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Abstract

:

The objective of this study was to analyse the stress distribution in the periodontal ligament and tooth structure of a cementum-reinforced tooth, a dentine-reinforced tooth and an immature tooth during orthodontic loads using a finite element analysis. A finite element model of a maxillary incisor and its supporting tissues was developed. The root was segmented into two parts: a part that represented a root in an immature state and an apical part that represented the tissue formed after regenerative endodontics. The apical part was given the mechanical properties of dentine or cementum. The three models underwent simulation of mesial load, palatal inclination and rotation. The mean stress values and stress distribution patterns of the periodontal ligament of the dentine- and cementum-reinforced teeth were similar in all scenarios. The maturation of the root, with either dentine or cementum, was beneficial for all scenarios, since the periodontal ligament of the immature tooth showed the highest mean stress values. Under the condition of this computational study, orthodontic loads can be applied in teeth previously treated with regenerative endodontics, since the distribution of stress is similar to those of physiologically mature teeth. In vivo studies should be performed to validate these results.






Keywords:


orthodontic loads; periodontal ligament; regenerative endodontics; revitalisation; finite element analysis; stress distribution












1. Introduction


Regenerative endodontics is a relatively new treatment aimed at regenerating the pulp-dentine complex after pulp necrosis in immature teeth [1]. Until very recently the standard treatment for such teeth was apexification. However, the latter did not allow further root development or revascularisation of the tooth, which remained with thin and short dentine walls [2]. Regenerative endodontics consists of a new cell-based approach and utilises the stem cells located at the periapical tissues that invade the root canal after over-instrumentation of the apex [3], and the growth factors present in the dentine are able to direct stem cell proliferation, migration and differentiation [4], with the final aim of revitalising and inducing further root development of the necrotic tooth. Regenerative endodontics is considered a successful clinical treatment since most teeth show further root development, healing of periapical lesions and resolution of symptomatology [5]. However, with the exception of occasional studies [6], regeneration of the pulp-dentine complex has not been observed in vivo. Thus, the posttreatment development of the root is due to the apposition of cementum-like tissue or osteodentine instead of tubular dentine [7,8,9].



Dentine is an organised and mineralised tissue with a tubuli-like structure [10] that is able to endure compressive forces, while cementum and other reparative tissues formed after regenerative endodontics have collagen fibres not packed in an orderly fashion [11] and a higher organic composition [12]. As a result, cementum has poorer mechanical properties than dentine [13]. A computational study showed that the mechanical performance of roots reinforced with cementum after regenerative endodontics have been proven to distribute the mechanical stress disadvantageously and unevenly compared to a root reinforced with dentine [14]. In teeth after regenerative endodontics, cementum barely endures stress, which is mainly concentrated in the dentine part of the root [14]. However, it is unknown whether this disadvantageous distribution of stress is transferred and maintained in the periodontal ligament and alveolar bone, producing high peaks of mechanical stress in specific parts of these tissues (i.e., in the neighbouring areas of the dentine with peak stress), or in contrast, whether the periodontal ligament is able to re-distribute the mechanical stress more evenly due to its unique biomechanical and cellular nature [15]. The performance of the periodontal ligament of teeth after regenerative endodontics has not been studied.



Periodontal ligament stem cells are sensitive to mechanical loading and play a critical role in periodontal and osseous remodelling during orthodontic movement by regulating the balance between osteoblastic and osteoclastic activity [16]. Orthodontic tooth movement is produced by mechanical forces and promoted by the remodelling of the periodontal ligament and alveolar bone. Under appropriate stimulation, on the compression side, the periodontal ligament becomes compressed, resulting in a focal necrosis [17]. These necrotic sites release chemokines that induce the migration of multinucleated cells that resorb the necrotic periodontal ligament as well as the underlying bone and cementum [17], and this process is stopped only when mechanical stimulation ceases. Thus, appropriate orthodontic forces produce minor reversible injury to the tooth-supporting tissues [17]. However, when these forces are inappropriate, such as in the case of excessive force magnitude or adequate magnitude but with high concentration of the stress in specific areas, they lead to a sustained inflammation process that reabsorbs the root [18].



This has raised the question of whether cementum-reinforced teeth (i.e., teeth that have been previously treated with regenerative endodontics), which seem to distribute mechanical stress disadvantageously compared to physiologically developed roots [14], can endure orthodontic movement or if they are at risk of inflammatory root resorption, as suggested by the European Society of Endodontology Position Statement for Revitalisation [19]. As for today, there is little clinical evidence, limited to case reports, of revitalised teeth treated with orthodontics [20,21].



The objective of this study was to analyse the stress distribution in the periodontal ligament of a cementum-reinforced tooth, a dentine-reinforced tooth and an immature tooth during simulation of orthodontic loads in three different directions using a finite element analysis (FEA) of a maxillary central incisor.




2. Materials and Methods


This study was approved by the Ethics Committee of the University of Barcelona and conducted in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki) for experiments involving humans. The FEA model was constructed based on a μCT scan of the maxilla of a male 59-year-old donor (Quantum FX microCT, PerkinElmer, Waltham, MA, USA).



The μCT scan was conducted with 90 kV and 160 mA, FOV 60 mm, exposure time of 4.5 min and voxel size of 118 × 118 × 118 μm. The right maxillary central incisor was selected as the treated tooth and the dental and supporting tissues, including enamel, dentine, cementum, periodontal ligament and alveolar bone, were segmented with Seg3D software (v. 2.4.3, Center for Integrative Biomedical Computing, Salt Lake City, UT, USA). The periodontal ligament was segmented according to its natural shape. It had a maximum thickness of 0.38 mm in the coronal part and a minimum thickness of 0.11 mm in the middle third, having an hourglass distribution. As reported previously [14], the root was segmented into two parts: the coronal part, representing the immature root (stage 4 based on Cvek’s classification [22], and an apical part (the core part and the tip of the root), representing the tissue formed after regenerative endodontics (Figure 1a).



2.1. 3D FEA Models and Tissue Properties


Three different non-linear models representing three different scenarios were solved using ANSYS Mechanical 19.1. Each model was meshed using tetrahedral elements with a quadratic interpolation, except the elements of the mesh of the PDL that were created using a linear interpolation.



Three models were designed. Model 1 represented the tooth in an immature state (IT) (i.e., coronal part without the apical part) (Figure 1b), Model 2 represented a physiologically mature tooth (DR) (the coronal and apical part were given the mechanical properties of dentine) and Model 3 represented a tooth after regenerative endodontics (CR) (coronal part was given the mechanical properties of dentine and the apical part the mechanical properties of cementum) (Figure 1a). The segmented alveolar bone was equal in the three models, and it was not modified in the IT since the space from the tip of the root to the bottom of the alveolar socket represented the space occupied by the apical papilla (Figure 1b). This made it possible to perform the simulations in standardised models and compare the outcomes among the models.



The material properties (Young’s Modulus and the Poisson coefficient) for enamel, dentine, cementum and bone are described in Table 1. Elastic, linear and homogeneous material properties were assumed for enamel, dentine, cementum and bone, while a non-linear hyperelastic material was assumed for the periodontal ligament using a nine-parameter Mooney–Rivlin constitutive equation [23], as previously described [14] (Table 2).




2.2. Loading Scenario


Three typical orthodontic loads (load applied in a mesial direction (mesial load), palatal inclination and rotation) were simulated for Models 1, 2 and 3. Briefly, for the mesial load scenario, a force of 0.6 N was simulated in a mesial direction; for the inclination scenario, a load of 0.6 N was simulated in a palatal direction (the crown moves from the vestibular side to the palatal side); and for the rotation scenario, a load of 0.6 N was applied at the mesiovestibular aspect [24].




2.3. Analysis of Stress


Different metrics of stress distributions were evaluated for the three models (immature tooth, dentine-reinforced tooth and cementum-reinforced tooth) in the different loading scenarios. Stress values of the tooth and periodontal ligament of each model were analysed separately to evaluate stress distribution throughout the model. For the tooth tissues and the periodontal ligament, we computed the Rankine stress (or maximum stress theory) [25] to convert the multiaxial stress state to an equivalent stress state in function of the principal stresses. The plot of maximum principal stresses shows the positive values of stress pointing the maximum values in tension.



Results of the mean stress were summarised. The mean stress for each scenario was reported for the periodontal ligament and teeth in each model situation [26].





3. Results


3.1. Mean Stress Values of the Periodontal Ligament and Tooth for Each Scenario


The highest mean stress values of the periodontal ligament were observed for mesial load followed by palatal inclination and rotation (Figure 2).



In all scenarios, the mean stress values of the periodontal ligament of the immature tooth were higher than the mean stress values of the periodontal ligament of the dentine-reinforced tooth and the cementum-reinforced tooth (Figure 2). In the mesial load and palatal inclination scenarios, the mean stress values were slightly higher in the cementum-reinforced tooth compared to the dentine-reinforced tooth (Figure 2).



In the mesial load scenario, the mean stress value of the dentine-reinforced tooth was higher than the mean stress values of both immature and cementum-reinforced teeth (Figure 2). In the palatal inclination scenario, the mean stress of the immature tooth was similar to the dentine-reinforced tooth. The mean stress values of the immature tooth were higher in the rotation scenario compared to the mature teeth (with either dentine or cementum) (Figure 2).



Mean stress values were considerably lower in the periodontal ligament compared to the tooth in all models and simulations (Figure 2).




3.2. Distribution of the Stress of the Tooth Structure for Mesial Load


Figure 3 depicts the distribution of the stress in the mesial load scenario for the three models. The distribution of the stress in the tooth structure and periodontal ligament of the dentine-reinforced tooth and cementum-reinforced tooth were similar in this scenario (Figure 3A–C).



The highest values of tensile stress compromises a greater area of the ligament in the immature tooth compared to the periodontal ligament of the dentine-reinforced tooth and cementum-reinforced tooth in the mesial load scenario (see amplified areas of Figure 3B). In the dentine-reinforced tooth, cementum-reinforced tooth and immature tooth, the highest values of tensile stress values in the periodontal ligament were located at the mesial aspect and at the apical third (Figure 3B,C).




3.3. Distribution of the Stress of the Tooth Structure for Palatal Inclination


Figure 4 depicts the distribution of the stress in palatal inclination scenario and for the three models. The distribution of the stress in the tooth structure and periodontal ligament of the dentine-reinforced tooth and cementum-reinforced tooth were similar in this scenario (Figure 4).



In the dentine-reinforced tooth and cementum-reinforced tooth, the highest values of tensile stress in the periodontal ligament were located at the apical third, while for the immature tooth, it was located at the apical and coronal third in the palatal inclination scenario (Figure 4B,C).




3.4. Distribution of the Stress of the Tooth Structure for Rotation Scenario


Figure 5 depicts the distribution of the stress in the rotation scenario for the three models. The distribution of the stress in the tooth structure and periodontal ligament of the dentine-reinforced tooth and cementum-reinforced tooth were similar in this scenario (Figure 3A–C).



In the dentine-reinforced tooth and cementum-reinforced tooth, the highest values of tensile stress in the periodontal ligament were located at the apical third, while for the immature tooth, it was located at the apical and coronal third in the rotation scenario (Figure 5B,C).





4. Discussion


Regenerative endodontics has several advantages over apexification and root canal treatment, such as revitalisation and further root development of the immature necrotic teeth [2]. However, the newly formed tissue lacks the presence of odontoblast-like cells [7] and, as a result, the root maturation is based on reparative tissues [27], such as cementum-like tissue or osteodentine. Our objective was to determine the biomechanical implications over supporting tissues of the maturation of the root with cementum instead of dentine, when the tooth is subjected to orthodontic loads. The results of this FEA study showed that the biomechanical performance of the periodontal ligament and tooth structure of the dentine- and cementum-reinforced teeth models was similar in all scenarios, and that the periodontal ligament acted by reducing the mean stress values in all models.



The periodontal ligament acts as a mechanical connection between the tooth and the alveolar bone; therefore, the delivery of orthodontic loads to the tooth causes stress in the periodontal ligament, and it is related to resorption of the periodontal tissues [28]. On the pressure side, the external mechanical force induces collagenous extracellular matrix resorption of the periodontal ligament and bone [29] due to clastic activity. The recruited osteoclasts resorb and remodel the alveolar bone during orthodontic movement [29]. A disadvantageous stress distribution with peak stress values concentrated in some areas of the periodontal ligament could lead to a pathological process where resorption is not controlled and affects the tooth’s hard tissues. Root resorption is prone to occur in areas of stress concentration at the compression site during the process of orthodontic tooth movement [30]. Consequently, the question arises as to whether teeth previously treated with regenerative endodontics and that have completed their root development with cementum can endure orthodontic treatment or if they are at risk of root resorption [19]. In our simulation, the mean stress values of the periodontal ligament were similar among the dentine and cementum-reinforced teeth. Moreover, the stress distribution patterns in the periodontal ligament were similar among the dentine- and cementum-reinforced teeth as well. These results suggest that the performance of previously revitalised teeth subjected to orthodontic loads might be comparable to that of physiologically developed teeth, although this needs to be confirmed in in vivo situations. Thus, controlled clinical trials and/or experimental studies are needed.



The results of this study also showed that the periodontal ligament acted by dissipating the mechanical loads incurred during simulation of orthodontic loads. Moreover, stress distribution patterns demonstrated that peak stress values were reduced from the teeth to the ligament.



Cementum has poorer mechanical properties than dentine [13]. The amount of cementum surrounding the root of physiologically developed teeth (i.e., with dentine) has implications in the mechanical performance of teeth, since mechanical stresses increase at the root apex with increasing thickness of the apical cementum [31]. A previous computational study showed a disadvantageous stress distribution along the root in teeth that have completed their root development with cementum compared to physiologically developed teeth [14]. However, it must be noted that these differences in peak stress values are remarkable in high magnitude forces, such as those applied during biting or traumatic dental injuries and are mild with low magnitude forces, such as those applied in orthodontics [14]. Regarding stress distribution in the tooth, the present study shows similar mean stress values and stress distribution patterns for cementum- and dentine-reinforced teeth in mesial load, palatal inclination and rotation. In addition, the maturation of the root, with either dentine or cementum, was shown to be beneficial for all scenarios, where the immature tooth and its periodontal ligament showed higher mean stress values. The disadvantageous stress distribution of immature teeth compared to mature teeth has been observed in FEA studies [14,32] and poorer fracture resistance [33] and prognosis [22] have been shown in clinical and animal studies as well [34], and therefore, it is necessary to limit the orthodontic force to prevent root resorption.



The finite element model can simulate tooth-periodontal ligament complex under orthodontic loads. It allows the construction of standardised models to simulate the biomechanical performance of teeth and supporting tissues. Remodelling of the periodontal ligament for FEA analyses has been studies extensively, and the large inconsistency in results can be explained by the modelling assumptions (i.e., linear or non-linear, elastic or viscoelastic) given to the models [35]. The periodontal ligament is known to be a non-linear and time-dependent material, as proven by several experimental studies [34,35,36,37]. However, finite element model studies simulating orthodontic loads often incorporate homogeneous, linear elastic, isotropic and continuous periodontal ligament properties [17]. Non-linear simulations of the periodontal ligament provide more accurate and reliable calculation for the stresses and strains over several tooth movements than the ones provided by linear simulations [37]. Similarly, viscoelastic time-dependent properties of the ligament are the reason of strain energy dissipation, without which excessive load would cause tooth fracture [38,39]. In this study, we assumed non-linear periodontal ligament properties [17] to capture the elastic nature and deformation capacity of the periodontal ligament. The inclusion of the time-dependent viscoelastic properties was discarded in this study because of the comparative nature of the work. When comparing the same scenario under the three different models we expected the same qualitative results before the relaxation than after the relaxation. Thus, it must be considered that ‘time’ was not a variable included in our analysis, and in consequence this study shows the stress distribution in a specific moment and not the fatigue caused by the orthodontic treatment. The results of this research must be validated in clinical studies, since no computational study can represent the complex response of the teeth and surrounding tissues under orthodontic loads.



To the best of our knowledge, the mechanical properties of the newly formed tissues after regenerative endodontics (periodontal ligament and cementum-like tissue) have not been studied so far. The histological evidence of human teeth treated with regenerative endodontics, limited to case reports and mainly focused on the analysis of the intracanal tissues [6,8,40], do not report differences regarding the shape, thickness nor distribution of the collagen fibres of the newly formed periodontal ligament (the ligament formed between the newly formed hard tissue and the alveolar bone) and the pre-existing one (the periodontal ligament between the immature root and the alveolar bone). Similarly, the tissue responsible for root maturation is histologically similar to the cellular cementum [6,8,40], tissue present in the apical third of mature teeth, or osteocementum. Considering this data, in the present study the shape and mechanical properties given to the periodontal ligament and cementum of the cementum-reinforced tooth were assumed equal to that of a physiologically developed tooth. Thus, the basic data used in this study (i.e., Young’s modulus and Poisson coefficient of the cementum and hyperelastic properties of the periodontal ligament) are not the ones of an immature tooth after regenerative endodontic, but an extrapolation of the mechanical properties of a physiologically developed tooth. Future studies should assess whether the mechanical properties of the immature teeth and of the newly formed tissues after regenerative endodontics are indeed equivalent to those of physiologically developed teeth.




5. Conclusions


As far as we know, this is the first study analysing the performance of the periodontal ligament in teeth previously treated with regenerative endodontics. Under the conditions of this finite element analysis study, stress distribution in the tooth and periodontal ligament in a physiologically developed tooth and in a tooth after regenerative endodontics is similar in all three simulations of orthodontic loads. The periodontal ligament acted by dissipating the mechanical loads incurred during orthodontic forces. Maturation of the root with either dentine or cementum is beneficial to the stress distribution in all simulated scenarios. Among the limitations of this computational study, it can be concluded that orthodontic loads can be applied in teeth that have been treated with regenerative endodontics in the past; however, in vivo studies should be performed to validate these results.



Future studies should verify the mechanical characteristics of the newly formed tissues after regenerative endodontics to validate these results.



Finite element analysis opens new possibilities of research in the field of regenerative endodontics, since the biomechanical performance of teeth and supporting tissues can be simulated in standardised conditions. Future studies can be directed to analyse the mechanical performance of teeth after regenerative endodontics restored with different materials, and its comparison with teeth undergoing other endodontic treatments such as apexification, among others.
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Figure 1. Segmented tissues and model development. Segmentation of a mature tooth in the alveolar bone (a). The apical part (black arrow) of the mature tooth was given the mechanical properties of dentine or cementum for Models 2 and 3, respectively. Segmentation of an immature tooth in the alveolar bone (b). Asterisk (*): space occupied by the apical papilla. Image edited from Bucchi et al., 2019 [14]. 
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Figure 2. Mean Rankine stress of the teeth and periodontal ligament of Models 1, 2 and 3 for mesial load, palatal inclination and rotation scenarios. 
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Figure 3. Stress distribution in the tooth (A) and in the periodontal ligament (B,C) of Models 1, 2 and 3 in mesial load scenario. Similar stress patterns are observed between all tissues of Models 2 and 3. Maximum tensile stress of the teeth (A) and ligaments (B,C) are coloured in red. 
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Figure 4. Stress distribution in the tooth (A) and in the periodontal ligament (B,C) of Models 1, 2 and 3 in palatal inclination scenario. Similar stress patterns are observed between all tissues of Models 2 and 3. Maximum tensile stress of the teeth (A) and ligaments (B,C) are coloured in red. 
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Figure 5. Stress distribution in the tooth (A) and in the periodontal ligament (B,C) of Models 1, 2 and 3 in the rotation scenario. Similar stress patterns are observed between all tissues of Models 2 and 3. Maximum tensile stress of the teeth (A) and ligaments (B,C) are coloured in red. 
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Table 1. Young’s modulus and Poisson coefficient of dental and supporting tissues.
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	Tissue
	Young’s Modulus
	Poisson Coefficient





	Enamel
	84,100
	0.31



	Dentine
	18,600
	0.31



	Cementum
	8200
	0.3



	Bone
	14,700
	0.31
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Table 2. Hyperelastic properties of the periodontal ligament. The Mooney–Rivlin constitutive equation was used with the listed constants.
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	C10
	C01
	C20
	C11
	C02
	C30
	C21
	C12
	C03





	−0.0048
	0.00505
	0.008
	0.0012
	0
	0.004
	0
	0
	0
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