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After dental trauma to immature permanent teeth (IPT), there can be pulpitis, necrotic, and periapical periodontitis, which will halt further root development. Traditional endodontic root canal treatments and apexification cannot revitalize the necrotic pulp to revitalize the tooth to promote further root development. As a consequence, IPT with thin dentinal walls can be prone to fracture and if a fracture occurs, the patient will likely suffer the loss of the tooth. In an attempt to save IPT, there has been a growing interest among dentists to use regenerative endodontic procedures (REPs) to revitalize a replace dental pulp to continue root development and strengthen the dentinal walls to help prevent a subsequent loss of the tooth. However, the effectiveness of REPs and the precise methods to successfully accomplish REPs are controversial. Therefore, the objective of this review is to compare the different approaches to REPs in case reports by highlighting their advantages and limitations.
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INTRODUCTION

Dental trauma can affect 7.4–58% of children aged 8–11 years old (1–3). Dental trauma usually causes injuries to the enamel, dentin, pulp, periodontium, gingiva, and supporting bone structures (4). Dental trauma can create many complications such as pulpitis, pulp necrosis, periapical periodontitis, root hypoplasia, root/alveolar bone resorption, tooth fracture, and shedding of a permanent tooth (5, 6). Due to the fact that the root development of immature permanent teeth (IPT) is not complete, these teeth can be fragile and prone to fracture. This is because the dentinal walls can be very thin and if the tooth becomes fractured, it may not be restorable and the whole tooth is lost. IPT are especially prone to fracture because the enamel and dentinal walls can be very thin and weak (7). In addition, the dentine is weaker because the diameter of dentin tubules is large and the peritubule dentin and intertubule dentin are less mineralized (8). IPT also have a large vascularized intracanal dental pulp root canal space and open apical foramen. On the one hand, if an IPT becomes infected, the pulp has a strong resistance to disease and excellent self-healing capacity; on the other hand, an infection can spread quickly and cause periapical periodontitis and in these cases to alleviate patient suffering, a root canal treatment or apexification should be performed (7).

Immature permanent teeth do not benefit from a traditional root canal treatment or apexification because although the infected and necrotic pulp tissues can be removed, the remaining dentinal walls are thin, fragile, and weak, making them prone to fracture. Because there is no vital dental pulp, root development has stopped and the dentinal walls will remain thin, fragile, and weak. This explains why there has been an increasing interest in using regenerative endodontic procedures (REPs) to revitalize replacement pulp tissues in IPT following pulp necrosis to attempt to continue root development and to continue dentin deposition along the dentinal walls to make them thicker, stronger, and less prone to fracture.

Regenerative endodontic procedures are defined as “biologically-based procedures aimed to replace damaged structures, including dentin and root structures, as well as cells of the pulp-dentin complex” (9). The history of REPs can be traced back to 1952 when Dr. Hermann published a case report of a vital-amputated dental pulp capped with Calxyl (10). Dr. Herman was a pioneer in preserving the pulp tissue following amputation. During the past 70 years, due to advances in biocompatible biomaterials such as the widespread use of mineral trioxide aggregate (MTA) to preserve the vitality of pulp tissues, together with better root canal instruments for debridement and instrumentation and the use of improved radiographic root canal visualization technologies to more accurately non-invasively assess the healing of regenerated tissues, REPs have gradually evolved to incorporate elements of other endodontic treatments. Or, in some places to replace them, such as direct pulp capping, partial pulpotomy, apexification, apexogenesis, and pulp revascularization, to be used for IPT to continue root development, as an alternative to apexification (11, 12).

Several clinical and preclinical studies have shown that it may be possible to limit the pulp necrosis from trauma by amputating the non-vital pulp and leaving the remaining vital pulp to heal, by removing the necrotic pulp and revascularizing the root canal space to create replacement pulp tissue, or by using tissue-engineered scaffolds and stem cells to regenerate a dental pulp within the root canal space. In addition to showing new pulp tissue regeneration, it may also be possible for periapical lesions to heal and to continue root development to strengthen the dentinal root canal walls (13–17). However, there can be substantial variations between the current REPs guidelines and the actual clinical procedures used by different dentists (18, 19). Most case reports show that REPs have favorable clinical outcomes, but the amount of favorable outcomes for different REPs has proved to be controversial (12, 20, 21). Therefore, the objective of this review is to compare the different approaches to REPs in case reports by highlighting their advantages and limitations.



CURRENT APPROACHES FOR REPS

The selection of a REP for an IPT with a traumatized dental pulp can vary according to the size and duration of the pulp exposure. According to the traditional view, if the diameter of the exposed pulp after trauma was <1 mm, direct pulp capping could be applied within 2–3 h (22).

Pulp capping is the simplest approach to treating an exposed dental pulp in a fractured IPT. However, due to the problem of its poor prognosis due to infection and necrotic tissue damage spreading to the remainder of the pulp, it has been suggested that the portion of the damaged pulp should be amputated and partial pulpotomy can be performed. This is because the prognosis of a partial pulpotomy is greater than direct pulp capping (23, 24). It was suggested that a delayed partial pulpotomy treatment given within 9 days after trauma could be successful if the diameter of pulp exposure was <4 mm (13).

Apexification or calcium hydroxide [Ca(OH)2] obturation treatment of the apical foramen to induce calcification is a traditional treatment for a fractured IPT. However, apexification can only induce limited mineralization; it may not be able to prevent a subsequent root canal fracture of fragile IPT with thin dentinal walls (25). This is because apexification cannot promote the formation of functional pulp-dentin complex and root development (26, 27).

Several clinical studies have reported the success of REPs in IPT such as apical healing, mineralized tissue apposition, and continued root development of varying degrees (14, 17).

Regenerative endodontic procedures involving the implantation of dental pulp stem cells (DPSCs) seeded on collagen scaffolds combined with a growth factor called granulocyte colony-stimulating factor (G-CSF) can induce the complete regeneration of a replacement functional dental pulp, which can mineralize dentin (15). An electric pulp test of the regenerated pulp at 4 weeks posttransplantation displayed a robust positive response. After 24 weeks, the regenerated dental pulp had a similar MRI appearance to a normal dental pulp.

A phase I clinical trial of REPs involving the implantation of DPSCs from human exfoliated deciduous teeth (SHED) revealed the excellent potential of SHED to regenerate a dental pulp, which contained an odontoblast-like layer, blood vessels, and nerves. The sensitivity of the regenerated pulp was able to sense external temperature stimuli (16).



PARTIAL PULPOTOMY OF THE EXPOSED DENTAL PULP

The aim of a partial pulpotomy is to remove the infected and necrotic pulp under aseptic conditions and to seal the exposed pulp access to prevent the invasion of the bacteria (as shown in Figure 1A) (28, 29). Partial pulpotomy can help to preserve the coronal pulp and promote the deposition of cervical dentin; it is also beneficial for maintaining the natural color and translucency of the teeth (13).
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FIGURE 1. (A–C) Patterns of three regenerative endodontic procedures (REPs) in immature permanent teeth (IPT).


The first step for a successful partial pulpotomy requires that hemostasis; the bleeding from the exposed dental pulp be stopped, prior to sealing the exposed pulp. Physiologic saline, 3% NaOCl, and 2% chlorhexidine are often used as three of the most safe and cost-effective hemostatic agents. These are applied on a sterile cotton pellet, which is placed onto the exposed dental pulp wound for 5–10 min (30). After the bleeding has stopped, the pulp may be considered to have enough vitality to perform a partial pulpotomy procedure. If the bleeding is not stopped, it may be necessary to consider pulpotomy or even pulpectomy because an exposed pulp, which continues bleeding, has a poor partial pulpotomy prognosis (11).

After hemostasis is accomplished, a dry sterile cotton pellet is used to dry the moisture from the surface of the exposed dental pulp to create a good substrate for the bonding of the restorative dental material. A liner of MTA or another biocompatible biomaterial should be placed in direct contact with the exposed vital dental pulp (13). The pulp capping biomaterial should be biocompatible, be able to seal the pulp access to prevent microleakage, maintain pulp vitality, and induce the formation of a dentin bridge (31, 32). A regenerated dental-like structure that resembled secondary dentin was formed and the thickness of such reparative tissue was increased when recombinant human platelet-derived growth factor (PDGF) + MTA was used (33).

Calcium hydroxide has a long history of use as a pulp-capping agent for IPT and it may still have some advantages. However, after the advent of MTA in its various forms [iRoot BP, Biodentine, Portland cement (PC), and calcium-enriched mixture], it has become the most widely used pulp capping biomaterial (18, 19, 24, 34, 35). Most of these MTA pulp capping materials displayed similar clinical success rates when used in a partial pulpotomy, but iRoot BP was more convenient to handle because it was premixed (36). The restorative dental material can be a composite resin or a temporary glass ionomer cement because of its ease of bonding to the tooth substrate (37). Three cases of partial pulpotomy with different pulp capping biomaterials are shown in Figure 2.
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FIGURE 2. Cases of partial pulpotomy with three pulp-capping agents. (1) Preoperative intraoral photograph (A–C) and radiographs for each specimen (M–O). Pulp capping process [D: mineral trioxide aggregate (MTA) (Dentsply Sirona, North Carolina, USA); E: Dycal (Dentsply Sirona, North Carolina, USA); F: iRoot BP Plus (Innovative BioCeramix Incorporation, Vancouver, Canada)]. Intraoral photograph after composite resin restoration 3 weeks after pulp capping process (G–I). Radiographs (P–R) immediately after pulp capping operation. Radiographs of 6 months follow-up in all three cases (S–U). Intraoral photographs (J–L) and radiographs (V–X) at postoperative 12 months. (2) No pain, gingival fistula, and other discomfort symptoms occurred and radiographs displayed the length of root, the thickness of canal, and the size of apical foramen distinctively developed. (3) iRoot BP performed advantages of easyhandling and enough time to pulp capping. Both the cases covered with Dycal and iRoot BP did not show discoloration, while the case with MTA turned gray. The composite resin fell off because of biting in the case with MTA pulp capping at postoperative 12 months. Then, we performed secondary resin restoration, which partly covers the discoloration.




REGENERATIVE ENDODONTIC PROCEDURES WITHOUT THE APPLICATION OF EXOGENOUS CELLS

Revascularization or the creation of a blood clot within the root canal is the most widely used REP because it does not require the implantation of scaffolds or exogenous stem cells (Figure 1B). The success rate of revascularization treatment can depend on three elements: the effectiveness of root canal disinfection (20, 38, 39), the ability to create a blood clot that completely fills the root canal space (21), and the use of a biomaterial which seals effectively to prevent microleakage filling (28, 29). Revascularization REPs requires insertion of medicine into the root canal and irrigation to remove the necrotic pulp and to disinfect the root canals and probe the periapical tissues through the apical foramen to accomplish bleeding to fill the empty root canal space (11, 12).

Regenerative endodontic procedure root canal disinfection can be performed by irrigation followed by the insertion of antimicrobial medicaments into the root canal space for a month. The combined use of a 17% EDTA chelating agent and a 1.5–3% NaOCl disinfectant for irrigation can create a root canal environment beneficial for a replacement pulp regeneration (40). Due to the disinfection of the root canal space, it allows stem cells originating from the apical papilla to survive and differentiate due to the low toxicity environment (41, 42). Alternatively, a 2% chlorhexidine solution can be used as a broad-spectrum antibacterial irrigation agent. It has the advantage of being relatively less toxic than NaOCl. It also has longer substantivity because the positive charge of chlorhexidine molecule combines with the negative charge of the tooth surface, resulting in long-term adhesion and, thus, long-term antibacterial activity. However, a disadvantage of chlorhexidine is that it lacks a tissue-dissolution ability (43).

A combination of 2% chlorhexidine and NaOCl could disinfect Enterococcus faecalis (44). However, the combined mixture is prone to form precipitates, which could clog dentin tubules and prevent sealing and the adhesion of the restorative material (43). After irrigation with disinfectant solutions or chelating agents, it is recommended to flush the root canal space with saline, to help remove any residual precipitates, necrotic pulp, and debris (45).

Root canal disinfection for REPs can be accomplished with the temporary placement of a combination of antibiotics (46, 47). However, this may create the risk of developing bacterial endodontic infections with drug resistance to the antibiotics and also allergic reactions to the antibiotics (48). The most widely used disinfectant for REPs is Hoshino's broad-spectrum triple antibiotic paste. The paste includes minocycline, which could cause significant staining of the IPT (49, 50). The European Society of Endodontology advocated the use of Ca(OH)2 as a root canal disinfectant for REPs over Hoshino's triple antibiotic paste because Ca(OH)2 can release transforming growth factor-β1 (TGF-β1) from dentin (51). Ca(OH)2 can be used to disinfect root canals and has the advantage of promoting higher concentrations of apical stem cells survival (52).

After root canal disinfection, revascularization using a blood clot must be created that fills the root canal space with a blood clot scaffold for pulp regeneration. The bleeding into the root canal space is induced by placing a k-file through the open apical foramen, up to 2–4 mm into the periapical tissues (12). The blood clot scaffold can be augmented to use platelet-rich plasma (PRP) or platelet-rich fibrin (PRF) to promote the faster regeneration of a replacement dental pulp (53, 54). After the root canal space is filled with a blood clot, a 3–4 mm layer of MTA or some other kind of biocompatible bioceramic should be placed over the blood clot as a capping material (17, 55). The American Association of Endodontists suggests placing a temporary light-cured glass ionomer cement over the surface of the MTA to prevent microleakage or to restore the root canal access and seal the MTA permanently with a complete resin filling. Two REP cases are shown in Figure 3.
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FIGURE 3. Two cases of pulp revascularization. (1) Preoperative intraoral photographs (A,B) and radiographs (K,L) for each specimen; create bleeding (C,D); seal with MTA (E) and iRoot BP (F); postoperative intraoral photographs (G,H) and radiographs (M,N); radiographs at postoperative 6 months (O,P); intraoral photographs (I,J) and radiographs (Q,R) at postoperative 12 months. (2) The pain to percussion disappeared and the fistula healed in both cases after proper irrigation and medication. But, the case sealed with MTA appeared discoloration (G,I) after revascularization operation. (3) Radiographs displayed excellent periradicular healing of teeth after proper irrigation and medication. The root length increased, the root canal wall thickened, and the apical foramen narrowed at postoperative 6 and 12 months, but they grew more slowly than contralateral healthy teeth. The case with iRoot BP was performed pulp opening and filled with calcium hydroxide [Ca(OH)2] in the outer hospital 2 days prior (L).




REGENERATIVE ENDODONTIC PROCEDURES WITH IMPLANTED STEM CELLS

The effectiveness of the REPs to regenerate a replacement dental pulp may be increased by augmenting the blood clot revascularization approach with implanted stem cells (Figure 1C). The blood clot revascularization is necessary to supply the implanted stem cells with oxygen and nutrients for survival. Generally, the REP that implants stem cells also requires a scaffold to support the structure of a replacement dental pulp and also growth factors and/or signaling biomolecules to promote stem cell differentiation into tissues (56).

The most common types of implanted stem cells for REPs are SHED and stem cells originating from pulp (DPSC) and apical papilla (SCAP) (15, 16, 57). In addition, periodontal ligament stem cells (PDLSCs), bone marrow stem cells (BMSCs), and allogenic umbilical cord mesenchymal stem cells (UC-MSCs) can generate similar tissues within the revascularized root canal space (58, 59). The stem cells have been combined with two types of scaffolds: natural scaffolds such as PRP, PRF, and platelet-poor plasma (PPP) (59–61) and synthetic scaffolds such as poly-L-lactic acid (PLLA) (62).

The most common biomolecules for promoting stem cell activity as part of REPs are TGF-β (63), bone morphogenetic protein (BMP) (64), PDGF (65), vascular endothelial growth factor (VEGF) (64), and G-CSF (15). These biomolecules could be released from demineralized dentin matrix or delivered exogenously to facilitate pulp-dentin regeneration (66).



CLINICAL ISSUES AND LIMITATIONS

It seemed that a standardized clinical approach for pulp injury in IPT was introduced clearly. For example, injured teeth with uninfected pulp should receive the procedure of partial pulpotomy, while injured teeth with infected or necrotic pulp receive pulpectomy (11). However, most dentists inevitably modified their treatment procedures based on their clinical judgment. It was demonstrated that IPT with partial pulp necrosis and symptomatic apical periodontitis could achieve successful outcomes by the partial pulpotomy (18, 19), which could be explained that the pulp of immature permanent teeth had a strong disease resistance and repair function due to its unique physiological and anatomical characteristics (7). In addition, it was also explained that the clinical diagnosis of pulp status was inaccurate, especially for traumatic teeth (67). Furthermore, the preoperative pulp status was merely identified as the significant factor by examining probable partial pulpotomy prognostic factors using meta-regression analysis (24).

Sensitivity or sensibility (thermal and electrical) tests are commonly used by dentists to determine the vitality status of the dental pulp. However, the accuracy of the tests can be disturbed by the subjectivity of the patient's response, which may be related to the perception of the pain threshold, the changes in the supporting dental tissues, and transient paresthesia in newly traumatized teeth (67). The use of laser/ultrasound Doppler flowmetry appeared to be more sensitive in assessing the pulp vitality in traumatized teeth, compared to cold and heat. But, the extent of dental pulp necrosis can only be definitively confirmed by a histological assessment (67, 68). The judgment of the real-time pulp state mainly depended on the intraoperative evaluation of pulp exposure range, blood loss, duration, hemostasis ability, and exudate at the injury site (11, 24, 31). Thus, accurate assessment of pulp status is conducive to the selection of more appropriate therapeutic modalities.

All the REPs involve revascularization of tissues within the root canal to replace the functions of the necrotic pulp such as to continue root maturation, enhance apical healing, and most importantly to mineralize the dentinal walls to thicken them and strengthen the tooth against fracture (14, 17). Histological observations of the de novo revascularized replacement pulp tissue have revealed that it can have a different pathology and be more heterogeneous to the original dental pulp tissues that formed in the root canal during tooth development. The replacement revascularized tissues appeared to most commonly have a more similar pathology to periodontal tissues such as cementum, periodontal ligament, and bone (69–72). However, the de novo dental pulp revascularized tissues commonly contain blood vessels and blood cells, lymphatic cells, mineralized dentin-like structures, and immune cells expressing inflammatory markers (73). The histological and pathological observations of the de novo dental pulp revascularized tissues suggest that it includes stem cells sourced from residual vital stem cells in the apical third of the root canal (16). Stem cells may home by migration toward growth factors released within the disinfected root canal space, from the apical papilla, periodontal ligament, and from bone (69). Nevertheless, the major limiting factor, in being able to regenerate a whole de novo replacement pulp tissue, is likely the small numbers of available stem cells and also their ability to migrate into root canals, adhere to the root canal walls, and obtain oxygen and nutrients to form replacement dental pulp-like tissues (16, 59, 69). Not all the REPs are successful, some studies have reported failures of revascularization to heal periapical lesions or even for periapical lesions to recur. REPs can also fail to continue root formation and the tooth does not mature. REPs can also cause a partial or complete intracanal obliteration (12, 20, 21).

Vital dental pulp tissue in IPT must be protected from trauma and microleakage to avoid necrosis. The dental pulp has a limited capacity to heal and form tertiary dentin bridges in response to wear, erosion, and fractures or restorations that are very close to the pulp. Human teeth do not have a good self-healing capacity when compared with rodents and other animals; hence, care is needed when extrapolating animal studies to the clinical outcome because dental treatments which are successful in animals are not commonly successful in humans.

The use of root canal debridement to effectively remove necrotic dental pulp and the effective disinfection of the root canal space must be accomplished to ensure the success of REPs to revascularize or bioengineer replacement dental pulp (74). DPSCs are not resistant to severe inflammation and are not suitable for dental pulp regeneration in an inflammatory environment, but they may survive where there is reversible inflammation (75). Due to the modern concept of minimally invasive dentistry, the most minimalist treatments are preferred. The use of bioengineering and harvesting dental stem cells such as autologous DPSCs/SHED for dental pulp tissue regeneration is not minimalist. Thus, the minimalist era of dentistry may be passing and we should now embrace the era of regeneration because of the various dental stem cell therapies under development (15, 16). Based on the increasing popularity of dental stem cell banking, we can expect new applications for dental stem cells that have been harvested from baby teeth, which may be for autologous tissue regeneration for all replacement body tissues, not only for the dental pulp.

The application of bioengineered REPs with stem cells, growth factors, and scaffolds to accomplish regeneration could help to promote the formation of replacement dental pulps that have histology and pathology which more closely resembles the original dental pulp tissue, such as having an odontoblast-like layer of cells to remineralize the dentinal walls and to form connective tissue, blood vessels, and nerves (15, 16). However, there are valid concerns about the long-term efficacy and safety of transplanting bioengineered tissues containing stem cells into patients. All stem cell therapies are risky because the cells may malfunction and risk causing cancer or form abnormal tissues elsewhere in the body; the cells may also be attacked by the host immune system. Prior to clinical, there are many problems to overcome such as the problems of harvesting and isolating pure cultures of autologous stem cells from patients, stem cell storage in serum-free media, limitations of cell culture expansion, the growth and handling of cells without contamination, the lack of good manufacturing practice facilities, government regulatory policies which prevent stem cell transplantation, and the lack of training by clinicians to perform REPs, with or without bioengineered tissues (76). It is clear that new imaging and safer bioengineering technologies will keep improving the ability of clinicians to regenerate replacement tissues for patients because there is a demand for regenerated dental pulp, replacement teeth, and other dental tissues that are malformed, diseased, or missing. Further investments in research are needed to bring all the regenerative technologies to fruition for dentists to alleviate the suffering of dental patients.



FUTURE AND CONCLUSION

Following dental trauma, the dentist must accurately diagnose the vitality status of the injured dental pulp and decide if there is reversible pulpitis, which will not become necrosis, irreversible pulpitis which will become necrosis, or if there is already necrosis, or if all the tissues are vital and not likely to become necrotic. The accurate diagnosis of pulp necrosis and pulpitis is the key step in deciding which treatment to provide. As a general rule, necrotic tissues and dental pulps with irreversible pulpitis will become necrotic. Necrotic dental pulps cannot be saved and must always be amputated, pulptomized, debrided, or removed completely, and the surrounding vital or mineralized tissues must be disinfected to create a root canal system that is suitable for revascularization and the de novo dental pulp tissue regeneration or apexification if using REP is not possible. If the dental pulp is vital and does not have irreversible pulpitis, with little risk of infection due to very minor trauma, it may be possible to preserve the dental pulp using a pulp capping or partial pulpotomy procedure. However, only a few dentists possess adequate training and experience to deliver partial pulpotomy or revascularization and almost no dentists have suitable skills or technology to deliver bioengineered tissues to their patients. Dental biomaterial suppliers also need to develop dental tissue regeneration kits with instructions on delivering safe and effective advanced technology treatments. The future direction of dentistry is clear and it is inevitable that future dentists will be bioengineers who can create all types of replacement tissues for their patients.
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