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Abstract

:

Featured Application


In endodontic treatment of teeth with thin root canal wall, we suggest to use thicker mineral trioxide aggregate (MTA) to overcome reduced mechanical properties of MTA’s interfacial layer.




Abstract


Setting of mineral trioxide aggregate (MTA) is affected by various factors. The purpose of this in vitro study was to evaluate the influence of root canal wall thickness on mechanical properties of MTA along the whole apical plug. Bovine bone mold tubes with internal diameter of 2 mm, height of 5 mm, and wall thickness of 0.8 mm, 1.2 mm, and 1.6 mm were filled with 3 mm ProRoot MTA and were kept in 37 °C and relative humidity of 100% for 7 days. The indentation hardness and reduced modulus of elasticity were measured in a large overview matrix and detailed matrix placed 1.5 mm from simulated apical foramen in order to obtain particularized information about gradient of altering mechanical properties. The uppermost layer of material in contact with simulated apical foramen had reduced mechanical properties irrespective of root canal wall thickness. The most distinct decrease of microhardness (32%) and reduced modulus of elasticity (27%) in interfacial layer were present in specimen with thinnest root canal wall. This effect could be observed in detailed measurement up to 190 µm in material. The interfacial layer of MTA, which was in contact during setting with root canal wall thinner than 1.2 mm, had reduced mechanical properties.
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1. Introduction


Mineral trioxide aggregate (MTA) is an essential part of today’s armamentarium for both surgical and nonsurgical endodontic procedures. It is hydraulic calcium silicate cement which sets in the presence of moisture, so it is advantageous to use it in situations, such as root perforation repair, root-end retrofill, and apical plug of immature teeth, and some authors even recommend it for complete root canal obturation [1,2]. Because of hydraulic nature of the material, the manufacturer of MTA recommends that a wet cotton pellet should be placed against the intracanal surface of the MTA [3] in order to improve material setting.



Although various powder-to-water ratios of MTA do not influence expansion of the material [4] or dimensional stability [5], adding excessive amount of water over the suggested powder-to-water ratio during mixing increases porosity, solubility [6], setting time, calcium release [7], decreases bond strength [8], and diminishes compressive strength [9]. On the other hand, this undesirable scenario can occur if the wet curing of MTA is used, and the cotton pellet is too wet and placed on the material too early [10].



Several studies have assessed the effect of presence of intracanal moisture, the influence of intrinsic moisture source [11] or different thickness of applied MTA on its quality and properties [12]. There are indices that moist cotton pellet placement may not be crucial for MTA setting in apexification procedures [11] or in cases where thickness of the material does not exceed 4 mm in total [13]. But there is reported only marginal interest on the influence of the physiological moisture in dentin or dentinal permeability on setting of MTA. This could be more noticeable in immature teeth and teeth with extensive retrograde cavity where limited amount of dentin or wide dentinal tubules are present and could lead to improper setting of MTA and failure of treatment. There are studies which describe setting of dry MTA by moisture absorbed through the root [14], through the apical foramen [15], or in the presence of interstitial fluid alone [11]. However, the limitations of these studies are the use of Vickers indentation (four-sided pyramid) and measurement on horizontal sections which has only limited information about setting in different parts of material. Only a few studies have studied mechanical properties of MTA on longitudinal sections [16]. Another limitation is standardization of root canal wall thickness. The information about sizes of roots and their shape is usually missing, and usually only apical preparation is standardized; the inter-study comparison of results, thus, remains almost impossible. The last limitation is that, in many studies, the size of used specimen is out of clinical relevance.



Besides, investigation of the mechanical properties of contemporary dental materials at relevant scale and environment is necessary for understanding their performance, application limits and of course, for optimization of their application protocols. It should be noted that mechanical properties of dental restorative materials may exhibit an important size-dependent character [17] as was proved in the case of calcium silicate cements [16]. One of the most commonly mentioned mechanical properties of MTA related to setting is microhardness. It is considered as a crucial material’s parameter characterizing its mechanical strength and, in turn, also the quality of setting, as well. Microhardness testing is based on the evaluation of resistance of material against plastic/elastic deformation [18]. Conventionally, the hardness test is based on the measurement of the diagonal’s dimensions of the residual plastic impression created during the indentation process, where the hard indenter is pressed into the sample’s surface [18]. Vickers diamond indenter, four-sided pyramid, is used in most studies [16]. This approach relies on the visual observation of residual indentation and also on the assumption that only limited elastic recovery of the residual indent takes place. Generally, the measurement of the actual size of the indent becomes difficult with the decrease of its dimensions and increase of surface roughness, which can lead to inaccurate or incorrect conclusions after the evaluation [18]. On the contrary, the advanced approach of hardness testing, also called depth sensing indentation, based on the continuous recording of the force-displacement data during the whole test can be employed. This approach also allows study of material properties through exploration of the longitudinal cross-section of the specimen. To our knowledge, no study on the effects of thickness of root canal wall on setting of MTA has been reported in literature so far.



The purpose of this study was to examine the role of root canal wall thickness on microhardness and elastic modulus of MTA along the whole apical plug after setting in simulated root canal environment. The null hypothesis tested was that there are no differences in the microhardness and reduced elastic modulus of MTA within entire specimens.




2. Materials and Methods


2.1. Study Design


In this in-vitro experimental study, mold tubes from bovine compact bone, which simulated the root canal environment, were sealed with ProRoot MTA (Dentsply Tulsa Dental, Tulsa, OK, USA). Bovine tubes with internal diameter of 2 mm, approximate height of 5 mm, and wall thickness of 0.8 mm (further referred as “Thin”), 1.2 mm (“Medium”), and 1.6 mm (“Thick”) were used. Seven specimens were analyzed in each of these three experimental groups. Two mechanical properties of the studied material were measured for each specimen, namely the indentation hardness (gigapascal, GPa) and reduced modulus of elasticity (gigapascal, GPa) [18]. These properties were measured in two steps.



Firstly, a large overview (Study-I) matrix consisting of three 7 × 3 matrices was placed at the apical, middle, and coronal part of simulated root canal cross section (see red rectangles in Figure 1). The main aim was to evaluate the effect of the distance from simulated apical foramen and root canal wall thickness on mechanical properties of MTA. Secondly, to obtain particularized information about gradient of altering mechanical properties, the denser 7 × 14 matrix (Study-II) was standardly placed approximately 1.5 mm from simulated apical foramen on 2 areas in the central part of simulated root canal cross section and 2 interfacial areas (see yellow rectangles in Figure 1). The main feature of Study-2 is its significantly higher spatial resolution.




2.2. Specimen Preparation


Cortical parts of mature bovine femur diaphysis were obtained from a local abattoir. The specimens were washed after manual removal of soft tissues and cut longitudinally into rectangular bone segments using surgical burr after hip and knee heads were removed at two anatomical marks, the lesser trochanter and the nutrient foramen. The average segment dimensions were 40 × 8 × 5 mm. From the compact bone of each slice, cylindric molds were prepared with an internal diameter of 2.0 ± 0.2 mm and external diameter of 3.6 ± 0.2 mm (“Thin“ root canal wall), 4.4 ± 0.2 mm (“Medium“ root canal wall), and 5.2 ± 0.2 mm (“Thick“ root canal wall). Subsequently, the cylinders were reduced to a height of 5.0 ± 0.2 mm. The end of each tube was sealed with self-etch adhesive system (Singlebond Universal, 3M ESPE, Maplewood, MN, USA) with an approximately 2-mm thick layer of flowable resin composite (Filtek Ultimate flow, 3M ESPE, Maplewood, MN, USA), and, after light curing, tooth-colored ProRoot MTA (Dentsply Tulsa Dental, Tulsa, OK, USA) was mixed with sterile distilled water according to the manufacturer’s instructions and incrementally delivered and vertically compacted with #4 Machtou plugger (Dentsply Tulsa Dental, Tulsa, OK, USA) up to the end of simulated apical foramen which was in direct contact with simulated physiological environment. The specimens were kept in 37 °C and relative humidity of 100% for 7 days in order to simulate physiological conditions.



After that, the cylindrical samples were fixed into the acrylic resin Dentacryl (Spofadental, Jičín, Czech Republic) and grid by sequential procedure with 600 and 800-grit silicon carbide and subsequently polished using 0.25 µm diamond suspension. All the preparation procedures were performed under the conditions of continuous water cooling in order to prevent the sample from overheating. At the end of this procedure, the cross-sectional surface of MTA with the sufficiently low surface roughness was acquired.




2.3. Nanoindentation Measurement of Whole Specimen


Nanoindentation experiments were carried out using a fully calibrated NanoTest instrument in load-controlled mode at room temperature. During the test, the normal load of 40 mN was applied on the diamond Berkovich indenter (three-sided pyramid) at loading rate of 2 mN/s. The loading force was chosen to keep the local character of the measurements, on the one hand, and to avoid the negative effect of surface roughness, on the other hand. The corresponding penetration depths were typically about 1 µm.



2.3.1. Study-I Nanoindentation Mapping of Whole Specimen


In order to obtain the complete picture of the effect of the distance from simulated apical foramen and root canal wall thickness on the mechanical properties of MTA, three areas in the apical, middle, and coronal part of the root canal were chosen for three 7 × 3 matrices. The distance of the indents in the matrix was 200 µm in the vertical plane and approximately 250 µm in the horizontal plane (depending on the actual width of a specific root canal). The distance of the indent’s matrix from simulated apical foramen and root canal wall inner surface varied around 70 µm, depending on matrix position and local shape irregularities of the root canal (Figure 1). Indentation hardness and reduced modulus of elasticity were calculated using the standard procedure based on the analysis of the load-displacement record [19].




2.3.2. Study-II Nanoindentation Mapping of Periphery and the Center of Specimen


To obtain more detailed data about marginal parts of MTA, which are in contact with root canal wall surface, one representative specimen was randomly chosen from each experimental group for detailed measurement. For each specimen, four matrices of 7 × 14 indents were located in the central part of the specimen, in the approximate distance of 1.5 mm from simulated apical foramen (Figure 1). Two matrices were located on the periphery of MTA, and two were located at the center of the MTA. The distance of the indents was 20 µm in both the horizontal and in the vertical plane. The distance of the marginal indents from root canal wall inner surface was approximately 70 µm, depending on the shape of the edge of root canal.





2.4. Statistical Analysis


The effects of the wall thickness, distance from simulated apical foramen, and distance from root canal wall surface on the mechanical properties of MTA are described by the linear model. Both characteristics—the indentation hardness, as well as the modulus of elasticity—were log-transformed prior to the analysis since their distribution is skewed.



In Study-I, the general patterns were studied. The analysis was based on a set of measurements of 21 specimens. Measurements taken on a particular specimen are inherently mutually dependent and, therefore, are modeled as one cluster of observations. In order to suppress the effect of possible differences between specimens, the ID number of the specimen was treated as a random effect in the linear mixed effect model [20]. The effects of wall thickness, as well as of distances from the apical foramen and the root canal, were considered as fixed. Significance of the fixed effects is assessed according to p-values, which are approximated using the Satterthwaites’s method [21].



In Study-II, where a more detailed understanding of the effect of the distance from root canal was of the interest, a standard linear regression model was applied. This analysis was based on three randomly chosen specimens (one from each experimental group), for which detailed measurement were taken.



In both cases, the optimal models were chosen according to value of the Akaike information criterion.



The statistical analysis was performed in the statistical software R [22], using the packages lmer4 [23] and lmerTest [24].





3. Results


In order to study the effect of thickness of root canal walls on MTA setting, the local mechanical characterization approach featuring high spatial resolution was used. “Study-I” investigated the overall distribution of hardness and modulus of elasticity (representative mechanical characteristics) considering distance from simulated apical foramen and distance from inner surface of root canal wall. Furthermore, “Study-II” was employed to explore the detailed distribution of mechanical properties of MTA in contact with the inner surface of root canal wall (the range of influence of root canal wall thickness).



3.1. Representative Mechanical Characteristics


3.1.1. Hardness of Whole Specimen


According to the optimal model, summarized in Appendix A and Table A1, vary the estimated values of hardness around 1.57 GPa (median) with medians for individual specimens from 1.49 GPa to 1.66 GPa.



The hardness was significantly (p < 0.0001) lower at the uppermost part (the row closest to the surface, approximately 70 µm). The decrease was approximately by 27% in comparison to measurements from the lower layers. This holds regardless of the wall thickness.



The hardness was significantly (p < 0.0001) lower in locations closest to the root canal wall for the thinnest root canal wall (0.8 mm). The decrease was by about 32%. This effect was not observed in experimental groups with thicker root canal walls. This feature is clearly demonstrated in Figure 2.




3.1.2. Modulus of Elasticity of Whole Specimen


Based on the fitted model, summarized in Appendix B and Table A2, vary the estimated values of modulus of elasticity around the overall median value 47.22 GPa. More specifically, the model-based median value of the modulus of elasticity in a particular specimen is between 42.26 and 51.08 GPa. This range reflects variability among specimens.



Similarly, as in the case of the hardness, the value of modulus of elasticity was also significantly (p < 0.0001) lower at the uppermost part of the samples (the row closest to the surface, approximately 70 µm). Regardless the thickness of the root canal wall, this decrease was approximately by 24%.



The value of modulus of elasticity was significantly (p < 0.0001) lower in locations closest to the root canal wall for the thinnest root canal wall (0.8 mm). The decrease was with respect to the value in the inner part of the sample by 27%. Unlike the case of the hardness, a slight effect of the root canal wall proximity was also significant for the thicknesses 1.2 and 1.6 mm. The decrease of the modulus of elasticity value was approximately by 10%, compared to the center of the sample. These features are also visible in Figure 3.





3.2. The Range of Influence of Root Canal Wall Thickness on Mechanical Properties of MTA—Effect of Wall Thickness on Hardness Spatial Dependence


At the second stage of the research, the effect of distance from the internal surface of the root canal wall was of the main interest. For a dataset, based on more detailed measurements of three samples with wall thicknesses 0.8 mm (“Thin”), 1.2 mm (“Medium”), and 1.6 mm (“Thick”), a simple linear model was employed for a detailed interpretation. Introduction of the proper model allowed to (statistically) estimate the appropriated values of median for hardness and reduced modulus.



Based on the estimated model, summarized in Appendix C and Table A3, the hardness measured in the center part of the sample with thick root canal wall was systematically about 28% higher than hardness in the center of samples with thin and medium root canal wall. Moreover, the values of hardness in the center of the latter two samples were comparable. More specifically, the estimated median values were at the uppermost layer of the samples 1.11 GPa and 0.87 GPa for the thick and thin or medium walls, respectively.



While the hardness did not change significantly with changing proximity to the wall in the case of the thick root canal wall (boxplots C/0–C/13 in Figure 4), an effect of the root canal wall proximity was present for the thinner canal walls. In both cases of the 0.8 mm and 1.2 mm wall, the hardness remained constant within the central matrices, when, in the peripheral ones, it decreased with the horizontal distance from the center of the sample towards the root canal wall. For the 1.2 mm wall, the decrease was observable within the whole peripheral matrices (i.e., the last seven indentation points B/7–B/13 in Figure 4, approximately 190 µm), when, with each 20 µm, the hardness decreased approximately by 13%. By the 0.8 mm wall was the decrease significant for the last five of the most peripheral indentation points A/9–A/13 in Figure 4 (approximately 150 µm) and was more dramatic, while each 20 µm decreases the hardness approximately by 21%. Finally, the hardness slightly changed with the vertical distance from the surface. Despite the wall thickness and the horizontal location of the measurement, the value decreased by approximately 2% with each 20 µm of depth. These effects quantified with the model are also clearly visible in Figure 4.



Similar features hold also for the modulus of elasticity, as is clearly visible in Figure 5. The estimated value of the modulus of elasticity at the uppermost layer equaled for the sample with the thick root canal wall 43.32 GPa and was about 8% higher than its value in the center of the samples with thinner walls, which was estimated as 40.25 GPa.



The root canal wall proximity affects the mechanical properties in the case of thicknesses 0.8 and 1.2 mm. For these two settings, the value of modulus of elasticity remained fixed within the whole central matrices and in the peripheral ones decreased with the horizontal distance from the center of a sample. Similar to hardness was the decrease of modulus of elasticity observable for the 1.2 mm wall within the whole peripheral matrices (i.e., the last seven indentation points B/7–B/13), when, with each 20 µm, its value decreased approximately by 6%. By the 0.8 mm wall was the decrease significant for the last five of the most peripheral indentation points (A/9–A/13) and was more dramatic, while each 20 µm decreases the value approximately by 13%. In addition, the value of modulus of elasticity decreased with the vertical distance from the surface of the sample. Each 20 µm of depth was accompanied with the decrease by approximately 1%. The detailed description of the respective statistical model in given in Appendix C and Table A4.




3.3. Distribution of Clincker


The final research question was focused on the distribution of clinker grains and dependence of its appearance on the type of the root canal wall and distance from the center of a sample. Considering experimental data from detailed measurements (samples A, B, and C) under Study-II, locations with a measured hardness higher than 4 GPa were considered as a clinker grain. The distribution of all grains according to the type of the root canal wall and distance from the center of a sample is given in Table 1 and shows that no significant differences are present.





4. Discussion


To the best of our knowledge, in this study, the influence of root canal wall thickness and distance from root canal wall inner surface on the mechanical properties (indentation hardness and elastic modulus) of MTA was studied for the first time. The in vitro results demonstrated deteriorated mechanical properties of MTA in the contact with internal surface of root canal wall and with external environment. The analysis of hardness and elastic modulus values revealed deterioration of mechanical properties of MTA in the closest vicinity to the root canal wall only in the specimen with the thinnest root canal wall thickness (microhardness decrease of 32%). The decrease in modulus of elasticity was most prominent in the material located closest to root canal wall of “Thin” group (27%) but was detectable even in “Medium” and “Thick” groups (both 10%). During detailed nanoindentation mapping of randomly chosen specimen, we observed decreased microhardness in “Thin” and “Medium” specimen, which reached up to 190 µm from inner surface of root canal wall. This decrease was not present in the “Thick” specimen. A similar decrease pattern was observed for modulus of elasticity. The similar result can be observed in the material which is in contact with external environment. To sum it up, Study-I detected, in particular, a decrease of the modulus of elasticity in the locations in the proximity of root canal wall, while Study-II, based on more detailed measurement, specified this decrease as linear dependence on the distance from the center of the sample. Moreover, it turned out that the decrease gets more dramatic with thinner walls. Study-1 also clearly showed the effect of the contact with the external environment, which causes a significant decrease of mechanical properties of the material, compared to its values measured in the inner parts of the samples. This strong effect overcame the moderate effect of the vertical position within the samples. This property was uncovered in Study-II, in which measurements were located on a dense grid in the vertical center of the samples and which, therefore, allowed a more detailed insight in the structure of the samples.



The microhardness and modulus of elasticity are decreased most probably by excessive amount of moisture. When the mixed material is in contact with additional moisture in early phase of setting, the water-powder ratio can be changed [25]. The higher water-powder ratios influence several properties of MTA, such as decreasing its bond strength [8] and diminishing its compressive strength [26]. The increased hydration of portland cement leads to higher carbonation of hydrated cement with escalated shrinkage and raised production of calcium carbonate [27]. The disruption of MTA setting was more significant for the thinner root canal walls, and this effect can reach up to 190 µm in the material but is more prominent in the layers which are in close contact with inner surface of root canal wall. This effect is not so evident for the thickest root canal wall. In previous studies, it was mentioned that possible source of moisture can be deposition of water in dentine tubules. If the deposition of water in the root canal wall was the main source of additional moisture, the effect would be most distinct in the specimen with thicker root canal walls. In view of the fact that the decrease of microhardness and modulus of elasticity of material is similar in contact with external environment and with thinner root canal walls, we can assume that the water permeability of thinner root canal wall can be as high as it can have deleterious effect in early phase of MTA setting. In other words, water can more easily penetrate from surrounding tissue through the canal wall into the root canal and influence the setting process of MTA. It might be due to wash-out of material, altered water-powder ratios, or carbonation of hydrated MTA. From our study, we are not able to determine if it is due to different proportional representation of phases (such as elevated outer product in comparison to inner product of calcium silicate hydrate gel) or due to reduced mechanical properties of particular phases. To assess this influence, it would be necessary to couple measurement of microhardness with backscatter scanning electron microscope. From our study, we can conclude that the reduced mechanical properties of material are not caused by reduced frequency of clincker grain.



The variability in study designs of published papers makes the comparability of the results impossible. Despite endeavors for standardization of teeth specimen by sectioning and preparation of a root canal [8], it is highly unlikely to have a standardized root canal wall thickness because of their dissimilarity in shape and structure. In addition, human teeth are available only in a limited number. In this respect, the use of standardized samples can reduce the variability between specimens and provide a more accurate basis for comparison and, in turn, a more accurate insight into the factors which influence the setting dynamics. To achieve the best possible standardization of root canal wall thickness, the bovine compact bone was chosen as it was used to study bond strength of adhesives [28] or for standardized in vitro model of fracture resistance [29]. The permeability coefficient of human dentin is 2.7 × 10−4 cm/min and that of bovine compact bone is 1.1 × 10−5 cm/min [30,31]. The permeability of dentin is influenced by thickness of dentin, distance from dental pulp, localization of dentin [32], and by irrigation protocols used in endodontics, especially when ethylenediaminetetraacetic acid (EDTA) is used [33].



It was shown that the use of EDTA during endodontic treatment increases the permeability of root canal wall because of dissolution of smear layer [33]. This increased permeability may have detrimental effect on sealability of MTA. It was shown that the use of EDTA and removal of smear layer during endodontic treatment leads to higher apical microleakage [34]. It must be emphasized that EDTA and other smear layer removal agents has detrimental effect on MTA [35,36]. Moreover, EDTA retained its calcium-complexing ability when mixed with sodium hypochlorite [37], so a copious amount of sodium hypochlorite has to be administered to wash out remnants of EDTA from the root canal system. The effect of increased permeability could be another explanation of increased leakage of apical plugs after orthograde root canal treatment in contrast to retrograde filling. Thicker layers of MTA (4 or 5 mm) provide a better seal compared to 2- or 3-mm layers [38,39], but there is no difference between 3- and 5-mm thick retrofill [40]. The better seal can be achieved not only by thicker layer of MTA but maybe even less deteriorated material in coronal part of material where the root canal wall is thicker. We must be cautious about assessing these studies because most of them used nail polish on the root surface during setting to avoid lateral microleakage, which affects the permeability of radicular dentin [39,40].



In recent studies, specimens were subjected to Vickers microhardness test only in horizontal plane and in specific distance from simulated apical foramen. Several studies suggest that dry or moist intracanal environment does not influence the setting of MTA up to 2 mm [12] or 4 mm [11,13]. Microhardness tests have been used for the evaluation of the quality and progression of the hydration process and as an indicator of the setting process [41,42]. Previous work marked on its capability to provide information on the effect of setting conditions and the strength of tested materials [43]. For accurate comparison with other materials, specimens should be polished and dimensions of at least 6 mm thick and 12 mm wide are required. These conditions are far from clinical endodontics. Thus, tests in this field are mainly comparative for the use within each study [44]. Unlike most of previous studies, we measured microhardness and modulus of elasticity of real size samples sectioned to longitudinal axis by depth sensing indentation.



Depth sensing indentation (nanoindentation) has been adopted as one of the most common techniques developed for the assessment of local mechanical properties at nano- and microscale. It is a contact-based method where the well-defined probe is pressed into the investigated surface at defined conditions. Nanoindentation is mostly used for assessment of hardness and elastic modulus. Microhardness testing is based on the evaluation of resistance of material against plastic/elastic deformation [18]. Conventionally, the hardness test is based on the measurement of the diagonal’s dimensions of the residual plastic impression created during the indentation process, where the hard indenter is pressed into the sample’s surface. Vickers indenter, four-sided pyramid, is used in most studies. This approach relies on the visual observation of residual indentation and also on the assumption that only very limited elastic recovery of the residual indent takes place. Generally, the measurement of the actual size of the indent becomes intricate with the decrease of its dimensions and increase of surface roughness. On the contrary, the advanced approach of hardness testing, also called depth sensing indentation, is based on the continuous recording of the force-displacement data during the whole test. This reduces the possible errors of the visual observation of the residual impression. The obvious advantage of depth sensing indentation is the ability to determine the elastic modulus of the specimen [19].



In order to take advantage of this advanced experimental technique, the prepared specimens had to be cross-sectioned and polished. This allowed precise local mechanical testing of the MTA material all along the longitudinal axis and not only on the surface [16], so we were able to assess indentation hardness and elastic modulus in vertical and horizontal direction. However, it should be noted that the polishing procedure itself can affect the chemical and structural composition of MTA if excessive cooling water is used during polishing procedure. Especially, dissolution and washout of MTA components (especially on the boundaries of material), as well as change of pH, can be considered as the main processes. Different polishing procedures are used in nanoindentation application to study hardened cement pastes [25,45]. Another important phenomenon altering properties of MTA is carbonation. It is a process based on a reaction between atmospheric CO2, and both calcium hydroxide and calcium silicate hydrate in cement are carbonated. Increased hydration time enhances the carbon dioxide uptake, which indicates that the calcium in the hydration products reacts more easily than the calcium in the clinker phase. In a humid CO2 atmosphere, the carbonation process is so pronounced that it decomposes calcium silicate hydrate into calcium carbonate and silica [26,46]. Furthermore, the carbonation is linked to shrinkage of material [47]. Humidity during exposure to carbon dioxide appears to be a major factor influencing the shrinkage directly produced by carbonation [27]. This could be another explanation of decreased mechanical properties on the periphery of MTA. This negative effect on the surface of MTA during specimen preparation can be reduced by early polishing and testing after setting of material.



In order to avoid and minimize the effect of MTA/bovine bone interface, the matrices of indents were always located approximately 70 µm from the border line and out of noticeable defects of material. This allows reliable evaluation of MTA only and to avoid the influence of any interfacial imperfection caused either to polishing procedure, improper bond between MTA and the bovine bone and/or spreading of the indentation stress field to the channel walls. Nevertheless, considering all these facts and the material specifics, all the samples were prepared and tested using the same protocol. That means that conclusions drawn within this study can be considered as sound and reliable.



The recommended water-to-powder ratio of MTA according manufacturer is about 0.33. In clinical practice, the cement pastes with a water-to-powder ratio higher than 0.33 are too fluid so the material cannot be manageable [6]. A very similar situation can occur if the wet curing of MTA is used, and the cotton pellet is too wet and placed on the material too early, and the water-to-powder ratio can change after compaction of material [10]. On the same basis, the water-to-powder ratio can be increased by higher permeability of thin root canal wall, and it can result in material on the boundary with higher water-to-powder ratio. The water-to-powder ratio 0.4 results in lower compressive strength values, regardless of the used MTA-based material [9] and decreased bond strength [8]. The sealing ability can be affected by water-to-powder ratio of MTA, as well. The packing with moist cotton pellet in lower water-to-powder ratios of MTA, as well as packing with a plugger in higher liquid-to-powder ratio, decreased apical dye leakage [48]. On the other hand, the lack of water during the preparation of MTA does not influence sealability of MTA on fluid filtration model [15].




5. Conclusions


The microhardness and elastic modulus mapping over the cross-section area along the longitudinal axis were employed in order to determine the possible effect of root canal wall thickness on MTA setting. Within limitations of this study, the interfacial layer of MTA which is in contact with root canal wall thinner than 1.2 mm has reduced mechanical properties, the same as in contact with simulated physiological conditions. This effect was observed up to 190 µm inwards from the root canal wall/MTA interface and leads to decrease in microhardness up to by 32% and for modulus of elasticity up to by 27%. The observed phenomenon can occur in clinical scenario during treatment of immature teeth, endodontic surgery with extensive preparation of retrograde cavity, or direct pulp capping with limited residual dentin thickness around perforation. It seems that, in these clinical situations, might be use of thicker layers of MTA beneficial, but clinical impact of deteriorated mechanical properties of MTA on the boundary is questionable, and further research is desirable. In further research of MTA and other calcium silicate cements, we recommend keeping in mind that permeability of root canal wall can affect the setting of material.
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Appendix A. Hardness of Whole Specimen—the Mixed Effect Regression Model


According to value of Akaike information criterion (AIC) simplifies the optimal linear mixed-effect model as follows:


ln(Hardness) = β0 + β1I1 + β2I2I3 + β3sampleID + error.











The regression coefficients β1 and β2, therefore, quantify the fixed effects of measurement at the uppermost layer of the sample and next to the surface of the 0.8 mm root canal wall, respectively. The random effect of the individual samples is covered with the coefficient β3. The estimates of fixed effects are summarized in Table A1.
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Table A1. Linear mixed effect model for hardness—summary statistics of the fixed effects. p-values are approximated using the Satterthwaites’s method [20], AIC = 2446.566, and standard deviation of the random effect equals 0.052.






Table A1. Linear mixed effect model for hardness—summary statistics of the fixed effects. p-values are approximated using the Satterthwaites’s method [20], AIC = 2446.566, and standard deviation of the random effect equals 0.052.





	Parameter
	Estimate
	Std. Error
	t Value
	p-Value





	β0
	0.452
	0.021
	21.216
	<0.0001



	β1
	−0.313
	0.051
	−6.131
	<0.0001



	β2
	0.389
	0.058
	−6.735
	<0.0001









Appendix B. Modulus od Elasticity of Whole Specimen—the Mixed Effect Regression Model


The optimal linear mixed-effect model was built according to value of the Akaike information criterion (AIC) and has the following structure:


ln(Modulus of Elasticity) = α0 + α1I1 + α2I2 + α3I2I3 + α4sampleID + error,








where I1 indicates the measurement from the uppermost layer of the sample, I2 indicates the measurement from location next to the inner surface of root canal wall, and I3 indicates the measurement of a sample with the thinnest root canal wall (0.8 mm). Finally, sampleID stands for the random component of the model as it represents a unique identifier of the measured samples. In this model, the regression coefficients α0, α1, α2, α3 quantify the fixed effects, and coefficient α4 covers the random effect of the individual samples.



The estimates of the regression coefficients are together with the respective t and p-values collected in Table A2.
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Table A2. Linear mixed effect model for modulus of elasticity—summary statistics of the fixed effects. p-values are approximated using the Satterthwaites’s method [20], AIC = 758.845, and standard deviation of the random effect equals 0.058.






Table A2. Linear mixed effect model for modulus of elasticity—summary statistics of the fixed effects. p-values are approximated using the Satterthwaites’s method [20], AIC = 758.845, and standard deviation of the random effect equals 0.058.





	Parameter
	Estimate
	Std. Error
	t Value
	p-Value





	α0
	3.846
	0.016
	236.296
	<0.0001



	α1
	−0.270
	0.027
	−10.003
	<0.0001



	α2
	−0.109
	0.023
	−4.802
	<0.0001



	α3
	−0.206
	0.038
	−5.406
	<0.0001









Appendix C. The Range of Influence of Root Canal Wall Thickness on Mechanical Properties of MTA—Effect of Wall Thickness on Hardness(and Modulus of Elasticity) Spatial Dependence—the Linear Model


Optimal models for hardness and modulus of elasticity have the similar structure, which is as follows:


ln(Hardness) = γ0 + γ1row + γ2VA + γ3VB + γ4IC + error,








and


ln(Modulus of Elasticity) = δ0 + δ1row + δ2VA + δ3VB + δ4IC + error,








where row reflects the vertical position of the measurement, and VA is an auxiliary variable, reflecting the distance of a measurement from the center of the “Thin” root canal wall sample. VA is zero for distance smaller than 8 indentation points and then grows linearly. Similarly, VB reflects distance from the center of the “Medium” root canal wall sample, when it equals zero for distances smaller than 6 indentation points, and then grows linearly. Dummy variable IC indicates a measurement at the sample with thick root canal wall. Estimates of the regression parameters are together with their sample characteristics collected in Table A3 and Table A4.
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Table A3. Summary statistics of the linear model for detailed measurements of hardness, with R2 = 0.230 and R2adj = 0.227, AIC = 2628.45.






Table A3. Summary statistics of the linear model for detailed measurements of hardness, with R2 = 0.230 and R2adj = 0.227, AIC = 2628.45.





	Parameter
	Estimate
	Std. Error
	t Value
	p-Value





	γ0
	−0.139
	0.052
	−2.697
	0.007



	γ1
	−0.023
	0.005
	−4.219
	<0.0001



	γ2
	−0.240
	0.021
	−11.550
	<0.0001



	γ3
	−0.142
	0.013
	−10.575
	<0.0001



	γ4
	0.246
	0.045
	4.980
	<0.0001
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Table A4. Summary statistics of the linear model for detailed measurements of modulus of elasticity, with R2 = 0.262 and R2adj = 0.260, AIC = 681.635.






Table A4. Summary statistics of the linear model for detailed measurements of modulus of elasticity, with R2 = 0.262 and R2adj = 0.260, AIC = 681.635.





	Parameter
	Estimate
	Std. Error
	t Value
	p-Value





	δ0
	3.695
	0.023
	163.848
	<0.0001



	δ1
	−0.009
	0.002
	−3.660
	0.0003



	δ2
	−0.142
	0.009
	−15.607
	<0.0001



	δ3
	−0.059
	0.006
	−10.100
	<0.0001



	δ4
	0.074
	0.022
	3.401
	0.0007
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Figure 1. Specimen cross-section. Red rectangle marked position of matrices used in Study-I. Yellow rectangle marked position of detailed matrices used in Study-II. 
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Figure 2. Boxplots of (log-)hardness measured on specimens with different root canal wall thickness (0.8, 1.2, and 1.6 mm) and in different distance from the center of a specimen (0–center, 3–periphery). 
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Figure 3. Boxplots of (log-)modulus of elasticity measured on specimens with different root canal wall thickness (0.8, 1.2, and 1.6 mm) and in different distance from the center of a specimen (0–center, 3–periphery). 
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Figure 4. Boxplots of hardness measured on three samples differing in thickness of the root canal wall (A–0.8 mm, B–1.2 mm, C–1.6 mm). The measurements were taken on different locations, where 0 denotes measurements in the center of a sample and 13 on the periphery. Indexes 0–6, therefore, represent measurements in the central matrices and 7–13 measurements in the peripheral ones. 
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Figure 5. Boxplots of modulus of elasticity measured on three samples differing in thickness of the root canal wall (A–0.8 mm, B–1.2 mm, C–1.6 mm). The measurements were taken on different locations, where 0 denotes measurements in the center of a sample and 13 on the periphery. Indexes 0–6, therefore, represent measurements in the central matrices and 7–13 measurements in the peripheral ones. 
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Table 1. Clicker grain distribution according to the thickness of the root canal wall (0.8, 1.2, 1.6 mm) and location within a sample (LP–left peripheral, LC–left center, RC–right center, RP–right peripheral).






Table 1. Clicker grain distribution according to the thickness of the root canal wall (0.8, 1.2, 1.6 mm) and location within a sample (LP–left peripheral, LC–left center, RC–right center, RP–right peripheral).





	Thickness
	LP
	LC
	RC
	RP





	0.8 mm
	1
	3
	3
	2



	1.2 mm
	5
	5
	5
	4



	1.6 mm
	3
	3
	1
	3
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