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Objective: This review investigated the potential of application of regenerative endodontic procedures (REPs) in mature necrotic permanent 
teeth with apical pathology, as an alternative to root canal treatment (RCT), in terms of elimination of signs and symptoms and healing of apical 
lesions. 

Material and methods: Electronic searches were performed in the MEDLINE, Web of Science, Scopus, and Cochrane library databases. The 
retrieved studies were evaluated according to pre-established inclusion and exclusion criteria. 

Results: Among 344 retrieved studies, 10 fit the inclusion criteria and were critically appraised. 

Conclusions: Although only few clinical reports could be retrieved, their findings were promising and indicated that REP can to some extent 
replace RCT, since elimination of clinical signs and symptoms and apical lesion resolution could be accomplished with REPs. Re-establishment of 
tooth sensation may also be possible. Further research is necessary to establish reliable protocols for REPs in mature teeth.
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Introduction 
The main goal of endodontics remains the preservation of natural 
dentition, ensuring function and aesthetics, by curing or prevent-
ing periapical pathology. This is accomplished by conventional root 
canal treatment (RCT), which involves cleaning and shaping of the 
root canal system and obturation of these canals with filling mate-
rials. Although orthograde RCT is a predictable treatment with very 
high success rates (1-3), it requires replacement of the permanently 
lost pulpal tissue with biocompatible, non-vital, foreign materials.

Tissue engineering, a new evolving domain of bioscience, is a 
multi-dimensional scientific area, which combines biology, phar-
macology and engineering, and aims to restore, maintain, and re-
generate injured or lost tissues (4). It provides a new perception 
and perspective in many dental specialties, including endodontics.

Regenerative endodontics procedures (REPs) have been defined as 
“biologically based procedures designed to replace damaged struc-
tures, including dentin and root structures, as well as cells of the pulp–
dentin complex” (5). During the last two decades, REPs have been 
applied successfully as treatment for immature permanent necrotic 
teeth with arrested root development, replacing the conventional 
apexification treatment with calcium hydroxide (Ca(OH)2) or mineral 
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trioxide aggregate (MTA). More than 400 published reports show very 
promising results, such as attenuation of clinical signs and symptoms, 
healing of periapical lesions, continuation and completion of root 
development, and even re-establishment of tooth sensation (6-8).
 
To date, application of REPs has been limited mainly to imma-
ture teeth. Nevertheless, there are reports with surprising and 
outstanding results of utilizing these procedures in mature 
teeth. Application of REPs in mature teeth holds several appre-
ciable advantages, such as re-establishment of the immune sys-
tem and proprioception in the tooth, properties that are other-
wise irreversibly lost when conventional RCT is implemented.

Accordingly, the aim of this review was to investigate the poten-
tial of REP application in mature necrotic permanent teeth with 
periapical pathology, as an alternative to RCT, in terms elimina-
tion of signs and symptoms and healing of periapical lesions. 
  

Materials and Methods: 
This systematic review was conducted in accordance with the Pre-
ferred Reporting Items for Systematic Reviews and Meta-Analyses 
Statement (PRISMA) (9). In terms of the PICO question, we asked “Do 
REPs, which are mainly applied in immature teeth (P), have potential 

for utilization in mature permanent necrotic teeth with periradicular 
pathology (I), as an alternative to conventional RCT (C), in terms of 
elimination of signs and symptoms and resolution of apical lesions (O)?
The inclusion criteria for this systematic review were studies published 
in the English language, that were related to human mature teeth with 
closed apices, necrotic pulp, and apical periodontitis that underwent 
REPs according to the guidelines of the American Association of En-
dodontists (AAE) (10) and European Society of Endodontics (ESE) (11). 
Studies in other languages, animal studies, studies of immature teeth, 
apicoectomized teeth, or teeth without pulp necrosis and periapical 
lesions, and studies without regenerative protocols were excluded. 

Literature search  
Electronic searches were performed in the MEDLINE (via the 
PubMed search engine), Web of Science, Scopus, and the Cochrane 
library databases. The following key words were combined to op-
timize the search strategy: “mature permanent tooth” or “mature 
permanent teeth” or “closed apex” or “closed apices” and “pulp 
necrosis” or “necrotic teeth” or “apical periodontitis” or “apical 
lesion” or “periapical” and “regenerat*” or “revital*” or “revas-
culari*” (Table 1). Additionally, endodontic textbooks and the refer-
ences of the studies that emerged from the electronic search were 
searched manually. The last search was performed on 8 October 2019. 
 

“mature permanent tooth”  [all] “pulp necrosis” [all] “regenerat*” ”  [all]

OR “mature permanent teeth” [all] OR “necrotic teeth” [all] OR “revital*” ”  [all]

OR “closed apex” [all] OR “apical periodontitis” [all] OR “revasculari*”[all]

OR “closed apices” [all] OR “apical lesion” [all]

OR “periapical” [all]

*: means any suffix.
                                            Table 1: Search Strategy Pubmed

Study selection  
Two authors (AD and DS) screened the titles and abstracts of all articles 
that emerged by the electronic research and excluded those that did not 
meet the inclusion criteria. The remaining articles’ full-text was evaluat-
ed and disagreements were resolved by a third author (KL) to arrive at a 
final decision regarding inclusion or exclusion of an article in the study.

Data extraction  
All included studies were carefully read and data collection sheets 
were used to collect the following extracted information: first 
author, publication date, patient’s age, tooth, diagnosis before 
treatment, pretreatment radiographic findings, disinfection pro-
tocol (mechanical preparation, irrigant, apical enlargement, and 
antimicrobial medication), duration of disinfection, dentin con-

ditioning, regenerative procedure (scaffold and biocompatible 
material), clinical and radiographic treatment outcomes (clinical 
signs and symptoms, apical lesion resolution, response to cold and 
time of response, response to electric stimulation and time of re-
sponse, root canal thinning, and time of last control (Tables 2 and 3).
The names of the authors of included studies were kept from the re-
viewers (AD and SD) during data extraction to eliminate risk of bias.
 . 
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Abbreviations:  SAP, symptomatic apical periodontitis;  PN, pulp necrosis;  AAP, asymptomatic apical periodontitis;  NaOCl, 
sodium chloride;  Ca(OH)2, calcium hydroxide paste; TAP, triple antibiotic paste; DAP, double antibiotic paste; Met, metro-
gyl; Te, tetracycline; Me, metronidazole; Ci, ciprofloxacin; Mi, minocycline; Cli, clindamycin; Do, doxycycline; BC, blood clot, 
induction of apical bleeding; mb, mesio-buccal root canal; ml, mesio-lingual root canal; d, distal root canal; PRP, plate-
let-rich plasma; PRF, platelet-rich fibrin.

Table 2: Therapeutic Protocols 
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Abbreviations: F, female; M, male; m, month(s); y, year(s); SAP, symptomatic apical periodontitis;  PN, pulp necrosis;  AAP, 
asymptomatic apical periodontitis;  N, negative; P, positive. *: radiographic changes of periradicular lesions assessed ac-
cording the criteria established by Orstavik et al 1986, 1996.

              Table 3: Clinical and radiographic outcomes 
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Results  
The first electronic search in all four databases identified 903 stud-
ies (Figure 1). After duplicate removal, 344 articles remained and 
were evaluated by two authors (AD and SK). This resulted in ex-
clusion of 289 studies by title and 37 studies by abstract. After full-
text evaluation, eight studies were excluded because they did not 

meet the inclusion criteria: the tooth was apicoectomized (12), 
there was no apical radiolucency (13), a blood clot was covered 
with Cavit instead of with MTA or Biodentine (14, 15), mature teeth 
received RCT (16), or mature teeth had open apices (17, 18). Finally, 
10 articles met the inclusion criteria after full-text evaluation (19-28). 
 

                                   Figure 1: Flow Chart 

Discussion 
REP and conventional RCT have the same primary goals: the 
preservation of natural dentition by eliminating clinical signs 
and symptoms, and healing or preventing apical periodontitis 
(29). RCT, which is predominantly applied in mature teeth, 
includes proper disinfection of the root canal system, by 
chemo-mechanical preparation and intracanal antimicrobial 
medicaments, hermetic obturation with inert, foreign, biocom-
patible materials (in order to entomb the remaining bacteria 
and to prevent recontamination), and finally, adequate coro-
nal restoration (30). REP, which has to date mostly been used 
for immature permanent necrotic teeth, includes disinfection, 
mainly with copious irrigation and intracanal medicaments, 
minimum mechanical preparation, dentin conditioning, 
bleeding-induction inside the root canal, blood clot formation, 
covering the blood clot with a biocompatible material, and 
adequate coronal restoration (11). 
The main difference in the above-mentioned treatment mo-
dalities is the nature of the “material” that is used to fill the 
root canal after treatment. In RCT, the permanently lost pulpal 

tissue is replaced by foreign, non-vital materials, while in REP, 
vital neo-formed tissues grow inside the root canal of imma-
ture permanent teeth, indicating repair or a combination of 
repair and regeneration (31).
The irreversible loss of the pulp tissue during RCT leads to 
major drawbacks, such as lack of sensation and immune mech-
anisms, and susceptibility to root fracture (32). Crown discolor-
ation is another undesirable artefact of RCT (33, 34).
Regenerative endodontic treatment in mature teeth could 
overcome these disadvantages offering a “biological obtu-
ration” of the root canal with neo-formed tissues, thereby 
re-establishing sensory and immune mechanisms.
Some studies have reported on application of REPs in human 
mature necrotic teeth with apical periodontitis; the current 
systematic review summarizes the clinical and radiographic 
findings of ten case reports and clinical studies (19-28). In 
total, 59 human necrotic mature teeth with closed apices and 
periapical lesions of different size were treated using REPs, 
with very promising results: elimination of clinical signs and 
symptoms, resolution of apical lesions, and in several cases, 
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re-establishment of tooth sensation.
The applied regenerative protocols that were followed were 
according to the guidelines of AAE (10) and ESE (11), with slight 
modifications (19-28) (Table 2). The main modification was the 
mechanical preparation and debridement of the root canal 
walls. In immature teeth, because of the very thin and fragile 
dentin root walls, mechanical preparation is restricted to the 
minimum if at all and disinfection is accomplished with copious 
irrigation and intracanal medicaments (10, 11). In most cases 
included in this review, the teeth were mechanically prepared 
and the apical foramen was enlarged from 2 to 6 sizes larger 
than the master apical file (MAF) (see below). As an irrigant, 
sodium hypochlorite solution in concentrations ranging from 
1% to 5.25% was used in all cases (19-28). As intracanal medica-
ment, calcium hydroxide paste alone was applied in 12 teeth 
(19 21, 22) and antibiotic paste alone (triple, double, or modi-
fied) in 46 (19, 20, 25-28). In one case, calcium hydroxide was 
used as the first intracanal medicament, and triple antibiotic 
paste as a second medicament, with a 2-week interval (23). 
As a scaffold, amongst the 59 teeth, bleeding-induction alone 
was evoked in 57 (19-13, 26), bleeding-induction along with 
PRF (platelet-rich fibrin) in one (27), and only PRP (platelet-rich 
plasma) in one (25). After bleeding-induction, the blood clot 
was covered with MTA, as a biocompatible material, in all 
cases included (19-28). 
All included teeth were free of clinical signs and symptoms, 
without pain, not sensitive to palpation or percussion, without 
palatal, buccal, lingual swelling or a sinus tract, during the fol-
low-up visit after the REP (19-28). One of the inclusion criteria 
was the existence of periapical radiolucency. The size of the 
apical lesion before treatment ranged from 2 to 5 according to 
periapical index scoring system (19-28, 35). A very large osteo-
lytic lesion, 15 × 17 mm, involving teeth 11 and 12, was present 
in one case (20), while in another case involving a mandibular 
first molar, the periapical lesion involved both mesial and distal 
roots (21). The radiographic findings of the changes in periapi-
cal lesions were assessed according to the criteria established 
by Orstavik (36). Amongst the 59 included teeth, 35 were 
healed (without clinical signs and symptoms, and with resolu-
tion of the periapical lesion, with normal periradicular tissues) 
(19-22, 25-28), 22 were still in the process of healing (without 
clinical signs and symptoms, and with a reduced periapical le-
sion) (20-24, 28). Two cases were characterized as “uncertain” 
due to the difficulty of appraising the absence, reduction, or 
enlargement of the lesion (28). Interestingly, the large osteo-
lytic lesion (15×17 mm) was in the process of healing at a 12-m 
control (20) and the apical lesion of a 36 tooth, which involved 
both roots, showed healing at the 14-m control (21) (Table 3).
Of particular interest was the re-establishment of tooth sensa-
tion in 23 of 59 mature necrotic teeth that were treated with 
REPs (19, 25, 27, 28). Eleven of the teeth responded to both 
electric and cold stimuli, whereas 23 responded only to electric 

stimuli. The time range for restored reaction to stimuli was 
from 6 to 15 months (Table 3).
Application of REP in mature teeth features three main chal-
lenges and limitations, as compared to its application in imma-
ture teeth: the source/type, amount/number and age of stem 
cells, the narrower apical pathway for stem cells’ migration, 
and the complex root canal anatomy that hampers appropri-
ate disinfection.
Tissue regeneration is based on three key elements: stem 
cells, growth factors, and scaffolds (4). In immature necrotic 
teeth, the existence of the apical papilla constitutes the main 
source of stem cells for “dental pulp” regeneration (37, 38). In 
mature teeth, there is no evidence of the existence of apical 
papilla. Stem cells from the periapical tissues that are available 
for regeneration in mature teeth are periodontal ligament 
stem cells (PDLSCs) (39), bone marrow stem cells (BMSCs) 
(40), stem cells from inflamed periapical tissues (iPAPCs) (41), 
and possibly, a few surviving dental pulp stem cells (DPSCs) 
(42). BMSCs possess dentinogenic, osteogenic, angiogenic, 
and neurogenic differentiation potential (43-45). PDLSCs have 
the ability for fibroblastic, osteoblastic, cementoblastic, adipo-
genic, chondrogenic, neurogenic, and angiogenic differentia-
tion (39, 46-48). IPAPCs, mesenchymal stem/progenitor cells 
that are present in periapical inflamed tissues associated with 
endodontic infections, exhibit osteogenic capabilities (41). 
DPSCs are cells that possess odontoblastic, osteoblastic, neu-
rogenic, angiogenic, chondrogenic, and osteogenic differen-
tiation capabilities (49-53). Theoretically, the periapical area’s 
stem cells have the potential for regenerating dental pulp 
through neurovascular system reconstruction, mineralized 
tissue deposition, and by giving rise to new odontoblasts.
Another crucial element in tissue regeneration is the migration 
of stem cells inside the empty root canal, after chemomechan-
ical debridement. Cell homing by intracanal bleeding evoked 
by the instrumentation of periapical tissues is the most simplis-
tic endodontic approach in clinical practice. Chrepa et al. (54), 
in a clinical human study, investigated whether the induction 
of apical bleeding in mature teeth with closed apices and peri-
radicular lesions can elicit an influx of mesenchymal stem cells 
(MSCs) inside the root canals. They concluded that the cells 
delivered by bleeding-induction inside the root canals of ma-
ture teeth expressed MSC markers and demonstrated intense 
mineralizing differentiation potential, and thus possess MSC 
properties. Additionally, the isolated cells expressed several 
gene transcripts that are essential for the regulation of migra-
tion, proliferation, and differentiation of dental stem cells. The 
above results indicate that bleeding-induction in mature teeth 
can play the same role to ensure an influx of stem cells as in 
immature teeth. 
In the studies that were included in this review, bleeding-in-
duction and usage of blood clot as a scaffold was applied in 
most cases (58/59) (19-24, 26-28). The apical lesions of those 
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teeth were either healed (35 teeth) or were in the process of 
healing (22 teeth). Furthermore, 22 of these teeth responded 
positively to electric or cold stimuli (Table 3). These clinical and 
radiographic findings indicated that periapical bleeding-prov-
ocation in mature necrotic teeth with closed apices and apical 
lesions led to adequate tissue regeneration inflow of stem 
cells inside the root canals. 
The age of the patient, and subsequently, the age of the stem 
cells, is another parameter that plays a significant role in tissue 
regeneration. MSCs, as somatic stem cells, are subjected to 
cellular senescence (55, 56). Aging leads firstly to a decrease 
in the amount of stem/progenitor cells (57) and secondly to 
the decrease in their stemness and the loss of their capability 
to proliferate, differentiate, and support tissue regeneration 
(58). Cellular senescence should be considered in case selec-
tion of the treatment protocol, RCT or REP, in older patients. 
Nevertheless, Chrepa et al. (54) found no correlation between 
age and MSC marker expression in cells isolated after bleed-
ing-induction inside the root canals of mature teeth. 
Mature teeth have closed apices, and thus they have narrower 
apical pathways for stem cell migration than immature teeth. 
Therefore, in most studies included in this review, the apices 
were enlarged two to six sizes larger than the MAF. The diam-
eter of the maxillary anterior teeth was estimated to range 
from 0.369 to 0.425 mm (59); the mean narrow and wide 
diameters in the maxillary first molars were estimated to be 
0.24/0.33 mm for the mesio-buccal root canal, 0.22/0.31 mm for 
the disto-buccal root canal, and 0.33/0.42 mm for the palatal 
root canal. In maxillary second molars, this was estimated to 
be 0.24/0.41 mm for the mesio-buccal root canal, 0.22/0.33 
mm for the disto-buccal root canal, and 0.33/0.44 mm for the 
palatal root canal. In the mandibular first molar, the diameter 
was considered to be 0.24/0.39 mm for the mesial root and 
0.30/0.46 mm for the distal root, while in mandibular second 
molars, the diameter was 0.25/0.47 mm for the mesial root and 
0.31/0.47 mm for the distal root (60). The average diameter of 
human MSCs ranges from 17.9 μm to 30.4 μm (61). Thus, from 
a strictly mechanical view, the apical diameter is very large as 
compared to the diameter of MSCs, which can facilitate their 
passage inside the root canal. Ingrowth of neo-formed tissues 
inside the root canals after replantation of teeth in dogs, with 
an apical diameter of 0.32 mm (62), and in implanted cathe-
ter tubes, with a diameter < 1 mm (63), has been reported. 
Additionally, a recent study investigated the influence of apical 
foramen enlargement of mature teeth in the formation of den-
tinal cracks: in cases with instrumentation at the apical level, 
the incidence of apical cracks was estimated at 40%, while 
it was considered to be 60% in over-instrumentation cases 
(64). Although it has been suggested earlier that wide open 
apices can facilitate faster tissue ingrowth inside root canals 
(65), an apex opening of much less than 1 mm did not prevent 
revascularization (62). In a case-series study included in this 
review, the apices were not enlarged; yet, the apical lesions 

were healed or were in the process of healing (22).On the 
other hand, apical enlargement has been found to favour both 
bacterial elimination in the apical third of the root canal (66) 
and more rapid apical lesion repair (based on histological and 
radiographic assessments in an animal study) (67). Although 
the apex diameter may play some role in revascularization, the 
critical apex size has not been determined. Apical enlargement 
should be carefully considered to avoid undermining the physi-
cal durability and resistance of the root  to fracture. 
Pulpal and periradicular diseases are mainly of microbiotic 
origin (68, 69). Apical periodontitis is considered to be a bio-
film-related disease (70). Disinfection of the root canal system 
plays a crucial role in the success of REP and is much more 
difficult to achieve in mature than in immature teeth, because 
mature teeth have more complex root canal system anatomy, 
with narrow canals, lateral canals, isthmuses, fins, and ramifi-
cations, or multiple foramina. In REP in immature teeth, with 
simplistic root canal anatomy, disinfection is accomplished 
with minimum mechanical preparation, copious irrigation, and 
use of intracanal antimicrobial medicaments (11). In mature 
teeth, mechanical preparation is necessary to disturb the bio-
film structure on root canal walls, remove infected dentin, and 
create adequate space for the action of irrigants (71). Antimi-
crobial irrigants and intracanal medicaments are also needed 
for the elimination of the microbial load in the root canal (72). 
Chemical disinfection should balance the bacteriostatic and 
bactericidal action with the preservation and induction of 
survival, proliferation, and differentiation properties of stem 
cells (7).
Sodium hypochlorite solution (NaOCl) is the most potent 
irrigant solution used in endodontic procedures (73). For 
revascularization of immature teeth, NaOCl solution has been 
used at different concentrations, from 1% to 5.25% (8). The 
same type of concentrations were used in the cases included 
in this review (Table 2). Survival and differentiation ability of 
stem cells have been found to depend reversibly on the con-
centration of NaOCl (74). NaOCl 5.25% was reported to have 
cytotoxic effects on stem cells from periapical tissues and to 
decrease odontoblastic differentiation (75). Although 1.5% 
NaOCl is suggested for REP in immature teeth, it is reported 
to be insufficient for root canal disinfection (76). The concen-
trations used (1–5.25%) reduce cultivable microbial remnants 
by 40–60% (66, 77). Nevertheless, with the currently available 
knowledge, there is no significance in using concentrations of 
NaOCl higher than 1.
5%. The optimal residual microbial load for endodontic success 
remains unknown. Although irrigation with NaOCl is required 
for root canal disinfection, it appears to have some drawbacks 
that interfere with the regenerative process: dentin alter-
ation, which detrimentally influences stem cell attachment to 
dentin, and growth factor release (78, 79). The use of EDTA 
17%, as a final irrigation solution, can moderate or improve the 
above-mentioned side-effects of NaOCl (70, 80). Additionally, 
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it can affect the release of growth factors embedded in dentin 
(80).
Intracanal medication is also, suggested for REP. Calcium 
hydroxide (Ca(OH)2) or antibiotic paste has been used in im-
mature teeth (8) as well as in the mature teeth included in this 
review (19-28). In a recent study, the direct and residual effects 
of intracanal medicaments in biofilms obtained from necrotic 
immature and mature teeth were investigated (81). Compar-
ison of Ca(OH)2, 5 mg/ml double antibiotic paste (DAP), and 
1 mg/ml DAP did not show significant differences in direct 
antimicrobial efficacy. Use of 1 mg/ml DAP eliminated biofilms 
from mature teeth, but Ca(OH)2 was not as effective as DAP in 
terms of residual biofilms in mature teeth. Additionally, there 
was an increase in the microbial load in infected root canals 
after Ca(OH)2 removal, compared with the bacterial count im-
mediately after preparation (82, 83). Intracanal medication is 
suggested for at least 1 week after REP for at least one week. 
Although studies have shown the effectiveness of triple 
antibiotic paste (TAP) (consisting of equal parts on minocy-
cline, metronidazole, and ciprofloxacin), modified TAP, or 
DAP after REP in immature teeth and in mature teeth, these 
treatments also exhibit cytotoxic effects on stem cells. Differ-
ent concentrations of TAP (100 mg/ml, 10 mg/ml, and 1 mg/
ml) reduce stem cell survival by 50% or more (84). Therefore, 
lower concentrations have been suggested. Additionally, it 
has been reported that various antimicrobial agents affect the 
differentiation of MSCs, either by promoting or inhibiting their 
differentiation (85). The use of scaffolds enriched with lower 
concentrations of antibiotics could balance the cytotoxic 
effect with the antimicrobial action and concurrently promote 
the maintenance of a disinfected environment until new tis-
sues are formed (86).  
There is some controversy about the optimal duration of appli-
cation of antibiotic paste. Shorter time-periods (1–2 days) have 
been suggested by Sato et al. (87), while longer periods (up to 
6 weeks) were proposed by Austah et al. (88). In the studies 
included in this review, the disinfection period with antibiotic 
paste ranged from 1 to 7 weeks (19, 20, 26-28). In all cases, 
except for two teeth (28), there was a reversal of clinical signs 
and symptoms, and the apical lesion was resolved. Neverthe-
less, no clear conclusion on this matter could be reached by 
this review. 
Although, there are no current techniques or medicaments 
that can fully eliminate the microbial load of the infected root 
canals, the possibility that the neo-formed tissues inside the 
root canals, which can completely fill the canal space, could 
play a role in microbial “extermination.” It cannot be ruled out 
that the new tissues may have innate and adaptive immune 
mechanisms. Furthermore, during bleeding-provocation, along 
with stem cells, humoral and cellular components of the host’s 
immune defense-mechanisms are brought inside the root 
canal. In an immunohistological investigation of two immature 

teeth previously treated with REP, immune cell markers (CD45, 
pan-leukocytic marker, and human leukocyte antigen-antigen 
D-related protein, a marker of antigen-presenting cells) were 
expressed robustly (88), supporting the above notion.
An undesirable side-effect of TAP, is crown discoloration; this 
is due to minocycline, a semi-synthetic tetracycline (89). Mino-
cycline is considered to cause reduction of teeth’s resistance 
to fracture (90, 91). Clindamycin, a semisynthetic derivative 
of lincomycin, is active against anaerobic bacteria, and can 
replace minocycline in TAP (76, 92). DAP (ciprofloxacin and 
metronidazole) is less acidic than TAP, exhibits lower deminer-
alizing activity on intertubular dentin than TAP (93), and does 
not discolor dentin, due to the absence of tetracyclines. 
In all cases included in this review, the scaffold, either blood 
clot or PRP, was covered by MTA, according the guidelines of 
the AAE (10) and ESE (11). MTA is considered the medicament 
of choice for scaffold coverage in REP, due to its biocompati-
bility and excellent mechanical and sealing properties, ensur-
ing the necessary microbe-free environment for REP (94). 
Nevertheless, MTA can cause crown discoloration; the usage 
of white MTA can overcome this side-effect (95). In our liter-
ature search, three studies emerged in which Cavit (zinc-sul-
phate based temporary filling material) was used instead of 
MTA (14, 15, 96). They were excluded from this review because 
they did not fit the inclusion criteria. According to the authors, 
Cavit was used due to its good sealing properties and its easier 
removal compared to MTA in case of failure. To date, there is 
no comparison of the properties of these two materials. The 
biocompatibility of MTA is well documented, but this has not 
been reported for Cavit (94). Nevertheless, the 153 teeth with 
pulpal necrosis and acute or chronic apical periodontitis that 
were treated in those studies showed reversal of clinical signs 
and symptoms, as well as healing of the periapical lesions 
in most of the cases. These findings raise questions about 
whether simply controlling microbial infection, through thor-
ough disinfection of the root canal system and proper crown 
restoration, is adequate for a successful REP, and whether 
the use of an expensive biocompatible material, such MTA, is 
necessary.
There is little evidence of the histological nature of the neo-
formed tissues inside the root canals of mature necrotic teeth 
with apical periodontitis after REP. In two animal studies, 
the neo-formed tissues were characterized as vascular-en-
riched connective tissue, cementum-like or bone-like, with 
few inflammatory elements, in some cases (97, 98). There is, 
however, a human case report on the matter (99). Two central 
incisors were previously treated with REP but demonstrated 
horizontal crown fractures 3 years and 5 months respectively, 
after treatment. The neo-formed tissues were processed for 
histological and immunohistochemical examination. Fibrous 
connective tissue, with vessels and bone-like or cementum-like 
structures and inflammation were found. These findings indi-
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cate repair, but not true dental pulp regeneration. 
Nevertheless, taken together with clinical (re-establishment 
of tooth sensation) and radiographic (root canal thickening) 
findings of the studies included in this review, these findings 
indicate that tissue regeneration inside the root canals of 
mature necrotic teeth with or without apical periodontitis is 
possible after REP. This “biological obturation” offers vitality 
to previously necrotic teeth, and the capacity for innate and 
adaptive immune mechanisms and re-sensation, which can 
protect teeth from future microbial attacks and act as an 
alarm for harmful stimuli.
The teeth in the studies included in this review, were mature 
necrotic teeth with apical periodontitis that were treated with 
REP. Amongst these, two had previous root canal treatment 
with persistent apical periodontitis (21), one was avulsed and 
transplanted (25), and two demonstrated internal root resorp-
tion (23, 24). In all these cases, REP led to the remission of clin-
ical and radiographic signs and symptoms. For the cases with 
root resorption, one had perforated dentinal walls (23); after 
treatment, the resorbed area inside the root canal decreased 
significantly through hard tissue deposition. In addition to 
the above cases, REP had been applied to two mature teeth 
with irreversible pulpitis; in the first case, the tooth regained 
pulp sensibility at 6 months after treatment and remained 
asymptomatic at the 30-month follow-up (100), while in the 
second tooth, where personalized cell therapy with autolo-
gous DPSCs and leukocyte platelet-rich plasma was applied, 
laser doppler flowmetry showed blood perfusion in the tooth 
(13). REP was also applied in a mature tooth with a mid-root 
horizontal fracture (23): progressive healing of the fracture 
line with deposition of hard tissue at the 19-month follow-up 
was apparent, while the tooth remained stable and functional. 
Although, there are few clinical reports in the literature, they 
cover a large diversity of cases treated with REP. Their very 
promising findings indicate that REP can to some extent re-
place RCT, since elimination of clinical signs and symptoms, as 
well as apical lesion resolution, can be accomplished by using 

REP. Re-establishment of tooth sensation and obliteration of 
fracture line and resorption areas, as reported for some cases, 
further support this notion.
In conclusion, in future, more sophisticated and organized 
studies are necessary to investigate the following: 
• the influence of aging, with clinical studies in older patients,
•  the critical apex diameter size for REP in mature teeth,
• more adequate disinfection protocols and biocompatible 
materials that will not alter the stemness of stem cells or 
cause crown discoloration,
• more suitable scaffolds, enriched with antimicrobial agents 
and/or growth and differentiation factors
• more accessible diagnostic methods and tools for the 
assessment of the presence of vital neo-formed tissues inside 
root canals.
Additionally, large-scale clinical studies with patients of differ-
ent ages, more complex tooth types and with longer follow-up 
periods are necessary for the establishment of reliable proto-
cols of REP in mature teeth.
Endodontic treatment has used the same approach for the last 
few decades. REPs offer a new alternative to the treatment of 
necrotic teeth with apical periodontitis, pulpitis, retreatment 
of persistent apical periodontitis, or even of avulsed teeth, 
fractured teeth, or teeth with internal resorption. Regenera-
tive-based endodontic protocols, by which “biological obtura-
tion” of root canals can be achieved, which are replacing the 
older approaches, are becoming part of mainstream clinical 
practice in dentistry, introducing a new era in endodontics.
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