

  materials-14-04013




materials-14-04013







Materials 2021, 14(14), 4013; doi:10.3390/ma14144013




Review



Complete Obturation—Cold Lateral Condensation vs. Thermoplastic Techniques: A Systematic Review of Micro-CT Studies



Shilpa Bhandi 1, Mohammed Mashyakhy 1, Abdulaziz S. Abumelha 2, Mazen F. Alkahtany 3, Mohamed Jamal 4[image: Orcid], Hitesh Chohan 1, A. Thirumal Raj 5[image: Orcid], Luca Testarelli 6[image: Orcid], Rodolfo Reda 6[image: Orcid] and Shankargouda Patil 7,*[image: Orcid]





1



Department of Restorative Dental Sciences, College of Dentistry, Jazan University, Jazan 45412, Saudi Arabia






2



Department of Restorative Dental Science, College of Dentistry, King Khalid University, Abha 61421, Saudi Arabia






3



Department of Restorative Dental Science, Division of Endodontics, College of Dentistry, King Saud University, Riyadh 11362, Saudi Arabia






4



Department of Endodontics, Hamdan Bin Mohamed College of Dental Medicine, Mohammed Bin Rashid University of Medicine and Health Sciences, Dubai Health Care City, Dubai 505055, United Arab Emirates






5



Department of Oral Pathology and Microbiology, Sri Venkateswara Dental College and Hospital, Chennai 600130, India






6



Department of Oral and Maxillo Facial Sciences, University of Rome La Sapienza, 00161 Rome, Italy






7



Department of Maxillofacial Surgery and Diagnostic Sciences, Division of Oral Pathology, College of Dentistry, Jazan University, Jazan 45142, Saudi Arabia









*



Correspondence: dr.ravipatil@gmail.com







Academic Editors: Carlo Bertoldi, Ivana Miletić and Paolo Cappare



Received: 9 May 2021 / Accepted: 12 July 2021 / Published: 18 July 2021



Abstract

:

To prevent re-infection and provide a hermetic seal of the root canal system, an endodontist must aim to produce a void-free obturation. This review aimed to compare the completeness of root canal obturation between the two most prevalent methods—cold lateral condensation and warm gutta-percha techniques—using micro-CT (PROSPERO reg no. 249815). Materials and Methods: A search of Scopus, Embase, PubMed (Medline via PubMed), and Web of Science databases was done without any time restriction according to the PRISMA protocol. Articles that compared both techniques and were published in English were included. Data was extracted and the risk of bias was assessed using an adapted tool based on previous studies. Results: A total of 141 studies were identified by the search. Following the screening and selection of articles, 9 studies were included for review. Data was extracted manually and tabulated. Most studies had a moderate risk of bias. None determined operator skill in both methods before comparison. The data extracted from the included studies suggests that both techniques produce voids in the obturation. The thermoplasticized gutta-percha techniques may result in fewer voids compared to cold lateral condensation. Conclusion: Considering the limitations of the included studies, it was concluded that neither technique could completely obturate the root canal. Thermoplasticized gutta-percha techniques showed better outcomes despite a possible learning bias in favor of cold lateral condensation. Establishing operator skills before comparison may help reduce this bias.
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1. Introduction


Good obturation is a key requirement in successful endodontic treatment [1]. Cleaning and shaping of the canals affects proper debridement and removal of tissue remnants—an essential step in endodontic therapy. However, an incomplete filling can jeopardize the success of root canal treatment. Inadequate endodontic filling is linked to the development of periapical pathology and considered a failure of the endodontic treatment [2,3,4]. In a systematic review, Ng et al., found four factors that significantly improve the outcome of primary root canal treatment, and one of these was the presence of a root filling with no voids [5].



An inadequate root filling is a contributor among other factors [6,7,8,9,10]. It has been demonstrated that bacteria are a primary cause of endodontic treatment failure [9,10,11,12]. Lack of a hermetic seal in the root canal system creates a favourable environment for bacterial proliferation, especially for facultative anaerobes [9,13,14]. Root canals also have a complex anatomy with the occurrence of oval shaped canals in more than 90% teeth in some samples [15]. Therefore, even standard protocols for cleaning and shaping—be it using rotary, reciprocating or the self-adjusting files—can leave areas of the root canal untouched [16,17]. These areas are dependent on the action of irrigants to eliminate bacteria. Along with mechanical cleaning and shaping procedures, irrigants reduce the number of bacteria in the root canals but do not eliminate them [18,19,20,21,22].



A reduced microbial load in the absence of a subsequent apical and coronal seal can cause recurrence of infection [13]. Persistent bacteria can use tissue remnants from unprepared areas as nutrients, leading to bacterial proliferation that is sustained if tissue fluids move into the canal from the periapical region [23,24]. This occurs by one or a combination of these mechanisms: the inability of the immune system to reach these bacteria, a supply of nutrients from the periapical region, and new bacteria entering from the coronal orifice [25]. Proponents of the multiple visit endodontic treatment favor the use of intra-canal medicaments to overcome this problem. However, it is ineffective in eliminating bacteria [26,27]. A dense, complete obturation prevents contact between bacteria and their nutrient source, thus reducing the possibility of re-infection and re-treatment.



Literature Review


Obturation is the filling and sealing of a prepared root canal with a root canal sealer and a core material. The core material occupies space while the sealer flows to areas of irregularities or those unaffected by mechanical preparation. An obturation must achieve a high level of adaptability to the prepared canal walls and the filling material must penetrate the dentinal tubules, if possible [28]. Sealers are essential to form an impervious barrier between the core material and the root canal walls [29]. The importance of sealers was realized in the early 20th century when obturations with gutta-percha alone frequently led to apical periodontitis [30]. They can flow into areas where the core filling materials do not reach and help obtain an adequate seal regardless of the technique used [31]. Sealers can penetrate dentinal tubules and have inhibitory effects on E. fecalis [32,33]. However, it is possible that sealer in the dentinal tubules offers no advantage in achieving a hermetic seal in the root canal [34].



Though the process of obturation involves placing a filling material, preparation of the root canal to receive the filling starts during biomechanical preparation. Schilder advised that cleaning and shaping should be carried out as per the root canal anatomy and obturation technique. He described a continuously tapered tunnel preparation for root canals that are to be obturated with gutta-percha. The tunnel tapers apically and must closely follow the shape of the original canal [35]. There are unprepared areas with modern cleaning and shaping systems, though to a varying degree with each [16,17,36]. They prevent complete obturation regardless of the technique by hindering adaptation of gutta-percha to the canal walls [37]. This led to a focus on cleaning and shaping methods as a single important factor in treating endodontic disease. However, such a view may be detrimental for long-term endodontic outcomes. Both canal preparation and filling need to be considered in tandem to provide the best outcome for endodontic therapy.



The classic obturation technique, also primarily taught in undergraduate courses in most dental schools, is cold lateral condensation [38,39,40]. This technique involves placing a single cone of gutta-percha (GP) with sealer in the prepared root canal and adding secondary GP cones that are compacted together with the use of a spreader. The cones stay together due to frictional grip and the presence of a sealer [41]. Although a time-consuming procedure, lateral condensation is preferred due to its low cost and controlled placement of GP in the canal [39,40]. The final mass is not homogenous and consists of numerous GP cones pressed together with the sealer filling most spaces in between [42]. The concept of heating GP to obtain a uniform tri-dimensional obturation was introduced by Schilder in the 1960s [1,43]. He aimed to provide a technique that produced a homogenous, stable, compatible material adapted to the varied and complex anatomy of the root canal system. This technique condenses heated GP in the canal to adapt it to the prepared root canal walls. The method uses little amount of sealer. Since the introduction of Schilder’s technique, other procedures that use heated gutta-percha cones evolved: the continuous wave obturation, injectable gutta-percha, and carrier-based techniques [44,45].



Studies that compared these two techniques in vitro, used sectioning, radiographs, weighted acrylic blocks and the double chamber model to evaluate the completeness, density and microleakage—all of which play a role in successful obturation [46,47,48,49]. These comparisons indicated that thermoplastic techniques were superior to cold lateral condensation. Another study, which compared the filled area in both techniques using microscopic analysis, found that the void area with thermoplastic techniques was less than the void area in lateral condensation [37]. However, sectioning teeth is invasive, can result in artefacts, and destroys the subject tooth. The imaging techniques used provide a two dimensional picture of a three dimensional problem.



The field of dental research is evolving with the introduction of digital technology. This has been used to provide better patient care with less invasive methods and less intensive use of resources. These technologies help create a better workflow for clinicians and have also helped in basic research such as with stem cells [50,51]. These technologies can also be used in other clinical aspects of dental research such as in orthodontics where a digital workflow can aid in accurately studying factors such as rate of tooth movement [52]. With advances in imaging technology and endodontic techniques, one can better assess the quality of fillings in the root canals. Researchers no longer need to rely on subjective symptoms or be limited by superimpositions in two-dimensional images. The use of digital imaging, cone beam computed tomography (CBCT), micro-computed tomography (Micro-CT), and Magnetic Resonance (MRI) provide detailed assessment and evaluation of the work. CBCT has been used extensively in all areas of dentistry for three-dimensional imaging. However, due to the high radiation exposure, guidelines are in place for its clinical use in endodontics [53,54]. It is also ineffective to assess voids in endodontic filling due to the presence of artefacts [32]. There are methods that reduce, but not eliminate, artefact production in CBCTs. This is done by using appropriate settings for scanning and a metal artifact reduction algorithm [55,56]. The expression of artefacts is variable among different CBCT machines [57]. MRI also suffers from similar problems in addition to high cost and long scan times [58,59].



Micro-computed tomography (micro-CT) can visualize root canals and determine the extent of filling materials at different levels without damage to the subject teeth. It is a reliable method of 3D imaging of the root canal anatomy [60,61]. This sophisticated technique is used to evaluate modern methods and experimental studies of root canal preparation. Its high resolution makes it particularly useful for modern techniques, which emphasize minimal preparation to preserve as much root dentin as possible [62]. Micro-CT was initially used to study root canal anatomy and later, root canal preparation [36,62,63]. It shows a high correlation with histologic examination of root canal fillings [64]. Comparisons between micro-CT and CBCT images of filled root canals show a higher volumetric distortion and artefacts with CBCTs [65,66]. Using nano-CT as a reference, comparison of different CBCT machines and micro-CT demonstrated a significant distortion with all CBCT machines in filled root canals [57]. Micro-CT is considered as the gold standard in studies evaluating quality of root canal filling, root canal morphology, evaluation of canal preparation, and irrigation [65]. Therefore, studies that used micro-CT were chosen for inclusion in the review.



The aim of this review was to examine the evidence on the three-dimensional completeness of root canal fillings produced by cold lateral condensation versus the warm gutta-percha techniques of obturation.





2. Materials and Methods


This systematic review was conducted following the Preferred Reporting Items for Systematic Review (PRISMA) guidelines [67]. The review was submitted for PROSPERO registration (249815).



2.1. Inclusion Criteria


The studies were included according to the PICOS format as follows:




	−

	
Participants (P)—teeth that had undergone root canal preparation followed by endodontic obturation.




	−

	
Intervention (I)—obturation done using heated gutta-percha techniques.




	−

	
Comparison (C)—obturation of the root canal using the cold lateral condensation (CLC) technique.




	−

	
Outcome (O)—assessment of root canal filling or voids on a micro-CT.




	−

	
Studies (S)—studies that compared two or more techniques, one of which was cold lateral condensation and another which was a heated gutta-percha technique.




	−

	
Those studies that objectively assessed and compared the obturation using micro-CT were included in this review.










2.2. Exclusion Criteria


Those that did not report the volume or volume fractions of the entire root canal were excluded. Studies that did not compare the two methods of obturation and were only descriptive towards one were not included due to the inability to compare techniques. Narrative reviews, case reports, opinion pieces, conference abstracts, and letters to the editor were excluded from the review. Articles in languages other than English were excluded.




2.3. Focus Question


This review aimed to answer the question: “Does gutta-percha used with the cold lateral condensation and warm condensation techniques objectively produce complete obturation of the root canal radiographically in three dimensions?”




2.4. Search Strategy


The search was conducted according to the PRISMA extension guidelines for reporting literature searches [68]. The PubMed, Scopus, Embase, and Web of Science databases were searched on 3 April 2021, without placing any time restrictions. The details of the search queries placed in the databases are given in Table 1.



The results obtained from these queries were exported to EndNote (Clarivate™, Philadelphia, PA, USA). Any duplicates were removed using the software. This was followed by an initial screening of titles and abstracts to identify relevant studies. This was done independently by two reviewers. After resolution of any ambiguity by discussion with a third reviewer, the studies identified during the initial search were independently evaluated by both reviewers with full-text reading. Any disagreements in the inclusion of studies were resolved by discussion with a third reviewer. Those satisfying the inclusion criteria were hand searched for additional studies. A hand search of prominent journals, based on data analysed by independent researchers, was also done to identify any additional studies [69]. These included the (1) Journal of Endodontics, (2) International Endodontic Journal, and (3) Oral Surgery, Oral Medicine, Oral Pathology, Oral Radiology, and Endodontology.



Data extracted from the studies included the type of study, sample size, the method of warm vertical compaction used, the use of irrigants for smear layer removal, use of sealers, measurements made with micro-CT, their differences, and the results. The data was extracted by two reviewers independently, discussed, and tabulated. The details were tabulated to allow comparison between the studies regarding the completeness of obturation (Table 2).




2.5. Risk of Bias


A customized criteria for assessment was devised based on previous systematic reviews on in vitro studies, but were adapted to include relevant factors that affect the success of root canal treatment [70,71]. The criteria used are listed in Table 3. Evaluation of the risk of bias was made by two reviewers individually. Any ambiguity in the results was resolved by discussion with a third reviewer.





3. Results


3.1. Identification of Studies


The workflow of the process used for study selection, according to the PRISMA guidelines, is presented in Figure 1.



An initial search of databases using the search terms revealed a total of 141 articles in the databases. After the removal of duplicates, 81 studies were screened using the titles and abstracts. The two reviewers involved in the screening were in almost perfect agreement (k = 0.90). The ambiguity was resolved by discussion with a third reviewer and a total of 12 articles were selected for full-text reading. Out of these articles, 3 did not satisfy the inclusion criteria [72,73,74]. Reviewer agreement was absolute (k = 1). The remaining articles were included in the review.




3.2. Assessment of Risk of Bias


The criteria used to assess the risk of bias were determined based on the methodological requirements to perform an experiment with control over possible factors in an in vitro environment. Factors such as the use of root canals of similar morphology, matching of groups, and the operator skill levels—all of which can influence obturation quality were considered. Standardization of the protocol for both groups was also taken into account. Of the included studies, only 1 had a low risk of bias. A maximum number of studies had a moderate risk of bias (6) and the remaining had a high risk (2).




3.3. Studies Examining the Completeness of Obturation


A total of nine studies were included for qualitative analysis [75,76,77,78,79,80,81,82,83]. These compared voids seen in obturation with thermoplastic techniques versus cold lateral condensation. The studies did not follow a uniform methodology for the assessment of the results but were able to objectively assess the outcome. Some used the volume of the voids present while others used the volume of the filling in the prepared canal. Measurements were made in the form of mean volumes of the filling or voids in similarly prepared canals or as volume percentages.



Neither technique produced a void-free obturation in the root canals. Of the nine studies examined, seven found significant differences between the two techniques, favouring the use of thermoplastic gutta-percha obturation techniques. However, two of these found significant differences only in the apical third [76,78]. Two studies found a greater number of voids with the thermoplastic technique but these differences were not significant [75,83]. A summary of the data extracted from the studies is given in Table 2.





4. Discussion


This study reviewed the completeness of obturation using heated gutta-percha in comparison to cold lateral condensation observed radiographically in three dimensions by micro-CT. We observed that heated gutta-percha techniques were a more favorable method of root canal obturation compared to the more widely taught cold lateral condensation but, further studies with better control over factors that can potentially influence the outcome are needed. The data extracted from the studies did not lend itself to quantitative analysis as the methods used for assessment varied among studies.



In vitro studies are done in a controlled environment and do not accurately resemble clinical settings. A number of variables such as patient’s oral and systemic health, level of co-operation; determinants related to teeth such as the case selection, type of pathology or tooth morphology and professional related conditions such as experience, stress or a new technology cannot be accounted for with in vitro studies. The assessment of bias in studies included in this review aimed to identify factors that could introduce bias in the research. This systematic review addressed studies that compared two different procedures of obturation. The use of extracted human teeth with complete root canal obturation were checked to create a condition that resembled clinical setting to an extent. The morphology of the canal can determine the presence of unprepared areas with different root canal preparation instruments. Thus, it was necessary that both groups were matched for canal morphology and cleaning and shaping procedures were similar for all teeth. To overcome bias related to operator skills, it was determined if the same operator performed both procedures and was adequately trained in them. For a significant comparison of the techniques, it is important that the sample size is calculated according to statistical methods and the groups are matched for characteristics such as canal length. The latter also helps eliminate selection bias among the groups. To avoid detection bias, it is necessary to blind the outcome assessor. Therefore, the nine criteria depicted in Table 3 were chosen to assess the risk of bias in the studies included in this review.



The included studies used micro-CT images to calculate voids with both obturation techniques. This non-invasive technique is inadequate to visualize filled root canals. It can be difficult to distinguish between materials, as the CT value of the same material may change at different locations and materials with close CT values can appear similar [84]. This makes detection problematic. To reduce these artifacts, attenuation filters can be used externally or optimal scanning parameters can be determined using different variables, i.e., imaging parameters and materials used. Mathematical filters such as a Gaussian filter in software can also be used to smoothen micro-CT images. Many studies in this review included a software that provides such mathematical filters [75,76,78,81,82]. One study used an external filter to control beam hardening artefacts [79]. Synchrotron facilities produce controlled and coherent X-ray beams depending on the spatial arrangement of magnetic fields. They help obtain micro-CT images with a combination of high resolution and different contrast modalities. The high resolution phase contrast X-ray imaging allows for observation in the sub-micrometer range and has been compared to histology in three dimensions [85]. In one study, these phase contrast enhanced (PCE) micro-CT reconstructions were compared to different methods for imaging endodontically treated teeth [86]. This study indicated that the PCE micro-CT was able to detect the GP, sealer, dentin and voids better than electron microscopy and laboratory micro-CT. The observers were unable to distinguish sealer from the GP in micro-CT images. It was seen that micro-CT underestimated areas compared to PCE micro-CT, which were attributed to dehydration during sample preparation. The micro-CT was especially unreliable to study the interface of dentin and root canal filling. The use of filters, external or mathematical, was not mentioned in this study. A disadvantage associated with the use of synchrotron facilities is the high cost and limited availability.



Studies used different methods to assess the completeness of root canal obturation, i.e., filling or voids, mean volumes, numbers, or size of voids—with many using multiple measurements. The void fractions or percentages were preferred as all studies did not distinguish between gutta-percha and sealer when considering the fill volume. When only fill volume was reported, the volume percentage was used instead of mean volumes to allow comparison regardless of the initial volume of root canal preparation. Removal of the smear layer is known to have a positive effect on the quality of obturation [87]. All studies in this review removed the smear layer before obturation except for one [81]. It is, therefore, not possible to state if the smear layer has any effect on the completeness of obturation with either technique.



An ideal obturation needs to be well adapted, void-free, provide an adequate seal for all canals connecting the pulp to the periodontium, and adapt to the prepared canal walls. [41] Neither technique can provide an obturation free of voids in the root canal according to the findings in this review. The quantitative measurement of voids differed among the techniques. The results of one of the studies differed from the rest—it found fewer voids in the cold lateral condensation group [75]. These differences were not significant. Two other studies that found no significant difference between the techniques did not measure the volume of voids directly but derived it based on cross-sections of the root [78,83]. One of these studies found significant difference in the apical third of the canal and fewer voids—internal and external—with the thermoplastic technique [78].



Studies examined the sealer volumes in the root canals [76,81] and found a greater proportion of sealer in the lateral condensation groups. Sealers undergo shrinkage after setting, which can contribute towards more voids observed in the lateral condensation groups. Another reason is the presence of spreader tracts in this group. These remnants do not fill up with sealer or GP. The warm gutta-percha techniques had lower volumes of voids between sealer and GP inside the filling as well as along the canal walls. This was superior to the lateral condensation and the single cone technique [78].



One study analysed the distribution of voids in a prepared canal, inside the filling (s-voids) and along the interface of the filling (i-voids) with the different obturation methods and cleaning and shaping techniques [79]. The lowest volume fraction and size of internal voids was observed with thermal techniques regardless of the system for cleaning and shaping—hand or rotary—but the voids were smaller in size with use of hand instrumentation. The number of voids at the interface was less with the thermal technique. The lowest volume of both types of voids was found with a combination of hand instrumentation and thermal obturation. However, in contrast to other studies [78,81], this study found more voids with the thermoplastic technique in the apical thirds of the root canal. Overall, there was a greater number of internal voids, but of a smaller size, with the thermoplastic technique. Voids at the dentin interface were higher in the lateral condensation group. The presence of voids at the interface may promote bacterial proliferation from untouched root areas and lead to failure of treatment. Another study compared the self-adjusting file system to rotary techniques [75] and found fewer voids with rotary instruments in both obturation techniques (though statistically insignificant). It is known that the technique of instrumentation affects the completeness of obturation [36]. The comparison of canal preparation and obturation as a whole with different combinations between techniques can be researched further. Establishing combinations of techniques better suited for use together will aid clinicians to make better decisions during treatment.



Despite the introduction of several methods of obturation, cold lateral condensation of gutta-percha and the vertical condensation of thermoplasticized GP are two widely prevalent techniques [40,88]. Lateral condensation has been considered as a gold standard for comparing newer obturation techniques to determine their efficacy and is recommended to obturate teeth with open apices [1,45,89]. The rationale behind the introduction of the heated gutta-percha (GP) technique was to allow the plasticized GP to adapt to the varied anatomy of the canal to provide a void-free filling [43]. Though theoretically possible, practical in vitro studies presented here do not confirm this. Studies that evaluated the two techniques and found significantly fewer voids in thermoplasticized GP also demonstrate that the filling of isthmuses and lateral canals occurs with the sealer [77,80].



The survival of an endodontically treated teeth depends on biological and mechanical factors. It cannot be denied that the dentist’s skill—diagnostic and practical technique—is essential for treatment success. Most practitioners are taught and clinically use the lateral condensation technique for obturation. Recent studies on the prevalence of obturation techniques show that this technique is more prevalent than warm vertical compaction in many clinical and teaching institutions [90,91,92,93]. Operator skills play an important role in the quality of obturation [5]. As a dentist becomes more experienced in a technique, he/she is more likely to provide an improved result. Only one study in this review [83] matched the operator’s skill level in both techniques. This could make the studies biased, most likely, in favour of the cold lateral condensation technique—which was demonstrated as inferior in most studies—and could also be a cause for the contradictory results in some studies. Future comparisons of the obturation techniques can help eliminate the bias by ensuring that the operator has equal experience in both techniques. Despite detailed protocol, results and skills between operators may vary [94]. Since this review addressed established techniques of obturation which were evaluated using a current imaging technique, a single operator with adequate training in both will allow better comparison of the techniques by not introducing variation in skill levels.



Previous in vitro studies comparing these two techniques found an increased incidence of apical extrusion of gutta-percha with the thermal techniques of obturation [46,89], others showed no difference [95] or a higher incidence with the lateral condensation techniques [88]. A meta-analysis of randomized controlled trials by Peng et al., showed a higher incidence of extrusion with the thermal techniques but the factors that could avoid this were operator-skill related—accurate determination of the working length, avoiding the destruction of the apical foramen, and controlling the insertion rate of warm GP [96]. None of the studies in this review reported the over extrusion of gutta-percha. This could be due to increased experience of dental professionals with the thermal techniques—resulting in better understanding compared to when it was newly introduced—or the development of modern, convenient tools for thermoplasticised GP obturation.



Recently, the idea of minimal preparation of root canals is becoming popular [45,62]. In one study, the preparation of the root canals with instruments of similar taper and differing apical enlargement found a higher amount of untouched dentin with the less invasive method (apical enlargement to 0.25 mm) [97]. These findings make it important that the subsequent steps in endodontic treatment are more reliable and predictable to ensure treatment success with minimally invasive techniques. Technological innovations have led to the development of materials with properties such as the ability to chemically bond with dentin. These might be adopted with minimally invasive techniques. In this review, two included studies compared filling materials that were not gutta-percha dependent. One study compared Ortho-MTA [76] and the other GuttaFlow [82] to conventional obturation techniques. Both produced significantly fewer voids than the cold lateral condensation group but the difference between these two methods and the thermoplasticized gutta-percha techniques was not significant. Ortho-MTA was able to flow into the canal isthmus, which was accomplished by the sealer in thermal compaction technique and not at all in the cold lateral condensation technique. Neither of the two—OrthoMTA or GuttaFlow—was able to produce void-free obturation.



Gutta-percha might not have the ideal properties of an obturating material according to Grossman’s or Sundquivst and Figdor’s criteria as it lacks the adhesive quality needed to seal the root canal microscopically. It undergoes shrinkage as it cools after heating for adaptation to obturate the root canal, due to phase transitions. However, it satisfies the remaining requirements and is the preferred filling material for most dentists today [90,91,92]. Being a low-cost, well-studied material, it is no surprise that dentists tend to use gutta-percha more often. This review examined in vitro studies using gutta-percha. It is difficult to extrapolate the results to a clinical setting. However, based on the findings, we can suggest that the commonly used technique of lateral condensation, to obturate root canals with GP may not be ideal and thermoplastic techniques may produce better results. By introducing the thermoplastic techniques as part of the curriculum in more dental schools at the undergraduate level, dentists can be made more adept at using the material better. This could lead to lower failure rates and better, more complete obturations.




5. Conclusions


Neither technique of obturation—cold lateral condensation or warm gutta-percha—produced a void-free complete root canal obturation when examined using micro-CT. The thermoplasticized techniques, however, did have significantly fewer voids in most studies. Most studies had a moderate risk of bias and thus the interpretation should be considered with caution. Future studies need to keep in mind the operator skills when comparing techniques such as obturation and introduce blinding in evaluation to achieve less biased results. The introduction of the thermoplastic technique into the dental school curriculum as a pre-clinical exercise may help promote the use of this technique and allow better comparisons in studies.







Author Contributions


Conceptualization, M.M. and S.B.; methodology, A.S.A.; M.F.A.; software, M.J.; H.C.; validation, A.T.R.; L.T.; S.P.; formal analysis, M.M.; R.R.; investigation, A.S.A.; M.F.A.; resources, M.J.; H.C.; data curation, A.T.R.; R.R.; S.P.; writing—original draft preparation, M.M.; S.B.; A.S.A.; M.F.A.; M.J.; H.C.; writing—review and editing, A.T.R.; L.T.; S.P.; visualization, M.M.; S.B.; supervision, L.T.; S.P.; project administration, A.S.A.; M.F.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Epley, S.R.; Fleischman, J.; Hartwell, G.; Cicalese, C. Completeness of Root Canal Obturations: Epiphany Techniques versus Gutta-Percha Techniques. J. Endod. 2006, 32, 541–544. [Google Scholar] [CrossRef]

	



Pedro, F.M.; Marques, A.; Pereira, T.M.; Bandeca, M.C.; Lima, S.; Kuga, M.C.; Tonetto, M.R.; Semenoff-Segundo, A.; Borges, A.H. Status of Endodontic Treatment and the Correlations to the Quality of Root Canal Filling and Coronal Restoration. J. Contemp. Dent. Pract. 2016, 17, 830–836. [Google Scholar] [CrossRef]

	



Frisk, F. Epidemiological Aspects on Apical Periodontitis. Studies Based on the Prospective Population Study of Women in Göteborg and the Population Study on Oral Health in Jönköping, Sweden. Swed. Dent. J. 2007, 189, 11–78. [Google Scholar]

	



Boucher, Y.; Matossian, L.; Rilliard, F.; Machtou, P. Radiographic Evaluation of the Prevalence and Technical Quality of Root Canal Treatment in a French Subpopulation. Int. Endod. J. 2002, 35, 229–238. [Google Scholar] [CrossRef]

	



Ng, Y.-L.; Mann, V.; Rahbaran, S.; Lewsey, J.; Gulabivala, K. Outcome of Primary Root Canal Treatment: Systematic Review of the Literature—Part 2. Influence of Clinical Factors. Int. Endod. J. 2008, 41, 6–31. [Google Scholar] [CrossRef] [PubMed]

	



Lin, L.M.; Rosenberg, P.A.; Lin, J. Do Procedural Errors Cause Endodontic Treatment Failure? J. Am. Dent. Assoc. 2005, 136, 187–193, quiz 231. [Google Scholar] [CrossRef] [PubMed]

	



De Chevigny, C.; Dao, T.T.; Basrani, B.R.; Marquis, V.; Farzaneh, M.; Abitbol, S.; Friedman, S. Treatment Outcome in Endodontics: The Toronto Study—Phases 3 and 4: Orthograde Retreatment. J. Endod. 2008, 34, 131–137. [Google Scholar] [CrossRef] [PubMed]

	



Song, M.; Kim, H.-C.; Lee, W.; Kim, E. Analysis of the Cause of Failure in Nonsurgical Endodontic Treatment by Microscopic Inspection during Endodontic Microsurgery. J. Endod. 2011, 37, 1516–1519. [Google Scholar] [CrossRef]

	



Tennert, C.; Fuhrmann, M.; Wittmer, A.; Karygianni, L.; Altenburger, M.J.; Pelz, K.; Hellwig, E.; Al-Ahmad, A. New Bacterial Composition in Primary and Persistent/Secondary Endodontic Infections with Respect to Clinical and Radiographic Findings. J. Endod. 2014, 40, 670–677. [Google Scholar] [CrossRef] [PubMed]

	



Tabassum, S.; Khan, F.R. Failure of Endodontic Treatment: The Usual Suspects. Eur. J. Dent. 2016, 10, 144–147. [Google Scholar] [CrossRef]

	



Hancock, H.H.; Sigurdsson, A.; Trope, M.; Moiseiwitsch, J. Bacteria Isolated after Unsuccessful Endodontic Treatment in a North American Population. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endod. 2001, 91, 579–586. [Google Scholar] [CrossRef] [PubMed]

	



Siqueira, J.F. Microbial Causes of Endodontic Flare-Ups. Int. Endod. J. 2003, 36, 453–463. [Google Scholar] [CrossRef]

	



Dioguardi, M.; Di Gioia, G.; Illuzzi, G.; Arena, C.; Caponio, V.C.A.; Caloro, G.A.; Zhurakivska, K.; Adipietro, I.; Troiano, G.; Lo Muzio, L. Inspection of the Microbiota in Endodontic Lesions. Dent. J. 2019, 7, 47. [Google Scholar] [CrossRef] [PubMed]

	



Assed, S.; Ito, I.Y.; Leonardo, M.R.; Silva, L.A.; Lopatin, D.E. Anaerobic Microorganisms in Root Canals of Human Teeth with Chronic Apical Periodontitis Detected by Indirect Immunofluorescence. Endod. Dent. Traumatol. 1996, 12, 66–69. [Google Scholar] [CrossRef]

	



Wu, M.K.; R’oris, A.; Barkis, D.; Wesselink, P.R. Prevalence and Extent of Long Oval Canals in the Apical Third. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endod. 2000, 89, 739–743. [Google Scholar] [CrossRef] [PubMed]

	



Campello, A.F.; Marceliano-Alves, M.F.; Siqueira, J.F.; Fonseca, S.C.; Lopes, R.T.; Alves, F.R.F. Unprepared Surface Areas, Accumulated Hard Tissue Debris, and Dentinal Crack Formation after Preparation Using Reciprocating or Rotary Instruments: A Study in Human Cadavers. Clin. Oral Investig. 2021. [Google Scholar] [CrossRef] [PubMed]

	



Peters, O.A.; Paqué, F. Root Canal Preparation of Maxillary Molars with the Self-Adjusting File: A Micro-Computed Tomography Study. J. Endod. 2011, 37, 53–57. [Google Scholar] [CrossRef] [PubMed]

	



Peters, L.B.; Wesselink, P.R.; Moorer, W.R. The Fate and the Role of Bacteria Left in Root Dentinal Tubules. Int. Endod. J. 1995, 28, 95–99. [Google Scholar] [CrossRef]

	



Bedier, M.M.; Hashem, A.A.R.; Hassan, Y.M. Improved Dentin Disinfection by Combining Different-Geometry Rotary Nickel-Titanium Files in Preparing Root Canals. Restor. Dent. Endod. 2018, 43, e46. [Google Scholar] [CrossRef]

	



Pérez, A.R.; Ricucci, D.; Vieira, G.C.S.; Provenzano, J.C.; Alves, F.R.F.; Marceliano-Alves, M.F.; Rôças, I.N.; Siqueira, J.F. Cleaning, Shaping, and Disinfecting Abilities of 2 Instrument Systems as Evaluated by a Correlative Micro-Computed Tomographic and Histobacteriologic Approach. J. Endod. 2020, 46, 846–857. [Google Scholar] [CrossRef]

	



Dioguardi, M.; Di Gioia, G.; Illuzzi, G.; Laneve, E.; Cocco, A.; Troiano, G. Endodontic Irrigants: Different Methods to Improve Efficacy and Related Problems. Eur. J. Dent. 2018, 12, 459–466. [Google Scholar] [CrossRef]

	



Dubey, A.K.; Prasanna, S.R.M.; Dandapat, S. Sinusoidal Model-Based Hypernasality Detection in Cleft Palate Speech Using CVCV Sequence. Speech Commun. 2020, 124, 1–12. [Google Scholar] [CrossRef]

	



Siqueira Junior, J.F.; Rôças, I.d.N.; Marceliano-Alves, M.F.; Pérez, A.R.; Ricucci, D. Unprepared Root Canal Surface Areas: Causes, Clinical Implications, and Therapeutic Strategies. Braz. Oral Res. 2018, 32, e65. [Google Scholar] [CrossRef]

	



Van der Sluis, L.W.M.; Wu, M.-K.; Wesselink, P.R. An Evaluation of the Quality of Root Fillings in Mandibular Incisors and Maxillary and Mandibular Canines Using Different Methodologies. J. Dent. 2005, 33, 683–688. [Google Scholar] [CrossRef]

	



Ducret, M.; Fabre, H.; Celle, A.; Mallein-Gerin, F.; Perrier-Groult, E.; Alliot-Licht, B.; Farges, J.-C. Current Challenges in Human Tooth Revitalization. Bio Med. Mater. Eng. 2017, 28, S159–S168. [Google Scholar] [CrossRef] [PubMed]

	



Kim, D.; Kim, E. Antimicrobial Effect of Calcium Hydroxide as an Intracanal Medicament in Root Canal Treatment: A Literature Review—Part II. in Vivo Studies. Restor. Dent. Endod. 2015, 40, 97–103. [Google Scholar] [CrossRef]

	



Kvist, T.; Molander, A.; Dahlen, G.; Reit, C. Microbiological Evaluation of One- and Two-Visit Endodontic Treatment of Teeth with Apical Periodontitis: A Randomized, Clinical Trial. J. Endod. 2004, 30, 572–576. [Google Scholar] [CrossRef] [PubMed]

	



Gutmann, J.L. Adaptation of Injected Thermoplasticized Gutta-Percha in the Absence of the Dentinal Smear Layer. Int. Endod. J. 1993, 26, 87–92. [Google Scholar] [CrossRef] [PubMed]

	



Siqueira, J.F.; Favieri, A.; Gahyva, S.M.M.; Moraes, S.R.; Lima, K.C.; Lopes, H.P. Antimicrobial Activity and Flow Rate of Newer and Established Root Canal Sealers. J. Endod. 2000, 26, 274–277. [Google Scholar] [CrossRef] [PubMed]

	



Orstavik, D. Materials Used for Root Canal Obturation: Technical, Biological and Clinical Testing. Endod. Top. 2005, 12, 25–38. [Google Scholar] [CrossRef]

	



Evans, J.T.; Simon, J.H. Evaluation of the Apical Seal Produced by Injected Thermoplasticized Gutta-Percha in the Absence of Smear Layer and Root Canal Sealer. J. Endod. 1986, 12, 100–107. [Google Scholar] [CrossRef]

	



Balguerie, E.; van der Sluis, L.; Vallaeys, K.; Gurgel-Georgelin, M.; Diemer, F. Sealer Penetration and Adaptation in the Dentinal Tubules: A Scanning Electron Microscopic Study. J. Endod. 2011, 37, 1576–1579. [Google Scholar] [CrossRef]

	



Saleh, I.M.; Ruyter, I.E.; Haapasalo, M.; Ørstavik, D. Survival of Enterococcus Faecalis in Infected Dentinal Tubules after Root Canal Filling with Different Root Canal Sealers in Vitro. Int. Endod. J. 2004, 37, 193–198. [Google Scholar] [CrossRef]

	



De-Deus, G.; Brandão, M.C.; Leal, F.; Reis, C.; Souza, E.M.; Luna, A.S.; Paciornik, S.; Fidel, S. Lack of Correlation between Sealer Penetration into Dentinal Tubules and Sealability in Nonbonded Root Fillings. Int. Endod. J. 2012, 45, 642–651. [Google Scholar] [CrossRef] [PubMed]

	



Schilder, H. Cleaning and Shaping the Root Canal. Dent. Clin. N. Am. 1974, 18, 269–296. [Google Scholar]

	



Metzger, Z.; Zary, R.; Cohen, R.; Teperovich, E.; Paqué, F. The Quality of Root Canal Preparation and Root Canal Obturation in Canals Treated with Rotary versus Self-Adjusting Files: A Three-Dimensional Micro-Computed Tomographic Study. J. Endod. 2010, 36, 1569–1573. [Google Scholar] [CrossRef] [PubMed]

	



De-Deus, G.; Gurgel-Filho, E.D.; Magalhães, K.M.; Coutinho-Filho, T. A Laboratory Analysis of Gutta-Percha-Filled Area Obtained Using Thermafil, System B and Lateral Condensation. Int. Endod. J. 2006, 39, 378–383. [Google Scholar] [CrossRef]

	



Cailleteau, J.G.; Mullaney, T.P. Prevalence of Teaching Apical Patency and Various Instrumentation and Obturation Techniques in United States Dental Schools. J. Endod. 1997, 23, 394–396. [Google Scholar] [CrossRef]

	



Levitan, M.E.; Himel, V.T.; Luckey, J.B. The Effect of Insertion Rates on Fill Length and Adaptation of a Thermoplasticized Gutta-Percha Technique. J. Endod. 2003, 29, 505–508. [Google Scholar] [CrossRef] [PubMed]

	



Cueva-Goig, R.; Forner-Navarro, L.; Llena-Puy, M.C. Microscopic Assessment of the Sealing Ability of Three Endodontic Filling Techniques. J. Clin. Exp. Dent. 2016, 8, e27–e31. [Google Scholar] [CrossRef]

	



Leduc, J.; Fishelberg, G. Endodontic Obturation: A Review. Gen. Dent. 2003, 51, 232–233. [Google Scholar]

	



Budd, C.S.; Weller, R.N.; Kulild, J.C. A Comparison of Thermoplasticized Injectable Gutta-Percha Obturation Techniques. J. Endod. 1991, 17, 260–264. [Google Scholar] [CrossRef]

	



Schilder, H. Filling Root Canals in Three Dimensions. 1967. J. Endod. 2006, 32, 281–290. [Google Scholar] [CrossRef]

	



Buchanan, L.S. Continuous Wave of Condensation Technique. Endod. Pract. 1998, 1, 7–10, 13–16, 18 passim. [Google Scholar]

	



Canal Preparation and Obturation Clinical Newsletter. Available online: https://www.aae.org/specialty/communique/newsletter/canal-preparation-obturation-updated-view-two-pillars-nonsurgical-endodontics (accessed on 9 April 2021).

	



Clinton, K.; Van Himel, T. Comparison of a Warm Gutta-Percha Obturation Technique and Lateral Condensation. J. Endod. 2001, 27, 692–695. [Google Scholar] [CrossRef] [PubMed]

	



Collins, J.; Walker, M.P.; Kulild, J.; Lee, C. A Comparison of Three Gutta-Percha Obturation Techniques to Replicate Canal Irregularities. J. Endod. 2006, 32, 762–765. [Google Scholar] [CrossRef]

	



Lea, C.S.; Apicella, M.J.; Mines, P.; Yancich, P.P.; Parker, M.H. Comparison of the Obturation Density of Cold Lateral Compaction Versus Warm Vertical Compaction Using the Continuous Wave of Condensation Technique. J. Endod. 2005, 31, 37–39. [Google Scholar] [CrossRef]

	



Williamson, A.E.; Dawson, D.V.; Drake, D.R.; Walton, R.E.; Rivera, E.M. Effect of Root Canal Filling/Sealer Systems on Apical Endotoxin Penetration: A Coronal Leakage Evaluation. J. Endod. 2005, 31, 599–604. [Google Scholar] [CrossRef]

	



Cattoni, F.; Teté, G.; Calloni, A.M.; Manazza, F.; Gastaldi, G.; Capparè, P. Milled versus Moulded Mock-Ups Based on the Superimposition of 3D Meshes from Digital Oral Impressions: A Comparative in Vitro Study in the Aesthetic Area. BMC Oral Health 2019, 19, 230. [Google Scholar] [CrossRef]

	



Tetè, G.; D’Orto, B.; Nagni, M.; Agostinacchio, M.; Polizzi, E.; Agliardi, E. Role of Induced Pluripotent Stem Cells (IPSCS) in Bone Tissue Regeneration in Dentistry: A Narrative Review. J. Biol. Regul. Homeost. Agents 2020, 34, 1–10. [Google Scholar]

	



Lucchese, A.; Gherlone, E.; Portelli, M.; Bertossi, D. Tooth Orthodontic Movement after Maxillofacial Surgery. Eur. J. Inflamm. 2012, 10, 227–232. [Google Scholar] [CrossRef]

	



European Society of Endodontology; Patel, S.; Durack, C.; Abella, F.; Roig, M.; Shemesh, H.; Lambrechts, P.; Lemberg, K. European Society of Endodontology Position Statement: The Use of CBCT in Endodontics. Int. Endod. J. 2014, 47, 502–504. [Google Scholar] [CrossRef]

	



Patel, S.; Brown, J.; Semper, M.; Abella, F.; Mannocci, F. European Society of Endodontology Position Statement: Use of Cone Beam Computed Tomography in Endodontics: European Society of Endodontology (ESE) Developed By. Int. Endod. J. 2019, 52, 1675–1678. [Google Scholar] [CrossRef] [PubMed]

	



Helvacioglu-Yigit, D.; Kocasarac, H.D.; Bechara, B.; Noujeim, M. Evaluation and Reduction of Artifacts Generated by 4 Different Root-End Filling Materials by Using Multiple Cone-Beam Computed Tomography Imaging Settings. J. Endod. 2016, 42, 307–314. [Google Scholar] [CrossRef]

	



Naranjo, V.; Lloréns, R.; Alcañiz, M.; López-Mir, F. Metal Artifact Reduction in Dental CT Images Using Polar Mathematical Morphology. Comput. Methods Programs Biomed. 2011, 102, 64–74. [Google Scholar] [CrossRef] [PubMed]

	



Mazzi-Chaves, J.F.; de Faria Vasconcelos, K.; Pauwels, R.; Jacobs, R.; Sousa-Neto, M.D. Cone-Beam Computed Tomographic–Based Assessment of Filled C-Shaped Canals: Artifact Expression of Cone-Beam Computed Tomography as Opposed to Micro–Computed Tomography and Nano–Computed Tomography. J. Endod. 2020, 46, 1702–1711. [Google Scholar] [CrossRef] [PubMed]

	



Rodrigues, C.T.; Jacobs, R.; Vasconcelos, K.F.; Lambrechts, P.; Rubira-Bullen, I.R.F.; Gaêta-Araujo, H.; Oliveira-Santos, C.; Duarte, M.A.H. Influence of CBCT-Based Volumetric Distortion and Beam Hardening Artefacts on the Assessment of Root Canal Filling Quality in Isthmus-Containing Molars. Dento Maxillo Facial Radiol. 2021, 20200503. [Google Scholar] [CrossRef] [PubMed]

	



Reda, R.; Zanza, A.; Mazzoni, A.; Cicconetti, A.; Testarelli, L.; Di Nardo, D. An Update of the Possible Applications of Magnetic Resonance Imaging (MRI) in Dentistry: A Literature Review. J. Imaging 2021, 7, 75. [Google Scholar] [CrossRef]

	



Kim, I.; Paik, K.-S.; Lee, S.-P. Quantitative Evaluation of the Accuracy of Micro-Computed Tomography in Tooth Measurement. Clin. Anat. 2007, 20, 27–34. [Google Scholar] [CrossRef] [PubMed]

	



Yu, D.C.; Tam, A.; Schilder, H. Root Canal Anatomy Illustrated by Microcomputed Tomography and Clinical Cases. Gen. Dent. 2006, 54, 331–335. [Google Scholar]

	



Gutmann, J.; Rigsby, S.; Endo, C.; Abe, D. Meeting Age Old Challenges in Root Canal Procedures with Contemporary Technological Assessments. ENDO 2015, 9, 107–110. [Google Scholar]

	



Peters, O.A.; Boessler, C.; Paqué, F. Root Canal Preparation with a Novel Nickel-Titanium Instrument Evaluated with Micro-Computed Tomography: Canal Surface Preparation over Time. J. Endod. 2010, 36, 1068–1072. [Google Scholar] [CrossRef]

	



Jung, M.; Lommel, D.; Klimek, J. The Imaging of Root Canal Obturation Using Micro-CT. Int. Endod. J. 2005, 38, 617–626. [Google Scholar] [CrossRef]

	



Celikten, B.; Jacobs, R.; deFaria Vasconcelos, K.; Huang, Y.; Nicolielo, L.F.P.; Orhan, K. Assessment of Volumetric Distortion Artifact in Filled Root Canals Using Different Cone-Beam Computed Tomographic Devices. J. Endod. 2017, 43, 1517–1521. [Google Scholar] [CrossRef]

	



Celikten, B.; Jacobs, R.; de Faria Vasconcelos, K.; Huang, Y.; Shaheen, E.; Nicolielo, L.F.P.; Orhan, K. Comparative Evaluation of Cone Beam CT and Micro-CT on Blooming Artifacts in Human Teeth Filled with Bioceramic Sealers. Clin. Oral Investig. 2019, 23, 3267–3273. [Google Scholar] [CrossRef]

	



Moher, D.; Shamseer, L.; Clarke, M.; Ghersi, D.; Liberati, A.; Petticrew, M.; Shekelle, P.; Stewart, L.A.; PRISMA-P Group. Preferred Reporting Items for Systematic Review and Meta-Analysis Protocols (PRISMA-P) 2015 Statement. Syst. Rev. 2015, 4, 1. [Google Scholar] [CrossRef] [PubMed]

	



Rethlefsen, M.L.; Kirtley, S.; Waffenschmidt, S.; Ayala, A.P.; Moher, D.; Page, M.J.; Koffel, J.B.; PRISMA-S Group. PRISMA-S: An Extension to the PRISMA Statement for Reporting Literature Searches in Systematic Reviews. Syst. Rev. 2021, 10, 39. [Google Scholar] [CrossRef]

	



Fardi, A.; Kodonas, K.; Gogos, C.; Economides, N. Top-Cited Articles in Endodontic Journals. J. Endod. 2011, 37, 1183–1190. [Google Scholar] [CrossRef] [PubMed]

	



Estrela, C.; Holland, R.; Estrela, C.R.d.A.; Alencar, A.H.G.; Sousa-Neto, M.D.; Pécora, J.D. Characterization of Successful Root Canal Treatment. Braz. Dent. J. 2014, 25, 3–11. [Google Scholar] [CrossRef]

	



Sarkis-Onofre, R.; Skupien, J.; Cenci, M.; Moraes, R.; Pereira-Cenci, T. The Role of Resin Cement on Bond Strength of Glass-Fiber Posts Luted Into Root Canals: A Systematic Review and Meta-Analysis of In Vitro Studies. Oper. Dent. 2014, 39, E31–E44. [Google Scholar] [CrossRef]

	



Abdo, S.B.; Darrat, A.A.; Masudi, S.M.; Luddin, N.; Husien, A. Sealing Ability of Gutta-Percha/Nano HA versus Resilon/Epiphany after 20 Months Using an Electrochemical Model: An in Vitro Study. Braz. J. Oral Sci. 2012, 11, 387–391. [Google Scholar]

	



Küçükkaya Eren, S.; Askerbeyli Örs, S.; Yılmaz, Z. Effect of Post Space Preparation on Apical Obturation Quality of Teeth Obturated with Different Techniques: A Micro-Computed Tomographic Study. J. Endod. 2017, 43, 1152–1156. [Google Scholar] [CrossRef] [PubMed]

	



Athkuri, S.; Mandava, J.; Chalasani, U.; Ravi, R.C.; Munagapati, V.K.; Chennareddy, A.R. Effect of Different Obturating Techniques and Sealers on the Removal of Filling Materials during Endodontic Retreatment. J. Conserv. Dent. 2019, 22, 578–582. [Google Scholar] [CrossRef]

	



Şımşek, N.; Keleş, A.; Ahmetoğlu, F.; Akinci, L.; Er, K. 3D Micro-CT Analysis of Void and Gap Formation in Curved Root Canals. Eur. Endod. J. 2017, 2, 1–5. [Google Scholar] [CrossRef] [PubMed]

	



Oh, S.; Perinpanayagam, H.; Kum, D.J.W.; Lim, S.-M.; Yoo, Y.-J.; Chang, S.W.; Lee, W.; Baek, S.-H.; Zhu, Q.; Kum, K.Y. Evaluation of Three Obturation Techniques in the Apical Third of Mandibular First Molar Mesial Root Canals Using Micro-Computed Tomography. J. Dent. Sci. 2016, 11, 95–102. [Google Scholar] [CrossRef]

	



Ho, E.S.S.; Chang, J.W.W.; Cheung, G.S.P. Quality of Root Canal Fillings Using Three Gutta-Percha Obturation Techniques. Restor. Dent. Endod. 2016, 41, 22–28. [Google Scholar] [CrossRef] [PubMed]

	



Celikten, B.; F Uzuntas, C.; I Orhan, A.; Tufenkci, P.; Misirli, M.; O Demiralp, K.; Orhan, K. Micro-CT Assessment of the Sealing Ability of Three Root Canal Filling Techniques. J. Oral Sci. 2015, 57, 361–366. [Google Scholar] [CrossRef]

	



Kierklo, A.; Tabor, Z.; Pawińska, M.; Jaworska, M. A Microcomputed Tomography-Based Comparison of Root Canal Filling Quality Following Different Instrumentation and Obturation Techniques. Med. Princ. Pract. Int. J. Kuwait Univ. Health Sci. Cent. 2015, 24, 84–91. [Google Scholar] [CrossRef] [PubMed]

	



Nhata, J.; Machado, R.; Vansan, L.P.; Batista, A.; Sidney, G.; Rosa, T.P.; Leal Silva, E.J.N. Micro-Computed Tomography and Bond Strength Analysis of Different Root Canal Filling Techniques. Indian J. Dent. Res. Off. Publ. Indian Soc. Dent. Res. 2014, 25, 698–701. [Google Scholar] [CrossRef]

	



Keleş, A.; Alcin, H.; Kamalak, A.; Versiani, M.A. Micro-CT Evaluation of Root Filling Quality in Oval-Shaped Canals. Int. Endod. J. 2014, 47, 1177–1184. [Google Scholar] [CrossRef]

	



Naseri, M.; Kangarlou, A.; Khavid, A.; Goodini, M. Evaluation of the Quality of Four Root Canal Obturation Techniques Using Micro-Computed Tomography. Iran. Endod. J. 2013, 8, 89–93. [Google Scholar] [PubMed]

	



Moeller, L.; Wenzel, A.; Wegge-Larsen, A.M.; Ding, M.; Kirkevang, L.L. Quality of Root Fillings Performed with Two Root Filling Techniques. An in Vitro Study Using Micro-CT. Acta Odontol. Scand. 2013, 71, 689–696. [Google Scholar] [CrossRef]

	



Versiani, M.A.; Keleș, A. Applications of Micro-CT Technology in Endodontics. In Micro-Computed Tomography (micro-CT) in Medicine and Engineering; Orhan, K., Ed.; Springer International Publishing: Cham, Switzerland, 2020; pp. 183–211. ISBN 978-3-030-16640-3. [Google Scholar]

	



Rack, A.; Stiller, M.; Dalügge, O.; Rack, T.; Riesemeier, H.; Knabe, C. 3.304—Developments in High-Resolution CT: Studying Bioregeneration by Hard X-ray Synchrotron-Based Microtomography. In Comprehensive Biomaterials; Ducheyne, P., Ed.; Elsevier: Oxford, UK, 2011; pp. 47–62. ISBN 978-0-08-055294-1. [Google Scholar]

	



Zaslansky, P.; Fratzl, P.; Rack, A.; Wu, M.-K.; Wesselink, P.R.; Shemesh, H. Identification of Root Filling Interfaces by Microscopy and Tomography Methods: Microtomography and Microscopy Observations of Root Fillings. Int. Endod. J. 2011, 44, 395–401. [Google Scholar] [CrossRef] [PubMed]

	



Shahravan, A.; Haghdoost, A.-A.; Adl, A.; Rahimi, H.; Shadifar, F. Effect of Smear Layer on Sealing Ability of Canal Obturation: A Systematic Review and Meta-Analysis. J. Endod. 2007, 33, 96–105. [Google Scholar] [CrossRef]

	



Dummer, P.M.; Lyle, L.; Rawle, J.; Kennedy, J.K. A Laboratory Study of Root Fillings in Teeth Obturated by Lateral Condensation of Gutta-Percha or Thermafil Obturators. Int. Endod. J. 1994, 27, 32–38. [Google Scholar] [CrossRef]

	



Schäfer, E.; Olthoff, G. Effect of Three Different Sealers on the Sealing Ability of Both Thermafil Obturators and Cold Laterally Compacted Gutta-Percha. J. Endod. 2002, 28, 638–642. [Google Scholar] [CrossRef]

	



Jaju, K.K.; Sandhya, R. Mahalakshmi Jayaraman Frequency, Distribution and Obturation Technique of Root Canal Retreatment among Patients Attending a Teaching Dental Hospital in Chennai—A Retrospective Study. Int. J. Res. Pharm. Sci. 2020, 11, 230–236. [Google Scholar] [CrossRef]

	



AlRahabi, M. Attitudes of General Practice Dentists in Private Dental Clinics in Almadinah Almunawarah toward Novel Endodontic Technologies. G. Ital. Endod. 2016, 30, 10–13. [Google Scholar] [CrossRef]

	



Savani, G.M.; Sabbah, W.; Sedgley, C.M.; Whitten, B. Current Trends in Endodontic Treatment by General Dental Practitioners: Report of a United States National Survey. J. Endod. 2014, 40, 618–624. [Google Scholar] [CrossRef] [PubMed]

	



Wong, A.W.-Y.; Zhang, S.; Li, S.K.-Y.; Zhang, C.; Chu, C.-H. Clinical Studies on Core-Carrier Obturation: A Systematic Review and Meta-Analysis. BMC Oral Health 2017, 17, 167. [Google Scholar] [CrossRef]

	



Gulabivala, K.; Abdo, S.; Sherriff, M.; Regan, J.D. The Influence of Interfacial Forces and Duration of Filing on Root Canal Shaping. Endod. Dent. Traumatol. 2000, 16, 166–174. [Google Scholar] [CrossRef] [PubMed]

	



Abarca, A.M.; Bustos, A.; Navia, M. A Comparison of Apical Sealing and Extrusion between Thermafil and Lateral Condensation Techniques. J. Endod. 2001, 27, 670–672. [Google Scholar] [CrossRef] [PubMed]

	



Peng, L.; Ye, L.; Tan, H.; Zhou, X. Outcome of Root Canal Obturation by Warm Gutta-Percha versus Cold Lateral Condensation: A Meta-Analysis. J. Endod. 2007, 33, 106–109. [Google Scholar] [CrossRef] [PubMed]

	



Augusto, C.M.; Barbosa, A.F.A.; Guimarães, C.C.; Lima, C.O.; Ferreira, C.M.; Sassone, L.M.; Silva, E.J.N.L. A Laboratory Study of the Impact of Ultraconservative Access Cavities and Minimal Root Canal Tapers on the Ability to Shape Canals in Extracted Mandibular Molars and Their Fracture Resistance. Int. Endod. J. 2020, 53, 1516–1529. [Google Scholar] [CrossRef] [PubMed]








[image: Materials 14 04013 g001 550] 





Figure 1. Summary of the workflow. 
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Table 1. Search queries used in the databases.
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	Database
	Query





	PubMed
	(quality) AND (((root canal) AND ((obturation) OR (filling))) AND (technique)) AND (micro-CT)

Details:

(“qualities”[All Fields] OR “quality”[All Fields] OR “quality s”[All Fields]) AND ((“dental pulp cavity”[MeSH Terms] OR (“dental”[All Fields] AND “pulp”[All Fields] AND “cavity”[All Fields]) OR “dental pulp cavity”[All Fields] OR (“root”[All Fields] AND “canal”[All Fields]) OR “root canal”[All Fields]) AND (“obturate”[All Fields] OR “obturated”[All Fields] OR “obturating”[All Fields] OR “obturation”[All Fields] OR “obturations”[All Fields] OR “obturator”[All Fields] OR “obturators”[All Fields] OR “obturing”[All Fields] OR (“filled”[All Fields] OR “filling”[All Fields] OR “fillings”[All Fields] OR “fills”[All Fields])) AND (“methods”[MeSH Subheading] OR “methods”[All Fields] OR “techniques”[All Fields] OR “methods”[MeSH Terms] OR “technique”[All Fields] OR “technique s”[All Fields])) AND (“X-ray microtomography”[MeSH Terms] OR (“X-ray”[All Fields] AND “microtomography”[All Fields]) OR “X-ray microtomography”[All Fields] OR (“micro”[All Fields] AND “ct”[All Fields]) OR “micro-CT”[All Fields])



	Scopus
	TITLE-ABS -KEY

((quality) AND (((root AND canal) AND ((obturation) OR (filling))) AND (technique)) AND (micro AND ct))



	Embase
	quality AND root AND canal AND (obturation OR filling) AND technique AND micro AND ct



	Web of Science
	ALL FIELDS: ((quality) AND (((root canal) AND ((obturation) OR (filling))) AND (technique)) AND (micro-CT))
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Table 2. Data extracted from selected studies.
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S. No

	
Author, Year, (Country)

	
Samples Used

(Size per Group)

	
Thermoplastic Technique Used

	
Sealer

	
Final

Irrigants

	
Measurement Method

	
Values Obtained

	
Results




	
Cold

Lateral Condensation (CLC)

	
Thermoplastic Technique






	
1

	
Simsek et al., 2017 (Turkey)

	
Mesial root canals of mandibular first molars (10)

	
Thermoplasticized injectable gutta-percha (TIGP)

	
AH plus

	
17% EDTA, 2.5% NaOCl

	
Volume of voids and filling (in mm3) calculated for both techniques using micro-CT for canals instrumented using self-adjusting files (SAF) and rotary files.

	
3.11 ± 2.06 mm3 (SAF)

2.78 ± 1.20 mm3 (Rotary)

	
3.81 ± 1.87 mm3 (SAF)

3.43 ± 0.90 mm3 (Rotary)

	
No significant differences were observed between techniques of preparation and obturation. In the filling techniques, independent of the instrumentation, more voids were in the thermoplastic GP technique, but the differences were not statistically significant.




	
2

	
Oh et al., 2016

(Korea)

	
Permanent mandibular first molars (20)

	
Continuous wave of condensation (CWC)

	
AH plus

	
17 % EDTA, 3.5% NaOCl

	
The interface void volume ratio of the main canal was also calculated as a percentage of the main canal volume for the apical 5 mm.

	
0.77 ± 0.16%

	
0.27 ± 0.12% *

	
Filling density and adaptation was inferior in CLC filled canals with significantly higher interface void volume ratios. The gutta-percha volume ratio was also significantly lower in CLC than in CWC, but the sealer volume ratio was significantly higher in CLC than in CWC.




	
3

	
Ho et al., 2016 (China)

	
Permanent mandibular first molars (11)

	
Warm Vertical Compaction (WVC) with Thermoplasticized injectable gutta-percha (TIGP)

	
None

	
3% NaOCl, 17% EDTA

	
The overall mean fraction of the root canal volume filled with gutta-percha for each group was determined

	
68.51 ± 6.75% filled

	
88.91 ± 5.16% filled *

	
The overall gutta-percha volume was significantly lower in the CL group than in the other groups. Within the CL group, the volume fraction was the same in all segments while in WVC, it increased towards the coronal aspect




	
4

	
Celikten et al., 2015 (Turkey)

	
First mandibular premolars (10)

	
Core carrier technique (Thermafil)

	
Endo-Sequence BC

	
2.5% NaOCl, 17% EDTA, distilled water

	
Using 2D slices, the root filling volume

percentages, the volume of internal, external and combined voids in materials was calculated.

	
0.5 ± 0.2 (internal)

0.8 0.5 (external)

0.6 ± 0.3

(combined)

	
0.4 ± 0.2 (internal)

0.7 ± 0.4 (external)

0.6 ± 0.3 (combined)

	
Thermafil had the smallest void volumes (both types) but significantly differed at the apical level only when compared to CLC. The overall volumes were not significantly different for both techniques.




	
5

	
Kiekerlo, 2015,

Poland

	
Mandibular premolars (10)

	
Continuous Wave of Condensation

	
ZOE-based sealer (Tubli-seal)

	
17% EDTA, 2% NaOCl and saline solution

	
The number, size, percentage of volume and distribution of voids-internal (I) and external (E) was measured for groups instrumented with hand (H) and rotary (R) instruments

	
0.21 ± 0.18% (HI)

0.69 ± 0.41% (HE)

0.27 ± 0.28% (RI)

0.52 ± 0.38% (RE)

	
0.11 ± 0.12% (HI) **

0.14 ± 0.13% (HE)

0.20 ± 0.30% (RI) *

0.55 ± 0.48% (RE)

	
CLC produced voids mainly between the canal wall and the filling. With thermal compaction, the internal voids were more common, except for the apical third of the canal where mostly parietal voids were present.




	
6

	
Nhata et al., 2014 (Brazil)

	
Mandibular incisors (10)

	
Continuous wave of condensation

	
AH plus

	
17% EDTA, Distilled water

	
The presence of voids at the interface between the root canal dentin and the filling material in all filling techniques investigated

	
0.019 ± 0.005%

	
0.004 ± 0.003% *

	
Less empty spaces were observed when GP was heated within the root canal on continuous wave of condensation compared to CLC.




	
7

	
Keleş et al., 2014 (Turkey)

	
Single rooted maxillary premolars (12)

	
Thermoplasticized injectable gutta-percha (TIGP)

	
AH plus

	
Saline solution

	
The volume of gutta-percha, sealer and voids was expressed as the percentage of the root canal volume

	
4.26 ± 0.74%

	
0.57 ± 0.44% *

	
The WVC group had a significantly lower percentage volume range of voids (p < 0.05) overall but the difference was insignificant for the techniques in the apical thirds




	
8

	
Naseri et al., 2013 (Iran)

	
Maxillary first molars (5)

	
Warm vertical condensation, Thermoplasticized injectable gutta-percha (TIGP)

	
AH26 sealer

	
17% EDTA, 2.5% NaOCl

	
Expressed as the percentage of the root canal volume

	
80.4 ± 1.6%

	
84.8 ± 6.0%—WVC

92.7 ± 2.4% *—TIGP

	
The TIGP group had the least volume of voids, which was significantly less than both CLC and WVC. Both thermal techniques showed better fill volumes than CLC, which also had a higher percentage of sealer than any other technique.




	
9

	
Moeller et al., 2013 (Denmark)

	
Mandibular molars, premolars, and canines (34—CL and 33 in TH)

	
Hybrid Thermafil Technique (HT)

	
AH plus

	
17% EDTA, 0.5% NaOCl

	
2D slices were compared for the presence of voids in root fillings by assessing each section (672 µm apart) using a binary value—void present/void not present

	
65.9% of the sections had voids

	
66.9% of the sections had voids

	
A high frequency of voids was found for both techniques, increasing coronally. CLC resulted in fewer voids in the apical part of the root filling. The opposite was true for HT which had more voids cervically. Overall, the two techniques did not differ significantly in the percentage of voids.








* significant difference between groups, ** significant difference between all groups, EDTA—Ethyline Diamine Tetra-acetic Acid, NaOCL—Sodium hypochlorite.
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Table 3. Assessment of risk of bias.






Table 3. Assessment of risk of bias.





	S No.
	Author, Year (Country)
	Were Human Teeth Used as Specimens?
	Was the Morphology Same for All Root

Canals and without Any Root Perforation or Fracture?
	Were the Groups Matched?
	Was the Rationale for the Sample Size Mentioned?
	Was a Standardized Root Canal Preparation and Disinfection Protocol Followed for Both Groups?
	Did a

Single

Operator Perform All Procedures?
	Was the Operator Skilled in Both Techniques?
	Was the Observer/Evaluator Blind to the Groups?
	Was the Entire Root

Canal Volume Considered?
	Risk of Bias





	1
	Simsek et al., 2017 (Turkey)
	Yes
	Yes
	Yes
	Not mentioned
	Yes
	Yes
	Not mentioned
	Not mentioned
	Yes
	Moderate



	2
	Oh et al., 2016 (Korea)
	Yes
	Yes
	Yes
	Not mentioned
	Yes
	Yes
	Not mentioned
	Not mentioned
	No
	High



	3
	Ho et al., 2016 (China)
	Yes
	Yes
	Yes
	Not mentioned
	Yes
	Not mentioned
	Not mentioned
	Not mentioned
	Yes
	Moderate



	4
	Celikten et al., 2015 (Turkey)
	Yes
	Yes
	Not mentioned
	Not mentioned
	Yes
	Yes
	Not mentioned
	Yes
	Yes
	Moderate



	5
	Kiekerlo, 2015, Poland
	Yes
	Yes
	Not mentioned
	Not mentioned
	Yes
	Yes
	Not mentioned
	Not mentioned
	Yes
	Moderate



	6
	Nhata et al., 2014 (Brazil)
	Yes
	Not mentioned
	Not mentioned
	Not mentioned
	Yes
	Yes
	Not mentioned
	Not mentioned
	Yes
	High



	7
	Keleş et al., 2014 (Turkey)
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Not mentioned
	Not mentioned
	Yes
	Low



	8
	Naseri et al., 2013 (Iran)
	Yes
	Yes
	Yes
	Not mentioned
	Yes
	Yes
	Not mentioned
	Not mentioned
	Yes
	Moderate



	9
	Moeller et al., 2013 (Denmark)
	Yes
	Yes
	Yes
	Not mentioned
	Yes
	2 operators alternated between techniques
	Yes
	Yes
	No
	Moderate







Studies that reported 7–9 of the items were classified as low-risk studies, those which report 5–6 items were considered as moderate bias studies and those with less than 5 reported were considered as having a high risk of bias.
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