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Abstract

Objectives: The aim of this study was to evaluate the load-bearing capacity and microstrain of incisors restored with posts of various kinds. Both prefabricated titanium posts and different fiber-reinforced composite posts were tested. 

Methods: The crowns of human incisors were cut and post preparation was carried out. The roots were divided into groups: 1) prefabricated serrated titanium posts, 2) prefabricated carbon fiber-reinforced composite posts, 3) individually formed glass fiber-reinforced composite posts with the canal full of fibers, and 4) individually formed “split” glass fiber-reinforced composite posts. The posts were cemented and composite crowns were made. Intact human incisors were used as reference. All roots were embedded in acrylic resin cylinders and stored at room temperature in water. Static load was applied under a loading angle of 45 degrees using a universal testing machine. On half of the specimens microstrain was measured with strain gauges and an acoustic emission analysis was carried out. Failure mode assessment was also made. 

Results: The group with titanium posts showed highest number of unfavorable failures compared to the groups with fiber-reinforced composite posts. 

Significance: With fiber-reinforced composite posts the failures may more often be favorable compared to titanium posts, which clinically means repairable failures.
Keywords: Fiber-reinforced composite root canal posts, Fiber-reinforced composite, Load-bearing capacity, Failure mode, Microstrain, Strain gauge, Acoustic Emission

Introduction
Various constructions for restoring a root canal treated tooth have been suggested. However, there is still no consensus upon what would be the optimal post system or construction for restoring a root-treated tooth in order to obtain a long-lasting result. The lifetime of a restored root- treated tooth depends on many factors, e.g. how badly the tooth is damaged, the thickness of remaining dentin, which materials are used for the restoration and how they are positioned, how the different materials distribute the masticatory forces in the root, and of course on the occlusion of the patient [1]. Only a few well designed clinical studies have been conducted and most of the investigations are made in vitro in the laboratory where it is difficult to simulate a clinical situation. Today, our knowledge of post-restored teeth is very contradictory. Many studies indicate that materials having a modulus of elasticity similar to that of dentin, e.g. fiber-reinforced glass fiber posts, divide the stresses better in the root than traditional metallic posts, resulting in fewer root fractures [2-6]. Other studies claim that if a severely damaged tooth is restored with a metal crown with a ferrule (collar) around the root, the post material does not play a big role in terms of fracture resistance [7, 8]. On the other hand, there are also studies showing that higher fracture resistance and fewer catastrophic failures are observed in teeth restored without a post [9-15].

The materials used for restoring a root-filled damaged tooth should protect the remaining tooth structure at the particular areas which are under the highest stress. The materials should be placed to allow even stress distribution. With the prefabricated glass fiber-reinforced composite (FRC) posts, which have a modulus of elasticity in the same range as dentin, the construction in the root becomes more “dentin-like” compared to those made with the traditional metallic posts. Therefore, the risk of root fracture may be decreased, as has been shown in several studies [2-3, 16]. On the other hand, the post- insertion procedure leads to removal of dentin, and thus the remaining dentin wall becomes thinner. Since the prefabricated FRC post is placed in the most central part of the post space (neutral axis), the post is not optimally placed in terms of mechanics if the intention is to produce a reinforcing effect by means of the post. A more correct place mechanically for the reinforcement might be on the outer surfaces of the post canal close to the dentin wall where the highest tensile stresses occur [17, 18] (Figure 1). Therefore, the hypothesis was that whether positioning of fibers close to the dentin rather than in the center of the root canal would influence the load-bearing capacity of the restored tooth. As testing material, a FRC material consisting of a semi-interpenetrating polymer network (IPN) polymer matrix was selected [19, 20]. This material has shown good bonding between the post, the cement and the dentin compared to the bonding of prefabricated FRC posts with a cross-linked polymer matrix [21-24].

The aim of this study was to evaluate the fracture load, i.e. the load-bearing capacity of upper central incisors restored with four different post groups and composite crown, and to compare them with intact teeth. Additionally, the stiffness of the crown was evaluated by measuring the microstrain using the strain gauge technique.

Materials and methods

Fifty extracted caries-free human incisors were stored in chloramine (0.5 %) for one month. The crowns of the incisors were cut (ground) at the cemento-enamel junction (grinding machine, grit 180 FEPA= Federation of European Producers of Abrasives) and some of the incisors were left intact for the reference group. The buccal and palatal sides of the roots were marked, the root thicknesses were measured at the cemento-enamel junction from two sides (the thinnest and the thickest), and the mean root diameter was calculated (6.17 ± 0.28 mm). The mean root diameter value did not differ between the groups (p> 0.05). Post preparation of up to 9 mm was carried out in a parallellometer (where axial drilling can be standardized) with Parapost drills (diameter 1.5 mm), and coronal opening (canal entrance) was standardized with two different drills under water cooling. The canal entrance was 3 mm in diameter with a conical form (flared opening) towards the apical end. The preparation simulated a relatively damaged tooth. The remaining dentin was measured from two sides (the thinnest and thickest) and a mean value of remaining dentin was calculated (1.80 ± 0.14 mm). The root thicknesses of the intact roots used as reference were measured in the same way as in the other groups, and the remaining dentin thicknesses of that group were measured after testing the specimens. Six roots had to be excluded because of large dimensional differences or preparation failure. Due to the small amount of natural human incisors available the final specimen number (n) in each group was varing. The roots were divided into groups, according to the type of post used: 1) prefabricated serrated titanium posts (Parapost XP, Colténe/Whaledent, Inc., Mahwah, USA) (n= 9), 2) prefabricated carbon/graphite FRC posts (C-Post, Bisco Inc., Schaumburg, USA) (n=9), 3) individually formed glass FRC posts with a semi-IPN polymer matrix (everStick Post; Stick Tech Ltd, Turku, Finland) (“everStick Post A”) (n= 10) with the hole post space filled up with fibers (Figure 2a), and 4) individually formed glass FRC posts with a semi-IPN polymer matrix (everStick Post; Stick Tech Ltd, Turku, Finland) (“everStick Post B”) (n= 9) with the fibers formed into a split tube (Figure 2b). The remaining intact roots, which were not restored with posts, served as reference (n= 7). The individually formed FRC posts in groups 3 and 4 were formed by hand following the manufacturer’s instructions. In group 3 (everStick Post A), the individually formed post was formed from one fiber bundle with a diameter of 1.5 mm and two fiber bundles with a diameter of 1.2 mm. First the 1.5 mm bundle was fitted into the canal, both ends were cut for a perfect fit (the apical end diagonally and the coronal end leaving 4 mm of fiber bundle above the coronal opening) and then light-polymerized (Optilux 501; Danbury, USA) with a halogen lamp radiating blue light (wavelength ranging between 500 and 700 nm) with an intensity of 780 mW/cm2 (measured with Optilux 501, Kerr, Danbury, USA) in situ for 20 s. After that it was removed from the canal and further light-cured for 40 s outside the canal. Then, the 1.2 mm bundle was treated in the same way, fitted next to and attached to the individually formed 1.5 mm bundle, followed by the second 1.2 mm bundle. Finally the individually formed fiber post, consisting of three bundles of fibers attached together, was treated with light-polymerizable dimethacrylate monomer resin consisting of BisGMA and TEGDMA (Stick Resin; Stick Tech Ltd, Turku, Finland) for 5 min, dried, light-cured for 10 s, and then cemented (Figure 2a). In group 4 (everStick Post B) the individually formed “split” post was formed from one fiber bundle with a diameter of 1.5 mm and one fiber bundle with a diameter of 1.2 mm. The procedure was the same as in group 3, but the two fiber bundles were placed and pressed against the palatal (1.5 mm) and buccal (1.2 mm) surfaces while light-polymerizing, thus forming a “split” structure (Figure 2b). These posts in groups 3 and 4 contained a semi-IPN polymer matrix after light polymerization and are referred as individually formed FRC posts in this study. The consistence of the posts used in this study is presented in Table 1.  

The posts were cemented with a dual-curing composite resin luting cement (Unifil Core, GC, Tokyo, Japan). In group 4, the cement also filled up the “hollowness” in the individually formed FRC post. Composite crowns (Gradia Direct Anterior, color A3, GC, Tokyo, Japan) were made with a prefabricated transparent crown mold (Pella crown, size no 21 or 22, Products Dentaires S.A., Vevey, Switzerland). The composite was applied into the molds, which were then placed on the root-post-construction and light-polymerized twice for 40 s around the crown. There was approximately 4 mm of composite on top of the post head. Possible air-bubbles were filled up with composite by hand afterwards. The crowns were polished and finished with diamond burrs under water cooling. All roots were embedded in the middle of an acrylic resin cylinder (Palapress; Heraeus Kulzer GmbH & co.Hg, Hanau, Germany) (cylinder diameter 20 mm, height approximately 14 mm) at a level of 3 mm below the lowest point of the cemento-enamel junction, simulating the bone level. A small cupformed cavity was made on the palatal side (3 mm apically of the incisal edge) of each composite crown to mark the placement of the head of the testing jig (round ball, diameter 6 mm). The test specimens were stored in water at room temperature for six days. Static load until failure was applied under a loading angle of 45 degrees using a universal testing machine (crosshead speed of 5 mm/min) (Figure 3). The initial fracture load was defined individually as an approximately 10 % drop in the maximum load on the deflection curve which was confirmed by the acoustic emission signal. The influence of the specimen size on the load values was confirmed using regression analyses. 
Crown stiffness was measured in half of the test specimens by strain gauges which were fixed to the cervical root surface (just under the root-crown margin) on the buccal (compression) side of the tooth (Figure 3). According to a pilot study, where strain gauges were placed on both the tension and compression sides of the root, the strain behavior was symmetrical on both surfaces. The compression side was chosen because the strain gauges more often remained intact on this surface and, furthermore, there was more room for the gauge to be placed correctly. The strain gauges were connected to a computer to measure and record the changes in strain data. Strain was analyzed at the point of 50 N, before the initial failure occurred. Acoustic emission was also measured in these test specimens (Figure 3). The microphone was fixed with resin (Triad gel, Dentsply, York, PA, USA) on the palatal side of the root surface and connected to an acoustic emission analyzer (Mistras, PAC, UK). Assessment of failure mode was carried out and the specimens were divided into groups according to the failure mode: 1) Favorable failures which were defined as repairable failures, including fractures of the composite crown, fractures above and at the margin of simulated bone level, and 2) Unfavorable failures which were defined as nonrepairable failures, including vertical and horizontal root fractures below the simulated bone level [25].

Statistical Analysis

The data were first analyzed by ANOVA and the subsequent comparisons between groups were performed with Tukey Post Hoc Tests to evaluate the initial fracture load, microstrain, the outer root dentin and the remaining dentin thickness. The influence of specimen size on the load values was evaluated using regression analyses. The failure modes were statistically analyzed with Chi-Square Tests (Fisher´s Exact Test). The level of statistical significance was set at 0.05.

Results

The highest mean initial fracture load was obtained in the reference group with intact teeth, although the difference was not statistically significant from everStick Post B and Parapost XP (Tukey Post hoc, p> 0.05). The results of the initial fracture load and significant differences are shown in Figure 4. None of the groups showed any correlation between specimen size (root diameter or remaining dentin) and fracture load in the regression analyses. Microstrain values at 50 N load were highest for the intact group, which differed significantly from the other groups (Tukey Post hoc  p< 0.05) (Figure 5). The acoustic emission data confirmed the fracture load peaks. Typical shapes of fracture load curves and acoustic emission peaks of all the tested groups are shown in Figure 6 a-e. 

The assessment of failure mode revealed that the groups with FRC posts showed statistically higher percentage of favorable failures (p= 0.047) compared to the group restored with titanium posts. The results of the failure mode assessment and typical fracture modes are shown in Table 2.

Discussion
In this study, fracture resistance, microstrain and acoustic emission were measured in order to find out the load-bearing capacity of incisors restored with different posts covered with a composite crown. Assessment of failure mode was also made to determine the failure behavior of the fractured specimens.

According to the results, the group with intact teeth (reference) without posts showed the highest initial fracture load. Obviously, the group with intact teeth also showed the highest microstrain at 50 N, which demonstrates the behavior of a tooth without a post. An intact tooth is, at the same time not only strong but also flexible to some extent. Apparently, the initial fracture load of the prefabricated serrated titanium posts did not differ significantly from the fracture load of the prefabricated or individually formed FRC posts. Interestingly, the results of the failure mode assessement showed some significant differences between the groups. In all the groups, most typically, fracture of the specimen occurred initially at the crown-root margin on the palatal side (loading side), after which the fracture continued towards the buccal root surface, sometimes above or towards the margin of the simulated bone level (favorable), sometimes below this level (unfavorable) [25]. The three groups with FRC posts showed more favorable failures than the group with titanium posts. Furthermore the individually formed glass FRC posts, both the group with the canal full of fibers and the group with a “split” post structure, showed a higher percentage of favorable failures, 50 % and 56 %, respectively, compared to serrated titanium posts. This may indicate fewer fatal failures and more repairable fractures for teeth restored with these kinds of posts. 

When analyzing and comparing the fracture loading curves of the groups, it was noted that the initial failure usually occurred simultaneously with the final failure in the groups of titanium posts (Parapost XP) and carbon/graphite FRC posts (C-Post). This may indicate poor bonding of the posts to the cement and show a lack of stress-relief capacity in these post systems. The shape of the loading curve of individually formed glass FRC posts with the “split” post structure (everStick Post B) was similar to that of the intact teeth (compare Figures 6d and 6e). After the initial rise, the curve started to rise more steeply until the initial failure occurred. In this group, an effort was made to simulate a so-called sandwich structure [26], or hollow cylindrical structure, which is commonly used in technical industrial applications, with the reinforcement as far away from the neutral axis as possible, producing a structure that is similar to the intact tooth which is hollow in the middle (Figure 1). This idea of an individually formed “split” structure (everstick Post B) differs from the original idea of individually formed FRC post (everstick Post A), where the coronal opening of the canal is filled with FRC material. On the basis of the results, it is not clear whether this kind of “split” structure has any effect in terms of the load-bearing capacity on post-restored teeth, but mechanically it would be optimal. In principal, the “split” FRC post design should be able to provide a load-bearing capacity very close to that of an intact tooth. The present results partly support this hypothesis and encourage further development.   

The testing method, static loading until failure, has been criticized for not corresponding closely enough to the clinical situation. It may be that a cycling loading test corresponds better to the clinical situation, as it is known that it is fatigue that most often causes root fractures [27, 28]. It can be assumed that the study groups of this study would have performed differently in dynamic loading conditions, where the quality of interfacial adhesive joints and the location of reinforcing material would probably have had a major influence. However, static loading is usually the first step in the evaluation process of a novel dental material and is commonly used in order to obtain basic knowledge regarding the fracture behaviour and load capacity of a post restored tooth.

The loading angle, loading tip and placement of the loading tip may also have caused some variations in the results. These problems have been discussed in a study where the fracture resistance and failure mode of direct resin composite complete crowns with and without posts were investigated [13]. Contrary to that study, the teeth in this study were placed in the middle of the acrylic cylinders so that the fractures occurred only in the teeth and not in the acrylic block. The absence in this study of a simulated periodontal ligament and also the absence of root treatment, e.g. a gutta-percha filled canal before post preparation, must also be taken into consideration. However, the results of a static loading test on incisors restored with different posts and composite crowns should not be influenced by the elasticity of the ligament. It is not clear whether a possible root treatment leaving traces of gutta-percha and sealer in the post preparated canal, as well as the action of different chemicals used during root treatment, would have influenced the results of the retention and bonding of the resin cement to the root dentin [11, 29].     

There are many methods for evaluating the stress distribution in post-restored teeth, e.g. microstrain measurements [30, 31] and Finite Element (FE) Analysis  [32-35]. It has been demonstrated that the greatest compressive and tensile stresses occur at the lingual/palatal (compression) or facial (tension) root surface of the coronal third of the root [36]. In the present study, the strain gauges were placed on the cervical root surfaces (just under the root-crown margin) on the compression side of the tooth, and should therefore give representative results of the strain that occurs in the root when loading. 

One disadvantage when testing human teeth is the large variation among individual teeth, e.g. the mechanical and physical properties inside and outside the canals may be different, and existing microcracks in the dentin may not always be seen before testing. In general this may lead to large standard deviations. In this study, large variations in fracture resistance, microstrain values and standard deviations could be seen within the groups, although no correlation between specimen size and fracture load was found in the regression analyses. According to a study where the stress transfer of different post-core systems was evaluated on artificially created roots, it was claimed that real human teeth may be the main reason for large variations in the results [31]. On the other hand, according to a recent study, natural human teeth still represent the first choice for in vitro testing (37). 
Conclusion

Within the limits of this laboratory study, it can be concluded that only minor variations could be seen in fracture resistance and microstrain between the post groups. With fiber-reinforced composite posts the failures may more often be of a favorable type, compared to titanium posts, which clinically means more repairable failures.
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Table 1.  The studied posts.
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PALATAL                       BUCCAL                     


Brand

Manufacturer

Type of post
        Surface
Fiber
        Polymer matrix       Post
diameter 













        (mm)

             
1) ParaPost® XP 
Colténe/Whaledent

prefabricated
         serrated



         1.50






    (n= 9)

Inc.Mahwah, USA

titanium post 

2) C-Post 

Bisco, Inc.

prefabricated carbon/        smooth
carbon
        cross-linked*
         1.40


    (n= 9)

Schaumburg, USA

graphite FRC post
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3) everStick®Post
Stick Tech Ltd

individually formed          smooth
glass
        IPN*
*
         1.50


    (A) (n= 10)
Turku, Finland

glass FRC post





         1.20






(canal full of fibers)





         1.20
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4) everStick®Post
Stick Tech Ltd

individually formed          smooth
glass
        IPN*
*
         1.50 

    (B) (n= 9)
Turku, Finland

glass FRC post





         1.20       











         





(“split” post structure)






        

*     Epoxy resin matrix 

**    Semi-interpenetrating polymer network of PMMA (Polymethylmethacrylate, Mw 220.000) and BisGMA (2.2-bis (4-(2-hydroxy-3-

        methacrylyloxypropoxy)phenyl( propane) 

Table 2.  The results of failure mode assessment.






      Favorable failures (%)




Unfavorable failures (%)




Fractures of composite
    Fractures stopped


Fractures below simulated








crown / fractures above
    at simulated bone     Total percentage of
bone level, vertical and

Group


simulated bone level
    level

       favorable failures
horizontal root fractures
1) ParaPost XP


-


11
          11



89


    (titanium post) 

2) C-Post 


22


22
          44



56
    (graphite FRC post)

3) everStick Post A

30


20
          50



50 

    (individ. glass FRC post,

     canal full of fibers)





        

4) everStick Post B

22


34
          56



44


         

    (individ. glass FRC post,

     “split” post structure)

5) Intact



14


-
          14



86















         








        


















Captions

Figure 1. Stress distribution in a post treated tooth. A post situated in the most central part of the tooth, where stresses are minimal, does not reinforce the root. The figure is modified from Guzy and Nicholls 1979 [17] and Torbjörner 2000 [18]. 

Figure 2a. Individually formed glass FRC post with a semi-IPN polymer matrix with the canal full of fibers (group 3: “everStick Post A”). 

Figure 2b. Individually formed glass FRC post with a semi-IPN polymer matrix with the fibers formed into a “split” structure (group 4: “everStick Post B”).

Figure 3. The test setup for measuring the fracture load, microstrain and acoustic emission. 

Figure 4. Mean initial fracture load (N) and standard deviations (vertical lines) of the tested groups. The fracture load of everStick Post A and C-Post differed significantly from the Intact group (P < 0.05). Horizontal lines above the bars indicate which groups did not significantly differ from each other.

Figure 5. Mean microstrain (µm/m) of the tested groups. Vertical lines represent standard deviations (SD).

Figure 6a. Typical shape of fracture load curve and acoustic emission peaks of the prefabricated serrated titanium posts (Parapost XP).

Figure 6b. Typical shape of fracture load curve and acoustic emission peaks of the prefabricated carbon FRC post (C-Post).

Figure 6c. Typical shape of fracture load curve and acoustic emission peaks of the individually formed glass FRC post with the canal full of fibers (everStick Post A).

Figure 6d. Typical shape of fracture load curve and acoustic emission peaks of the individually formed glass FRC post with “split” structure (everStick Post B).

Figure 6e. Typical shape of fracture load curve and acoustic emission peaks of the intact group.
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