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Abstract

Introduction: Regenerative endodontic procedures (REPs) are intended to repair and regenerate part
of the pulp-dentin complex. The aim of this study was to systematically appraise existing evidence on
the effectiveness of REPs on mature teeth with pulp necrosis and apical periodontitis.

Methods: Electronic database and hand searches were implemented on 8 databases of published and
unpublished literature from inception to January 3, 2021, for the identification of randomized
controlled trials (RCTs) or prospective clinical trials. Related keywords included: “regenerative”,
“pulp revascularization”, “revitalization procedure”, “necrotic mature teeth”. Random effects meta-
analysis was conducted assessing as main outcome treatment success. Risk of bias was assessed
through the Cochrane RoB 2.0 tool and the quality of the evidence was assessed with the Grading of
Recommendations Assessment, Development and Evaluation (GRADE).

Results: Of 337 initial hits, four RCTs were eligible for inclusion, while 3 were included in the
quantitative synthesis. Overall, there was no difference in the relative risk (RR) for successful/
unsuccessful treatment outcome between either REPs or conventional treatment (3 studies, RR=1.03;
95% Confidence Interval: 0.92, 1.15; p=0.61; heterogeneity I-squared: 0.0%, p=0.53; Prediction
Interval: 0.51, 2.09). Risk of bias ranged from low to raising some concerns, while the quality of the
evidence was graded as moderate.

Conclusions: Based on moderate quality evidence, REPs appear as a viable treatment alternative for
mature necrotic teeth with periapical lesions, at present. Further, well-designed RCTs might also
provide confirmatory evidence in this respect, while also frame a backbone for standardization of the

therapeutic protocol of REPs.
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Introduction

Regenerative endodontic procedures (REPs) are defined as biologically based procedures designed
and performed to repair or replace damaged tooth structures and to regenerate part of the pulp-dentin
complex!. Different terms have been used across the years to describe this procedure, such as
regeneration, pulp revascularization and revitalization. Several studies have also shown that REPs may
achieve favorable outcomes leading to resolution of signs and symptoms and/or demonstrating
complete healing of periapical tissues, root canal walls thickening and continuation of root maturation,
coupled with apical closure. This holds true frequently in combination with regaining pulp connective
tissue vitality>™,

During the last 20 years, REPs have been carried out more frequently, mainly as therapeutic
procedures for immature teeth with pulp necrosis and apical periodontitis. In 2011, researchers
revealed that the induction of bleeding from the apical area within a disinfected root canal system
results in the stimulation of a considerable amount of stem cells’. In this respect, tissue engineering
strategies are currently being investigated and seem promising as future adjunct tools for clinical
practice. These involve the assessment of scaffolds, growth factors and/or collected stem cells for the
regeneration of the pulp-dentin complex®. Specifically, scaffolds such as PRP (platelet rich plasma)’,
gelatin hydrogel® and platelet fibrin'? have been examined and proposed for use during REPs.

The advent of these therapeutic perspectives has further elucidated the potential of REPs to be
used as alternative perspectives in the treatment of mature teeth with pulp necrosis and apical
periodontitis. In essence, the initial idea about the precursors of REPs belongs to Nygaard-@stby back
in 1961, who had found that blood clotting has a good potential to act as root canal filling in necrotic
mature teeth, where the size of the apical foramen was intentionally increased!!. In recent years, a
number of clinical reports have been published related to this therapeutic initiative, suggesting that
REPs might be a useful alternative approach compared to conventional root canal treatment; also
providing advanced biological properties. So far, there are indications that REPs might have a
favorable outcome compared to traditional methods, when applied to mature permanent teeth with
closed and fully formed apex. Individual treated cases of mature teeth using a regenerative approach
have shown that a favorable outcome may be feasible in terms of resolution of signs and symptoms
and healing of apical periodontitis'>!3. In addition, in a recent histologic study, Arslan et al. (2019)
showed that ingrowth of a vital tissue within the root canal system is feasible following REPs in mature
teeth'®. The identified tissue was a combination of fibrous connective and bone-like substance coupled
with some vascular-like structures. This finding was innovative as it revealed for the first time the

potential of REPs in mature teeth, to produce tissue components and structures that resemble the ones



identified within the root canals of immature teeth!”!®_ It has also been supported that this tissue may
contribute to the reestablishment of innate immune system which could control root canal system
reinfection'®. Subsequently, a number of clinical trials have been performed indicating that REPs may
gradually evolve as a viable treatment option in mature teeth with pulp necrosis and apical periodontitis
20-23

To our knowledge and until now, there has been no systematic approach to collectively appraise
the existing evidence from clinical trials on the effectiveness of REPs in mature teeth with pre-existing
pulp necrosis and inflammation of periapical tissues. In addition, given the level of evidence identified,
the rationale and transparent indications for future research shall be more adequately framed.

Therefore, the aim of the present study was to systematically review and appraise contemporary
literature in this respect, both qualitatively and quantitatively, and also identify the dynamics of REPs
to be established as a therapeutic procedure alternative to conventional treatment in clinical practice,
framed under the aforementioned settings. The null hypothesis is that there is no difference in the
success rate of REPs compared to conventional treatment approaches in mature permanent teeth with

pulp necrosis and apical periodontitis.

Methodology

Protocol and Reporting
The protocol of the present systematic review was developed a priori and after implementation
of the search strategy was registered in the Open Science Framework (https://osf.io/Sxp7c/). Reporting

for the review follows the PRISMA guidelines.

Search strategy

Electronic search was conducted in April 24, 2020 and updated in January 3, 2021, within
published and unpublished literature, separately and by two examiners, without date restrictions. The
main formal databases were the MEDLINE via PubMed, the Embase, the Web of Science Core
Collection, the Cochrane Central, and the Cochrane Database for Systematic Reviews. Unpublished
reports were sought through clinicaltrials.gov (U.S National Library of Medicine), Open Grey, and
ISRCTN registry. Hand searching was conducted in the retrieved for full-text evaluation articles in
order to identify any additional potentially eligible for inclusion publication. Full search strategy for

MEDLINE via PubMed is presented in Appendix 1.



Eligibility criteria

Study design: randomized controlled trials (RCTs), prospective clinical trials.

Participants: all patients undergoing endodontic treatment in mature teeth. No age or gender restriction.
Intervention: REPs (any), as defined by the authors of the primary studies.

Comparators: conventional non- surgical root canal treatment (NSRCT), or any other type of REPs.
Outcome: treatment success based on clinical and/or radiographic criteria [no clinical symptoms/
decrease or elimination of lesions], response/sensitivity to thermal/electric pulp test (EPT).

Exclusion criteria: case reports/series. Studies without at least one control and one test group, studies
including previously treated patients/teeth, as well as studies with ineligible results for this review

were also excluded.

Study selection

Titles and abstracts of initially retrieved articles were screened independently by 2 reviewers. The
full text of potentially eligible articles was examined in a second stage, by both reviewers and ultimate
inclusion of articles was based on consensus, after consultation with a third author if discrepancies

were identified throughout the process.

Data collection process

Data were extracted and recorded in standardized piloted forms. Specific characteristics of each
study and information on study design, title, authors, date, population, interventions, comparators and
outcomes were listed. Data were extracted by two reviewers and re-examined by a third.

Inconsistencies were identified and settled after discussion and until a consensus was reached.

Risk of bias in individual studies

Risk of bias assessment for each study was aligned on study design. For RCTs, the Cochrane RoB
tool 2.0 was used®. This tool includes a five- domain evaluation of the risk of bias. In essence, it is
based on bias arising from: 1. Randomization process, 2. Deviations of patients from the intended
interventions, 3. Missing outcome data, 4. Measurement of the outcome, and 5. Selection of the
reported result. Each domain comprises of a number of detailed items, which guide the investigators/
reviewers through the evaluation process and a final rating of “low”, “some concerns”, and “high risk”
of bias may be reached. Specifically, a study is rated as “low” risk of bias when all domains are low

risk of bias, as “some concerns”, when at least one domain is rated as such, and “high” risk of bias

when it is judged as “high” risk of bias in at least one domain, or as raising “some concerns” for



multiple domains that would contribute to loss of confidence in the results. Further information on the

specific items is provided in the Appendix Table 1.

Summary measures and data synthesis (primary analyses)

Quantitative synthesis of the studies’ findings was performed, after exploration of heterogeneity
levels, both clinically and statistically, across individual reports*®. Random effects meta-analysis was
conducted in view of the heterogeneity anticipated. Pooled estimates were presented if 2 or more
studies were deemed eligible for a single comparison. Estimates were presented as risk ratios with
corresponding confidence bounds (95% Confidence Intervals) in view of the nature of the anticipated
outcomes. More specifically, treatment success and response to (electrical) stimuli were considered.
Prediction Intervals (95% PIs) were also calculated. Authors were contacted for additional data
request, in case not fully reported within the published document. All analyses were performed with

Stata version 15.1 software (Stata Corporation, College Station, Tex, USA).

Risk of Bias across studies
Publication bias was explored through standard funnel plots and Egger’s regression test, if 10

or more studies were included in the quantitative synthesis?’.

Additional analyses
Sensitivity analyses were considered, if applicable, to explore and isolate the effect of studies
with high risk of bias on the overall effect. In addition, sensitivity analyses were considered if

variability in population characteristics was identified across studies (i.e., multiple age groups).

Assessment of the Quality of the Evidence

The Grading of Recommendations Assessment, Development and Evaluation (GRADE) was
performed to assess the overall quality of the evidence as formulated by the research question,
interventions, comparators and outcomes for evaluation?®. According to GRADE, the overall body of
evidence is rated as high, moderate, low and very low. Assessment is made on the following the
domains: risk of bias, inconsistency, indirectness, imprecision and publication bias. For RCTs, the first
4 domains of the quality of evidence may be downgraded on the basis of either ‘serious’ or ‘very
serious’ risks (1 or 2 levels respectively); publication bias may either be suspected or undetected (1

level-downgrade).



Results

Search details

Eligibility and selection of studies for qualitative and quantitative synthesis is presented in Figure
1. From an initial number of 337 results, 13 articles passed through full-text assessment process and
ultimately 4 were deemed eligible for inclusion in the qualitative synthesis?*>*. Three of these qualified
for the meta-analysis?®?!>3, The list of excluded studies after full text assessment is presented in

Appendix 2. Reasons for exclusion are outlined in Figure 1.

Study design and characteristics

A detailed presentation of the characteristics of the included studies appears in Table 1. All four
studies were randomized controlled trials, of 2-arm parallel design. All were conducted in University
settings, while spanning in different locations, namely, Turkey, Chile, Egypt and India. Total number
of patients reported per study was within the range of 18 to 46, with the same number of contributing
teeth. All assessed teeth were permanent necrotic mature teeth of any type and periapical lesions, while
El-Kateb et al.?* included solely maxillary anterior central and lateral incisors. All but one study
included adult patients'’. Jha et al.?®, included patients within the age range of 9 to 15 years old,
however, all contributing teeth presented with completed root development.

Interventions included REPs with induction of bleeding for blood clot formation and stimulation

of stem cells of the apical region>*?2-23

, or use of encapsulated human umbilical cord mesenchymal
stem cells in a plasma-derived biomaterial®!. All but one study??, reported control groups being treated
with conventional non-surgical root canal treatment (NSRCTs) procedures®®*!?*. The study of El-
Kateb et al.?, involved comparison of two REP intervention groups with the use of different maximum
rotary instrumentation sizes. All studies involved assessment of successful treatment based on clinical
and radiographic procedures as the primary outcome of interest, within 12 to 18 months follow-up
examination. In addition, two studies evaluated tooth response to thermal or EPT?*?! (Table 1).
Ethylene-diamine-tetra-acetic acid (EDTA) was reported as final irrigation solution in all four
studies in variable concentrations ranging from 5 to 17%?2%%. Calcium hydroxide was used as intra-

21,22

canal medicament either in isolation or in combination with other, in two studies whereas a triple

antibiotic paste was used for interappointment medication, comprising doxycycline, metronidazole and

ciprofloxacin in the other two studies?*?3.



Risk of bias within studies

Overall, risk of bias was rated as low in 3 of the included studies’’-??

, while as raising some
concerns in the remaining one?’. Domains pertaining to randomization procedure including allocation
concealment, blinding, missing data and pre-registration of a protocol were adequately reported in the
three studies. Reporting of randomization was inadequate, while also no a priori registered protocol

was identified for the study of Jha et al.>* (Table 2, Appendix Table 1).

Effects of Interventions, Meta- Analyses and Additional Analyses

As previously noted, 3 studies contributed to meta-analysis or additional analyses®**"">3, Studies
reporting on successful treatment outcomes, as well as tooth response to electrical testing were
considered eligible for mathematical synthesis.

According to the overall estimate, there was no difference in the relative risk (RR) for successful/
unsuccessful treatment outcome between either REPs or NSRCTs (3 studies, RR=1.03; 95% CI: 0.92,
1.15; p=0.61; heterogeneity I- squared: 0.0%, p=0.53). Prediction Interval also ranged between a RR
of 0.51 and 2.09 illustrating the variability of the true effect in different conditions, studies or settings
(Table 3, Figure 2).

As for the response outcome to EPT, there was an increased RR for positive response in the REP
group compared to the NSRCT, by 4.31 times (2 studies, RR=4.31; 95%CI: 1.36, 13.62; p=0.01; I-
squared: 19.5%, p=0.27) (Table 3, Figure 3).

Sensitivity analysis considered age rage and the results of this analysis are outlined in Table 3.
Evidently, when only studies including adult patients were considered the associated RR did not
effectively change (2 studies, RR= 1.05; 95% CI: 0.90, 1.22; p=0.54; I- squared: 14.9%, p=0.28)
(Table 3).

Publication bias or effect of high risk of bias in individual studies could not be investigated, due to

the scarcity of the existing published reports (i.e., <10).

Quality of the evidence

The quality of the existing evidence for successful treatment of teeth, comparing REPs and
NSRCTs was moderate overall, mainly because of concerns in one study about the potential for
inclusion of risk of bias (Table 4). In terms of the outcome pertaining to the response to EPT, after
either REPs or NSRCTs, again the quality of the evidence was identified as moderate, however, the

reason for downgrading was imprecision, due to the fact that only two studies contributed to the
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syntheses, apparently yielding a relatively wide confidence bound (Table 4). Overall, and for both
outcomes, based on GRADE assessment, further research is likely to have an important impact on our

confidence in the estimate of effect and may change the estimate.

Discussion
Findings in context

The present systematic review and meta-analysis is the first to evaluate whether REPs provide an
alternative treatment for mature teeth with necrotic pulp and apical periodontitis. Research in the field
has revealed that most of the evaluated teeth indicated for treatment with REPs presented a history and
etiologic factor for treatment, of a traumatic dental injury. A relevant review with previously published
data, reported that across all the REP cases studied, the aetiology of treatment was due to trauma in
34% of the cases, while dens evaginatus ranked second in terms of prevalence, comprising 23% of the
cases’. Based on the results of this review we failed to reject the null hypothesis of no difference in
success rate of treatment with REPs, compared to traditional endodontic procedures, and our findings
depicted considerably high favourable events for regenerative treatment outcomes. However, the
findings should be viewed with caution, due to the paucity of well-designed controlled clinical trials
in the field, substantiated also by the small number of teeth included across the studies. Nevertheless,
the level of consistency of the design, methodology and settings of the eligible trials is considered
adequate, and this is confirmed by the low overall levels of heterogeneity identified across the studies.
More specifically in the present review, a total of 68 necrotic mature teeth were evaluated regarding
the outcome of REPs. There is moderate quality evidence that REPs may offer a viable treatment
option in the management of mature teeth with pulp necrosis and apical periodontitis. An additional
important finding was the increased possibility of positive response to electric pulp testing with REPs.
Despite the fact that no untreated control teeth were used by the included studies to compare the
positive reactions, it may be inferred that this factor may constitute a strong predictor for the positive
outcome of REPs.

In all included studies, teeth were diagnosed as non-vital with established periapical pathology.
The presence of apical periodontitis creates a challenge for the disinfection of the root canal system
and the outcome may be less predictable. A review back in 2012, based on outcomes from immature
teeth, revealed a link between the duration of time from the establishment of pulp necrosis and the
prognosis of REPs*. The need to maintain the level of disinfection in high quality standards during
and after the regenerative treatment, has evidently been considered a key factor, and if adequately

handled, most likely improving the outcome and prognosis of the procedure’*}. The use of high



concentration irrigants and the application of intra-canal and inter-appointment medicament has been
identified as the most successful approach to achieve complete disinfection, however biocompatibility
considerations should be taken into account. In all studies included in the present review, a two-step
disinfection protocol was performed which did not significantly differ between each other. Sodium
hypochlorite (NaOCl) was the main irrigation solution with a range of concentrations used between 1-
2.5%. The use of a reduced concentration solution shows that all studies tried to follow a low toxicity
disinfection protocol in order to protect any vital remnants of stem cells of the apical papilla. In
addition to reduced concentrations of NaOCI, EDTA was also used as final irrigation solution, in all
four studies?*-?*, Its importance lays in the advantage EDTA offers when used as a final rinse solution,
by increasing the survival ability and expression of the stem cells of the apical papilla. It further
neutralises the negative properties of sodium hypochlorite and releases growth factors trapped within
the dentin matrix, which are considered to play a significant role in the differentiation and metabolism
of the cells**. Coupled with cytokines, growth factors are also known to control the haemostasis,
inflammation, and maturation during wound healing®*3®. Galler et al. has also showed that EDTA
effect on dentine promotes the migration, differentiation and adhesion of the dental pulp stem cells
(DPSC)*". Thus, EDTA has been widely adopted by a number of researchers and clinicians as final
rinse before the induction of bleeding and blood clot formation.

In all assessed studies, no differences were observed in terms of treatment outcomes, based on
inter-appointment medicament used. This observation is in agreement with the results of relevant
studies and international recommendations about the use of calcium hydroxide and triple antibiotic
paste during REPs*®. Based also on the results of the present review, two of the included studies used

2122 whereas the third one used a

a calcium silicate material (Biodentine) above the blood clo
commercial brand of MTA?. Several studies have shown that the use of these materials may induce
favourable outcomes during REPs '%13223% " All four studies reported induction of bleeding from the
periapical tissues to form an adequate blood clot. This procedure seems to perform well as it has been
verified by several published studies. The results of a recent review about platelet concentrations in
REPs in immature teeth, showed no statistically significant differences between blood clot and platelet-
rich plasma (PRP) or platelet-rich fibrin (PRF) used as potential scaffolds during REPs, for the
promotion of canal wall thickening and the sustained development of the root*’. Accordingly, Zhou et
al. compared the results of a combination technique with both PRF and blood clot, versus blood clot
alone, and did not report any differences in the outcome 4l

The use of mostly single rooted teeth except the study by Jha et al.*> might potentially constitute
a significant drawback for the establishment of the REPs as an adequate alternative treatment option

in cases of mature necrotic teeth with apical periodontitis. However, this is not uncommon, as it has
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been reported also in cases of immature necrotic teeth with apical periodontitis. According to the
results of a recent review, only 46 immature posterior teeth (molars) have been reported to be treated
using REPs, based on up- to- date published data*’. Evidently, there is still a long way for the complete
establishment and acceptance of REPs as an adequate treatment option in all categories of teeth
(anterior-posterior), presented with pulp necrosis and apical periodontitis.

In the same line, the width of the apical foramen has been considered as a potentially significant
predictor for the successful outcome of the REPs, although this could not be investigated by the present
meta-analysis, as it did not constitute an independent risk factor investigated by the primary studies.
A number of studies have shown that sizes of apical foramen even smaller than Imm could re-
vascularize successfully*?, or a positive outcome might be established, when the size of apical foramen
ranged between 0.5 and 1 mm™**. The latter might also help avoid over-instrumentation of root canals,
thus jeopardizing the structural integrity of teeth®®. The number of visits needed for treatment
completion is not unanimously agreed and accepted among the clinicians and researchers. However,

reports have emerged in the literature, comprising single-visit REPs, with indeed positive outcomes**-

47

In conclusion, REPs appear as a viable treatment option for clinicians, when teeth with pulp
necrosis and apical foramen with diameter size up to 1 mm are to be endodontically managed. In case
these techniques are considered non-eligible or fail, conventional endodontic procedures can be always
carried out as an alternative. The re-access and treatment using MTA apical plug may be subsequently
considered the therapeutic approach of choice, especially when a persistent infection has been

established.

Strengths and Limitations

The present study was the first systematic review including a quantitative synthesis, which
comprehensively assessed the body of evidence regarding regenerative treatment approaches to mature
teeth. We implemented a rigorous methodology in terms of design, conduct and reporting, following
respective guidelines. Eight databases were searched for relevant up to date primary clinical trials, an

18 was drafted after initial search implementation, while pooled estimates were

a priori protoco
presented to achieve the desired precision in our findings. An assessment of the risk of bias as well as
the quality of the evidence stemming from the investigated interventions was applied. In essence, risk
of bias of the included studies is expected to raise some concerns regarding the internal validity of the
included available studies and evidence, albeit only one study was suboptimal with regard to risk of

bias domains; thus, some impact on the confidence of the conclusions of this review cannot be

precluded. The identified and eligible reports showed evidence of clear and transparent methodological
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output, following currently available reporting guidelines, overall*. In this respect, and following
considerations about risk of bias and quality of the evidence for the outcomes under study, it is
expected that further studies are developed, framed under the same or improved standards of conduct
and reporting. Concerns were raised for a sole study with regard to randomization scheme, where no
allocation concealment was described and potential baseline differences or effects due to lack of
concealment might have posed a problem. Lack of protocol registration in this study did not allow for
any comparisons with the reported results to be conducted. In addition, future attempts should be
directed at serving as confirmatory research based on similar core outcomes, interventions and settings
with the identified studies. Future studies should be designed, accounting for more prolonged
evaluation periods and follow- up timing for the teeth under investigation. Further insights within the
investigation of the use of encapsulated cells, and PRP or PRF scaffolds for REPs might also prove
beneficial biological vehicles. The generalizability of the study results spans on teeth with complete
root development, mostly single- rooted and in adult patients, while treatment procedures were
monitored under university settings.

The present review is not free of limitations. Not all pre-defined methodological outputs were
finally implemented, due to the paucity of the existing studies in the field. In essence, publication bias
could not be examined as less than 10 studies contributed to the meta-analysis, while likewise, not all
pre-defined sensitivity analyses were performed. Nevertheless, our findings demonstrate the current

state of the art with regard to regenerative endodontic procedures for mature teeth.

Conclusions

REPs present a favourable outcome comparable to conventional endodontic procedures in
necrotic mature teeth. Long standing debates in endodontic community on the limitations of apical
preparation, apical size and its control, obturation materials, effect of heating and more, might have no
place in this relatively new treatment procedure. Endodontists and researchers are urged to focus their
research and clinical observation practices on the exploration of the biological base of this novel
approach, in order to determine a standardised therapeutic protocol leading to a more predictable

treatment outcome. The need for further clinical studies in the field remains imperative.
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Figure Legends

Figure 1. PRISMA flow diagram of study screening procedure and selection

Figure 2. Random effects meta-analysis for successful treatment outcome, comparing regenerative
endodontic procedures (REPs), and conventional non- surgical root canal treatment (NSRCT).
Figure 3. Random effects meta-analysis for positive response to electrical stimuli, comparing
regenerative endodontic procedures (REPs), and conventional non- surgical root canal treatment

(NSRCT).
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Figure 1

334 records identified by electronic

3 records identified by hand- search

sea:ch -~
74 duplicates removed
263 records screened
s 250 excluded by title/ abstract
\

13 records left for full- text screening against eligibility criteria

v

9 full texts were not eligible:

- 6 case reports
- 3 case seiries

4 articles included in the qualitative synthesis

3 articles contributed to meta-analyses
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Figure 2
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Figure 3
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