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Abstract

:

Featured Application


Regarding the promising future of regenerative endodontic techniques, this review gathers the evidence available on these procedures performed in chronologically adult teeth, and proposes a clinical protocol, taking into account the evidence published (protocols carried out in the randomized clinical trials analyzed), age considerations, and the protocols published by The American Association of Endodontists and The European Society of Endodontology for immature teeth, also taking into consideration the protocols followed by the majority of the clinicians included in the review.




Abstract


There have been published regenerative endodontic protocols for treating immature teeth in young patients, but there are no clinical considerations for the adult teeth. The goal of the present review is to propose a specific clinical protocol for both mature and immature adult teeth with necrotic pulps. Research was performed from January to April of 2021. From the 539 studies identified through the initial search, 23 studies were qualified for the final analysis (3 randomized controlled trials and 20 case reports). The results in mature adult teeth indicate a success rate of 96.35 and 100% in bone healing through the randomized controlled trials and case reports, respectively; 100% in absence of clinical symptoms, and 58 and 62.5% in positive response to sensibility tests. The success rate in the case reports in teeth with open apex reported a 61.5% of root development, 100% of bone healing, 96.15% of absence of clinical symptoms, and 43.7% of positive response to sensibility tests. The current evidence is scarce but emerging, so REPs may be a promising alternative for treating adult necrotic teeth. The clinical protocol proposed is based on the evidence available and age considerations, and should be updated in the future.
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1. Introduction


Regenerative endodontic procedures (from now on REPs) have been defined as ‘biologically based procedures that intend to physiologically replace damaged tooth structures, including dentine and root, as well as cells of the pulp–dentin complex’ [1]. REPs were first exclusively developed for the treatment of immature teeth, with the purpose of achieving a complete root development, increasing the root length, thickening the root wall, and accomplishing apical closure [2]. The American Association of Endodontists (AAE) [3], the European Society of Endodontology (ESE) [4], and several systematic reviews [5,6,7] agree that these techniques are an alternative with a huge potential in the treatment of immature permanent necrotic teeth, although they underline the poor quality of the available evidence and the need for further investigation [2,5,8,9,10,11,12].



These procedures can not only achieve a tooth with open apex completing its development, decreasing its susceptibility to fracture, and increasing its longevity, but also can restore tooth vitality and pulp functions thanks to the pulp tissue regeneration. Thus, sensibility, immunity, healing, and restorative properties of dental pulp would also be recovered [13], in turn reducing the chances of reinfection. Besides, it is believed that regenerated tissues may structurally be more resistant to fracture than endodontically treated teeth [14]. For this reason, the feasibility of this treatment in mature teeth should be further studied, as until now, conservative treatment for irreversible necrosis or pulpitis has been limited to conventional endodontic therapy. The high success of this technique is undeniable [15,16], with success percentages raging, according to the systematic review made by Ny et al. in 2010, from 83 to 93%, with a follow-up of 2 to 10 years [17]. Nevertheless, although the treatment would be successful, the tooth does not remain vital and, therefore, it is more susceptible to fracture and reinfection [14].



Three key elements are essential for performing REPs: stem cells, scaffolds, and activators [18]. These techniques begin with the disinfection of the root canal system, followed by the induction of bleeding in the periapical region with the purpose of obtaining a blood clot. This mass would behave as a natural scaffold for the migration of undifferentiated stem cells that come from outside the apex, mostly from the alveolar bone and periodontal ligament [3], while providing growth factors that stimulate cell differentiation and proliferation, inducing the formation of new tissue.



However, the composition and concentration of the clot is unpredictable, and the uncertainty increases with age [18,19]. When bleeding is insufficient and it does not provide an ideal blood clot, an alternative material should be used. Evidence supports the use of autologous platelet concentrates [20,21,22,23], such as platelet-rich plasma (PRP) and fibrin-rich plasma (PRF) [21], which are the most popular ones. These concentrates can be used as a scaffold, by their own or in combination with a blood clot [11].



Although a closed apex is found in most of the adult teeth, it is possible to find immature teeth that physiologically should have already completed their root development, mainly due to a dental trauma, caries, or developmental anomaly, which led to the necrosis of the dental organ [24]. In Figure 1 is an adult patient’s immature central incisor, necrotic due to a dental trauma. Because of the age of the patient, in these cases, some conditions must be considered. 1. Reduced revascularization potential. On a systemic level, angiogenesis is reduced by degenerative changes that occur in vessels and nerves over time [25]. In the pulp–dentin complex, age can imply a compromise of its vascular supply [26], as the size of the pulp chamber decreases due to the apposition of dentin, while calcifications tend to occur more frequently [27], as well as the apical narrowing due to the gradual apposition of dentin and cementum. 2. Changes in the functionality and potential of stem cells. Over the years, the ability of multipotent stem cells to replace damaged tissues decreases [20]. This could be related to the fact that the differentiation capacity of MSCs decreases over time, but not to the amount of inflow of MSCs into the root canal system in adults, because this amount does not change with age [28]. 3. Smaller diameter of the apical constriction in mature teeth. Currently, there is no consensus regarding the optimal size of the apical foramen for REP [14]. It should be as small as possible without affecting cell migration and reinnervation [29]. In 2007, Murray suggested that, in teeth with closed apexes, revascularization by inducing bleeding may require an apical instrumentation of 1 or 2 mm to allow the flow of bleeding [18]. Later, some authors proposed it as feasible to succeed apical diameters smaller than 1 mm [30] or equal to 0.5 mm [18].



REPs’ scientific evidence in adult teeth is limited. Currently, there is no specific clinical protocol for the management of these teeth. Regarding the promising future of these techniques, it is necessary to analyze the considerations that must be considered for the treatment of these teeth and the results obtained up to nowadays. Therefore, the objective of this review is to gather the available evidence on regenerative endodontic techniques in chronologically adult teeth in order to establish a clinical protocol guided to them.




2. Materials and Methods


2.1. Eligibility Criteria: PICO Question


Population, Intervention, and Outcome items of the PICO framework were used to formulate the following clinical question: What is the success rate of performing a regenerative endodontic procedure in necrotic mature and immature adult permanent teeth? (Table 1).



2.1.1. P-Population


To determine the population, the minimum age was taken as that at which each permanent tooth should, physiologically, have completed its root development (this is Nolla stage 10). When a tooth presented a range, the highest figure was taken [31]. Thus, for example, for the upper second molar, whose age at which it completes its development is between 15 and 16 years, patients who received REP treatment on that tooth, whose age was greater than or equal to 16 years, were included (Table 2).



Besides, mature adult permanent teeth without periapical radiolucent lesion were excluded, since this is the main result to be evaluated in these teeth. Regarding immature teeth, the presence or absence of periapical pathology is not an exclusion criterion (Figure 2).




2.1.2. O-Outcome


The primary, secondary, and tertiary goals evaluated must vary depending on whether the treated tooth is mature or immature (Table 3).





2.2. Search Strategy


The online search was conducted by one of the investigators (S.G.P.) in the following databases: PubMed (National Center for Biotechnology Information, US National Library of Medicine) and Cochrane (John Wiley & Sons, Ltd., London, UK), and performed between December of 2020 and April of 2021. Studies published in the last five years were included in the search with no language restriction. The following combination of key words was useful: ((regenerative) AND (endodontic)) AND (treatment OR therapy OR procedures OR technique); (((necrotic) AND (pulp)) AND (open)) AND (apex); (pulp) AND (revascularization OR revitalization OR repair OR regeneration); (tissue engineering) AND (endodontics); (stem cells OR scaffolds OR growth factor) AND (pulp) AND (tooth). Study authors were contacted privately via e-mail whenever any doubts were encountered about the study.




2.3. Study Selection


Searches of the two databases alongside hand-searching provided a total of 539 studies. A flow diagram of the search process was performed with the number of excluded/included articles (Figure 3). Following de-duplication and exclusion by title and abstract, 73 studies were obtained for full text screening. Eventually, 23 studies were included in the review. Search strategy and reasons for exclusion of each article are listed in Supplementary File S1, where included articles are marked in red color. Only those searches where the combination of key words showed new articles (not duplicated) were included. In the event that the full-text article was not available, the authors were personally contacted by e-mail to gain access to the full-text article.





3. Results


After the selecting process, 3 randomized clinical trials and 20 case reports were finally included. Adult teeth with closed apex constitute the population of the 3 randomized clinical trials, where REP was performed in 62 teeth from patients aged 16 to 58 years (Table 4). In addition, 5 case reports treated 8 mature teeth of 5 patients aged 12 to 21 years. (Table 5). On the other hand, no randomized clinical trials performed REP exclusively in immature adult teeth, so the available evidence for these teeth is limited to 16 case reports, where 26 teeth from 22 patients aged 11 to 25 years were treated (Table 6).



As primary, secondary, and tertiary goals vary depending on whether the treated tooth is mature or immature, the outcomes in open and closed apex teeth must be evaluated separately. Moreover, the level of evidence provided by case reports is much lower than the randomized clinical trials. For that reason, its qualitative synthesis was also analyzed separately. The treatment outcomes of the articles included in this revision are shown in Table 7, Table 8 and Table 9.



Key characteristics and population, protocol, and outcome details of the studies included in the review are available in Supplementary File S2.




4. Discussion


REPs were developed to treat immature teeth of young patients. However, according to this revision and matching the results of previous systematic reviews that analyzed these treatments in mature necrotic teeth with periapical lesions [55,56], success rates obtained in adult teeth are promising. Thus, it may be possible to extend these techniques to all teeth regardless of patient’s age. However, the clinical protocol for adult teeth should be different from the one for immature teeth, because of their different conditions with respect to young teeth: decreased revascularization capacity, lower potential of stem cells and, in general, smaller diameter of the apical constriction.



The proposed protocol, available in Supplementary File S3, is based on the ones from the AAE [57] and the ESE [4] for immature teeth, adding modifications derived from the protocols carried out in the randomized clinical trials analyzed, and considering the trend of most of the clinicians included in this review and the available evidence. Two key points of the protocol will be criticized: 1. Instrumentation and ideal apical diameter. 2. Irrigation and intracanal medication.



Regarding instrumentation, some clinicians consider that a minimal mechanical debridement is necessary to facilitate the destruction of biofilms [58], while others rely on chemical debridement using disinfectants and the use of intracanal medication to achieve the complete disinfection of the canal system [59]. From the studies reviewed, it is concluded that the majority of clinicians perform a minimal instrumentation of the canals. The instrumentation techniques and instruments used vary depending on the state of development of the tooth, predominantly reciprocating rotary instrumentation technique for the treatment of mature teeth, and manual technique with K and H files for immature teeth.



The conventional and simplest technique to achieve revascularization is by stimulating bleeding 2 mm under the apical with a manual file [57]. Previous studies have failed to achieve a consensus regarding the optimal apical diameter that better allows revascularization [14,18,29,60], although success has been reported in diameters between 0.3 to 1 mm [14]. One of the trials included in this review compares rate success through REP in mature teeth with different apical preparations (0.3 and 0.5 mm), concluding that the size of the apical diameter does not influence treatment success [33]. Therefore, although more studies are needed, it seems that revascularization can take place in teeth with apical diameters of 0.3 mm.



Regardless the apical foramen diameter, revascularization potential may be compromised due to patient’s age. Through their trials, Arslan [34] and El-Kateb [33] obtained successful results by stimulating bleeding, and most of the clinicians through case reports also performed this technique successfully. Those who did not achieve bleeding or chose platelet-rich concentrates opted for PRF, PRP, L-PRF, or the combination of both techniques.



If a REP failure occurs, other conservative approaches can be considered, whether that be a second attempt of the same technique, as the REP-retreatment successfully performed by Brogni in 2020 [44], a conventional root canal treatment in mature teeth, or the placement of a mineral trioxide aggregate apical plug in open apexes. If the conservative treatment options are dismissed or rejected by the patient, an extraction and placement of a dental implant can be considered. In young patients, implant placement should be postponed until adulthood [61], managing the tooth’s loss through a resin-bonded fixed partial denture [62].



Time-dependence relationship of pulp regeneration is one of the main challenges posed by REPs. To determine how these treatments are influenced by age, conducting randomized clinical trials in narrow age groups would be required. For example, Estefan in 2016 states that REPs can be applied in patients aged 9 to 18 years, concluding that the younger the age, the better the prognosis [29].



When an unsuccessful REP occurs in an adult patient, the cause may lie on the lower potential of its stem cells, so it is necessary to determine when it would be better to perform a cell transplant. In this review, two authors successfully performed cell transplantations using umbilical cord mesenchymal stem cells (UC-MSCs) encapsulated in platelet-poor plasma [35] and stem cells from exfoliated deciduous human teeth (SHED) [39]. Since the immunogenicity of mesenchymal stem cells is low, cell banks may become a real alternative [63]. Although these techniques are not currently available to all clinicians, with a view to the future, Nakashima estimates that cell banks will provide stem cells cryopreserved and safely transported to the dental clinic for REP [64].



One of the main unknowns is how to determine the best combination of irrigants and intracanal medication to achieve complete disinfection of the canal system while promoting, or at least not harming, tissue regeneration. To this point, EDTA should be used in all regenerative procedures [21], as it appears to enhance the liberation of dentin growth factors [59,65,66,67], which are essential as biological inductors and remain entrapped in the dentinal matrix as reservoir [68]. Besides, EDTA partially reverses the deleterious effects of NaOCl and promotes SCAP survival and differentiation [59]. The AAE recommends an irrigation with 1.5% NaOCl (20 mL/channel, 5 min) during the first session, followed by saline or EDTA (20 mL/channel, 5 min). In adult teeth, the irrigation protocol favored by most authors in the first session is irrigation with NaOCl. Regarding the concentration, the disagreement is notorious, although most clinicians lean towards 1.5%. During the second session, there is great disagreement regarding the irrigation protocol, although most clinicians apply 17% EDTA.



Despite the existence of various devices that improve the irrigant’s action, manual irrigation with a lateral opening needle is the most used technique by clinicians included in this review. It is recommended to use some activation system to maximize the viability of stem cells by achieving a bacteria-free environment. According to Castelo in 2012, continuous ultrasonic irrigation is the one that best achieves the penetration of the irrigant in lateral canals [69]. However, the possibility of extrusion into periapical tissues must be minimized. The AAE recommends negative apical aspiration for this purpose. Despite the recommendations, only two clinicians used irrigant activation devices: sonic activation [32] and negative apical aspiration [44]. Clinicians should incorporate these systems to improve canal disinfection.



As intracanal medication, the AAE recommends calcium hydroxide or a low concentration of antibiotic mixture made up of ciprofloxacin, metronidazole, and minocycline, known as triple antibiotic paste [57]. Because minocycline as an intracanal dressing may cause dentine discoloration [70], it is recommended to replace it with calcium hydroxide, double antibiotic paste composed of metronidazole and ciprofloxacin [4], or a triple antibiotic paste where minocycline is replaced with another antibiotic, either amoxicillin, clindamycin or cefaclor [3]. However, the ESE Position Statement advocates the use of calcium hydroxide instead of antibiotics, indicating that there is no evidence to support the need of using them [4]. Nevertheless, according to the literature, most dentists favor the use of triple antibiotic paste [70]. In the articles included, most clinicians favor calcium hydroxide (39% of clinicians), followed by 31% who prefer the mixture of metronidazole, ciprofloxacin, and minocycline.




5. Conclusions


Regarding the promising future of regenerative endodontic techniques, this review gathers the available evidence of these procedures performed in chronologically adult teeth. Although the current evidence is scarce, success rates are encouraging and match with the ones obtained in previous studies. Because age conditions must be taken into account, this review proposes a specific clinical protocol for REP in necrotic adult teeth based on the evidence available. We hope it may be updated in the future thanks to solid evidence.



A quality analysis in this field cannot currently be performed because of the low evidence available. To support REPs in adult teeth, new randomized clinical trials are needed. For further studies, the authors suggest considering some recommendations. Within the included studies, not all of them specified all the information the authors were intended to assess. A detailed description of the etiology and time of necrosis, preoperative variables, clinical protocol, and postoperative follow-ups should be included. Moreover, clinicians should perform sensitivity tests during the follow-ups, which was not completely fulfilled. Due to the limited evidence available, a minimum follow-up time of one year was established as inclusion criteria, which was the time chosen by the majority of clinicians. However, this follow-up is not the ideal and could lead to incorrect conclusions in the results. It is recommended to extend the follow-up time to at least 2 years [57], preferably with annual check-ups up to 5 years [4].
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Figure 1. Maxillary right central incisor of a 23 year old female was diagnosed with pulp necrosis and chronic apical periodontitis. The patient reported a traumatic injury when she was 7 years old. Taking into account that the tooth exhibited an open apex, an REP with autologous PRP was performed. (A) Immediately periapical radiograph after REP. (B) Periapical radiograph after 1 year follow-up visit. The patient remained asymptomatic and periapical bone healing can be appreciated. 
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Figure 2. Population. Mature adult teeth with periapical radiolucent lesion (A). Immature adult teeth with (B) or without (C) periapical radiolucent lesion. 
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Figure 3. Flow diagram describing the study selection process. 
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Table 1. Formulation of the specific PICO question.
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	P-Population
	I-Intervention
	C-Comparison
	O-Outcome





	Necrotic mature and immature adult permanent teeth.

The population was determined according to the tooth treated depending on the patient’s age, as is showed in Table 2.
	REP (in teeth where all root canals were treated).
	Without comparison.
	Outcomes are specified in Table 3.

Follow-up time: 1 year or more.
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Table 2. The study population included patients who received a REP in the corresponding tooth when aged equal or higher, as it is shown in the table [31].
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	Patient Age (Years)
	Tooth





	≥9
	Lower central incisor.



	≥10
	Upper central incisor.

Lower lateral incisor.

Lower and upper first molar.



	≥11
	Upper lateral incisor.



	≥13
	Lower canine.



	≥14
	Lower and upper first premolar.

Upper second premolar.



	≥15
	Upper canine.

Lower second premolar.

Lower second molar.



	≥16
	Upper second molar.



	≥25
	Lower and upper third molar.
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Table 3. Outcomes evaluated in the articles included in the study, depending on the development of the treated tooth.
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	Primary Goal
	Secondary Goal
	Tertiary Goal





	Necrotic mature adult permanent teeth
	Elimination of symptoms and evidence of bony healing.
	Positive response to sensitivity testing.
	



	Necrotic mature adult permanent teeth
	Increased root wall thickness, and increased root length. Apex closure (desirable, but perhaps not essential).
	Elimination of symptoms and evidence of bony healing.
	Positive response to sensitivity testing.
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Table 4. Randomized Clinical Trials where REP in adult permanent mature teeth were performed, according to age group and number of teeth treated.
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	Randomized Clinical Trial
	Age Group
	Number of Teeth Treated





	1. Brizuela 2020 [32]
	16–58
	18



	2. El-Kateb 2020 [33]
	20–40
	18



	3. Arslan 2019 [34]
	20.58 ± 2.53
	26
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Table 5. Case reports where REP in adult permanent mature teeth were performed, according to patient’s age and tooth treated, designated following the World Dental Federation notation (FDI notation).
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	Case Report
	Age Group
	Tooth Treated





	1. Cordero 2020 [35]
	19
	1.2



	2. Arslan 2019 [36]
	20
	1.1 and 1.2



	3. Nagas 2018 [37]
	21
	2.1 and 2.2



	4. Saoud 2016 [38]
	16
	1.1



	5. Prasad 2017 [39]
	12
	3.1 and 4.1
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Table 6. Case reports where REP in adult permanent immature teeth were performed, according to patient’s age and tooth treated, designated following the World Dental Federation notation (FDI notation).
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Case Report

	
Patient’s Age

	
Tooth Treated






	
1. Arora 2020 [40]

	
16

	
4.7




	
2. Nivedhitha 2020 [41]

	
23

	
1.2




	
21

	
2.1




	
3. Kandemir 2020 [42]

	
14

	
1.2




	
14

	
1.1




	
13

	
1.1




	
4. Nagaveni 2020 [43]

	
11

	
1.2 and 2.2




	
5. Brogni 2020 [44]

	
21

	
1.1




	
6. Antov 2019 [45]

	
15

	
1.1




	
14

	
2.1




	
7. Adhikari 2018 [46]

	
29

	
1.2




	
8. Suresh 2018 [47]

	
18

	
1.1




	
9. Aunmentong 2018 [48]

	
15

	
2.1




	
10. Plascencia 2017 [49]

	
11

	
2.1




	
11. Prasad 2018 [50]

	
13

	
1.1, 1.2, 2.1 and 2.2




	
12. Pinto 2017 [51]

	
20

	
2.2




	
13. Prasad 2017 [39]

	
12

	
1.1




	
14. Bakhtiar 2017 [52]

	
18

	
1.2




	
15. Al-Tammami 2017 [53]

	
12

	
1.1




	
16. Gaviño 2017 [54]

	
35

	
1.1




	
21

	
1.1




	
24

	
2.2
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Table 7. Success rates obtained in adult permanent mature teeth performed by REP through randomized clinical trials.
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Primary Outcome

	
Secondary Outcome:

Positive Response to Sensitivity Testing




	
Evidence of Bony Healing

	
Absence of Symptoms






	
97.35% (60 of 62 teeth)

	
100% (62 of 62 teeth)

	
58% (36 of 62 teeth)
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Table 8. Success rates obtained in adult permanent mature teeth performed by REP through case reports.






Table 8. Success rates obtained in adult permanent mature teeth performed by REP through case reports.





	
Primary Outcome

	
Secondary Outcome:

Positive Response to Sensitivity Testing




	
Evidence of Bony Healing

	
Absence of Symptoms






	
100% (8 of 8 teeth)

	
100% (8 of 8 teeth)

	
62.5% (5 of 8 teeth)
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Table 9. Success rates obtained in adult permanent immature teeth performed by REP through randomized clinical trials.
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Primary Outcome

	
Secondary Outcome

	
Tertiary Outcome:

Positive Response to Sensitivity Testing




	
Increased Root Wall Thickness

	
Increased Root Length

	
Evidence of Bony Healing

	
Absence of Symptoms






	
69.23% (18 of 26 teeth)

	
69.23% (18 of 26 teeth)

Apex closure 34.61% (9 of 26 teeth)

	
100% (26 of 26 teeth)

	
96.15% (25 of 26 teeth)

	
43.75% (7 of 16 teeth)




	
Root development (both increased root wall thickness and length): 61.5% (16 of 26 teeth)
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