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Abstract
Purpose To evaluate and assess the current knowledge about apexification and regenerative techniques as a meaningful 
treatment modality and to map the scientific evidence for the efficacy of both methods for the management of traumatised 
immature teeth with pulp necrosis and apical periodontitis.
Methods This systematic review searched five databases: PubMed, Web of Science, Cochrane Library, Ovid (Medline), and 
Embase. Published articles written in English were considered for inclusion. The following keywords were used: Regenera-
tive endodontic treatment OR regenerat* OR revital* OR endodontic regeneration OR regenerative endodontics OR pulp 
revascularization OR revasculari* OR ‘traumatized immature teeth’. Only peer-reviewed studies with a study size of at least 
20 cases followed up for 24 months were included. Eligibility assessment was performed independently in a blinded man-
ner by three reviewers and disagreements were resolved by consensus. Subgroup analyses were performed on three clinical 
outcomes: survival, success, and continued root development.
Results Seven full texts out of 1359 citations were included and conventional content analysis was performed. Most of the 
identified citations were case reports and case series.
Conclusions In the present systematic review, the qualitative analysis revealed that both regenerative and apexification 
techniques had equal rates of success and survival and proved to be effective in the treatment of immature necrotic perma-
nent teeth. Endodontic regenerative techniques appear to be superior to apexification techniques in terms of stimulation of 
root maturation, i.e. root wall thickening and root lengthening. Knowledge gaps were identified regarding the treatment and 
follow-up protocols for both techniques.

Keywords Open apices · Pulp necrosis · Pulp regeneration · Regenerative endodontics · Immature teeth · Children

Introduction

Traumatic dental injuries to permanent dentition are a global 
health issue and are the most common aetiological factor 
for pulp necrosis. Trauma is estimated to affect one billion 
people worldwide (Petti et al. 2018), and one-third of these 
patients have injuries to their immature teeth that might 
cause pulp necrosis (Hecova et al. 2010). Pulp necrosis 
arrests root formation where the root remains short and the 
dentin walls thin, increasing the risk for cervical fractures 
(Tsilingaridis et al. 2012). The combined effect of these fac-
tors makes it challenging to perform an adequate antibacte-
rial endodontic treatment (Kakoli et al. 2009; Orstavik and 
Haapasalo 1990).

In recent years, much effort has been made to find alterna-
tives to conventional endodontic treatment since it does not 
lead to further root formation, leaving the tooth susceptible 
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to root fracture and possibly to the loss of the entire tooth. 
Furthermore, the most serious sequelae of early tooth extrac-
tion are the loss of volume of the alveolar process, which 
leads to difficulties in future prosthetic treatment planning. 
The problem is that the open apices of traumatised immature 
teeth make it challenging to perform an adequate root filling 
without intra-operative complications, such as extrusion of 
root-filling material into the periapical tissue, s.c. overfilling 
(Trope 2010).

Current available treatment modalities 
for immature necrotic permanent teeth

Different techniques have been adopted to prevent overfilling 
and to stimulate the closure of the apical area—s.c. apexifi-
cation techniques. A widely accepted endodontic approach 
in the treatment of immature teeth with pulp necrosis and 
apical periodontitis is the apexification technique. This tech-
nique consists of multiple and long-term applications of cal-
cium hydroxide  (CaOH2) (Petti et al. 2018). Many studies 
show continued apical formation by hard tissue deposition 
where the teeth are asymptomatic with radiographical signs 
of closure of the apical foramen (Hecova et al. 2010; Tsil-
ingaridis et al. 2012). The main advantage of this technique 
is the excellent disinfecting effect of the root canal due to 
the high pH of  CaOH2 (Kakoli et al. 2009; Orstavik and 
Haapasalo 1990). On the other hand, this technique often 
requires 9–24 months of treatment (Sheehy and Roberts 
1997). In addition,  CaOH2 may weaken the tooth structure, 
which often results in cervical root fractures (Andreasen 
et al. 2002). Understandingly, many studies discuss the con-
sequences of premature tooth loss and highlight the urgent 
need for alternative treatment strategies for this patient group 
(Orstavik and Haapasalo 1990; Trope 2010; Sheehy and 
Roberts 1997; Andreasen et al. 2002; Dawood et al. 2017).

As an alternative to apexification with  CaOH2, another 
technique has been introduced that stimulates apical hard 
tissue formation to aid obturation of teeth with open api-
ces—the s.c. MTA-apical plug technique (mineral triox-
ide aggregate, MTA). Many studies using this technique 
report good results in periapical healing and signs of clo-
sure of the apical foramen (Mozynska et al. 2017; Chueh 
and Huang 2006). The MTA technique has the advantage of 
shorter treatment time as well as being biocompatible, which 
improves the interaction with the periapical tissue such as 
induction of cell proliferation and differentiation (Murray 
et al. 2007; Hargreaves et al. 2008). However, MTA does 
have several drawbacks. The MTA’s interaction with col-
lagen causes tooth discoloration (Dawood et al. 2017), an 
undesirable consequence that may be the result of bismuth 
oxide and iron contamination of the blood (Mozynska et al. 
2017). In addition, little is known about how the material 

influences the fracture resistance in immature traumatised 
teeth (Hecova et al. 2010; Tsilingaridis et al. 2012).

Neither calcium hydroxide nor MTA-apical plug apexifi-
cation improves root formation and thickening of the dentin 
walls and therefore does not lead to the strengthening of the 
immature tooth and better long-term survival (Trope 2010; 
Sheehy and Roberts 1997). Hence, it is of high priority to 
replace conventional endodontic procedures with a new 
biological approach that will stimulate regeneration of the 
periapical tissue and continued root formation (Chueh and 
Huang 2006; Murray et al. 2007; Hargreaves et al. 2008; 
Lovelace et al. 2011). The ultimate goal of the treatment of 
traumatised immature teeth is to prolong the life span of the 
traumatised tooth and to postpone or prevent the need for 
more extensive prosthetic alternatives (Op Heij et al. 2003).

Recently, regenerative endodontic treatments (RET) have 
gained much attention as biologically based treatment alter-
natives to the techniques described above. These regenera-
tive endodontics, which are gradually becoming part of the 
endodontic treatment spectrum, replace necrotic and dam-
aged tissues with a healthy functioning pulp–dentin complex 
(Garcia-Godoy and Murray 2012). As regenerative endo-
dontic treatment is a relatively new treatment modality, little 
is known about the processes about the type of intra-canal 
tissues formed during revascularisation and about the factors 
involved in healing and regeneration (Žižka and Šedý 2016).

Significance of the review

Although the interest in regenerative endodontic treatment 
is increasing significantly, it is currently not the first choice 
for the management of immature permanent teeth with pulp 
necrosis as scientific evidence has not established the effi-
cacy of the method (Rafter 2005; Cvek 1992; Trope 2010) 
and little is known about the long-term outcome. Therefore, 
it would be beneficial to evaluate and assess the current 
knowledge about this technique as a meaningful treatment 
option. Many studies have investigated the field of endo-
dontic regeneration, but unfortunately most of these are 
based on small study sizes (n = 1–5) (Asgary et al. 2016; 
Zhujiang and Kim 2016; Farhad et al. 2016; Nagaveni et al. 
2016; Nagaveni et al. 2015; Wang et al. 2015) and/or short 
follow-up (6–12 months) (Hargreaves et al. 2013; Gelman 
and Park 2012; Kim et al. 2012; Jadhav et al. 2012). Short 
follow-ups are a limitation because severe complications, 
such as ankylosis, can occur as a consequence of traumatic 
injuries to immature permanent teeth the first 2–3 years 
after an injury (Lauridsen et al. 2019). Therefore, the dental 
trauma itself influences the long-term prognosis rather than 
the type of treatment performed. Consequently, an interna-
tionally accepted approach is to postpone the completion of 
the endodontic treatment until the growth of the jaws is com-
plete. This fact emphasises the need for intervention studies 
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with sufficient study sizes and follow-up periods in order to 
find evidence for best practices.

To date, several review articles have been written on the 
subject of regenerative endodontic treatment (Antunes et al. 
2016; Nicoloso et al. 2019; Nazzal and Duggal 2017; He 
et al. 2017). These reviews investigate and propose different 
important outcomes, such as quantitative measurements of 
tooth-root development, resolution of apical periodontitis, 
and surrogate outcome measurements of survival or suc-
cess. To our knowledge, no systematic reviews have focused 
exclusively on long-term studies of RET (≥ 24 months) with 
larger study sizes (≥ 20 patients). For the reasons outlined 
above, this review critically evaluates whether regenerative 
endodontics can routinely be recommended in the treatment 
of traumatised immature teeth with pulp necrosis and infec-
tion assuming that the treatment modality will benefit the 
long-term survival of traumatised teeth and eventually the 
well-being of the patient.

Aim and objectives of the review

This review investigates what aspects of the treatment of 
immature necrotic permanent teeth should inform best 
practices guidelines of the Centre of Paediatric Oral Health 
(Stockholm, Sweden). Specifically, this review maps and 
evaluates whether regenerative endodontic treatment in 
traumatised immature permanent incisors with pulp necro-
sis and apical periodontitis produces better long-term results 
than conventional endodontic treatment with apexification 
techniques with calcium hydroxide or MTA. In addition, 
this review identifies the critical issues that need guidance 
and determines the key outcomes and measurements of 
outcomes.

A focused question was developed in accordance with 
the Patient, Intervention, Comparison, and Outcome (PICO) 
method (SBU 2017):

(P) Participants/population: Immature necrotic permanent 
teeth.

(I) Intervention(s): Endodontic treatment performed 
on immature necrotic permanent teeth treated with RET 
techniques.

(C) Comparator(s)/control: Conventional endodontic 
treatment of immature necrotic permanent teeth with  CaOH2 
/MTA apical plug techniques.

(O) Outcome: Clinical and radiographic—symptoms, 
periapical healing, dentin wall thickening, apex closure, 
continued root development, and discoloration.

Research questions

1. Which aspects in the treatment of immature necrotic 
permanent teeth influence the outcome of regenerative 

endodontic procedures and apexification techniques with 
calcium hydroxide or MTA apical plug techniques?

2. What measures have been used to assess the treatment 
outcomes of regenerative endodontic procedures and 
apexification techniques with calcium hydroxide or 
MTA apical plug techniques?

3. What is the current scientific evidence for regenerative 
endodontic treatment in traumatised immature perma-
nent incisors with pulp necrosis and apical periodontitis?

4. What is the current scientific evidence for conventional 
endodontic treatment with apexification techniques with 
calcium hydroxide or MTA for the same patient group?

Methods

Review type

Prior to conducting the work with the current review, a scoping 
search was performed on the International prospective register 
of systematic reviews, PROSPERO in order to avoid dupli-
cation (registration number CRD42020204801). No matches 
were found on protocols related to the topic and the study 
was subsequently registered before completion (Stewart et al. 
2012). The search process was carried out in two steps accord-
ing to the guidelines for systematic reviews.

First, we mapped the subject (Grant and Booth 2009) as 
mapping provides a systematic description of the search, 
screening, and classification process, rendering a representa-
tive sample of published literature (Gough et al. 2012). The 
overall goal was to map, categorise, and synthesise the find-
ings of the specific topic area.

Second, we appraised and synthesised the research evi-
dence for endodontic treatment of traumatised immature teeth 
in order to insure that the literature study findings are an accu-
rate representation of the studies it contains (Thomas 2005).

Categorisation into subgroups of studies to be 
included

The eligible studies were categorised into two subgroups: 
studies of immature permanent teeth with pulp necrosis and 
open apex treated with regenerative endodontic treatment 
(RET studies) and studies of immature permanent teeth with 
pulp necrosis and open apex treated with  CaOH2 or MTA 
apexification techniques  (CaOH2 or MTA studies) (SBU 
2017).

Inclusion and exclusion criteria

Study design and setting

The following inclusion criteria were used: longitudinal 
studies, published in English, random controlled trials 
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(RCTs), prospective and/or retrospective cohorts, and treat-
ment of immature necrotic permanent teeth, follow-up of 
at least 20 teeth for 24 months (Table 1). In addition, as the 
rationale for RET is to stimulate continued root develop-
ment, only studies on immature necrotic teeth in healthy 
individuals aged between 6 and 19 years were included. 
However, age restrictions in MTA were not set, as the 
rationale for the treatment is to obtain a mechanical ‘bar-
rier’ for obturation rather than to stimulate continued root 
development.

Search strategy

To relate to the rationales of this review, the search strategy 
was based on the decision to exclude articles with short-
term follow-up (< 2 years), articles with larger study samples 
with follow-ups of less than two years (n > 20, < 2 years), 
and articles with an intervention group less than 20 (n ≤ 20 
cases). The search strategy was based on the decision to 
exclude studies with short follow-ups, larger study samples 
with < 2 years of follow-up, and intervention groups less 
than 20 (n ≤ 20 cases). A systematic screening of the litera-
ture included studies published between January 2004 and 
October 2019. To identify relevant studies, we systemati-
cally and thoroughly searched several databases of biomedi-
cal and dentistry literature. These databases were searched in 
accordance with the guidelines from the Swedish Agency for 
Assessment of Health Technology and Social Services (SBU 
2017). Five electronic databases were used as information 

sources to retrieve relevant articles: PubMed, Web of Sci-
ence, Cochrane Library, Ovid (Medline), and Embase. The 
rules of each database were respected, and the Booleans OR 
and AND were used to combine the Medical Subject Head-
ings (MeSH), synonyms, and free terms according to the 
syntax rules of each database. The PRISMA Statement was 
endorsed (Moher et al. 2009). The search was not expanded 
within unpublished literature (registries or theses) (Table 2).

Search terms

To identify eligible articles, we organised the search terms 
into blocks corresponding with the aim of this study. We 
received help and services from university librarians with 

Table 1  Inclusion and exclusion 
criteria

RET studies: regenerative endodontic treatment
CH calcium hydroxide, MTA mineral trioxide aggregate
CH and MTA studies: studies employing apexification techniques (MTA: mineral trioxide apical plug or 
apical closure with CH)

Literature inclusion
 Peer-reviewed studies regarding immature permanent teeth with pulp necrosis and open apex including 

both clinical and radiographic outcomes. Follow-up of ≥ 20 teeth ≥ 24 months
  RET studies
  CH or MTA studies
  Patients’ age in the RET studies: 6–19 years
  Patients’ age in the CH or MTA studies: Group 2: no restrictions
  Studies published in English

Literature exclusion
 Studies including < 20 immature permanent teeth
 Studies with follow-up < 24 months
 Case reports, case series
 Animal studies
 In vitro studies
 Studies with incomplete outcome data (not defining both clinical and radiographic outcomes)
 Review studies
 Studies irrelevant to RET or CH/MTA or not peer-reviewed

Table 2  Search block strategy

(Regenerative endodontic treatment OR regenerat* OR revital* OR 
endodontic regeneration OR regenerative endodontics OR pulp revas-
cularization OR revasculari*)

AND
(immature permanent teeth OR open apex OR open apices OR root 

development OR pulp necrosis OR necrotic pulp OR apical peri-
odontitis OR apical lesion OR apical abscess OR periapical*)

AND
 (“dental trauma*” OR “tooth injuries” OR “traumatized immature*”)
AND
(“adverse*” OR “regenerat* failure*” OR “regenerat* healing)
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expertise in literature review search strategies at Karolinska 
Institute library. Online Appendix 1 lists the exact combina-
tion of search terms from each database.

Study selection process

Three reviewers (AW, ML, and MES) performed blinded eli-
gibility assessments. Only full-text articles were chosen for 
this review. The reviewers screened all the retrieved records 
by title and abstracts to reduce the risk of rejecting relevant 
reports (Edwards et al. 2002). The Rayyan QCRI program 
was used as an interface for eligibility assessment (https ://
rayya n.qcri.org). Disagreements between the reviewers were 
resolved by consensus. The assessment procedures were 
pilot tested, evaluated, and adjusted.

Finally, a prespecified data extraction form was devel-
oped for the data extraction process based on the Cochrane 
data extraction template. Efforts were made to screen for and 
identify duplicate publications by comparing clinical trial 
numbers, study sizes, treatment interventions, and names 
of the authors (Gotzsche 1989). Quality criteria regarding 
methodology implications, coherence, and adequacy of 
data were screened and comments and assessments were 
completed (Table 3). All retrieved articles were included 
regardless of their quality in order to cover and evaluate 
the scientific quality and reliability of the existing research: 
twelve studies were high quality, seven were medium quality, 
and two were low quality.

Results

After removing duplicates, the database search resulted in 
1359 hits (Fig. 1). After the articles were screened by title 
and abstract, 55 were selected to be read in full. Of these, 
48 were excluded for various reasons (Table 4). Finally, 
seven articles were considered eligible for inclusion in the 
final qualitative synthesis (two in the regenerative treat-
ment group and five in the MTA treatment group) (Tables 5 
and 6). Further attempts were made to identify on-going 
studies that may be eligible for inclusion. As suggested 
by Ghough et al. (2017), the authors of three studies that 
matched the inclusion criteria with the exception of follow-
up length were sent an e-mail that asked them whether 
they had performed a 24-month follow-up since publication 
(Bezgin et al. 2015; Nagata et al. 2014; Gough and Thomas 
2017). Although one of the authors confirmed that he had 
performed a 24-month follow-up with controls, the study 
was excluded because of the study size (Nagy et al. 2014). 
We excluded the vast majority of the screened records in 
the RET group because of small study size and insufficient 
follow-up (3–12 months).
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Descriptive findings

The results showed that the included studies in both groups 
were heterogeneous regarding the outcome measurements. 
Only three studies reported Cvek’s stage of root develop-
ment at baseline—one study in the RET group (Chan et al. 
2017) and two studies in the MTA group (Kandemir Demirci 
et al. 2019; Bucher et al. 2016). Based on the comparison 
of the mean age values between the two study groups, we 
assumed that RET studies included teeth with a lower stage 
of root development than the MTA studies (mean age RET 
8.33 years; mean age MTA 18.39 years) (Table 7). As the 
average study size of the two included RET studies was 
small (28 in one and 88 in one divided into four treatment 
groups including 22 cases each) (Table 3), the differences 
in the intervention effects might have been overlooked or 
misinterpreted (Gluud 2006).

Comparison between the included MTA and RET 
studies

The outcome measures between the MTA and RET stud-
ies were not identical as different treatment modalities were 
the subject of evaluations. To address the aim of this study 
(What measures were used to assess the treatment outcomes 
of regenerative endodontic procedures and apexification 
techniques with calcium hydroxide or MTA/gutta per-
cha), the following measurements were made in both study 
groups: healing of apical periodontitis, survival, success, 
failure, functional retention, adverse effects, and apical clo-
sure (apexification).

In the RET study group, the deviant outcome measures 
were root lengthening and root thickening, which basically 
refer to continued root development. In the MTA group, the 
deviant outcome measure was the quality of root filling. This 

Fig. 1  PRISMA 2009 flow 
diagram PRISMA 2009 Flow Diagram
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finding makes it difficult to perform a complete statistical 
comparison of the outcomes between the two groups. If the 
studies were more homogenous, the results could have been 
combined in a meta-analysis with a goal of increasing sta-
tistical significance.

Although the studies included in this review revealed 
different disinfecting routines, the treatment protocols 
were essentially homogenous: disinfection, intra-canal 
antimicrobial dressing, and blood clot as a matrix for 
regeneration. Several treatment protocols were used and 
are addressed in detail in the discussion (Alobaid et al. 
2014; Chen et al. 2012). Varying concentrations of irriga-
tion with NaOCl were used in the majority of the studies, 
but no significant difference in the overall outcomes was 
reported. The same observation concerns the root canal 
dressings. The disinfecting agent triple antibiotic paste 
(TAP) was used in both of the RET studies. The Hoshino`s 
classic mixture of triple antibiotic paste (TAP) (Hoshino 
et al. 1996) was modified and applied (mTAP) (Thibo-
deau and Trope 2007). Calcium hydroxide was used as a 
disinfecting agent in the MTA study group. Even in this 
group, no significant difference in overall outcomes was 
observed between the studies. The methods for inducing 
an apical barrier were compared, apexification was com-
pared to apical plug techniques, and both techniques were 
compared to no apexification treatment (conventional root 
canal obturation with gutta percha).

Study design

Only two of the included studies were randomised clinical 
trials—one of the RET studies (Ulusoy et al. 2019) and one 
of the MTA study group (Kandemir Demirci et al. 2019)—
and the majority of the studies lacked control groups. There-
fore, we could not use statistical meta-analysis models to 
estimate the effect size (Dixon-Woods et al. 2006).

Pulpal diagnosis

The qualitative analyses of the included cases showed 
that the majority of the treated teeth were diagnosed with 
pulp necrosis. In the RET study group, the most common 
basis of diagnosing pulp necrosis was preoperative nega-
tive response to cold testing and electric pulp tests. Both 
of the RET studies were designed to record pulp sensitivity 
testing both preoperatively and postoperatively. The results 
were inconclusive as the first study showed that 86% of the 
regenerated cases responded positively to sensitivity tests 
at follow-up (Ulusoy et al. 2019). The second study showed 
that 100% of the regenerated cases did not respond positively 
to sensitivity tests at follow-up (Chan et al. 2017). In the 
MTA study group, the majority of the included studies did 
not state accurate information about pulp sensitivity before Ta
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e 
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treatment. That is, four of the five included MTA studies 
were retrospective so the data for sensitivity testing before 
treatment might have been unavailable. Standardised exam-
ination methods, including sensitivity testing at baseline, 
were used in a MTA study with a RCT design (Kandemir 
Demirci et al. 2019). In fact, the retreatment cases and cases 
with irreversible pulpitis were also included in the MTA 
treatment group (Ree and Schwartz 2017).

Tooth type

Anterior teeth were the most common subject for treatment 
in both groups (see Tables 7, 8).

Aetiology

Traumatic dental injuries leading to pulp necrosis and apical 
periodontitis were the most common reason for treatment 
in both RET and MTA study groups. Exhaustive data about 
the specific type of trauma injury were reported in five of 
the included studies (Bucher et al. 2016; Ree and Schwartz 
2017; Kandemir Demirci et al. 2019; Chan et al. 2017; Ulu-
soy et al. 2019), and two studies did not state the cause for 
the treatment (Demiriz and Hazar 2017; Mente et al. 2013). 
In both study groups, the overall trauma frequency varied 
between 46 and 100% (Table 9).

Clinical treatment protocols

Irrigants

All of the included studies described the treatment pro-
cedures exhaustively. Several protocol deviations were 
detected, but these did not influence the reported overall 
outcome and survival rates. All the studies used sodium 
hypochlorite (NaOCl) at various concentrations as the main 
irrigant. Chlorhexidine gluconate (CHX) was used as sup-
plemental irrigation in 50% of the RET studies and 20% of 
the MTA studies. EDTA was used in 50% of the RET studies 
and in 80% of the MTA studies.

Intra‑canal medication

All studies included in the MTA group used calcium hydrox-
ide (CH) as a canal medicament. In one MTA study, four 
severe trauma cases were treated with calcium hydroxide in 
combination with other antibacterial medicament (Corticos-
teroids, Ledermix) (Bucher et al. 2016). In the RET study 
group, the intra-canal medication consisted of two combina-
tions of triple antibiotics: 20-mg clindamycin, 20-mg cip-
rofloxacin, and 20-mg metronidazole (Ulusoy et al. 2019) 
and 100-mg cefaclor, 500-mg ciprofloxacin, and 500-mg 
metronidazole (Chan et al. 2017).Ta
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Total time of medication

In the RET group, one of the studies used intra-canal medi-
cation for 4 weeks (Ulusoy et  al. 2019), and one study 
used the intra-canal medication between 2 and 6 weeks 
(Chan et al. 2017). In the MTA study group, three of the 
included studies reported similar time of medication—i.e. 
one to four weeks—with the exception of a prolonged time 
frame in one of the control groups where the final treatment 
was postponed until a complete apical calcific barrier was 
observed radiographically and confirmed clinically (Kan-
demir Demirci et al. 2019). Two of the MTA studies did not 
provide data about the total medication time (Demiriz and 
Hazar 2017; Mente et al. 2013).

Clinical regenerative procedures in RET studies

The two studies included in the RET study group differed 
from each other with respect to the regenerative proto-
cols. In the first study (Ulusoy et al. 2019), treatments 
were divided into four groups. In three of the groups, the 
patient’s blood was centrifuged and different platelet con-
centrates were introduced into the root canal without prior 
induction of bleeding from the periapical tissues. In the 
fourth treatment group in the same study and in the sec-
ond treatment group in another study (Chan et al. 2017), 
the clinical protocol included induction of bleeding from 
the periapical tissues to allow the formation of a blood 
clot. Both methods effectively promoted apical closure and 
continuation of the root maturation and no significant dif-
ferences in outcomes were observed.

Scaffold in RET studies

A collagen scaffold to aid the placement of MTA over the 
blood clot was used in one of the included studies (Chan 
et al. 2017), although no such scaffold was used in the other 
study (Ulusoy et al. 2019).

Changes in root dimensions

Both of the included RET studies reported accurate informa-
tion on continued root development and used the same sys-
tem to measure changes in root dimensions. Preoperative and 
postoperative radiographs were compared with the help of 
ImageJ software and TurboReg plug-in. This method mini-
mises different angulations and corrects minor distortions 
(Bose et al. 2009). The results from Chan et al. (2017) show 
that the root thickness in the apical area and root lengthening 
increased the most in teeth with Cvek’s root development 
stages 1 and 2 compared to teeth with root development 
stages 3 and 4. In Ulusoy’s data, we could not find a corre-
lation between root development stage and changes in root 
dimensions due to the study’s focus on evaluation of differ-
ent scaffolds (Ulusoy et al. 2019). In addition, no statistical 
significance could be calculated between the different groups 
as similar increases in root dimensions were evident in all 
groups regardless the type of scaffold applied. None of the 
included studies in the MTA group reported increases in 
root dimensions.

The mean follow‑up time

The RET and MTA study group’s mean time for follow-up 
was 29 months and 221 months, respectively.

Treatment complication

Crown discoloration after application of MTA was reported 
at follow-up in both study groups. Other reported complica-
tions were presence of persistent apical periodontitis, clini-
cal symptoms, root resorption, and root fracture (Table 10).

Success and survival

An important finding concerning both groups was the 
reported high rates of success and survival treatment 

Table 8  Outcome measures for the RET and MTA included studies

Outcome measures RET group Outcome measures MTA group

Healing of apical periodontitis (radiographic radiolucency) Healing of apical periodontitis (radiographic radiolucency)
Survival, Success, Failure Survival, Success, Failure
Continued root development:
 Root wall lengthening
 Root wall thickening

Quality of root filling/MTA placement in relation to apex
 Overfilled
 Underfilled

Functional retention Functional retention
Adverse effects Adverse effects
Apical closure (apexification) Apical closure (apexification)
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(90–96%). Surprisingly, the presence of trauma did not seem 
to negatively influence the outcome of the treatment.

Drop‑out rates

The overall drop-out rates were low (between 7 and 19%). 
The most common stated reason for the drop-out was miss-
ing follow-up appointments (patients refused to participate 
or patients could not be contacted). Several other less com-
mon reasons were also reported: choosing extraction instead 
of further treatment because of financial reasons, patients not 
returning for the final treatment, and the lack of retrievable 
radiographs in the studies with retrospective design.

Discussion

Throughout the review, we assessed the review methods for 
transparency of literature searches, appropriateness and rel-
evance to the research question, and the nature and evidence 
of the individual studies. We concluded that the methods and 
studies were relevant, the findings were appropriately inter-
preted (Gough and Thomas 2017), and the review design and 
methods addressed the research questions.

Checklists and flow diagrams were used for clear record-
ing from searching to screening (Moher et al. 2009; SBU 
2017). Critical appraisal was adopted to examine the trust-
worthiness, value, and relevance of the included studies (DH 
1996; Oakley 1998). A CASP checklist from the Critical 
Appraisal Programme, adapted from Guyatt et al. (1994), 
was used to evaluate the overall study design (Guyatt et al. 
1994).

Search strategy

Before this study started, a search in Cochrane Library and 
PROSPERO was conducted to map all published and in 
progress reviews. The whole search process was transpar-
ently described and defined with the help of a librarian from 
Karolinska Institute.

As the search question and search strategy defined, we 
identified the best matching terms, synonyms, controlled 
vocabularies (MeSH terms), Boolean operators, and trunca-
tions according to the ‘golden-standard’ article for mapping 
and extraction of appropriate terms (Nicoloso et al. 2019). 
After a pilot search was conducted to explore the sensitivity 
and specificity of the search, the field codes were defined 
more precisely. Advanced search functions were used in 
appropriate blocks corresponding to the aims of the review. 
As dentistry is an integrated part of the medical topic, we 
searched PubMed before adjusting search strategies for addi-
tional databases. These databases were scoped for suitabil-
ity. Web of Science, Medline (Ovid), Cochrane Library, and Ta
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Embase provided an exhaustive coverage of the literature in 
the medical field (Schlosser et al. 2007). All databases were 
practical and offered numerous hits. For example, Medline 
(Ovid) provided a more expanded spectrum of journals than 
PubMed, (E-pub Ahead of Print and In-Process). However, 
the searches in Web of Science, which is a multidisciplinary 
database, resulted in fewer hits (n = 49). This result could be 
explained by the way the citation analysis was designed: it 
was intended to satisfy the needs of users of citation analy-
sis, a field discussed and debated by scientists for decades.

As five electronic databases were searched, the risk for 
database biases was minimised according to AMSTAR 
(Perry et al. 2017; Shea et al. 2017). Several authors and 
the Cochrane Collaboration state that multiple appropriate 
databases should be chosen so that the yield of relevant stud-
ies is maximised and the risk for database bias is minimised 
(Moher et al. 2009; Schlosser et al. 2007). In this review, 
however, we found that many of the retrieved studies were 
duplicates (approximately 40%), evidence that the broad 
search strategy had high specificity.

When it comes to the specific terms, it is worth clarifying 
that the terms ‘traumatised’ and ‘immature permanent teeth’ 
were chosen for the pilot search, a strategy that produced 
few results. Therefore, these terms were not added in the 
final search as the final search was prioritised to include ‘all 
immature permanent teeth’. Because the search was con-
ducted recently and the author of this report receives weekly 
updates with RSS and alerts, it was decided that no ‘new’ 
search was needed. No grey literature search was conducted 
with regard to the inclusion criterium only published peer-
reviewed articles (the background, objective, aim, eligibility 
criteria, method, and outcomes). To summarise, the search 
strategy was well targeted and successful, resulting in 21 
matching hits.

Screening and classification

Three authors conducted the screenings independently 
and blinded. The authors screened the articles by title and 
abstract and read the full text of the potentially eligible arti-
cles. A majority rule was adopted in the decision-making 
with respect to the eligibility of the studies. A fourth partici-
pant, the principal investigator with experience in systematic 
reviews, was consulted for a final decision about eligibility, 
discrepancies, and classification with regard to the inclusion 
and exclusion criteria applied in the process. Consequently, 
the fact that four persons were involved assures good 
structure and minimises the risk for source selection bias 
(Schlosser et al. 2007). The excluded articles were classified 
to assure transparency in the selection process (Table 5).

Quality assessment

As Schlosser et al. state, ‘a systematic review can only be 
as sound as the included studies’; therefore, we find it very 
important to provide quality assessment as studies might 
have a different quality level (Schlosser et al. 2007). Several 
quality assessments suitable for the included studies were 
considered: the STROBE checklist consisting of 22 ques-
tions (STROBE Statement-checklist of items that should be 
included in reports of observational studies) and the CON-
SORT statement (SBU 2017). As the included studies had 
different study designs, we adopted the modified quality 
assessment developed by Lewin et al. (2015) (GRADE-
CERQual) (Lewin et al. 2015). An appraisal of the research 
question was made to assess the correspondence with the 
results. Moreover, evaluation of interventions, possible limi-
tations, adequacy of data, statistical methods, and conclu-
sions were made to strengthen the scientific evidence of the 
findings.

Risk of bias assessment

Two different tools for assessing risk of bias were used: 
ROBINS-I tool (for assessing risk of bias in non-randomised 
studies of interventions) (Sterne et al. 2016) and RoB 2.0 
tool (The Cochrane Collaboration’s tool for assessing risk 
of bias in RCTs) (Higgins et al. 2011). In accordance with 
the tools, the possible risk for bias in the included stud-
ies was organised and evaluated in different domains (i.e. 
random sequence generation and allocation concealment, 
blinding of participants and personnel regarding the treat-
ment choice or the medicament choice, blinding of outcome 
data interpretation, and selective outcome data reporting). 
In particular, the lack of an adequate allocation sequence 
generation method is possible source of selection bias; that 
is, there is an uneven distribution between the different 
treatment groups that could result in overestimation of the 
treatment effect. Furthermore, the rating of several studies 
was challenging because blinding was not always feasible 
to personnel and participants and only one study reported 
predetermined power calculation of the sample size (Ulusoy 
et al. 2019). Online  Appendix 2 specifies the domain ques-
tions considered during bias assessment with the ROBINS-I 
tool (see Tables 11, 12).

Study characteristics

Subject characteristics such as age, sex, aetiology, and tooth 
type were presented thoroughly in all studies in both groups. 
The majority of the studies had a complete and convincing 
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reporting of the outcome data. Efforts were made to apply 
descriptive statistical methods. The studies in the MTA 
group had a low drop-out rate, included a large amount of 
teeth, and had a follow-up period longer than the RET group.

Treatment protocols

Irrigation

With well-documented effects, NaOCl is the golden stand-
ard for disinfection in endodontics. The vast majority of the 
included studies used sodium hypochlorite (NaOCl) as the 
main irrigant. NaOCl concentrations varied between 1.25 
and 5.25%. NaOCl has been used solely or in combination 
with EDTA, CHX, or NaCl. Several studies indicate that 
regular irrigation exchange and the use of large volumes of 
irrigating solution are essential for securing optimal antibac-
terial action (Siqueira et al. 2000). Nevertheless, none of the 
included studies reported standardised irrigation volumes as 
suggested in a consensus report from the European Society 
of Endodontology (Endodontology 2006; Galler et al. 2016). 
Another important issue is the discussion about the optimal 
concentration of NaOCl in regenerative procedures. It has 
been speculated that the higher the concentration used, the 
greater the risk for toxic effect on the stem cells of the api-
cal papilla and the risk for damage (SCAP: s) (Martin et al. 
2014). This problem could be avoided if the NaOCl concen-
tration is reduced. Byström et al., in a classic study, showed 
that there was no difference between the antibacterial effect 
of 0.5% and 5% NaOCl solutions (Bystrom and Sundqvist 
1985). Moreover, the combined use of NaOCl and EDTA is 
more efficient than NaOCl alone as EDTA can dissolve the 
smear layer.

Several endodontic studies have found that the supple-
mental use of passive ultrasonic irrigation increases the anti-
bacterial efficacy of root canal irrigants, which is particularly 
important when minimal or no mechanical instrumentation 
of the root canal is recommended, as in RET (van der Sluis 
et al. 2007). Surprisingly, passive ultrasonic irrigation was 
used in only one of the included RET studies (McTigue 
et al. 2013). According to Widbiller et al. (2017), ultra-
sonic activation also enhances growth factor release from 
human dentine and that released bioactive proteins may act 
as autologous supplements for regenerative endodontic treat-
ment (Widbiller et al. 2017). Therefore, a suggested irriga-
tion regimen for the treatment of infected immature perma-
nent teeth should include irrigation with large amounts of 
NaOCl in low concentrations followed by irrigation with 
EDTA (Galler et al. 2016). However, the results from the 
included studies could not find any correlation of the use of 
passive ultrasonic irrigation and success rates.

CHX Chlorhexidine gluconate (CHX) was used as supple-
mental irrigation. Ng et al. (2011) found that the additional 

use of 0.2% chlorhexidine solution for irrigation reduced the 
success of treatment significantly (Ng et al. 2011). A pos-
sible explanation could be the interaction product between 
NaOCl and CHX, a precipitate containing para-chloro-ani-
line, which is reported to be cytotoxic (Basrani et al. 2007). 
Nevertheless, the findings in this study could not identify 
any independent effect of irrigation with CHX on outcome 
in both groups, which showed equivalent success rates.

Antibacterial root canal dressing

As mentioned above, both of the included studies in the RET 
group used modified triple antibiotic paste (TAP) as an inter-
appointment disinfecting agent. This method, developed by 
Hoshino et al. (1996), combines Ciprofloxacin, Metronida-
zole, and Minocycline (Hoshino et al. 1996). Although the 
previously mentioned paste has the ability to combat bacteria 
specific to endodontic infections, it can cause severe tooth 
discolorations. Therefore, Minocycline has been replaced 
with Cefaclor and was launched as a modified triple antibi-
otic paste (mTAP) (Thibodeau and Trope 2007).

TAP and mTAP have several drawbacks, including the 
lack of standardised mixing protocols. Different amounts 
of the drugs are ground into powders and mixed with ster-
ile water or macrogol ex tempore and applied in the root 
canal. This application causes uneven distribution and exces-
sive concentration problems, resulting in high cytotoxicity 
(Ruparel et al. 2012). Recently, several authorities discour-
aged the use of one of the components in mTAP, Cipro-
floxacin, due to its severe side effects (The Swedish Medical 
Products Agency, The European Medical Agency, The Food 
and Drug Administration Agency).

Therefore, the current recommendations include calcium 
hydroxide as a disinfecting agent in regenerative endodon-
tic treatment (Endodontology 2006). Calcium hydroxide has 
good antibacterial properties and has been shown not to be 
cytotoxic to periapical tissues and SCAP: s (Sjogren et al. 
1991). In accordance with existing literature, the disinfection 
protocols used in the both study groups effectively elimi-
nated bacterial infections as healing of apical periodontitis 
was achieved (Sjogren et al. 1991,  1997; Sundqvist et al. 
1998). Nevertheless, little is known about the post-treatment 
microbiologic status of the treated teeth, because none of the 
included studies reported bacterial samplings as a standard-
ised control method of disinfection.

Treatment provider

All the included studies in the RET and MTA treatment 
groups were performed at specialist clinics either by resi-
dents supervised by experienced endodontists and paedi-
atric dentistry specialists or by the specialists themselves. 
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Moreover, several studies reported that endodontic and 
paediatric specialists collaborated to provide non-compliant 
patients nitrous oxide/oxygen analgesia. All treatment pro-
cedures were performed with the aid of a surgical operating 
microscope. In this context, the treatment providers might 
have influenced the results and the external validity of the 
studies as operator experience is a key factor when it comes 
to outcome in endodontics (Alley et al. 2004). Root canal 
treatments consist of a series of independent steps, includ-
ing isolation, access preparation, mechanical debridement, 
chemical irrigation, root canal dressing, and obturation. 
These factors have the ability to influence the treatment out-
come (Ng et al. 2008). When the technical standard of root 
fillings is adequate, the healing rates are high (Sjogren et al. 
1990; Bierenkrant et al. 2008).

Outcome measures used in the included studies

It is important to analyse outcome measures as these are 
basis for evaluation of the treatment outcome of immature 
permanent teeth with pulp necrosis and apical periodontitis. 
Traditionally, endodontic outcome studies use strict criteria 
for success. They define successful treatment as absence of 
signs and symptoms of apical pathology, where the contours, 
width, and structure of the periodontal ligament around the 
treated tooth are radiographically normal (Sjogren et al. 
1990, 1997; Ng et al. 2007). Factors associated with better 
tooth survival are the quality of the root filling, the length of 
root filling in relation to apex, optimal coronal restoration, 
and healthy preoperative apical status (Ng et al. 2010). It is 
generally accepted that optimal root filling lacks voids and 
ends within 0–2 mm from the radiographical apex (Frisk 
et al. 2008). In a meta-analysis, Ng et al. (2008) identified 
additional key factors that significantly improve the out-
come of primary root canal treatment. These are preopera-
tive absence of periapical radiolucency and satisfactory cor-
onal restoration (Ng et al. 2008). However, we did not find a 
correlation between the preoperative presence of periapical 
radiolucency and the rate of success.

Often, radiographic assessment of treatment results is the 
only objective method used to evaluate endodontic treat-
ment. Assessment is usually performed with intraoral radio-
graphs using a variety of criteria to determine health of peri-
apical. These strict radiographic criteria are established as 
a golden standard in the field of endodontic outcome meas-
ures (Sjogren et al. 1990, 1997). The most often used struc-
tured criterion for measurement of periapical status is the 
PAI index, which consists of five scores with cut-off points 
between PAI 2 and PAI 3 score for periapical health and 
disease (Orstavik et al. 1986). The analyses of the included 
studies showed that none of the RET studies reported PAI 
index at baseline or at follow-up while three of the MTA 
studies reported the use of PAI index both at baseline and 

at follow-up (Bucher et al. 2016; Mente et al. 2013; Kan-
demir Demirci et al. 2019). Therefore, in the vast majority 
of the studies, absence or presence of apical periodontitis 
at baseline and follow-up was identified as a radiographic 
outcome measure.

A more forgiving approach for outcome measure has 
been proposed by Friedman and Mor (Friedman, Mor 2004). 
Healing of periapical disease was compared to functionality 
or merely retention when endodontic treatment was weighed 
against tooth extraction and replacement with implant to 
provide relevant comparisons between the two treatment 
outcomes. This definition proposed the terms ‘functional 
retention’ and ‘survival’ as a specific goals of the individual 
patient and it includes teeth that may be healing or show 
signs of apical pathology. The third term, ‘success’, was 
adopted for teeth that have healthy apical status and are free 
of symptoms. Furthermore, the above-mentioned terms were 
applied for long-term evaluations and are less appropriate 
for short-term evaluations (< 10 years) (Dammaschke et al. 
2003). The follow-up for the included RET studies varied 
between 24 and 49 months; however, large preoperative api-
cal lesions could need a longer period to heal than small 
lesions (Sjogren et al. 1990). Therefore, in this study, the 
radiographic interpretation in terms of ‘success’ and resolu-
tion of periapical radiolucency should be interpreted with 
caution.

Therefore, we can say that the adopted terms of ‘func-
tional retention’ and ‘survival’ may be seen as more loose 
criteria in the definition of endodontic outcomes. In other 
words, when we compare the outcomes of RET and MTA 
groups, we should bear in mind that the used outcome meas-
ures focus on different issues. In the RET group, the key 
outcome measure is the continuation of root development 
(root wall lengthening and root wall thickening); in the MTA 
group, the key outcome measure is the quality of the root 
filling. It could be justifiable for the included RET stud-
ies to use surrogate measures of treatment outcomes. Such 
measures are healing signs of local infection (sinus tract 
and abscess), healing of apical pathology, increase of root 
wall thickness, increase of root length, closure of apical, and 
absence of subjective symptoms. The study analyses showed 
that the majority of the cases were treated successfully and 
were retained throughout the follow-up. Furthermore, there 
were no statistical differences between the study groups.

Little is known about the impact of extruded MTA on the 
healing capacity of traumatised teeth with apical pathosis. 
Unfortunately, this topic has resulted in few studies with 
high scientific value; the results from several case reports 
and case series on extrusion of MTA have been inconclusive 
and dubious outcomes have been reported (Tezel et al. 2010; 
Tahan et al. 2010; Nosrat et al. 2012; Chang et al. 2013).

We found that three of the studies from the MTA group 
reported the level of root filling in relation to the root apex 
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(Bucher et al. 2016; Demiriz and Hazar 2017; Mente et al. 
2013). For example, one of the studies found that 30% of the 
root-filled teeth were underfilled or overfilled, but this did 
not affect the healing rate as 90% showed clinical and radio-
graphical success (Bucher et al. 2016). Additionally, one 
study found no significant difference in periapical healing 
between overfilled and optimally filled teeth (Demiriz, Hazar 
Bodrumlu 2017). Unlike other studies, the results of this 
review showed that the level of root filling in relation to the 
root apex in the MTA study group did not affect the success 
rate considerably. This finding could be partially explained 
by the fact the MTA study group had good biocompatibility 
(Solanki et al. 2018) and partially by the described ability 
of MTA to stimulate deposition of mineralised tissue at the 
interface of the placement (Dreger et al. 2012).

In this review, the most consistent radiographic findings 
for both study groups were apical closure (apexification) and 
healing of periapical radiolucency (81–100%). The clinically 
meaningful findings include teeth being free from signs of 
local infection (sinus tract and abscess) and being free of 
symptoms. According to the adopted outcome measures, 
both RET and MTA groups showed high survival rates in 
the short term, ≤ 24 months (95%). A critical appraisal of 
these outcome measures would mean that the more forgiving 
measures were applicable for the RET study group (Fried-
man and Mor 2004).

The importance of root maturation on outcome

Cvek (1992) described the problem of root fractures after 
prolonged intra-canal medication with calcium hydroxide in 
immature teeth. Root fracture has been recognised as one of 

the major complications in management of young necrotic 
immature teeth. The earlier the root development stage, the 
greater the risk of cervical root fractures (ranging from 77% 
in teeth with the lowest root development stage to 27% in 
the teeth with the highest root development stage). Cvek 
observed that the incidence of root fracture was associated 
with the root wall thickness rather than with prolonged intra-
canal medication with calcium hydroxide. These findings 
were supported by several other studies (Kahler et al. 2018; 
Al-Jundi 2004). Further search in the literature did not iden-
tify studies reporting increased frequency of root fractures 
in immature teeth with open apices medicated with calcium 
hydroxide over varying periods (Morfis and Siskos 1991; 
Thater and Marechaux 1988).

It has been known that the application of MTA in the root 
canal facilitates an apical seal but does not promote contin-
ued root development. Similarly, none of the included MTA 
studies reported continued root formation and maturation. 
On the contrary, both the included RET studies reported 
accurate information on root wall widening and lengthening, 
significantly increasing root dimensions. The findings from 
the included studies showed that the reported overall inci-
dence of root fractures was low (Table 10). Another finding 
is that an evaluation of the root maturation post-treatment 
was not possible to perform because not all of the included 
studies provided this information. In conclusion, based on 
the included information, it was difficult to establish a cor-
relation between total medication time, continued root devel-
opment, and the risk for root fractures.

Table 12  Risk of bias assessment RoB2 tool: RCT studies with intention-to-treat
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The effect of aetiology as a prognostic factor 
on outcome

Previous studies report that RET treatment of non-traumatic 
dental injuries, such as caries or developmental anomalies, 
results in a better prognosis than trauma cases (Lin et al. 
2017; Cehreli et al. 2013). Severe trauma to the periodon-
tal ligament induces inflammatory root resorption and may 
cause damage to the Hertwig epithelial root sheath as well 
as the apical papilla, compromising the outcome of regen-
erative treatment. Obviously, it is not possible to draw any 
conclusions on the effect of trauma on the outcome because 
the RET study group consisted of only two studies. However, 
both of these studies included both severe and non-severe 
trauma. No differences in overall success and survival rates 
were observed between severe and non-severe traumatic 
aetiology. In addition, no differences in the rate of root wall 
lengthening and thickening could be correlated to the nature 
of the trauma.

Complications

The included studies indicated low frequency of occurrence 
of adverse effects. The most frequently reported drawback in 
both groups was tooth discoloration caused by MTA. Discol-
oration is an undesirable consequence of endodontic treat-
ment and efforts should always be made to substitute agents 
that cause discolouring. Six out of seven of the included 
studies in both RET and MTA groups substituted grey MTA 
with white MTA. However, white MTA without bismuth 
oxide also causes discoloration in the presence of blood due 
to porosity of the cement or the iron absorption from haemo-
globin (Torabinejad et al. 2018). Perhaps, MTA treatments 
are technique-sensitive procedures depending both on how 
experienced the treatment provider is and on the patient’s 
cooperation. Several difficulties—e.g. a child’s behaviour, 
proper visualisation, and the ideal placement of the mate-
rial—are linked directly to the rate of discoloration.

Strengths and limitations

A strength of this study is that it investigates a large number 
of immature permanent teeth with pulp necrosis and open 
apices (694 teeth) using both clinical and radiographic out-
comes with a minimum follow-up of 24 months. In total, 
116 teeth were treated in the included RET studies and 578 
teeth were treated in the included MTA studies. In addi-
tion, the studies included in the MTA group also had longer 
follow-up and larger study sizes, resulting in better statistical 
significance.

The present review has, however, some limitations. The 
search was not expanded within unpublished literature 
(registries or theses). It was discussed that the risk for pos-
sible flaws in the design, conduct, analysis, and reporting 
of the results of unpublished studies would not have been 
detected unless submission to review process. Consequently, 
the authors agreed to include only published peer-reviewed 
studies.

Another limitation of this review is the fact that only 
seven studies matched the inclusion criteria of intervention 
studies on immature necrotic teeth with follow-up of at least 
20 teeth for 24 months.

The number of included cases was unevenly distributed: 
compared to the RET group, the MTA group had approxi-
mately five times the total number of cases treated. In addi-
tion, the material that this review is based on consists of 
studies with different designs. Some studies had a retrospec-
tive design, which might limit the information if the treated 
teeth presented any signs or symptoms of pre-, intra-, or 
postoperative adverse effects. Another limitation is the fact 
that the periapical PAI index was not stated at baseline in all 
of the studies. The PAI index is considered to be accurate, 
reproducible, and suitable for observational studies (Orsta-
vik et al. 1986). The index allows calibration between the 
observers and comparisons of the inter-observer validity 
(Huumonen 2002). In addition, the RET study group showed 
lack of standardised follow-up protocols despite the earlier 
suggested protocols (Jeeruphan et al. 2012; Jung et al. 2008; 
Wigler et al. 2013). These protocols have been adopted by 
the European Society of Endodontists. Feasible follow-up 
times are 3, 6, 12, 18, and 24 months and annually for five 
years (Galler et al. 2016). Unfortunately, few RET studies 
report follow-up periods longer than 24 months. To sum-
marise, the heterogeneity of the study design of the included 
studies did not provide a definite answer for the outcomes of 
endodontic regenerative and apexification techniques.

In this review, clinical and radiographical outcomes of 
endodontic treatment in immature necrotic permanent teeth 
were compared with respect to regenerative and apexification 
techniques (calcium hydroxide and MTA apical plug). The 
knowledge gaps uncovered are based on the general absence 
of consensus within the research field. All the included 
studies claimed to have found one or more approaches for 
combating bacterial infection. Knowledge gaps were iden-
tified for regenerative endodontic treatment, apexification 
with MTA plug, and follow-up protocols. Further research 
is needed that examines treatment of traumatised immature 
permanent teeth with high-quality study design, larger study 
sizes, and longer follow-up periods. Future studies should 
predefine the root development stage and periapical index 
status (PAI index) at baseline and after treatment.
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Conclusion

In the present systematic review, the qualitative analysis 
revealed that both regenerative and apexification techniques 
had equal rates of success and survival and proved to be 
effective in the treatment of immature necrotic permanent 
teeth.

Endodontic regenerative techniques appear to be superior 
to apexification techniques in terms of stimulation of root 
maturation, i.e. root wall thickening and root lengthening.

Knowledge gaps were identified regarding the treatment 
and follow-up protocols for both techniques.

Author contributions AW conceptualised and designed the study, per-
formed the database search, analysed and interpreted the data, and 
drafted the manuscript. MB analysed and interpreted the data and 
drafted the manuscript. MFL performed the database search and took 
part in analysis and interpretation of data. MS performed the database 
search and took part in analysis and interpretation of data. GT concep-
tualised and designed the study, was the fourth evaluator when there 
was a conflict in literature assessment, analysed and interpreted the 
data, and drafted the manuscript. All authors revised the paper criti-
cally for intellectual content and approved the final version. All authors 
agree to be accountable for the work and to ensure that any questions 
relating to the accuracy and integrity of the paper are investigated and 
properly resolved.

Funding Open access funding provided by Karolinska Institute.

Compliance with ethical standards 

Conflict of interest Author AW declares that she has no conflict of in-
terest. Author MB declares that she has no conflict of interest. Author 
MFL declares that he has no conflict of interest. Author MS declares 
that he has no conflict of interest. Author GT declares that he has no 
conflict of interest.

Consent for publication This article has been read and approved by 
all the authors.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

References

Al Ansary MA, Day PF, Duggal MS, Brunton PA. Interven-
tions for treating traumatized necrotic immature permanent 

anterior teeth: inducing a calcific barrier & root strengthening. 
Dent Traumatol. 2009;25(4):367–79. https ://doi.org/10.111
1/j.1600-9657.2009.00797 .x (PMID: 19614737).

Al-Jundi SH. Type of treatment, prognosis, and estimation of time 
spent to manage dental trauma in late presentation cases at a 
dental teaching hospital: a longitudinal and retrospective study. 
DentTraumatol. 2004;20(1):1–5. 

Alley BS, Kitchens GG, Alley LW, Eleazer PD. A comparison of sur-
vival of teeth following endodontic treatment performed by gen-
eral dentists or by specialists. Oral Surg Oral Med Oral Pathol 
Oral Radiol Endod. 2004;98(1):115–8. 

Alobaid AS, Cortes LM, Lo J, Nguyen TT, Albert J, Abu-Melha AS, 
et al. Radiographic and clinical outcomes of the treatment of 
immature permanent teeth by revascularization or apexification: 
a pilot retrospective cohort study. J Endod. 2014;40(8):1063–70. 

Andreasen JO, Farik B, Munksgaard EC. Long-term calcium hydroxide 
as a root canal dressing may increase risk of root fracture. Dent 
Traumatol. 2002;18(3):134–7. 

Antunes LS, Salles AG, Gomes CC, Andrade TB, Delmindo MP, 
Antunes LA. The effectiveness of pulp revascularization in root 
formation of necrotic immature permanent teeth: a systematic 
review. Acta Odontol Scand. 2016;74(3):161–9. 

Asgary S, Ehsani S. MTA resorption and periradicular healing in an 
open-apex incisor: a case report. Saudi Dent J. 2012;24(1):55–9. 
https ://doi.org/10.1016/j.sdent j.2011.08.001 (Epub 2011 Aug 
27. PMID: 23960529; PMCID: PMC3723285).

Asgary S, Fazlyab M, Nosrat A. Regenerative endodontic treatment 
versus apical plug in immature teeth: three-year follow-up. J Clin 
Pediatr Dent. 2016;40(5):356–60. 

Basrani BR, Manek S, Sodhi RN, Fillery E, Manzur A. Interaction 
between sodium hypochlorite and chlorhexidine gluconate. J 
Endod. 2007;33(8):966–9. 

Badole GP, Warhadpande MM, Bahadure RN, Badole SG. Nonsurgi-
cal endodontic treatment of permanent maxillary incisors with 
immature apex and a large periapical lesion: a case report. Gen 
Dent. 2015;63(1):58–60 (PMID: 25574721).

Becerra P, Ricucci D, Loghin S, Gibbs JL, Lin LM. Histologic study 
of a human immature permanent premolar with chronic api-
cal abscess after revascularization/revitalization. J Endod. 
2014;40(1):133–9. https ://doi.org/10.1016/j.joen.2013.07.017 
(Epub 2013 Aug 31 PMID: 24332005).

Bezgin T, Yilmaz A, Celik B, Kolsuz M, Sonmez H. Efficacy of plate-
let-rich plasma as a scaffold in regenerative endodontic treat-
ment. J Endod. 2015;41(1):36–44. 

Bierenkrant DE, Parashos P, Messer HH. The technical quality of non-
surgical root canal treatment performed by a selected cohort of 
Australian endodontists. Int Endod J. 2008;41(7):561–70. 

Bose R, Nummikoski P, Hargreaves K. A retrospective evaluation 
of radiographic outcomes in immature teeth with necrotic root 
canal systems treated with regenerative endodontic proce-
dures. J Endod. 2009;35(10):1343–9. https ://doi.org/10.1016/j.
joen.2009.06.021 (Epub 2009 Aug 15 PMID: 19801227).

Bucher K, Meier F, Diegritz C, Kaaden C, Hickel R, Kuhnisch J. Long-
term outcome of MTA apexification in teeth with open apices. 
Quintessence Int. 2016;47(6):473–82. 

Bukhari S, Kohli MR, Setzer F, Karabucak B. Outcome of Revas-
cularization Procedure: A Retrospective Case Series. J Endod. 
2016;42(12):1752–9. https ://doi.org/10.1016/j.joen.2016.06.021 
(Epub 2016 Oct 7 PMID: 27726882).

Bystrom A, Sundqvist G. The antibacterial action of sodium hypochlo-
rite and EDTA in 60 cases of endodontic therapy. Int Endod J. 
1985;18(1):35–40. 

Cehreli ZC, Sara S, Aksoy B. Revascularization of immature perma-
nent incisors after severe extrusive luxation injury. J Mich Dent 
Assoc. 2013;95(3):58–62. 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/j.1600-9657.2009.00797.x
https://doi.org/10.1111/j.1600-9657.2009.00797.x
https://doi.org/10.1016/j.sdentj.2011.08.001
https://doi.org/10.1016/j.joen.2013.07.017
https://doi.org/10.1016/j.joen.2009.06.021
https://doi.org/10.1016/j.joen.2009.06.021
https://doi.org/10.1016/j.joen.2016.06.021


337European Archives of Paediatric Dentistry (2021) 22:311–340 

1 3

Chan EKM, Desmeules M, Cielecki M, Dabbagh B, dos Santos 
BF. Longitudinal cohort study of regenerative endodontic 
treatment for immature necrotic permanent teeth. J Endod. 
2017;43(3):395–400. 

Chang SW, Oh TS, Lee W, Cheung GS, Kim HC. Long-term observa-
tion of the mineral trioxide aggregate extrusion into the periapi-
cal lesion: a case series. Int J Oral Sci. 2013;5(1):54–7. 

Chen MY, Chen KL, Chen CA, Tayebaty F, Rosenberg PA, Lin LM. 
Responses of immature permanent teeth with infected necrotic 
pulp tissue and apical periodontitis/abscess to revascularization 
procedures. Int Endod J. 2012;45(3):294–305. 

Chen YJ, Zhao YH, Zhao YJ, Liu NX, Lv X, Li Q, Chen FM, Zhang M. 
Potential dental pulp revascularization and odonto-/osteogenic 
capacity of a novel transplant combined with dental pulp stem 
cells and platelet-rich fibrin. Cell Tissue Res. 2015;361(2):439–
55. https ://doi.org/10.1007/s0044 1-015-2125-8 (Epub 2015 Mar 
24 PMID: 25797716).

Chueh LH, Huang GT. Immature teeth with periradicular periodontitis 
or abscess undergoing apexogenesis: a paradigm shift. J Endod. 
2006;32(12):1205–13. 

Chueh LH, Ho YC, Kuo TC, Lai WH, Chen YH, Chiang CP. Regen-
erative endodontic treatment for necrotic immature permanent 
teeth. J Endod. 2009;35(2):160–4. https ://doi.org/10.1016/j.
joen.2008.10.019 (Epub 2008 Dec 12 PMID: 19166764).

Chung H, Kim M, Yang W, Ko H. An interesting healing outcome 
of a replanted immature permanent tooth: a case report. 
Dent Traumatol. 2011;27(1):77–80. https ://doi.org/10.11
11/j.1600-9657.2010.00940 .x (Epub 2010 Dec 9 PMID: 
21143390).

Cvek M. Prognosis of luxated non-vital maxillary incisors treated with 
calcium hydroxide and filled with gutta-percha. A retrospective 
clinical study. Endod Dent Traumatol. 1992;8(2):45–55. 

Damle SG, Bhattal H, Loomba A. Apexification of anterior teeth: a 
comparative evaluation of mineral trioxide aggregate and cal-
cium hydroxide paste. J Clin Pediatr Dent. 2012;36(3):263–8 
(PMID: 22838228).

Dammaschke T, Steven D, Kaup M, Ott KH. Long-term survival of 
root-canal-treated teeth: a retrospective study over 10 years. J 
Endod. 2003;29(10):638–43. 

Dawood AE, Parashos P, Wong RHK, Reynolds EC, Manton DJ. Cal-
cium silicate-based cements: composition, properties, and clini-
cal applications. J Investig Clin Dent. 2017;8(2):e12195. 

Demiriz L, Hazar BE. Retrospective evaluation of healing of periapical 
lesions after unintentional extrusion of mineral trioxide aggre-
gate. J Appl Biomater Funct Mater. 2017;15(4):e382–6. 

Dixon-Woods M, Cavers D, Agarwal S, Annandale E, Arthur A, Har-
vey J, et al. Conducting a critical interpretive synthesis of the 
literature on access to healthcare by vulnerable groups. BMC 
Med Res Methodol. 2006;6(1):35–35. 

Dreger LA, Felippe WT, Reyes-Carmona JF, Felippe GS, Bortoluzzi 
EA, Felippe MC. Mineral trioxide aggregate and Portland cement 
promote biomineralization in vivo. J Endod. 2012;38(3):324–9. 

Dudeja PG, Grover S, Srivastava D, Dudeja KK, Sharma V. Pulp 
revascularization- it’s your future whether you know it or not? 
J Clin Diagn Res. 2015;9(4):ZR01-4. https ://doi.org/10.7860/
JCDR/2015/10149 .5768 (Epub 2015 Apr 1. PMID: 26023665; 
PMCID: PMC4437181).

Edwards P, Clarke M, DiGuiseppi C, Pratap S, Roberts I, Wentz R. 
Identification of randomized controlled trials in systematic 
reviews: accuracy and reliability of screening records. Stat Med. 
2002;21(11):1635–40. 

El Ashiry EA, Farsi NM, Abuzeid ST, El Ashiry MM, Bahammam HA. 
Dental Pulp Revascularization of Necrotic Permanent Teeth with 
Immature Apices. J Clin Pediatr Dent. 2016;40(5):361–6. https 
://doi.org/10.17796 /1053-4628-40.5.361 (PMID: 27617376).

El-Meligy OA, Avery DR. Comparison of apexification with min-
eral trioxide aggregate and calcium hydroxide. Pediatr Dent. 
2006;28(3):248–53 (PMID: 16805357).

Endodontology ESO. Quality guidelines for endodontic treatment: 
consensus report of the European Society of Endodontology. Int 
Endod J. 2006;39(12):921–30. 

Estefan BS, El Batouty KM, Nagy MM, Diogenes A. Influence of 
age and apical diameter on the success of endodontic regen-
eration procedures. J Endod. 2016;42(11):1620–5. https ://doi.
org/10.1016/j.joen.2016.06.020 (Epub 2016 Sep 9 PMID: 
27623497).

EzEldeen M, Van Gorp G, Van Dessel J, Vandermeulen D, Jacobs 
R. 3-dimensional analysis of regenerative endodontic treatment 
outcome. J Endod. 2015;41(3):317–24. https ://doi.org/10.1016/j.
joen.2014.10.023 (Epub 2014 Dec 12 PMID: 25498128).

Farhad AR, Shokraneh A, Shekarchizade N. Regeneration or replace-
ment? A case report and review of literature. Dent traumatol. 
2016;32(1):71–9. 

Friedman S, Mor C. The success of endodontic therapy–healing and 
functionality. J Calif Dent Assoc. 2004;32(6):493–503. 

Frisk F, Hugoson A, Hakeberg M. Technical quality of root fillings 
and periapical status in root filled teeth in Jönköping. Sweden 
Int Endod J. 2008;41(11):958–68. 

Galler KM, Krastl G, Simon S, Van Gorp G, Meschi N, Vahedi B, et al. 
European Society of Endodontology position statement: Revitali-
zation procedures. Int Endod J. 2016;49(8):717–23. 

Garcia-Godoy F, Murray PE. Recommendations for using regenerative 
endodontic procedures in permanent immature traumatized teeth. 
Dent Traumatol. 2012;28(1):33–41. 

Gelman R, Park H. Pulp revascularization in an immature necrotic 
tooth: a case report. Pediatr Dent. 2012;34(7):496–9. 

Giovarruscio M, Uccioli U, Malentacca A, Koller G, Foschi F, Man-
nocci F. A technique for placement of apical MTA plugs using 
modified Thermafil carriers for the filling of canals with wide 
apices. Int Endod J. 2013;46(1):88–97. https ://doi.org/10.1
111/j.1365-2591.2012.02115 .x (Epub 2012 Nov 9 PMID: 
23137342).

Gluud LL. Bias in clinical intervention research. Am J Epidemiol. 
2006;163(6):493–501. 

Gotzsche PC. Multiple publication of reports of drug trials. Eur J Clin 
Pharmacol. 1989;36(5):429–32. 

Gough DSO, Thomas J. An introduction to systematic reviews. 2nd ed. 
Thousand Oaks: SAGE Publications Ltd; 2017. 

Gough D, Thomas J, Oliver S. Clarifying differences between review 
designs and methods. Syst Rev. 2012;1(1):28. 

Grant MJ, Booth A. A typology of reviews: an analysis of 14 
review types and associated methodologies. Health Inf Libr J. 
2009;26(2):91–108. 

Guyatt GH, Sackett DL, Cook DJ. Users’ guides to the medical lit-
erature. II. How to use an article about therapy or prevention. 
B. What were the results and will they help me in caring for my 
patients? EvidBased Med Work Group Jama. 1994;271(1):59–63. 

Hargreaves HD. Teaching as a research-based profession: Possibilities 
and prospects, Teacher Training Agency Annual Lecture 1996. 
London: Teacher Training Agency; 1996. 

Hargreaves KM, Geisler T, Henry M, Wang Y. Regeneration potential 
of the young permanent tooth: what does the future hold? Pediatr 
Dent. 2008;30(3):253–60. 

Hargreaves KM, Diogenes A, Teixeira FB. Treatment options: biologi-
cal basis of regenerative endodontic procedures. Pediatr Dent. 
2013;35(2):129–40. 

He L, Zhong J, Gong Q, Kim SG, Zeichner SJ, Xiang L, et al. Treat-
ment of necrotic teeth by apical revascularization: meta-analysis. 
Sci Rep. 2017;7(1):13941. 

https://doi.org/10.1007/s00441-015-2125-8
https://doi.org/10.1016/j.joen.2008.10.019
https://doi.org/10.1016/j.joen.2008.10.019
https://doi.org/10.1111/j.1600-9657.2010.00940.x
https://doi.org/10.1111/j.1600-9657.2010.00940.x
https://doi.org/10.7860/JCDR/2015/10149.5768
https://doi.org/10.7860/JCDR/2015/10149.5768
https://doi.org/10.17796/1053-4628-40.5.361
https://doi.org/10.17796/1053-4628-40.5.361
https://doi.org/10.1016/j.joen.2016.06.020
https://doi.org/10.1016/j.joen.2016.06.020
https://doi.org/10.1016/j.joen.2014.10.023
https://doi.org/10.1016/j.joen.2014.10.023
https://doi.org/10.1111/j.1365-2591.2012.02115.x
https://doi.org/10.1111/j.1365-2591.2012.02115.x


338 European Archives of Paediatric Dentistry (2021) 22:311–340

1 3

Hecova H, Tzigkounakis V, Merglova V, Netolicky J. A retrospec-
tive study of 889 injured permanent teeth. Dent Traumatol. 
2010;26(6):466–75. 

Higgins JPT, Altman DG, Gøtzsche PC, Jüni P, Moher D, Oxman AD, 
et al. The Cochrane Collaboration’s tool for assessing risk of 
bias in randomised trials. BMJ Case Rep. 2011;343(2):d5928. 

Hoshino E, Kurihara-Ando N, Sato I, Uematsu H, Sato M, Kota K, 
et al. In-vitro antibacterial susceptibility of bacteria taken from 
infected root dentine to a mixture of ciprofloxacin, metronidazole 
and minocycline. Int Endod J. 1996;29(2):125–30. 

Huumonen SaØ D. Radiological aspects of apical periodontitis. Endod 
Topics. 2002;1:3–25. 

Jadhav G, Shah N, Logani A. Revascularization with and without 
platelet-rich plasma in nonvital, immature, anterior teeth: a pilot 
clinical study. J Endod. 2012;38(12):1581–7. 

Jeeruphan T, Jantarat J, Yanpiset K, Suwannapan L, Khewsawai P, 
Hargreaves KM. Mahidol study 1: comparison of radiographic 
and survival outcomes of immature teeth treated with either 
regenerative endodontic or apexification methods: a retrospec-
tive study. J Endod. 2012;38(10):1330–6. 

Jung IY, Lee SJ, Hargreaves KM. Biologically based treatment of 
immature permanent teeth with pulpal necrosis: a case series. 
J Endod. 2008;34(7):876–87. 

Kahler SL, Shetty S, Andreasen FM, Kahler B. The effect of long-
term dressing with calcium hydroxide on the fracture suscep-
tibility of teeth. J Endod. 2018;44(3):464–9. 

Kakoli P, Nandakumar R, Romberg E, Arola D, Fouad AF. The effect 
of age on bacterial penetration of radicular dentin. J Endod. 
2009;35(1):78–81. 

Kandemir Demirci G, Kaval ME, Guneri P, Caliskan MK. Treatment 
of immature teeth with nonvital pulps in adults: a prospective 
comparative clinical study comparing MTA with Ca(OH)2. Int 
Endod J. 2019;53(1):5–18. 

Kahler B, Mistry S, Moule A, Ringsmuth AK, Case P, Thomson A, 
Holcombe T. Revascularization outcomes: a prospective analysis 
of 16 consecutive cases. J Endod. 2014;40(3):333–8. https ://doi.
org/10.1016/j.joen.2013.10.032 (Epub 2013 Dec 15. Erratum 
in: J Endod. 2014 Jun;40(6):879. PMID: 24565648).

Kaushik SN, Kim B, Walma AM, Choi SC, Wu H, Mao JJ, Jun 
HW, Cheon K. Biomimetic microenvironments for regen-
erative endodontics. Biomater Res. 2016;2(20):14. https ://doi.
org/10.1186/s4082 4-016-0061-7 (PMID: 27257508; PMCID: 
PMC4890532).

Kleier DJ, Barr ES. A study of endodontically apexified teeth. 
Endod Dent Traumatol. 1991;7(3):112–7. https ://doi.
org/10.1111/j.1600-9657.1991.tb001 94.x (PMID: 1685990).

Kim DS, Park HJ, Yeom JH, Seo JS, Ryu GJ, Park KH, et al. Long-
term follow-ups of revascularized immature necrotic teeth: 
three case reports. Int J Oral Sci. 2012;4(2):109–13. 

Kumar H, Al-Ali M, Parashos P, Manton DJ. Management of 2 teeth 
diagnosed with dens invaginatus with regenerative endodon-
tics and apexification in the same patient: a case report and 
review. J Endod. 2014;40(5):725–31. https ://doi.org/10.1016/j.
joen.2013.10.030 (Epub 2013 Dec 15 PMID: 24767572).

Lauridsen E, Andreasen JO, Bouaziz O, Andersson L. Risk of anky-
losis of 400 avulsed and replanted human teeth in relation to 
length of dry storage: a re-evaluation of a long-term clinical 
study. Dent Traumatol. 2019;36(2):108–16. 

Lewin S, Glenton C, Munthe-Kaas H, Carlsen B, Colvin CJ, Gulm-
ezoglu M, et al. Using qualitative evidence in decision mak-
ing for health and social interventions: an approach to assess 
confidence in findings from qualitative evidence syntheses 
(GRADE-CERQual). PLoS Med. 2015;12(10):e1001895. 

Lin J, Zeng Q, Wei X, Zhao W, Cui M, Gu J, et al. Regenerative 
endodontics versus apexification in immature permanent teeth 

with apical periodontitis: a prospective randomized controlled 
study. J Endod. 2017;43(11):1821–7. 

Lovelace TW, Henry MA, Hargreaves KM, Diogenes A. Evaluation 
of the delivery of mesenchymal stem cells into the root canal 
space of necrotic immature teeth after clinical regenerative 
endodontic procedure. J Endod. 2011;37(2):133–8. 

Martin DE, De Almeida JF, Henry MA, Khaing ZZ, Schmidt CE, 
Teixeira FB, et al. Concentration-dependent effect of sodium 
hypochlorite on stem cells of apical papilla survival and dif-
ferentiation. J Endod. 2014;40(1):51–5. 

Maturo P, Costacurta M, Bartolino M, Docimo R. MTA applications 
in pediatric dentistry. Oral Implantol (Rome). 2009;2(3):37–
44 (Epub 2010 Apr 20. PMID: 23285367; PMCID: 
PMC3415346).

McCabe P. Revascularization of an immature tooth with apical peri-
odontitis using a single visit protocol: a case report. Int Endod 
J. 2015;48(5):484–97. https ://doi.org/10.1111/iej.12344  (Epub 
2014 Aug 27 PMID: 25066513).

McTigue DJ, Subramanian K, Kumar A. Case series: management of 
immature permanent teeth with pulpal necrosis: a case series. 
Pediatr Dent. 2013;35(1):55–60. 

Medina-Fernandez I, Celiz AD. Acellular biomaterial strategies for 
endodontic regeneration. Biomater Sci. 2019;7(2):506–19. https 
://doi.org/10.1039/c8bm0 1296b  (PMID: 30569918).

Mente J, Leo M, Panagidis D, Ohle M, Schneider S, Lorenzo BJ. 
Treatment outcome of mineral trioxide aggregate in open apex 
teeth. J Endod. 2013;39(1):20–6. 

Mishra N, Narang I, Mittal N. Platelet-rich fibrin-mediated revi-
talization of immature necrotic tooth. Contemp Clin Dent. 
2013;4(3):412–5. https ://doi.org/10.4103/0976-237X.11837 
9.PMID:24124 320;PMCID :PMC37 93575 .

Moher D, Liberati A, Tetzlaff J, Altman DG. Preferred reporting 
items for systematic reviews and meta-analyses: the PRISMA 
statement. J Clin Epidemiol. 2009;62(10):1006–12. 

Mohammadi Z, Yazdizadeh M. Obturation of immature non-vital 
tooth using MTA. Case report NY State Dent J. 2011;77(1):33–5 
(PMID: 21417165).

Morfis AS, Siskos G. Apexification with the use of calcium hydrox-
ide: a clinical study. J Clin Pediatr Dent. 1991;16(1):13–9. 

Moore A, Howley MF, O’Connell AC. Treatment of open apex 
teeth using two types of white mineral trioxide aggregate 
after initial dressing with calcium hydroxide in children. 
Dent Traumatol. 2011;27(3):166–73. https ://doi.org/10.111
1/j.1600-9657.2011.00984 .x (PMID: 21564517).

Mozynska J, Metlerski M, Lipski M, Nowicka A. Tooth discoloration 
induced by different calcium silicate-based cements: a system-
atic review of in vitro studies. J Endod. 2017;43(10):1593–601. 

Murray PE, Garcia-Godoy F, Hargreaves KM. Regenerative endo-
dontics: a review of current status and a call for action. J 
Endod. 2007;33(4):377–90. 

Nagata JY, Gomes BP, Rocha Lima TF, Murakami LS, de 
Faria DE, Campos GR, et  al. Traumatized immature teeth 
treated with 2 protocols of pulp revascularization. J Endod. 
2014;40(5):606–12. 

Nagaveni NB, Poornima P, Joshi JS, Pathak S, Nandini DB. Revascu-
larization of immature, nonvital permanent tooth using platelet-
rich fibrin in children. Pediatr Dent. 2015;37(1):1–6. 

Nagaveni NB, Pathak S, Poornima P, Joshi JS. Revascularization 
induced maturogenesis of non-vital immature permanent tooth 
using platelet-rich-fibrin: a case report. J Clin Pediatr Dent. 
2016;40(1):26–30. 

Nagy MM, Tawfik HE, Hashem AA, Abu-Seida AM. Regenerative 
potential of immature permanent teeth with necrotic pulps after 
different regenerative protocols. J Endod. 2014;40(2):192–8. 

https://doi.org/10.1016/j.joen.2013.10.032
https://doi.org/10.1016/j.joen.2013.10.032
https://doi.org/10.1186/s40824-016-0061-7
https://doi.org/10.1186/s40824-016-0061-7
https://doi.org/10.1111/j.1600-9657.1991.tb00194.x
https://doi.org/10.1111/j.1600-9657.1991.tb00194.x
https://doi.org/10.1016/j.joen.2013.10.030
https://doi.org/10.1016/j.joen.2013.10.030
https://doi.org/10.1111/iej.12344
https://doi.org/10.1039/c8bm01296b
https://doi.org/10.1039/c8bm01296b
https://doi.org/10.4103/0976-237X.118379.PMID:24124320;PMCID:PMC3793575
https://doi.org/10.4103/0976-237X.118379.PMID:24124320;PMCID:PMC3793575
https://doi.org/10.1111/j.1600-9657.2011.00984.x
https://doi.org/10.1111/j.1600-9657.2011.00984.x


339European Archives of Paediatric Dentistry (2021) 22:311–340 

1 3

Nagmode PS, Satpute AB, Patel AV, Ladhe PL. The effect of mineral 
trioxide aggregate on the periapical tissues after unintentional 
extrusion beyond the apical foramen. Case Rep Dent. 2016. https 
://doi.org/10.1155/2016/35906 80 (Epub 2016 Oct 20. PMID: 
27840745; PMCID: PMC5093245).

Nazzal H, Duggal MS. Regenerative endodontics: a true paradigm shift 
or a bandwagon about to be derailed? Eur Arch Paediatr Dent. 
2017;18(1):3–15. 

Nazzal H, Kenny K, Altimimi A, Kang J, Duggal MS. A prospective 
clinical study of regenerative endodontic treatment of trauma-
tized immature teeth with necrotic pulps using bi-antibiotic paste. 
Int Endod J. 2018;51(Suppl 3):e204–15. https ://doi.org/10.1111/
iej.12808  (Epub 2017 Jul 26 PMID: 28653761).

Ng YL, Mann V, Rahbaran S, Lewsey J, Gulabivala K. Outcome of 
primary root canal treatment: systematic review of the litera-
ture—part 1. Effects of study characteristics on probability of 
success. Int Endod J. 2007;40(12):921–39. 

Ng YL, Mann V, Rahbaran S, Lewsey J, Gulabivala K. Outcome 
of primary root canal treatment: systematic review of the lit-
erature—part 2. Influence of clinical factors. Int Endod J. 
2008;41(1):6–31. 

Ng YL, Mann V, Gulabivala K. Tooth survival following non-surgical 
root canal treatment: a systematic review of the literature. Int 
Endod J. 2010;43(3):171–89. 

Ng YL, Mann V, Gulabivala K. A prospective study of the factors 
affecting outcomes of nonsurgical root canal treatment: part 1: 
periapical health. Int Endod J. 2011;44(7):583–609. 

Nicoloso GF, Goldenfum GM, Pizzol T, Scarparo RK, Montagner 
F, de Almeida RJ, et al. Pulp revascularization or apexifica-
tion for the treatment of immature necrotic permanent teeth: 
systematic review and meta-analysis. J Clin Pediatr Dent. 
2019;43(5):305–13. 

Nosrat A, Nekoofar MH, Bolhari B, Dummer PMH. Unintentional 
extrusion of mineral trioxide aggregate: a report of three cases. 
Int Endod J. 2012;45(12):1165–76. 

Oakley A. Experimentation and social interventions: a forgotten but 
important history. BMJ (Clin Res Ed). 1998;317(7167):1239–42. 

Op Heij DG, Opdebeeck H, van Steenberghe D, Quirynen M. Age 
as compromising factor for implant insertion. Periodontol 2000. 
2003;33:172–84. 

Orstavik D, Haapasalo M. Disinfection by endodontic irrigants and 
dressings of experimentally infected dentinal tubules. Endod 
Dent Traumatol. 1990;6(4):142–9. 

Orstavik D, Kerekes K, Eriksen HM. The periapical index: a scor-
ing system for radiographic assessment of apical periodontitis. 
Endod Dent Traumatol. 1986;2(1):20–34. 

Perry R, Leach V, Davies P, Penfold C, Ness A, Churchill R. An over-
view of systematic reviews of complementary and alternative 
therapies for fibromyalgia using both AMSTAR and ROBIS as 
quality assessment tools. Syst Rev. 2017;6(1):97. 

Petti S, Glendor U, Andersson L. World traumatic dental injury 
prevalence and incidence, a meta-analysis-One billion living 
people have had traumatic dental injuries. Dent Traumatol. 
2018;34(2):71–86. 

Plascencia H, Díaz M, Gascón G, Garduño S, Guerrero-Bobadilla C, 
Márquez-De Alba S, González-Barba G. Management of perma-
nent teeth with necrotic pulps and open apices according to the 
stage of root development. J Clin Exp Dent. 2017;9(11):e1329–
39. https ://doi.org/10.4317/jced.54287  (PMID: 29302286; 
PMCID: PMC5741847).

Rafter M. Apexification: a review. Dent Traumatol. 2005;21(1):1–8. 
Ragab RA, Lattif AEAE, Dokky NAEWE. Comparative study between 

revitalization of necrotic immature permanent anterior teeth with 
and without platelet rich fibrin: a randomized controlled trial. J 
Clin Pediatr Dent. 2019;43(2):78–85. https ://doi.org/10.17796 
/1053-4625-43.2.2 (Epub 2019 Feb 7. PMID: 30730794).

Raldi DP, Mello I, Habitante SM, Lage-Marques JL, Coil J. Treatment 
options for teeth with open apices and apical periodontitis. J Can 
Dent Assoc. 2009;75(8):591–6 (PMID: 19840502).

Ree MH, Schwartz RS. Long-term success of nonvital, immature per-
manent incisors treated with a mineral trioxide aggregate plug 
and adhesive restorations: a case series from a private endodontic 
practice. J Endod. 2017;43(8):1370–7. 

Ruparel NB, Teixeira FB, Ferraz CC, Diogenes A. Direct effect of 
intracanal medicaments on survival of stem cells of the apical 
papilla. J Endod. 2012;38(10):1372–5. 

Saoud TM, Zaazou A, Nabil A, Moussa S, Lin LM, Gibbs JL. Clini-
cal and radiographic outcomes of traumatized immature perma-
nent necrotic teeth after revascularization/revitalization ther-
apy. J Endod. 2014;40(12):1946–52. https ://doi.org/10.1016/j.
joen.2014.08.023 (Epub 2014 Oct 16. PMID: 25443280; 
PMCID: PMC4451000).

SBU. Utvärdering av metoder i hälso- och sjukvården och insatser i 
socialtjänsten: en metodbok. Stockholm: Statens beredning för 
medicinsk och social utvärdering (SBU); 2020. http://www.sbu.
se/metod bok. Accessed 15 Aug 2020.

Schlosser RW, Wendt O, Sigafoos J. Not all systematic reviews are 
created equal: considerations for appraisal. Evid Based Commun 
Assess Interv. 2007;1(3):138–50. 

Shah N, Logani A, Bhaskar U, Aggarwal V. Efficacy of revasculariza-
tion to induce apexification/apexogensis in infected, nonvital, 
immature teeth: a pilot clinical study. J Endod. 2008;34(8):919–
25. https ://doi.org/10.1016/j.joen.2008.05.001 (Discus-
sion 1157, Epub 2008 Jun 25. Erratum in: J Endod. 2008 
Oct;34(10):1263. PMID: 18634921).

Shea BJ, Reeves BC, Wells G, Thuku M, Hamel C, Moran J, et al. 
AMSTAR 2: a critical appraisal tool for systematic reviews that 
include randomised or non-randomised studies of healthcare 
interventions, or both. BMJ (Clin Res Ed). 2017;358:j4008. 

Sheehy EC, Roberts GJ. Use of calcium hydroxide for apical barrier 
formation and healing in non-vital immature permanent teeth: a 
review. Br Dent J. 1997;183(7):241–6. 

Shivashankar VY, Johns DA, Maroli RK, Sekar M, Chandrasekaran 
R, Karthikeyan S, Renganathan SK. Comparison of the effect 
of PRP, PRF and induced bleeding in the revascularization of 
teeth with necrotic pulp and open apex: a triple blind randomized 
clinical trial. J Clin Diagn Res. 2017;11(6):ZC34–9. https ://
doi.org/10.7860/JCDR/2017/22352 .10056  (Epub 2017 Jun 1. 
PMID: 28765825; PMCID: PMC5534513).

Simon S, Rilliard F, Berdal A, Machtou P. The use of mineral triox-
ide aggregate in one-visit apexification treatment: a prospective 
study. Int Endod J. 2007;40(3):186–97. https ://doi.org/10.111
1/j.1365-2591.2007.01214 .x (PMID: 17305695).

Silujjai J, Linsuwanont P. Treatment Outcomes of Apexification or 
Revascularization in Nonvital Immature Permanent Teeth: A 
Retrospective Study. J Endod. 2017;43(2):238–45. https ://doi.
org/10.1016/j.joen.2016.10.030 (PMID: 28132710).

Siqueira JF Jr, Rocas IN, Favieri A, Lima KC. Chemomechanical 
reduction of the bacterial population in the root canal after 
instrumentation and irrigation with 1%, 2.5%, and 5.25% sodium 
hypochlorite. J Endod. 2000;26(6):331–4. 

Sjogren U, Hagglund B, Sundqvist G, Wing K. Factors affect-
ing the long-term results of endodontic treatment. J Endod. 
1990;16(10):498–504. 

Sjogren U, Figdor D, Spangberg L, Sundqvist G. The antimicrobial 
effect of calcium hydroxide as a short-term intracanal dressing. 
Int Endod J. 1991;24(3):119–25. 

Sjogren U, Figdor D, Persson S, Sundqvist G. Influence of infection at 
the time of root filling on the outcome of endodontic treatment of 
teeth with apical periodontitis. Int Endod J. 1997;30(5):297–306. 

Solanki NP, Venkappa KK, Shah NC. Biocompatibility and sealing 
ability of mineral trioxide aggregate and biodentine as root-end 

https://doi.org/10.1155/2016/3590680
https://doi.org/10.1155/2016/3590680
https://doi.org/10.1111/iej.12808
https://doi.org/10.1111/iej.12808
https://doi.org/10.4317/jced.54287
https://doi.org/10.17796/1053-4625-43.2.2
https://doi.org/10.17796/1053-4625-43.2.2
https://doi.org/10.1016/j.joen.2014.08.023
https://doi.org/10.1016/j.joen.2014.08.023
http://www.sbu.se/metodbok
http://www.sbu.se/metodbok
https://doi.org/10.1016/j.joen.2008.05.001
https://doi.org/10.7860/JCDR/2017/22352.10056
https://doi.org/10.7860/JCDR/2017/22352.10056
https://doi.org/10.1111/j.1365-2591.2007.01214.x
https://doi.org/10.1111/j.1365-2591.2007.01214.x
https://doi.org/10.1016/j.joen.2016.10.030
https://doi.org/10.1016/j.joen.2016.10.030


340 European Archives of Paediatric Dentistry (2021) 22:311–340

1 3

filling material: a systematic review. J Conserv Dent JCD. 
2018;21(1):10–5. 

Sterne JAC, Hernán MA, Reeves BC, Savović J, Berkman ND, 
Viswanathan M, et al. ROBINS-I: a tool for assessing risk of 
bias in non-randomised studies of interventions. BMJ Case Rep. 
2016;355:i4919. 

Stewart L, Moher D, Shekelle P. Why prospective registration of 
systematic reviews makes sense. Systematic reviews journal. 
2012;1(1):7. 

Sundqvist G, Figdor D, Persson S, Sjogren U. Microbiologic analysis 
of teeth with failed endodontic treatment and the outcome of 
conservative re-treatment. Oral Surg Oral Med Oral Pathol Oral 
Radiol Endod. 1998;85(1):86–93. 

Tahan E, Çelik D, Er K, Taşdemir T. Effect of unintentionally extruded 
mineral trioxide aggregate in treatment of tooth with periradicu-
lar lesion: a case report. J Endod. 2010;36(4):760–3. 

Tezel B, Uysal S, Turgut M, Cehreli Z. Inadvertent MTA extrusion in 
an immature traumatized permanent incisor. J Clin Pediatr Dent. 
2010;35(2):145–8. 

Thater M, Marechaux SC. Induced root apexification following trau-
matic injuries of the pulp in children: follow-up study. ASDC J 
Dent Child. 1988;55(3):190–5. 

Thibodeau B, Trope M. Pulp revascularization of a necrotic infected 
immature permanent tooth: case report and review of the litera-
ture. Pediatr Dent. 2007;29(1):47–50. 

Thomas AHJ. Methodological issues in combining diverse study types 
in systematic reviews. Int J Soc Res Methodol. 2005;8(7):257–71. 

Torabinejad M, Parirokh M, Dummer PMH. Mineral trioxide aggregate 
and other bioactive endodontic cements: an updated overview—
part II: other clinical applications and complications. Int Endod 
J. 2018;51(3):284–317. 

Trope M. Treatment of the immature tooth with a non-vital pulp and 
apical periodontitis. Dent Clin N Am. 2010;54(2):313–24. 

Tsilingaridis G, Malmgren B, Andreasen JO, Malmgren O. Intrusive 
luxation of 60 permanent incisors: a retrospective study of treat-
ment and outcome. Dent Traumatol. 2012;28(6):416–22. 

Ulusoy AT, Turedi I, Cimen M, Cehreli ZC. Evaluation of blood clot, 
platelet-rich plasma, platelet-rich fibrin, and platelet pellet as 

scaffolds in regenerative endodontic treatment: a prospective 
randomized trial. J Endod. 2019;45(5):560–6. 

van der Sluis LW, Versluis M, Wu MK, Wesselink PR. Passive ultra-
sonic irrigation of the root canal: a review of the literature. Int 
Endod J. 2007;40(6):415–26. 

Vanka A, Ravi KS, Shashikiran ND. Apexification with MTA 
using internal matrix: report of 2 cases. J Clin Pediatr Dent. 
2010;34(3):197–200. https ://doi.org/10.17796 /jcpd.34.3.h2317 
nq8j3 56480 1 (PMID: 20578654).

Wang Y, Zhu X, Zhang C. Pulp revascularization on permanent 
teeth with open apices in a middle-aged patient. J Endod. 
2015;41(9):1571–5. 

Widbiller M, Eidt A, Hiller KA, Buchalla W, Schmalz G, Galler KM. 
Ultrasonic activation of irrigants increases growth factor release 
from human dentine. Clin Oral Investig. 2017;21(3):879–88. 

Wigler R, Kaufman AY, Lin S, Steinbock N, Hazan-Molina H, Tor-
neck CD. Revascularization: a treatment for permanent teeth 
with necrotic pulp and incomplete root development. J Endod. 
2013;39(3):319–26. 

Witherspoon DE, Small JC, Regan JD, Nunn M. Retrospective analy-
sis of open apex teeth obturated with mineral trioxide aggre-
gate. J Endod. 2008;34(10):1171–6. https ://doi.org/10.1016/j.
joen.2008.07.005 (Epub 2008 Aug 13 PMID: 18793914).

Zhujiang A, Kim SG. Regenerative endodontic treatment of an imma-
ture necrotic molar with arrested root development by using 
recombinant human platelet-derived growth factor: a case report. 
Journal of endodontics. 2016;42(1):72–5. 

Žižka R, Šedý J. Paradigm shift from stem cells to cell-free regenera-
tive endodontic procedures: a critical review. Stem Cells Dev. 
2016;26(3):147–53. 

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.17796/jcpd.34.3.h2317nq8j3564801
https://doi.org/10.17796/jcpd.34.3.h2317nq8j3564801
https://doi.org/10.1016/j.joen.2008.07.005
https://doi.org/10.1016/j.joen.2008.07.005

	What is the best long-term treatment modality for immature permanent teeth with pulp necrosis and apical periodontitis?
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Current available treatment modalities for immature necrotic permanent teeth
	Significance of the review

	Aim and objectives of the review
	Research questions

	Methods
	Review type
	Categorisation into subgroups of studies to be included
	Inclusion and exclusion criteria
	Study design and setting
	Search strategy
	Search terms
	Study selection process


	Results
	Descriptive findings
	Comparison between the included MTA and RET studies
	Study design
	Pulpal diagnosis
	Tooth type
	Aetiology
	Clinical treatment protocols
	Irrigants
	Intra-canal medication
	Total time of medication
	Clinical regenerative procedures in RET studies
	Scaffold in RET studies
	Changes in root dimensions
	The mean follow-up time
	Treatment complication

	Success and survival
	Drop-out rates

	Discussion
	Search strategy
	Screening and classification
	Quality assessment
	Risk of bias assessment
	Study characteristics
	Treatment protocols
	Irrigation

	Antibacterial root canal dressing
	Treatment provider
	Outcome measures used in the included studies
	The importance of root maturation on outcome
	The effect of aetiology as a prognostic factor on outcome
	Complications
	Strengths and limitations

	Conclusion
	References




