to identify areas of high stress concentration, where eventual fatigues are more expected to occur.
Boschien et al.12) emphasized the effect of elastic modulus of the post material on stress transferred to tooth structures. They reported that post material that has higher elastic modulus than dentin is capable of causing dangerous and non-homogeneous stresses in root dentin. That study concluded that when fiber posts are used for restoration, the integrity of the root, post, and core unit can be best preserved. In other aspect, Asmussen et al.17) found that increasing the elastic modulus of the post caused decreased dentin stress. and this result was in agreement with an earlier in vitro investigation of the resistance of post-and-core restored teeth to cyclic loading21) and with a theoretical study using FEM24). The result of this study was in agreement with authors who were mentioned above. Maximum von Mises stresses of zirconia ceramic and stainless steel post group were significantly higher than glass fiber post group and the stress was more homogeneously distributed around the glass fiber post than zirconia ceramic and stainless steel post. Also, dentin stresses of zirconia ceramic and stainless steel post group were lower than that of glass fiber post group.
When the 3-D models of maxillary central incisors were subjected to simulated masticatory loading, the maximum von Mises stress in dentin was concentrated on the coronal third of the buccal surface of the root. When the zirconia ceramic crown was luted on composite core, the zirconia ceramic produced a stress shielding effect on the core materials: as a consequence, deformations concentrated on root dentin next to the prosthetic crown interface. However, when a relatively rigid material just like zirconia ceramic was used to build a prosthetic crown, the material properties of the more elastic composite materials did not significantly influence the stress concentrations within the core.
In this results, high stress values were observed at the post materials with the zirconia ceramic and stainless steel post system. It is known that, when force is applied to composite or layered materials, stress tend to maximize within the material with the highest elastic modulus. Therefore, the stresses were more concentrated in the post of the zirconia ceramic and stainless steel post models, as it has a higher elastic modulus than other structures. This finding was in agreement with the study by Eskitascioglu et al.11)
This study demonstrated that zirconia ceramic post more resisted bending forces than glass fiber post due to a higher modulus of elasticity. As a result, a zirconia ceramic post can stand heavier load than the latter. Consequently, stresses acting on the dentin decrease. This finding in this study is in accordance with a study reported by Ho et al.25). Due to the high modulus of elasticity of zirconia ceramic, forces were transmitted directly to the post/tooth interface without stress absorption26). This may lead to a decrease in fracture resistance of the tooth. Also, glass fiber post may demonstrate deformation under simulated masticatory loadings. This may result in greater stress concentration in dentin and may lead to fracture.
In this study, maximum von Mises stress in the remaining radicular tooth structure for low elastic modulus resin core was slightly higher than that for high elastic modulus resin core in case of glass fiber post. Core with lower elastic modulus transferred higher deformations to the glass post, increasing the material properties discontinuity and producing higher stress values. Conversely, core with higher elastic modulus reduced the strain of the glass fiber post and decreased the mechanical properties mismatch, leading to lower stress arising. If the modulus of elasticity of the core material is similar to the post material, a more uniform stress distribution within the entire post-and-core restoration and within dentin is achieved, while the restoration's resistance is increased against the high forces of mastication27,28).
As with many in vitro studies, it is difficult to extrapolate the results of this study directly to a clinical situation29). For example, the finish line and ferrule were placed at a constant height around the periphery of the teeth. Clinically, that is extremely difficult to be achieved. Further studies that better simulate the oral environment and including fatigue loading are recommended.

V. Conclusions
In FEM, assumptions related to material properties of simulated structures are not usually absolute representations of the structure. In reality, the structures modeled are much more dynamic. Within the limitations of this theoretical study, the following conclusions were drawn:

  	An increase of the elastic modulus of the post material increased the stress, but shifted the maximum stress location from the dentin surface to the post material.

	Buccal side of cervical region (junction of core and crown) of the glass fiber post restored tooth was subjected to the highest stress concentration

	Maximum von Mises stress in the remaining radicular tooth structure for low elastic modulus resin core was slightly higher than that for high elastic modulus resin core in case of glass fiber post.

	Maximum displacement of glass fiber post restored tooth was higher than that of zirconia ceramic or stainless steel post restored tooth.
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