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Abstract

:

This review explores the field of retreatment strategies for cases filled with calcium silicate-based root canal sealers. Since the introduction of calcium silicate-based materials in dentistry, calcium silicate-based root canal sealers have become popular among dentists because of their biocompatibility, bioactivity, and sealing ability. Therefore, effective retreatment strategies are indispensable. This article aims to identify the challenges associated with the removal of calcium silicate-based sealers themselves and removal of gutta-percha with the sealers during retreatment, evaluate current techniques and materials, and provide future directions for research in this field. Regarding the strategies of removal of root canal sealers, calcium silicate-based sealers are still relatively new materials for clinicians compared with traditional sealers such as epoxy- or eugenol-based sealers. First, no clinically established solvents have been reported. Second, calcium silicate-based sealers are currently utilized by clinicians in either the cold sealer-based technique or the warm vertical condensation technique. Third, the setting process of calcium silicate-based sealers generates byproducts, primarily calcium hydroxide and secondarily hydroxyapatite, that could interact with dentine. Lastly, there is a lack of clinical studies evaluating the efficacy of retreatment protocols for teeth filled with calcium silicate-based sealers. Therefore, it is important to investigate the chemo-mechanical properties of calcium silicate-based sealers themselves and their reactions to solvents and/or mechanical instruments and identify the interfacial properties of calcium silicate-based sealers with respect to dentine and gutta-percha. In addition, researchers in the clinical field need to actively gather and report data on retreatments of teeth filled with calcium silicate-based sealers.
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1. Introduction


1.1. Calcium Silicate-Based Sealer (CSS)


A surge in the popularity of calcium silicate-based sealers (CSSs) has been noticed recently in the field of endodontics. Since iRoot SP™ (Innovative Bioceramics, Vancouver, Canada) was first introduced in 2007, many new brands of CSSs have been marketed, and more dentists are interested in using CSSs. The properties of CSSs are unique because of the setting process and their byproducts, which contribute to their popularity.




1.2. Properties of CSSs


The unique properties of CSSs include their setting process and their byproducts. CCSs are hydraulic sealers that require the presence of water for their setting. The setting process includes the reaction of the CSS with water. This reaction results in the formation of calcium hydroxide as a byproduct [1].


2(3CaO·SiO2) + 6H2O = 3CaO·2SiO2·3H2O + 3Ca(OH)2










2(2CaO·SiO2) + 4H2O = 3CaO·2SiO2·3H2O+Ca(OH)2











The set sealer produced has been found to be biocompatible and bioactive [2,3]. Hydroxyapatite, as a secondary byproduct, is deposited on the surface of the set sealer, contributing to the bioactivity of the set CSS [3]. The emanation of calcium hydroxide ions from CSSs elevates the pH, which contributes to the sealers’ antimicrobial efficacy [2,4].




1.3. Outcome of Root Canal Treatment Using CSSs


The outcomes of non-surgical initial root canal treatments and retreatments using CSSs encourages more clinicians to use CSSs for obturation. In a non-randomized clinical trial, a calcium silicate-based sealer in combination with the single-cone technique demonstrated success rates, ranging from 84% to 90%, while the epoxy resin-based sealer with a continuous wave condensation technique showed success rates from 80% to 89% [5]. In addition, a randomized clinical trial compared the success rate of a CSS with the single-cone technique and an epoxy resin-based sealer with the continuous wave condensation technique. The results showed an average success rate of 94.3% for the CSS with the single-cone technique in comparison to 92.3% for the teeth obturated with the epoxy resin-based sealer using the continuous wave condensation technique [6]. These promising results and favorable outcomes encourage and motivate clinicians to use CSSs more extensively in the practice of endodontics. The increased use of CSSs among endodontists and general practitioners has prompted the need to implement new strategies of retreatment for cases obturated with CSSs. For instance, regaining patency is a potential challenge that can occur during the removal of CSSs [7].





2. Retreatment


2.1. Reason for Retreatment


In general, the success of endodontic treatment can be evaluated by the absence of signs and symptoms of infection or inflammation, including pain, tenderness to palpation and percussion, and the absence of any soft tissue signs of infection, such as swelling, in combination with radiographic evidence of periapical lesion healing and bone formation and regaining the mastication force and normal function of the treated teeth [8,9]. The presence of signs and/or symptoms is the main reason for retreatment. The purpose of retreatment is to eliminate the presence of persistent infection in the root canal system. Radiographic presence of periapical pathology is an important diagnostic method that has been used to evaluate healing after root canal treatments [10,11,12]. Reinfection can occur because of various factors, such as poor coronal restoration or the presence of missed root canals [13,14,15]. The presence of radiographic radiolucency before the initial endodontic treatment has been found to increase the possibility of failure and the need for retreatment as a result [16]. In addition, retreatment using modern technology has been found to be beneficial to patients’ quality of life [9].




2.2. Factors Affecting the Outcome of Retreatment


Numerous studies have discussed the outcome of endodontic retreatment. Endodontic retreatment showed high success rates in most of these studies. Ng et al. [17], in their prospective study, which included annual clinical and radiographic evaluation of teeth which had been initially treated and retreated, found that the success rate of retreatment was comparable to that of the initial treatment. The success of retreatment is influenced by many factors. These factors include the presence of periapical radiolucency and its size [17], case selection [18,19], accessibility to the obturation material throughout coronal restoration [20], and retrievability of the different obturation materials [21]. The last factor is critical for clinicians to expect a favorable prognosis before executing the retreatments of teeth obturated with CSSs due to the absence of solvents. Friedman et al. [21] divided the obturation materials based on their setting process into soft-setting pastes, which are easy to remove and clean, and hard-setting cements, which might require the usage of solvents in combination with mechanical debridement to remove [21]. In addition to the obturation material, the obturation technique is another critical factor in determining the complicity of retreatment (Figure 1). DeLong et al. [22] compared the push-out bond strength of two CSSs (MTA Plus Sealer™ (Avalon Biomed Inc, Bradenton, FL, USA) and EndoSequence BC Sealer™ (Brasseler USA, Savannah, GA, USA)) and an epoxy resin-based sealer, AH Plus™ (Dentsply De Trey Gmbh, Konstanz, Germany), using both the single-cone obturation technique and the continuous wave obturation technique. They found that the continuous wave technique decreased the bond strength of the MTA Plus Sealer™ and that the CSS with a single cone demonstrated the highest push-out resistance [22]. This study showed that the obturation technique might influence the setting properties of the sealers. Athkuri et al. [23] assessed the retrievability of root canal filling material obturated with cold lateral condensation, warm vertical condensation, and thermoplasticized injectable techniques along with the AH Plus™ sealer and BioRoot RCS™ (Septodont, Saint-Maur-des-Fossés, France). The samples that were obturated with the thermoplasticized technique demonstrated a higher percentage of root filling residuals after the removal of root fillings than the lateral condensation or warm vertical compaction techniques. However, there were no significant relationships between the type of sealer used and the amount of residual filling [23]. This indicates that the obturation technique used during the initial endodontic treatment affects the retrievability of the root filling material during retreatment. Therefore, clinically, the outcome of retreatment is affected by multiple factors, and its outcome varies depending on the various scenarios.




2.3. Challenges and Risks Specific to CSSs


No solvents have decisively proven to be effective in dissolving CSSs. For this reason, the challenges associated with the retrievability of CSSs might depend on the final setting of the sealers. Soft-setting CSSs are easier to remove from the root canal system, whereas hard-setting CSSs might necessitate the use of solvents in combination with mechanical debridement [21,22].





3. Literature Review


3.1. Literature Search


Two reviewers (J.J., H.A.) conducted a comprehensive literature search from the 1 June 2020 to the 1 December 2023 to identify studies related to the topic in the PubMed and Google Scholar databases. The following search keywords were used to find relevant studies: (calcium silicate-based sealers Physicochemical and Biological properties) OR (calcium silicate-based sealers retreatment) OR (effect of obturation technique on retrievability of calcium silicate-based sealers) OR (use of calcium silicate-based sealers in endodontic procedure) OR (outcome of root canal treatment and retreatment) OR (Relationship between periapical lesions and root canal treatment outcome) AND (modern and contemporary calcium silicate-based sealers retreatment methods). Laboratory and clinical studies investigating the properties of CSSs and the retreatment of teeth obturated with CSSs were included. Studies performed on resin teeth or animal teeth were excluded.




3.2. Calcium Silicate-Based Sealers Properties in Relation to Retreatment


The properties of calcium silicate-based sealers allow clinicians to use either a sealer-based technique or warm vertical condensation. Mann et al. [2] studied the physicochemical and biological properties of EndoSequence BC Sealer HiFlow™ (CSS) (Brasseler USA, Savannah, GA, USA) and compared them with those of EndoSequence BC Sealer™ (CSS) and AH Plus sealer™ (resin epoxy-based sealer). At room temperature, both CSSs had a similar flow, which was lower than the flow of the AH Plus™ sealer. However, upon increasing the temperature to 100 °C, the flow of EndoSequence BC Sealer HiFlow™ was found to be the highest, followed by AH Plus™ and EndoSequence BC Sealer™. Interestingly, increasing the temperature to 150 °C put the flow of AH Plus™ ahead of the flow of EndoSequence BC Sealer HiFlow™ and EndoSequence BC Sealer™. Regarding solubility, both CSSs showed a similar solubility, which was significantly higher than the solubility of AH Plus™. No difference was found among the three sealers regarding their antibacterial effect, whereas both CSSs demonstrated a higher biocompatibility than AH Plus [2]. These results indicate that it is necessary to thoroughly remove CSSs from the root canal systems in retreatment because of the flowability of CSSs, while a CSS is more soluble than an epoxy resin-based sealer. The capacity of adhesion between CSSs and dentine has been the scope of many studies. Resistance to dislodgement measures the capacity of adhesion between sealers and dentine. Sagsen et al. [24] compared the push-out resistance of I Root SP™, a calcium silicate-based sealer, MTA Fillapex™, a salicylate resin- and calcium silicate-based sealer, and AH Plus™, an epoxy resin-based sealer (Table 1). They found that I Root SP™ has a similar push-out bond resistance to AH Plus™, while MTA Fillapex™ has the lowest among the three sealers [24]. In a similar study, Donnermeyer et al. [25] compared three CSSs (Total Fill BC Sealer™ (FKG, La Chaux-de-Fonds, Switzerland), Endo CPM Sealer™ (Egeo, Buenos Aires, Argentina), and BioRoot RCS™ (Septodont, St. Maur-des-Fossés, France)) with an epoxy resin-based sealer (AH Plus™) (Table 1). The study revealed that the dislodgment resistance of AH Plus™ was significantly higher than that of all three CSSs [25]. The CSSs in these studies demonstrated different values of dislodgement resistance, while some types of CSSs were comparable to the push-out resistance of epoxy resin-based sealers.




3.3. Adhesion and Interfacial Space between CSS and Gutta-Percha


Research on the adhesive capacity of CSSs has predominantly focused on their bonding force to dentine, with less attention given to their bonding capacity with gutta-percha. It has been claimed by commercial manufacturers that gutta-percha cones treated with calcium silica particles have better and stronger adhesion to CSSs than conventional gutta-percha. An SEM study compared the adhesion of TotalFill BC sealer™ (Roeko, Langenau, Germany) and AH Plus sealer™ to conventional gutta-percha and BC gutta-percha using single-cone and lateral condensation techniques. The study did not find a significant difference in the voids between the two types of gutta-percha and the two types of sealers regardless of the obturation technique [26]. The current literature on the adhesion capacity of CSSs to gutta-percha is insufficient, and further investigation is needed. In an ex vivo micro CT study, De-Deus et al. [27] showed that the frequency of the presence of gaps was more common between a single gutta-percha cone and CSSs than between a single-cone gutta-percha and AH Plus and theorized that the hydrophobic nature of gutta-percha cone repulses CSSs due to their hydrophilic nature.




3.4. Potential Changes in Interfacial Dentin by CSSs


The impact of CSSs on interfacial dentine’s microstructure is another topic of interest. Atmeh et al. [28] evaluated the effect of Biodentine™ (calcium silicate-based restorative material) on dentine using confocal laser scanning microscopy, scanning electron microscopy, micro-Raman spectroscopy, and two-photon auto-fluorescence and second-harmonic generation imaging. It was found that the interaction between dentine and Biodentine™ forms a “mineral infiltration zone” (MIZ) because of the mineral precipitates within the dentinal tubules that result from the hydration of the calcium silicate-based material. These products lead to the degradation of the collagen component of the interfacial dentin. This leads to the movement of ions in the dentine and increases the mineralization in this region of the dentine [28]. Jeong et al. [29] also observed the formation of an MIZ only in samples incubated for 14 days after obturation and not in those incubated for 3 days only, suggesting a time-dependent process [29]. This leads to the conclusion that the formation of an MIZ is the result of an extensive interaction that starts after the sealer is set. Despite the previous reports which investigated the presence of the MIZ, its formation, and its chemical composition, there is currently insufficient evidence regarding its effect on endodontic treatments.




3.5. Different Scenarios in Retreatment


While there is general agreement among clinicians that retreatment should cause the minimum change to the root canal’s anatomy, concerns are still present regarding the regain of apical patency in cases obturated with CSSs, especially those cases where gutta-percha does not reach the working length. In an ex vivo study, Hess et al. [30] created an experimental model in which they compared the possibility of regaining patency in samples obturated with AH Plus sealer™ and EndoSequence BC sealer™. The teeth samples were divided into four groups. In two of the groups, the samples were obturated with a gutta-percha that reached the working length, whereas, in the other two groups, the samples were obturated with a gutta-percha that was 2 mm shorter than the working length. Heat, chloroform, rotary instruments, and hand files were used in the retreatment protocol. The success rate of regaining working length in samples where the gutta-percha reached the working length was 100%, regardless of the sealer used. In the samples where the gutta-percha was 2 mm shorter than the working length, the success rate was 100% for the samples obturated with AH Plus™ in comparison with 30% in the samples obturated with EndoSequence BC sealer™. Patency was regained in 100% of the samples in both of the groups obturated with AH Plus™, while it was regained in 80% of the samples in the group obturated with EndoSequence BC sealer™ and gutta-percha reaching the working length. Patency was regained in 30% of the samples that had been obturated with EndoSequence BC sealer™ and gutta-percha 2 mm shorter than the working length [30]. In contrast, a recent ex vivo study compared the potential of regaining patency in samples obturated with EndoSequence BC sealer™ in which gutta-percha was placed 1.5 mm shorter than the working length using 10% formic acid, 20% hydrochloric acid, and chloroform; patency was regained in 100% of the samples retreated with 10% formic acid and 20% hydrochloric acid, a figure which was not significantly different for the samples in which chloroform had been used (93%) [31]. This discrepancy in results between different studies can be attributed to the lack of standardization in preparing the samples rather than to the effect of the solvents or the techniques used. This highlights the importance of standardizing sample design in research on this topic.




3.6. Different Nature of CSSs


The physical strength of the set CSS is a critical factor that determines its retrievability. Different brands of CSSs have different degrees of retrievability, mainly because of their different setting properties. Soft-set sealers are easier to retrieve compared to hard-set sealers [32]. Carillo et al. [32] compared the possibility of regaining patency in canals that had been obturated with three CSS: EndoSequence BC sealer™, EdgeBioceramic™ (EDGEENDO, Albuquerque, NM, USA), and NeoSEALERFlo™ (Avalon Biomed, Houston, TX, USA). It was shown that canals filled with NeoSEALERFlo™ have a higher success rate in regaining patency than canals filled with the others. The authors found that re-establishing patency could be affected by which CSS was used and that NeoSEALERFlo™ might be labelled as a soft-setting CSS. Therefore, the presence of hard-setting CSSs might lead to more difficulties and complications during the retreatment procedure. Some challenges that can be faced include the separation of instruments, perforation, and difficulty in reaching the proper working length [21].




3.7. Removal of CSSs


Regaining patency in cases obturated with CSS during retreatment is one of the major prognostic factors for positive outcomes. The presence of CSSs apical to the gutta-percha in cases where the gutta-percha did not reach the working length can demonstrate a real obstacle during retreatment [30].



In addition, the presence of CSSs in areas of the root canal system that are inaccessible to mechanical means of debridement might form another obstacle preventing the complete removal of CSSs in endodontic retreatment procedures. An ex vivo study that evaluated the removal of root canal filling material from the mesial canals of mandibular molars connected with an isthmus using the XP-endo Finisher R instrument with or without solvent concluded, after comparing the micro CT scans of the samples before and after the treatment, that the use of solvent did not improve the clearance of the filling materials from the canals or isthmuses, whereas mechanical debridement using the XP-endo Finisher R instrument facilitated the removal of the filling materials but could not remove them completely [33]. Horvath et al. [34] used SEM and photographs in an ex vivo study to assess the efficacy of two solvents, chloroform, and eucalyptol, in removing the filling gutta-percha and sealers from root canal walls and dentinal tubules. More remnants of gutta-percha and sealers on the canal walls and inside the dentinal tubules were found in groups where solvents had been used compared with groups without solvents. It was suggested that more root canal filling material was pushed inside the dentinal tubules because of the dissolution of the root canal material by the solvents, which led to the compacting of the root canal filling material inside the dentinal tubules [34]. Donnermeyer et al. [35] compared the retrievability of three calcium silicate-based sealers to AH Plus™ from round and patent root canals using mechanical instrumentation. They found that the complete removal of sealers was not achievable even in round and patent root canals, with the percentage of remaining sealers ranging from 2.1% to 28.2% for all four sealers in all the groups of the study [35]. The study showed that the complete removal of CSSs from the dentine wall was not achieved regardless of the simple anatomy of the canals.





4. Current Retreatment Techniques


Current CSSs retrieval techniques can be divided into chemical and mechanical techniques.



4.1. Solvents for Gutta-Percha


The gutta-percha cone is a semisolid obturation material. It is considered the material of choice in modern endodontics. Excessive mechanical removal of the gutta-percha can lead to alterations in the anatomy of the root canals. Solvents are commonly recommended to avoid any alteration in the anatomy and facilitate the removal of the gutta-percha. Chloroform is the most effective solvent used for the removal of gutta-percha. Its properties of fast action, strength, and fast evaporation make it a respectable choice as a solvent. However, chloroform has since been found to be cytotoxic and carcinogenic; therefore, extrusion beyond the apex should be avoided. The use of xylene and eucalyptol as alternatives to chloroform has been suggested, but they have also been found to be less effective and impractical to use clinically. Wennberg and Ørstavik suggested the use of methyl chloroform as an effective, less toxic alternative to chloroform. It has been found to be less effective than chloroform but more effective than xylene and eucalyptol [36,37].




4.2. Chemical Dissolution of CSSs


The possible chemicals that can be employed in the retrieval of CSSs have been evaluated in many studies. Numerous studies have examined the difference in solubility between CSSs and epoxy resin-based sealers and the effect of different solvents on CSSs. Borges et al. [38] subjected AH Plus™, iRoot SP™, MTA Fillapex™, Sealapex™ (Sybron Endo/Kerr Co, Orange, CA, USA), and MTA-Angelus™ (Angelus, Londrina, PR, Brazil) to solubility tests to compare their surface structure changes and ion release (Table 2). The samples of the sealers were assessed using scanning electron microscopy and energy-dispersive spectroscopy. The study found that iRoot™, MTA Fillapex™, and Sealapex™ have a higher solubility than AH Plus™ and MTA-A™. The study also revealed that CSSs exhibit a high release of calcium ions [38]. The pH of the surrounding environment was shown to be a critical factor in the solubility of CSSs (Table 2). Endo Sequence BC Sealer™ was found to be significantly more soluble than AH Plus™ in a low pH [39]. This implies that acids might have the potential to serve as solvents for CSSs. Thermal treatment as a physical means was found to be effective in altering the structure of CSSs and impacting their solubility [40]. Ideal solvents are intended to only affect sealers without affecting the integrity of dentine. Garrib et al. [41] studied the effect of irrigating with 17% EDTA along with either 10% or 20% formic acid on the integrity of TotalFill BC sealer™ and the integrity of dentine (Table 3). The study found that irrigating with 17% EDTA and 10% formic acid did not affect the integrity of the dentine. However, irrigation affected the integrity of the CSS used in the study and aided its mechanical removal. The use of 20% formic acid was found to corrode the integrity of dentine [41]. The efficacy of 20% hydrochloric acid and chloroform in comparison with 10% formic acid in regaining apical potency has been investigated. There is no significant difference among them in terms of regaining patency [31]. Therefore, 10% formic acid is deemed to be a promising solvent when used to penetrate CSSs and regain patency.




4.3. Mechanical Removal of CSSs


The use of conventional hand files and modern rotary and NiTi files in the removal of CSSs has been assessed in multiple studies. Donnermeyer et al. [35] compared the efficacy and retreatment time of Hedström files, Reciproc R40, Mtwo retreatment file R 25/0.06, Mtwo 40.06, and F6 SkyTaper size 040 in the removal of CSSs and epoxy resin-based sealers (Table 3). Regarding the amount of sealer remnants, all NiTi rotary files performed much better than the Hedström hand files, regardless of the sealer type. The F6 SkyTaper instruments were found to be the fastest when compared with all the files that were being assessed [35]. Furthermore, the use of reciprocating files occupied a portion of the interest in the mechanical techniques for removing CSSs. Kırıcı et al. [42] compared two reciprocal systems, M-Wire Reciproc and Reciproc Blue, and evaluated their efficacy in the removal of CSSs and their competence in preserving the root canal’s anatomy in curved canals using micro-CT. No significant difference in the amount of residual was found between the two systems. However, apical canal transportation was found to be significantly higher in the M-Wire Reciproc group, but the formation of incomplete and complete cracks was witnessed with both systems [42]. Despite the positive results that were reached in these past studies with different mechanical means for the removal of CSSs, no mechanical technique was found to completely remove CSSs from the root canal system.




4.4. Integrating Technology into Retreatment of CSSs


The use of modern mechanical techniques has been discussed in various studies. Fruchi et al. [43] conducted a micro-CT evaluation to measure the efficacy of sealer removal using the Reciproc R25 instrument or WaveOne Primary files along with xylene and passive ultrasonic irrigation in curved canals (Table 3). The Reciproc instrument and the WaveOne Primary files showed a removal efficacy of 93% and 92%, respectively. The use of xylene and PUI helped in the removal of the root canal filling material but did not increase the percentage of the removed filling material significantly [43]. Wright et al. compared the usage of two modern irrigation protocols, EndoVac and GentleWave, to the efficacy of the usage of a side-vented needle in the removal of root canal filling materials. Micro-CT imaging was used to evaluate the percentage of the removal of the root canal filling material for all three irrigation techniques. GentleWave removed the highest ratio of the residuals of the root canal filling material, followed by the side-vented needle. EndoVac was found to remove the least amount of residuals of the root canal filling material [44]. Wright and Fruchi [43,44] found that AH Plus was more difficult to remove than CSSs (Table 3). The efficacy of shock wave-enhanced emission photoacoustic streaming (SWEEPS) in CSS removal has also been evaluated. Angerame et al. [45] compared the efficacy of SWEEPS with the efficacy of passive ultrasonic irrigation (PUI) in the removal of CSSs ex vivo (Table 3). The combination of reciprocating instrumentation with SWEEPS provided more satisfying results than the usage of reciprocating instrumentation combined with PUI [45]. The XP-endo Finisher R system removed more CSSs compared to the ultrasonic-assisted irrigation or EndoActivator [46]. Despite continuous effort to assess the efficacy of mechanical techniques and modern irrigation technology in the removal of CSSs, no technique has been proved to completely remove CSSs from the root canal system in the literature (Table 3).





 





Table 2. Sealers used in the solubility studies mentioned in this review.






Table 2. Sealers used in the solubility studies mentioned in this review.





	Sealers
	Manufacturers
	Composition
	Solubility (%)
	Reference





	iRoot SP
	Innovative BioCeramix Inc., Vancouver, Canada
	Zirconium oxide, calcium silicates, calcium phosphate, calcium hydroxide filler, and thickening agents
	20.64 ± 1.42
	[38]



	MTA Fillapex
	Angelus, Londrina, PR, Brazil
	Components after mixture: resins (salicylate, diluting,

natural),

radiopaque bismuth, nanoparticulated silica, mineral trioxide aggregate, and pigments
	14.89 ± 0.73
	[38]



	Sealapex
	Sybron Endo/Kerr

Co, Orange, CA,

USA
	Calcium oxide, bismuth trioxide, zinc oxide, submicron silica, titanium dioxide, zinc stearate, tricalcium phosphate, ethyl

toluene sulphonamide, poly(methylene methyl salicylate) resin,

isobutyl salicylate, and pigments
	5.65 ± 0.80
	[38]



	MTA-A
	Angelus, Londrina, PR, Brazil
	Tricalcium silicate, dicalcium silicate, tricalcium aluminate, tetracalcium aluminoferrite, bismuth oxide, iron oxide, calcium

carbonate, magnesium oxide, crystalline silica, and residues (calcium oxide, free magnesium oxide, potassium, and sodium sulphate compounds)
	−1.24 ± 0.19
	[38]



	AH Plus
	Dentsply De Trey

Gmbh, Konstanz,

Germany
	Component A: epoxy resin, calcium tungstate, zirconium oxide, aerosil, and iron oxide. Component B: adamantane amine,

N,N-Dibenzyl-5-oxanonane,

TCD-Diamine, calcium tungstate,

zirconium oxide, and aerosi
	0.28 ± 0.08
	[38]



	AH Plus Jet
	Dentsply DeTrey

Gmbh, Konstanz,

Germany
	Bisphenol A/F epoxy resin, calcium tungstate, zirconium oxide, silica, iron oxide pigments dibenzyldiamine, aminoadamantane, and

silicone oil
	0.04 ± 0.11 to

0.26 ± 0.15 2
	[39]



	EndoSequence BC Sealer
	Brasseler USA, Savannah, GA, USA
	Zirconium oxide, calcium silicates, calcium phosphate monobasic, calcium hydroxide filler, and thickening agents
	4.96 ± 0.94 to

12.88 ± 0.94 2
	[39]







2 The study demonstrated a difference in the solubility related to the time and the pH. The difference in solubility was demonstrated with a range of values.













 





Table 3. Materials and instruments used in the treatment studies.






Table 3. Materials and instruments used in the treatment studies.





	Name
	Company
	Type
	Reference





	XP-endo Finisher R instrument
	FKG Dentaire, La Chaux-de-Fonds, Switzerland
	Mechanical
	[33]



	Eucalyptol
	Biodinamica, Ibiporã, PR, Brazil
	Chemical
	[33]



	Reciproc R40 NiTi files
	VDW, Munich, Germany
	Mechanical
	[35]



	Mtwo retreatment file R 25/0.06
	VDW GmbH, Munich, Germany
	Mechanical
	[35]



	F6 SkyTaper size 040
	KOMET, Lemgo, Germany
	Mechanical
	[35]



	10% formic acid
	Sigma Aldrich, Gillingham, UK
	Chemical
	[41]



	20% formic acid
	Sigma Aldrich, Gillingham, UK
	Chemical
	[41]



	ProTaper Gold finisher file
	Dentsply, Charlotte, USA
	Mechanical
	[41]



	M-Wire Reciproc
	VDW GmbH, Munich, Germany
	Mechanical
	[42]



	Reciproc Blue
	VDW GmbH, Munich, Germany
	Mechanical
	[42]



	xylene
	Not mentioned
	Chemical
	[43]



	Reciproc R25 instrument
	VDW, Munich, Germany
	Mechanical
	[43]



	WaveOne Primary instrument
	Dentsply Maillefer, Tulsa, USA
	Mechanical
	[43]



	Reciproc Blue files
	VDW GmbH, Munich, Germany
	Mechanical
	[45]



	XP-endo Finisher R system
	XPR; FKG Dentaire, La Chaux-de-Fonds, Switzerland
	Mechanical
	[46]









4.5. Clinical Studies


Clinical studies describing the outcome of retreatment obturated with CSSs are limited in number compared to those of traditional sealers. CSSs are still relatively new materials to be used in endodontics, and further examination and assessment are needed.





5. Future Directions


Regarding the retrievability of CSSs, current evidence is still insufficient for guiding clinicians in their decision making. Therefore, researchers in the clinic field need to develop more standardized protocols for clinical studies evaluating the effectiveness of CSSs in retreatment.



5.1. Advancement of Technology


The employment of modern techniques and technology has been assessed, as mentioned before, in various studies, e.g., ultrasonic-assisted irrigation, EndoActivator, passive ultrasonic irrigation, SWEEPS, and GentleWave. Some of these technologies demonstrate promising data. More studies are needed to explore their potential and describe their limitations.




5.2. Research Gaps


Many research gaps were found during the preparation of this paper. This is in addition to the lack of standardization in measuring the retrievability of CSSs. For example, both Hess et al. and Rezaei et al. used a similar study design, but the distance of the short obturation was not standardized and was different between the two studies [30,31]. In addition, in similar study designs, the absence of voids in the sealer in the apical portion should be verified using the available modern technology. Such standardization would help in obtaining more accurate related results. The nature of CSSs’ setting should be the next point of focus. Carillio et al. [32] investigated the possibility of regaining patency, but the hardness of the set sealer was not investigated. We suggest that CSSs should be categorized into soft- and hard-setting sealers depending on their setting process and properties, and each group should be studied extensively to reach a better understanding regarding their nature and properties and the clinical reflection of these properties. The effect of solvents on dentine, the cells surrounding the root, and CSSs should be studied more extensively using standardized methods. Cutting-edge analytical methods to measure the solubility of sealers and the effect of solvents on dentine would provide a deeper insight into the strategies of retreatment.





6. Conclusions


The complete retrievability of CSSs from the root canal system using the current strategies and techniques has not yet been achieved. The persistent challenges of regaining patency and removing CSSs from spaces that are inaccessible to instruments continue to be evident. The integration of mechanical and chemical removal techniques, combined with supplementary irrigation methods, is yielding promising outcomes in CSS retrieval. More standardized studies are needed regarding the nature of all available CSSs and the effectiveness of modern technology in their retrievability.







Author Contributions


Conceptualization, H.A.a., H.-C.K. and J.W.J.; methodology, H.A.a., and J.W.J.; data interpretation, H.A.a. and J.W.J.; visualization, H.-C.K. and J.W.J.; writing—original draft preparation, H.A.a.; writing—review and editing, J.W.J. and H.-C.K.; supervision, H.-C.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Acknowledgments


The authors thank David E. Jaramillo for reviewing the proposal of our comprehensive review study.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Camilleri, J. Hydration mechanisms of mineral trioxide aggregate. Int. Endod. J. 2007, 40, 462–470. [Google Scholar] [CrossRef]

	



Mann, A.; Zeng, A.; Kirkpatrick, T.; Van der Hoeven, R.; Silva, R.; Letra, A.; de Souza, A.C. Evaluation of the Physicochemical and Biological properties of EndoSequence BC Sealer HiFlow. J. Endod. 2022, 48, 123–131. [Google Scholar] [CrossRef]

	



Abu Zeid, S.T.; Alnoury, A. Characterisation of the Bioactivity and the Solubility of a New Root Canal Sealer. Int. Dent. J. 2023, 73, 760–769. [Google Scholar] [CrossRef]

	



Zhang, H.; Shen, Y.; Ruse, N.D.; Haapasalo, M. Antibacterial activity of endodontic sealers by modified direct contact test against Enterococcus faecalis. J. Endod. 2009, 35, 1051–1055. [Google Scholar] [CrossRef] [PubMed]

	



Zavattini, A.; Knight, A.; Foschi, F.; Mannocci, F. Outcome of Root Canal Treatments Using a New Calcium Silicate Root Canal Sealer: A Non-Randomized Clinical Trial. J. Clin. Med. 2020, 9, 782. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.H.; Cho, S.Y.; Choi, Y.; Kim, D.H.; Shin, S.J.; Jung, I.Y. Clinical Efficacy of Sealer-based Obturation Using Calcium Silicate Sealers: A Randomized Clinical Trial. J. Endod. 2022, 48, 144–151. [Google Scholar] [CrossRef] [PubMed]

	



Guivarc’h, M.; Jeanneau, C.; Giraud, T.; Pommel, L.; About, I.; Azim, A.A.; Bukiet, F. An international survey on the use of calcium silicate-based sealers in non-surgical endodontic treatment. Clin. Oral Investig. 2020, 24, 417–424. [Google Scholar] [CrossRef]

	



Gulabivala, K.; Ng, Y.L. Factors that affect the outcomes of root canal treatment and retreatment-A reframing of the principles. Int. Endod. J. 2023, 56, 82–115. [Google Scholar] [CrossRef]

	



He, J.; White, R.K.; White, C.A.; Schweitzer, J.L.; Woodmansey, K.F. Clinical and Patient centered Outcomes of Nonsurgical Root Canal Retreatment in First Molars Using Contemporary Techniques. J. Endod. 2017, 43, 231–237. [Google Scholar] [CrossRef] [PubMed]

	



De Cleen, M.J.; Schuurs, A.H.; Wesselink, P.R.; Wu, M.K. Periapical status and prevalence of endodontic treatment in an adult Dutch population. Int. Endod. J. 1993, 26, 112–119. [Google Scholar] [CrossRef]

	



Weiger, R.; Hitzler, S.; Hermle, G.; Löst, C. Periapical status, quality of root canal fillings and estimated endodontic treatment needs in an urban German population. Endod. Dent. Traumatol. 1997, 13, 69–74. [Google Scholar] [CrossRef] [PubMed]

	



Pak, J.G.; Fayazi, S.; White, S.N. Prevalence of periapical radiolucency and root canal treatment: A systematic review of cross-sectional studies. J. Endod. 2012, 38, 1170–1176. [Google Scholar] [CrossRef]

	



Lin, L.M.; Skribner, J.E.; Gaengler, P. Factors associated with endodontic treatment failures. J. Endod. 1992, 18, 625–627. [Google Scholar] [CrossRef] [PubMed]

	



Nair, P.N. On the causes of persistent apical periodontitis: A review. Int. Endod. J. 2006, 39, 249–281. [Google Scholar] [CrossRef]

	



Vârlan, C.; Dimitriu, B.; Vârlan, V.; Bodnar, D.; Suciu, I. Current opinions concerning the restoration of endodontically treated teeth: Basic principles. J. Med. Life 2009, 2, 165–172. [Google Scholar]

	



Farzaneh, M.; Abitbol, S.; Friedman, S. Treatment outcome in endodontics: The Toronto study. Phases I and II: Orthograde retreatment. J. Endod. 2004, 30, 627–633. [Google Scholar] [CrossRef]

	



Ng, Y.L.; Mann, V.; Gulabivala, K. A prospective study of the factors affecting outcomes of nonsurgical root canal treatment: Part 1: Periapical health. Int. Endod. J. 2011, 44, 583–609. [Google Scholar] [CrossRef]

	



Friedman, S.; Stabholz, A. Endodontic retreatment–case selection and technique. Part 1: Criteria for case selection. J. Endod. 1986, 12, 28–33. [Google Scholar] [CrossRef] [PubMed]

	



Nudera, W. Selective Root Retreatment: A Novel Approach. J. Endod. 2015, 41, 1382–1388. [Google Scholar] [CrossRef]

	



Stabholz, A.; Friedman, S. Endodontic retreatment–case selection and technique. Part 2: Treatment planning for retreatment. J. Endod. 1988, 14, 607–614. [Google Scholar] [CrossRef]

	



Friedman, S.; Stabholz, A.; Tamse, A. Endodontic retreatment–case selection and technique. Part 3: Retreatment techniques. J. Endod. 1990, 16, 543–549. [Google Scholar] [CrossRef]

	



DeLong, C.; He, J.; Woodmansey, K.F. The effect of obturation technique on the push-out bond strength of calcium silicate sealers. J. Endod. 2015, 41, 385–388. [Google Scholar] [CrossRef]

	



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]

	



Sagsen, B.; Ustün, Y.; Demirbuga, S.; Pala, K. Push-out bond strength of two new calcium silicate-based endodontic sealers to root canal dentine. Int. Endod. J. 2011, 44, 1088–1091. [Google Scholar] [CrossRef]

	



Donnermeyer, D.; Dornseifer, P.; Schäfer, E.; Dammaschke, T. The push-out bond strength of calcium silicate-based endodontic sealers. Head. Face. Med. 2018, 14, 13. [Google Scholar] [CrossRef]

	



Eltair, M.; Pitchika, V.; Hickel, R.; Kühnisch, J.; Diegritz, C. Evaluation of the interface between gutta-percha and two types of sealers using scanning electron microscopy (SEM). Clin. Oral Investig. 2018, 22, 1631–1639. [Google Scholar] [CrossRef]

	



De-Deus, G.; Santos, G.O.; Monteiro, I.Z.; Cavalcante, D.M.; Simões-Carvalho, M.; Belladonna, F.G.; Silva, E.J.N.L.; Souza, E.M.; Licha, R.; Zogheib, C.; et al. Micro-CT assessment of gap-containing areas along the gutta-percha-sealer interface in oval-shaped canals. Int. Endod. J. 2022, 55, 795–807. [Google Scholar] [CrossRef]

	



Atmeh, A.R.; Chong, E.Z.; Richard, G.; Festy, F.; Watson, T.F. Dentin-cement interfacial interaction: Calcium silicates and polyalkenoates. J. Dent. Res. 2012, 91, 454–459. [Google Scholar] [CrossRef]

	



Jeong, J.W.; DeGraft-Johnson, A.; Dorn, S.O.; Di Fiore, P.M. Dentinal Tubule Penetration of a Calcium Silicate-based Root Canal Sealer with Different Obturation Methods. J. Endod. 2017, 43, 633–637. [Google Scholar] [CrossRef]

	



Hess, D.; Solomon, E.; Spears, R.; He, J. Retreatability of a bioceramic root canal sealing material. J. Endod. 2011, 37, 1547–1549. [Google Scholar] [CrossRef] [PubMed]

	



Rezaei, G.; Liu, X.; Jalali, P. Efficacy of Different Solvents for Achieving Patency in Teeth Obturated Using Bioceramic Sealer. J. Endod. 2023, 49, 219–223. [Google Scholar] [CrossRef]

	



Carrillo, C.; Kirkpatrick, T.; Freeman, K.; Makins, S.R.; Aldabbagh, M.; Jeong, J.W. Retrievability of Calcium Silicate-based Root Canal Sealers During Retreatment: An Ex Vivo Study. J. Endod. 2022, 48, 781–786. [Google Scholar] [CrossRef]

	



Campello, A.F.; Almeida, B.M.; Franzoni, M.A.; Alves, F.R.F.; Marceliano-Alves, M.F.; Rôças, I.N.; Siqueira, J.F., Jr.; Provenzano, J.C. Influence of solvent and a supplementary step with a finishing instrument on filling material removal from canals connected by an isthmus. Int. Endod. J. 2019, 52, 716–724. [Google Scholar] [CrossRef]

	



Horvath, S.D.; Altenburger, M.J.; Naumann, M.; Wolkewitz, M.; Schirrmeister, J.F. Cleanliness of dentinal tubules following gutta-percha removal with and without solvents: A scanning electron microscopic study. Int. Endod. J. 2009, 42, 1032–1038. [Google Scholar] [CrossRef]

	



Donnermeyer, D.; Bunne, C.; Schäfer, E.; Dammaschke, T. Retreatability of three calcium silicate-containing sealers and one epoxy resin-based root canal sealer with four different root canal instruments. Clin. Oral Investig. 2018, 22, 811–817. [Google Scholar] [CrossRef]

	



Tamse, A.; Unger, U.; Metzger, Z.; Rosenberg, M. Gutta-percha solvents—A comparative study. J. Endod. 1986, 12, 337–339. [Google Scholar] [CrossRef]

	



Wennberg, A.; Ørstavik, D. Evaluation of alternatives to chloroform in endodontic practice. Endod. Dent. Traumatol. 1989, 5, 234–237. [Google Scholar] [CrossRef]

	



Borges, R.P.; Sousa-Neto, M.D.; Versiani, M.A.; Rached-Júnior, F.A.; De-Deus, G.; Miranda, C.E.; Pécora, J.D. Changes in the surface of four calcium silicate- containing endodontic materials and an epoxy resin-based sealer after a solubility test. Int. Endod. J. 2012, 45, 419–428. [Google Scholar] [CrossRef] [PubMed]

	



Silva, E.J.N.L.; Ferreira, C.M.; Pinto, K.P.; Barbosa, A.F.A.; Colaço, M.V.; Sassone, L.M. Influence of variations in the environmental pH on the solubility and water sorption of a calcium silicate-based root canal sealer. Int. Endod. J. 2021, 54, 1394–1402. [Google Scholar] [CrossRef] [PubMed]

	



Donnermeyer, D.; Schemkämper, P.; Bürklein, S.; Schäfer, E. short and Long-Term Solubility, Alkalizing Effect, and Thermal Persistence of Premixed Calcium Silicate-Based Sealers: AH Plus Bioceramic Sealer vs. Total Fill BC Sealer. Materials 2022, 15, 7320. [Google Scholar] [CrossRef] [PubMed]

	



Garrib, M.; Camilleri, J. Retreatment efficacy of hydraulic calcium silicate sealers used in single cone obturation. J. Dent. 2020, 98, 103370. [Google Scholar] [CrossRef]

	



Kırıcı, D.; Demirbuga, S.; Karataş, E. Micro-computed Tomographic Assessment of the Residual Filling Volume, Apical Transportation, and Crack Formation after Retreatment with Reciproc and Reciproc Blue Systems in Curved Root Canals. J. Endod. 2020, 46, 238–243. [Google Scholar] [CrossRef]

	



de Campos Fruchi, L.; Ordinola-Zapata, R.; Cavenago, B.C.; Duarte MA, H.; da Silveira Bueno, C.E.; De Martin, A.S. Efficacy of reciprocating instruments for removing filling material in curved canals obturated with a single-cone technique: A micro-computed tomographic analysis. J. Endod. 2014, 40, 1000–1004. [Google Scholar] [CrossRef]

	



Wright, C.R.; Glickman, G.N.; Jalali, P.; Umorin, M. Effectiveness of Gutta-percha/Sealer Removal during Retreatment of Extr