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ABSTRACT
Purpose: To propose a radiographic classification system for evaluating outcomes of regenerative 
endodontic procedures (REPs) in immature necrotic permanent teeth.
Methods: A two-phase retrospective study was conducted. In Phase I, radiographs of 20 cases (2015–2018) 
were analyzed to identify patterns of apical closure, root lengthening, dentinal wall thickening, intracanal 
calcification, and periapical healing. Based on these findings, a six-class radiographic classification was 
proposed:
Class 1: Apical closure with increased root length and dentin thickness;
Class 2: Apical closure with increased root length only;
Class 3: Apical closure with increased dentin thickness only;
Class 4: Apical closure without changes in root length or dentin thickness;
Class 5: Barrier formation within the canal or coronal to the root end;
Class 6: No root dimensional changes with periapical healing of a documented pretreatment periapical 
radiolucency.
In Phase II, the classification was applied to 54 immature single-rooted permanent teeth from 44 patients 
aged 8–13 years treated with REPs between 2019 and 2023. Baseline and latest available follow-up 
radiographs were evaluated by two blinded examiners. Reproducibility was assessed using Cohen’s kappa, 
and associations with age and pre-treatment root stage were analyzed using Fisher’s exact test.
Results: Class 1 was most frequent. Partial intracanal calcification occurred in 35.18% of cases, with no 
complete canal obliteration. Age (p = 0.215) and pre-treatment root stage (p = 0.872) were not significantly 
associated with outcome classes. Inter- and intra-examiner agreement were high (κ = 0.82 and 0.86). All 
cases were accommodated within the six proposed categories, and no additional outcome classes were 
observed. 
Conclusion: This proposed six-class radiographic framework demonstrated good internal reproducibility 
and may provide a structured basis for outcome reporting after REPs. Prospective multicenter validation 
is required.
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Introduction

The management of immature permanent teeth with pulp 
necrosis and/or periapical lesions remains one of the most chal-
lenging aspects of endodontic therapy. Traditionally, apexifica-
tion using long-term calcium hydroxide application was 
employed to induce apical closure [1, 2]. Alternatively, single-step 
apexification using mineral trioxide aggregate (MTA) was intro-
duced to create an artificial apical barrier [3, 4]. However, neither 
of these techniques promotes continued root development or 
thickening of the radicular dentin. Consequently, treated teeth 
remain prone to root fractures, complicating long-term out-
comes and prognosis [5, 6]. These limitations prompted the 
development of regenerative endodontics – a biologically based 
approach rooted in tissue engineering principles. This method 
aims to replace damaged pulp tissue with viable cells from the 

pulp-dentin complex, fostering continued root development 
(maturogenesis) and increasing dentinal wall thickness, thereby 
enhancing the structural integrity of the affected tooth [7–9]. In 
the early 2000s, regenerative endodontic procedures (REPs) were 
explored for treating immature necrotic teeth, with case reports 
and series demonstrating favorable outcomes [10–12]. Later 
studies comparing REPs with conventional apexification showed 
similar resolution of periapical pathology but greater increases in 
root length and dentin wall thickness with REPs [13–15].

Standardized treatment protocols and follow-up evaluation 
criteria have since been provided by the American Association of 
Endodontists [16] and the European Society of Endodontology 
[17]. The American Association of Endodontists (AAE) categorizes 
the success of REPs into three hierarchical goals. The primary goal 
is the elimination of symptoms and bony healing. The secondary 
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goal is the increased root wall thickness and/or root length, which 
is desirable but not essential. The tertiary goal is a positive response 
to vitality testing, which may indicate the presence of more 
organized, vital pulp tissue. Recent systematic reviews suggest 
that the primary goal is reliably achieved [18, 19]. However, 
although previous studies have evaluated radiographic changes 
in parameters such as apical diameter, root length, dentinal-wall 
thickness, and radiographic root area following REPs, these 
parameters have generally been assessed separately rather than 
integrated into a component-based outcome classification 
[20–25]. Chen et al. [22] described several radiographic response 
patterns following revascularization, which were subsequently 
adapted by Shivashankar et al. [23] and Thakkar et al. [24]. However, 
these classifications primarily described observed patterns rather 
than providing an objective, component-based approach to 
distinguish individual features of root maturation.

The present study therefore proposes and internally applies 
a component-based modification and extension of these 
concepts, assessing root maturation through three principal 
radiographic components: apical maturation/closure, continued 
root lengthening, and dentinal-wall thickening. This framework 
is intended to improve the objectivity and reproducibility of 
radiographic outcome assessment and facilitate more consistent 
evaluation of REPs.

Methods

Study design and setting

The proposed classification system to categorize the outcomes 
of REPs was developed using a two-phase retrospective design. 

Phase I involved the development of a radiographic outcome 
classification framework, wherein a pilot analysis of 20 cases 
treated between 2015 and 2018 was undertaken to identify 
patterns of radiographic healing following REPs and to formulate 
preliminary classification criteria.

Phase II involved the application and evaluation of the 
proposed classification in an independent cohort of cases treated 
between 2019 and 2023, forming the basis of the present analysis.

The study was conducted in the Department of Pedodontics 
and Preventive Dentistry and evaluated the clinical and 
radiographic records of children who had undergone REPs. The 
study adhered to the Strengthening the Reporting of 
Observational Studies in Epidemiology (STROBE) guidelines 
[26]. Ethical approval for the study was obtained from the 
Institutional Ethics Committee. Written informed consent had 
been obtained from all patients prior to initiation of treatment 
and in the event of any modification to the treatment plan. The 
largely standardized clinical protocol, data collection, and 
measurement methods were identical for both phases.

Participants 

Cases for both Phase I and Phase II were selected using the same 
predefined inclusion and exclusion criteria.

Inclusion criteria

•	 Patients younger than 14 years at the time of treatment
•	 Single-rooted immature permanent teeth diagnosed with 

pulp necrosis, with or without periapical pathology, due to 
trauma or caries

•	 In trauma-related cases, only dental hard-tissue injuries 
were included, excluding soft-tissue, periodontal, or luxa-
tion injuries

•	 Cases treated using largely standardized regenerative end-
odontic protocols

•	 Availability of complete clinical and radiographic records 
with a minimum follow-up period of 2 years

•	 Medically and systemically healthy individuals

Exclusion criteria

•	 Teeth treated using conventional apexification techniques 
(e.g. calcium hydroxide or MTA/Biodentine apical plug)

•	 Follow-up period of less than 2 years
•	 Incomplete clinical or radiographic documentation
•	 Deviations from the largely standardized treatment protocol 

(e.g. changes in scaffold, intracanal medicament, or irrigants)
•	 Retreatment cases of REPs.

Clinical protocol

The clinical procedure followed the protocol outlined in the AAE 
guidelines, ‘Clinical Considerations for a Regenerative Procedure’ 
[16]. After access cavity preparation under rubber dam isolation, 
canals were gently irrigated with 1.5% sodium hypochlorite  (20 
mL per canal over 5 min) and subsequently flushed with sterile 
saline (20 mL per canal over 5 min). Triple antibiotic paste (TAP), 
consisting of ciprofloxacin, metronidazole, and minocycline in a 
1:1:1 ratio, with each antibiotic at a final concentration of 1 mg/
mL, was prepared by mixing the powdered antibiotics with ster-
ile saline and then placed intracanal using a Lentulo spiral. The 
paste was confined below the cemento-enamel junction, fol-
lowed by placement of a temporary restorative material.

At the second visit (1–4 weeks later), if clinical symptoms had 
resolved, the canal was irrigated with 20 mL of 17% 
ethylenediaminetetraacetic acid (EDTA). After drying, bleeding 
was induced using a pre-curved K-file positioned 2 mm beyond 
the apex, aiming to fill the canal up to the cemento-enamel 
junction or mid-root level. Cases in which adequate bleeding 
could not be induced and alternative scaffolds (e.g. platelet-rich 
plasma [PRP] or platelet-rich fibrin) were used were excluded 
from analysis to minimize variability.

A calcium silicate–based material – either MTA (ProRoot MTA, 
Dentsply Sirona, USA) or Biodentine™ (Septodont, France) – was 
placed over the stabilized blood clot depending on material 
availability. This was followed by placement of a 3–4 mm layer of 
resin-modified glass ionomer liner (Vitrebond™, 3M ESPE, 
Germany) before final restoration. Follow-up evaluations were 
scheduled at 6, 12, and 24 months.
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Data collection

Data collected included demographic information, clinical find-
ings, and radiographic assessments. All radiographic assess-
ments were performed using conventional intraoral periapical 
radiographs acquired using the paralleling technique as part of 
routine clinical care. The examiners were trained and calibrated 
before assessment. Examiner calibration refers to observer train-
ing and agreement on classification criteria and should be dis-
tinguished from radiographic image calibration. No dedicated 
software-based image registration or dimensional calibration 
was performed, and correction for radiographic projection-re-
lated magnification was not consistently available in this retro-
spective dataset. 

Recorded variables comprised tooth type and number, stage 
of root development (using Cvek’s classification), apical 
diameter, root length, dentin thickness, presence or absence of 
periapical radiolucency, etiology (caries or trauma), treatment-
related variables (irrigation protocol, intracanal medicament, 
scaffold type, bleeding status, coronal seal material), and 
duration of follow-up. Preoperative root development was 
classified according to Cvek’s staging criteria [27] (Stage 1: Less 
than half root length, Stage 2: Half root length, Stage 3: Up to 
two-thirds root length, Stage 4: Wide open apical foramen and 
nearly complete root length, and Stage 5: Closed apical foramen 
and completed root development), using the adjacent tooth as 
the developmental reference. The latest available follow-up 
radiograph for each tooth was used for final classification and 
analysis. The minimum follow-up period was 24 months.

Outcome evaluation 

Treatment outcomes were assessed clinically and radiographi-
cally. Because the objective was to categorize secondary radio-
graphic responses after a favorable primary outcome (as defined 
by AAE), classification was restricted to teeth that were clinically 
asymptomatic and showed no persistent or worsening 

periapical disease. The criteria for assessment were taken from a 
previous study by Bose et al. [28]. Root length was defined as the 
linear distance from a reproducible cemento-enamel junction 
(CEJ) reference point to the radiographic root apex along the 
long axis of the tooth. Apical diameter was defined as the width 
of the radiographically visible canal opening at the anatomical 
root end (Figure 1); apical closure was recorded when no radio-
graphically discernible communication remained between the 
canal lumen and the periapical tissues. Root dentin thickness 
was measured at a fixed distance of 6.5 mm apical to the CEJ and 
calculated as (total external root width – canal width)/2 at a line 
perpendicular to the long axis. This 6.5 mm level was selected 
because the average root length of a fully developed maxillary 
central incisor is approximately 13 mm, making 6.5 mm repre-
sentative of the mid-root region. The use of a reproducible CEJ-
based reference also facilitated standardized assessment among 
immature teeth at different stages of root development. For 
teeth with a pretreatment radiolucency, complete periapical 
healing was defined as disappearance of the radiolucency with 
re-establishment of a normal or near-normal trabecular bone 
pattern and periodontal-ligament outline. Continued healing 
was defined as a clear reduction in radiolucency accompanied 
by progressive trabecular bone fill, without symptoms, new 
pathology, or radiographic progression. Teeth without pretreat-
ment pathology could demonstrate maintained periapical 
health but were not described as showing healing. Because this 
was a retrospective radiographic classification study, no pre-
specified quantitative threshold for change in root length, den-
tin thickness, or reduction in periapical radiolucency was 
applied; classification was based on comparative radiographic 
assessment.

In Phase I, these radiographic parameters were used to 
identify recurring patterns that guided development of the 
classification framework. In Phase II, the same parameters 
were applied to assign cases to predefined categories and 
assess reproducibility. The framework describes radiographic 
outcomes and should not be interpreted as a treatment-
guiding decision algorithm.

Phase I: Proposal of classification system

Radiographic outcomes from the pilot cohort of 20 patients 
treated between 2015 and 2018 were analyzed to identify con-
sistent patterns of apical closure, root lengthening, dentinal wall 
thickening, intracanal calcification, and periapical healing, 
which formed the basis of the proposed classification frame-
work and were assessed using both preoperative and postoper-
ative radiographs.

Radiographic outcome classification framework 

Based on the radiographic patterns observed during Phase I, 
a proposed modified classification system – hereafter referred 
to as the Singhal and Bansal classification system – was for-
mulated to categorize outcomes following REPs. To improve 
clarity and objectivity, the principal class was determined 

Figure 1.  Illustrations depicting pre- and post-treatment images showing 
three assessed parameters: 1 and 1’- root length measured from CEJ to root 
apex, 2 and 2’-root dentin wall thickness measured at 6.5 mm apical to CEJ, 
3 and 3’- apical diameter.
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from three components of root maturation: apical matura-
tion/closure, root lengthening, and dentinal-wall thickening. 
This framework stratifies the progression and maturation of 
root development into six distinct categories to facilitate 
standardized outcome assessment and inter-study compari-
sons (Figure 2):

•	 Class 1 – Radiographic apical closure with an increase in both 
root length and dentin thickness

•	 Class 2 – Radiographic apical closure with an increase in root 
length only, without any apparent change in dentin thickness

•	 Class 3 – Radiographic apical closure with an increase in 
dentin thickness only, without any apparent change in root 
length

•	 Class 4 – Radiographic apical closure without any increase 
in root length or dentin thickness

•	 Class 5 – Radiographically visible barrier formation within 
the canal or coronal to the root end, with no apparent 
change in root length or dentin thickness

•	 Class 6 – No apparent change in root length, dentin 
thickness, or radiographic apical barrier, but radiographic 
evidence of periapical healing of a documented pretreat-
ment periapical radiolucency.

Intracanal barrier formation, calcification, and periapical healing 
were additionally recorded. Each class can be further subdivided 
based on the presence or absence of intracanal calcification 
(partial or complete).

Figure 2.  Illustrations depicting: Class 1- Radiographic apical closure with increase in both root length and dentin thickness, Class 2- Radiographic apical 
closure with increase in root length only, without any apparent change in dentin thickness, Class 3- Radiographic apical closure with increase in dentin 
thickness only, without any apparent change in root length, Class 4 – Radiographic apical closure without any increase in root length or dentin thickness, 
Class 5 – Radiographically visible barrier formed within the canals or coronal to root ends with no apparent change in root length or dentin thickness, 
Class 6 – No apparent change in root length, dentin thickness, or radiographic apical barrier but periapical healing is evident radiographically.
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Phase II – Application of proposed classification

The proposed classification framework was applied to an inde-
pendent cohort of 54 cases treated between 2019 and 2023 to 
assess distribution and reproducibility of radiographic out-
comes. Each case was independently assigned to one of the pre-
defined classification categories based on follow-up radiographic 
findings by two blinded examiners who were trained and cali-
brated by a senior pedodontist. The assigned class represents 
the radiographic status at that observation point rather than an 
immutable biological endpoint; a tooth may move to another 
category if continued development becomes apparent during 
longer follow-up. Inter-examiner disagreements were resolved 
by consensus, and intra-examiner reliability was evaluated by 
repeat assessment of all the radiographs after a 15-day interval. 
Intra- and inter-examiner reliability were assessed using Cohen’s 
kappa coefficient. Any outcome not fitting the predefined cate-
gories was recorded as an alternative outcome category.

Statistical analysis

The pilot cohort was used solely for development of the classi-
fication framework. Statistical analyses were performed exclu-
sively for the subsequent cohort (Phase II) to evaluate the 
distribution and reproducibility of the proposed categories. 
Patient demographics, including tooth type, age, gender, and 
etiology for loss of vitality, and pre-treatment root develop-
ment stage were reported in terms of frequencies and percent-
ages. For analytical purposes, patients were categorized into 
two age groups: < 10 and ≥ 10 years. Associations of categori-
cal variables, including age group and pre-treatment root 

developmental stage, with radiographic classification out-
comes were assessed using Fisher’s exact test. A p-value < 0.05 
was considered statistically significant. 

Results

Complete records of 44 patients (23 males and 21 females) aged 
8–13 years were examined in Phase II of the present study, which 
included 54 teeth: 46 maxillary central incisors, 5 maxillary later-
als, 1 mandibular central incisor, and 2 mandibular premolars. 
Subjects aged less than 10 years constituted 36/54 teeth (66.6%) 
of total cases, while 18/54 teeth (33.3%) belonged to the 10–13-
year age group. Category assignment was based on the latest 
available follow-up radiograph for each tooth; the total available 
follow-up ranged from 24 to 53 months, with a minimum fol-
low-up of 24 months. Only 2 teeth became non-vital due to car-
ies, while the rest suffered trauma. Based on Cvek’s root 
development stage, 16 teeth belonged to stage 2, while 38 
teeth belonged to stage 3 at the time of initiation of treatment. 
The main clinical protocol components, including irrigation reg-
imen, intracanal medicament, and bleeding-induced scaffold, 
were largely consistent across cases; however, variations in 
interappointment interval, achieved bleeding level, and calci-
um-silicate barrier material were present.

Based on the radiographic evaluation of the cases at the last 
follow-up according to the proposed classification, cases were 
categorized into the following classes – Class 1 – 18 teeth, 
Class 2 – 3 teeth, Class 3 – 10 teeth, Class 4 – 9 teeth, Class 5 – 
5 teeth, and Class 6 – 9 teeth (Figures 3 and 4). Although 
24 months was selected as a long-term minimum to allow 

Figure 3.  Flow chart depicting inclusion of cases.
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most readily detectable developmental changes to become 
apparent, later transition between categories remains possible. 
Class 1 occurred in 14/36 teeth (38.9%) from patients aged < 
10 years and 4/18 teeth (22.2%) from those aged ≥ 10 years. No 
statistically significant association was observed between age 
group and radiographic classification outcome (Fisher’s exact 
test, p = 0.215). Similarly, pre-treatment root developmental 
stage showed no significant association with classification 
outcomes (Fisher’s exact test, p = 0.872) (Table 1). Class 1 
occurred in 6/16 stage-2 teeth (37.5%) and 12/38 stage-3 teeth 
(31.6%). Partial intracanal calcification was seen in 19/54 teeth 

(35.18 %), while no cases of complete or total calcification were 
found. No other outcome class could be identified other than 
the six proposed classes. Given the relatively small sample size, 
these findings should be interpreted as preliminary, and larger 
studies are needed to further evaluate these associations. The 
inter-examiner Cohen’s kappa coefficient was 0.82, and the 
intra-examiner value was 0.86, indicating good inter- and 
intra-examiner agreement.

Pretreatment periapical radiolucency was present in 14/54 
teeth (25.9%). Of these 14 cases, nine were classified as Class 6, 
two each as Class 3 and Class 4, and one as Class 5 at radiographic 

Figure 4.  Pre- and post-treatment radiographs of six proposed classes: (a, c, e, g, I, and k) pre-treatment, (b) post-treatment class 1, (d) post-treatment class 
2, (f ) post-treatment class 3, (h) post-treatment class 4, (j) post-treatment class 5, (l) post-treatment class 6.
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follow-up. Complete radiographic resolution of the periapical 
radiolucency was observed in 11/14 lesions (78.6%), including 
nine Class 6 and two Class 3 cases. The remaining three lesions 
demonstrated clear radiographic reduction without progression 
and were considered to show ongoing healing. All nine Class 6 
cases with documented pretreatment periapical radiolucency 
demonstrated complete radiographic resolution at follow-up.

Discussion

The clinical success of REPs has traditionally been defined by the 
resolution of symptoms and periapical healing. However, radio-
graphic signs such as apical closure, root lengthening, and den-
tinal wall thickening provide critical insights into the biological 
success and long-term prognosis of the treated tooth. 
Radiographic evaluation remains the mainstay for assessing the 
outcomes of REPs, especially given the ethical and practical lim-
itations of histologic assessment in human studies.

In this study, a structured radiographic classification system 
was proposed and applied to support consistent categorization 
of radiographic outcomes and provide a more structured 
description of successful healing following REPs. This system 
stratifies radiographic outcomes into six main types, ranging 
from complete healing with root maturation (Class 1) to no 
evident radiographic changes (Class 6). By evaluating apical 
closure, root lengthening, dentinal wall thickening, and 
periapical healing, this framework provides structured 
assessment of individual regenerative outcomes. Moreover, the 
inclusion of optional subcategories such as canal obliteration or 
calcific tissue formation adds further granularity for both clinical 
and research purposes. 

The distribution of radiographic outcomes observed in this 
study can be interpreted in the context of several biological and 
procedural factors reported in the literature, as described by 
Chen et al. [22] and subsequent authors. Chen et al. [22] 
described five qualitative radiographic response patterns 
following revascularization, encompassing root maturation, 
apical closure, continued development with an open apex, canal 
obliteration, and intracanal barrier formation. Thakkar et al. [24] 
subsequently applied the Chen response categories to compare 
blood-clot and platelet-rich fibrin (PRF) scaffolds and found no 
significant difference in apical response between the groups. 
Shivashankar et al. [23] combined the Chen categories with 
Schei’s ruler for separate assessment of root lengthening and 
dentinal-wall thickening and the Periapical Index for periapical 
healing. More recently, Erdoğan et al. [25] evaluated radiographic 
root area together with apical closure, hard-tissue formation, 

intracanal calcification, and external root resorption. These 
studies demonstrate variation in the methods used to assess 
post-REP radiographic outcomes. The present framework does 
not replace these approaches but modifies and extends the 
Chen categories by separately classifying combinations of apical 
closure, root lengthening, and dentinal-wall thickening while 
recording additional barrier, calcification, and periapical-healing 
patterns. The conceptual relationship between the Chen 
categories and the present framework is summarized in Table 2, 
while the methodological differences between the Chen et al. 
study and the present study are presented in Table 3.

Patient age is a well-established determinant of regenerative 
success, with younger individuals demonstrating more robust 
responses due to higher stem cell activity and a more favorable 
apical microenvironment. The proliferative and differentiation 
potential of mesenchymal stem cells decreases with age [29, 30]. 
Several authors have demonstrated significantly greater root 
development in younger patients (< 12 years old) compared to 
those older than 12 years. Moreover, most patients with 
immature necrotic permanent teeth in previous studies were 
below 17 years of age, making them ideal candidates for REPs 
[20]. In the present study, a numerically higher proportion of 
cases categorized as Class 1 (radiographic apical closure with an 
increase in both root length and dentin thickness) – were 
observed in children younger than 10 years of age; however, this 
difference did not reach statistical significance (p = 0.215), and 
the trend should therefore be interpreted with caution. 

The stage of root development at the time of treatment is a 
critical determinant of regenerative outcomes. Teeth exhibiting 
wide-open apices and shorter roots are more conducive to 
continued development, as they facilitate easier access for stem 
cell homing and vascular ingrowth. A study by Theekakul et al. 
[21] reported that teeth at stage 3 of root development, as per 
Moorrees’ classification [31], demonstrated a significant increase 
in root length and width compared to those at stages 4 or 5. 
Similarly, teeth with preoperative canal diameters of ≥ 1 mm 
showed greater increase in root length, thickness, and apical 
narrowing [20]. However, in the present study, no significant 
association between pre-treatment root developmental stage 
and radiographic outcome classes was observed, possibly due 
to the inclusion of cases limited to Cvek’s stages 2 and 3 at the 
initiation of treatment. To draw definitive conclusions regarding 
treatment outcomes across various stages of root development, 
future prospective long-term studies encompassing a larger 
cohort with diverse developmental stages are warranted.

The most favorable radiographic outcome, classified as Class 
1 in the proposed system, encompasses an increase in root 

Table 1.  Distribution of cases according to age and pretreatment root development stage across radiographic outcome classes.
Variable Category Class 1  

(n = 18)
Class 2  
(n = 3)

Class 3  
(n = 10)

Class 4  
(n = 9)

Class 5  
(n = 5)

Class 6  
(n = 9)

p†

Age < 10 years (n = 36) 14 3 8 4 2 5 0.215
≥ 10 years (n = 18) 4 0 2 5 3 4

Pretreatment root 
development stage

Cvek’s stage 2 (n = 16) 6 1 2 2 1 4 0.872
Cvek’s stage 3 (n = 38) 12 2 8 7 4 5

†Fisher’s exact test.
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length and dentin thickness, along with a decrease in apical 
diameter. In the present study, this outcome was the most 
prevalent, observed in 18 out of 54 teeth (33.3%) following REPs. 
An increase in root length was noted in both Class 1 and Class 2 
outcomes, totaling 21 cases (38.9%), while an increase in dentin 
thickness was observed in Class 1 and Class 3 outcomes, 
accounting for 28 cases (51.85%). However, due to the 
retrospective nature of the study, with a limited number of 
patients and the diverse distribution of cases across categories, 

definitive correlations with all pre-treatment variables could not 
be established. Pulp necrosis due to trauma or caries influences 
regenerative outcomes. Previous studies report better survival 
of Hertwig’s epithelial root sheath and apical papilla in carious 
lesions than traumatic injuries [32–34]. Thus, traumatized teeth 
are less likely to complete root development after REPs [35]. In 
the present study, only 2 cases of immature roots due to caries 
were included; the rest were attributed to trauma, limiting 
comparisons based on etiology.

Table 3.  Methodological comparison of the Chen et al. [22] classification and the present study.
Domain Chen et al. Present study Interpretation

Design Descriptive case series; one cohort Two-phase retrospective study: 
development cohort followed by an 
independent temporal application cohort

More structured internal application, but 
not external validation.

Sample 20 teeth/20 patients Phase I: 20 cases; Phase II: 54 teeth/44 
patients

Larger application cohort; clustering 
requires consideration.

Baseline disease All teeth had apical periodontitis/
abscess

Necrotic teeth with or without periapical 
pathology; 14/54 had a baseline 
radiolucency

Different disease spectrum; Class 6 
healing must be limited to baseline 
lesions.

Main etiology/teeth 10 incisors and 10 premolars; 
trauma, caries, or dens evaginatus

Predominantly incisors and trauma  
(52/54 trauma; 2/54 caries)

Present findings mainly reflect 
traumatized anterior teeth.

Follow-up 6–26 months; schedule not 
controlled

Primary classification stated at 24 months; 
total available follow-up 24–53 months

Longer minimum follow-up of 24 
months, that allow appreciable changes 
in root maturation.

Radiographic assessment Primarily qualitative response 
descriptions

Defined CEJ/apex and 6.5-mm 
measurement landmarks

More explicit landmarks, although 
quantitative thresholds and image 
correction were absent.

Reliability/statistics No examiner-reliability analysis or 
inferential testing

Blinded examiners; Cohen kappa; 
exploratory Fisher tests

Methodological addition of the 
present study.

CEJ: cemento-enamel junction 

Table 2.  Comparison of the Chen et al. [22] radiographic response categories with the proposed framework.
Chen’s classification Proposed new classification (Singhal and Bansal 

classification system)
Relationship and distinction of proposed classes with 
Chen’s type

Type 1: Increased thickening of the canal 
walls and continued root maturation

Class 1 – Radiographic apical closure with an 
increase in both root length and dentin thickness

Resembles Chen’s Type 1: wall thickening + 
continued root maturation (The present class 
explicitly requires the three components to occur 
together)

Type 2: No significant continuation of root 
development with root apex becoming 
blunt and closed

Class 2 – Radiographic apical closure with an 
increase in root length only, without any apparent 
change in dentin thickness

Resembles Part of Chen’s Type 1 (The present system 
separates lengthening and apical closure from wall 
thickening.)

Type 3: Continued root development with 
the apical foramen remaining open

Class 3 – Radiographic apical closure with an 
increase in dentin thickness only, without any 
apparent change in root length

Resembles Part of Chen’s Type 1 (The present system 
isolates thickening and apical closure without 
appreciable lengthening as a separate pattern.)

Type 4: Severe calcification (Obliteration) 
of the canal space

Class 4 – Radiographic apical closure without any 
increase in root length or dentin thickness

Resembles Chen’s Type 2: no significant continued 
development; blunt/closed apex (The present class 
explicitly states absence of changes in two 
dimensions.)

Type 5: A hard tissue barrier formed in the 
canal between the coronal MTA
plug and the root apex

Class 5 – Radiographically visible barrier formation 
within the canal or coronal to the root end, with no 
apparent change in root length or dentin thickness

Resembles Chen’s Type 5: hard-tissue barrier 
between MTA and apex (Substantial overlap; the 
present class additionally specifies absence of 
dimensional root change.)

Class 6 – No apparent change in root length, 
dentin thickness, or radiographic apical barrier, but 
radiographic evidence of periapical healing of a 
documented pretreatment periapical radiolucency

No direct Chen type (Potential extension, but 
‘healing’ is applicable only to a documented 
pretreatment lesion.)

Calcification subdivision Type 4: severe canal calcification/obliteration 
(Chen treated obliteration as a principal type; the 
present framework treats partial/complete 
calcification as a modifier that may coexist with 
another class.)

MTA: mineral trioxide aggregate.
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Presence of periapical radiolucency was seen in 14 cases. 
Among the 14 teeth with pretreatment periapical radiolucency, 
complete radiographic resolution was observed in 11 teeth 
(78.6%). Nine of these 11 teeth (81.8%) were classified as Class 6, 
while the remaining two were classified as Class 3. Three teeth 
demonstrated clear radiographic reduction without complete 
resolution and were considered to show ongoing healing. This 
could be attributed to the size and chronicity of the periapical 
lesion, as larger or long-standing radiolucencies may reduce the 
likelihood of rapid or complete healing due to higher 
concentrations of residual bacteria [36].

Procedural factors such as disinfection protocol, intracanal 
medicament, and scaffold type have been reported in the 
literature to influence radiographic outcomes in REPs. These 
variables were not independently examined in the present 
study, as the clinical protocol was largely standardized across all 
cases. Sodium hypochlorite (NaOCl) is widely used for its 
antimicrobial and tissue-dissolving properties, but higher 
concentrations are cytotoxic to stem cells of the apical papilla 
[37–39]. EDTA (17%) mitigates this effect by improving stem cell 
viability and growth factor release [39]. Although the AAE 
recommends 1.5–3% NaOCl, a systematic review reported that 
low concentrations (≤ 2%) provide comparable disinfection with 
better clinical and radiographic outcomes due to reduced 
cytotoxicity [40]. Accordingly, 1.5% NaOCl was used in the 
present study to balance antimicrobial efficacy with preservation 
of the regenerative microenvironment. Calcium hydroxide 
promotes stem cell differentiation but may increase intracanal 
calcification [35]. Therefore, it was not used in this study. TAP 
provides effective disinfection and may promote greater 
dentinal thickening, whereas calcium hydroxide favors apical 
closure [41]. The lower incidence of intracanal calcification 
observed in the present study may be related to the use of TAP; 
however, previous studies report no prognostic effect of 
intracanal calcification [35]. PRP as an intracanal scaffold may 
improve periapical healing, but no scaffold has been shown to 
significantly outperform others in root maturation [42]. Induced 
bleeding is preferred due to its simplicity and was exclusively 
used in this study. Cases with insufficient bleeding or alternative 
scaffolds (e.g. PRF, PRP) were excluded to reduce variability. 

The duration of radiographic follow-up influences 
interpretation of outcomes in REPs. Root formation is typically 
detectable after a mean of 16 months post-REP [35, 43]. Jiang et 
al. [35] reported that root canal calcification may increase during 
long-term follow-up, although it does not adversely affect tooth 
prognosis. Similarly, Linsuwanont et al. [44] observed that 
conventional 2D radiographs may suggest complete root 
maturation, whereas cone-beam computed tomography (CBCT) 
imaging may reveal incomplete or abnormal development. This 
discrepancy questions the reliability of prior success 
assessments.

In a study by Mittmann et al. [45], outcomes of regenerative 
endodontics in traumatized immature teeth with luxation or 
avulsion were evaluated. The authors reported a significant 
reduction in apical diameter but no improvement in root length 
or dentin thickness, concluding that revascularization offered 

no advantage over apexification in such cases, likely due to 
greater damage to the periodontal ligament and supporting 
structures. In contrast, the present study included only 
subluxation injuries or dental hard tissue injuries (Ellis Class 3 
and 4), which likely preserved the periodontal ligament and 
Hertwig’s epithelial root sheath, enabling continued root 
development. Consequently, positive changes in root length, 
dentin thickness, and apical diameter were observed.

By integrating these variables into a structured classification 
system, clinicians and researchers can improve consistency in 
outcome reporting and identify potential predictors of success 
or failure. The classification should be interpreted specifically as 
a framework for categorizing radiographic patterns observed 
following clinically successful REPs rather than as a 
comprehensive classification of all possible REP outcomes. This 
system may aid in patient counseling, risk stratification, and 
optimization of clinical protocols. While high inter- and intra-
examiner reliability indicates reproducibility, future multicenter, 
prospective studies should evaluate whether specific classes 
correlate with long-term clinical outcomes, tooth survival, or 
need for further intervention.

Limitations

This retrospective study relied on existing clinical and radio-
graphic records, which may contain inconsistencies in imaging 
techniques, documentation, and follow-up intervals. No dedi-
cated software-based image calibration or correction for radio-
graphic projection errors was performed. Consequently, minor 
variations in radiographic angulation and magnification may 
have influenced the assessment of root dimensions and radio-
graphic outcome classification. The absence of CBCT in all cases 
may also have affected the accuracy of root and periapical 
assessments.

The fixed 6.5-mm CEJ-based measurement point does not 
necessarily represent an identical proportional root location 
across teeth with different baseline root lengths. This landmark 
was selected as a pragmatic and reproducible reference for the 
predominantly maxillary central incisor cohort. Future 
prospective studies may consider normalization of the 
measurement site, such as assessment at approximately 50% of 
baseline root length.

Inter-rater reliability was assessed using Cohen’s κ as the 
available reliability measure; additional agreement metrics, 
such as percentage agreement, confidence intervals, or specific 
disagreement categories, were not available and therefore 
could not be retrospectively calculated.

 The assigned radiographic category reflects the status of the 
tooth at the latest available follow-up assessment and may not 
represent its final developmental outcome. Continued root 
development with a persistently open apex may represent a 
transitional rather than a final response and may be encountered 
more frequently with shorter follow-up periods. Although most 
readily detectable developmental changes were expected to 
have occurred by 24 months, further root development, partial 
apical narrowing, or barrier formation combined with root 
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maturation cannot be excluded and may result in reclassification. 
Assessment of continued healing was based on comparative 
evaluation of serial radiographs and was not based on a validated 
periapical scoring system or predefined percentage reduction.

Therefore, the proposed categories should be interpreted at 
a clearly specified follow-up point, with long-term serial 
assessment required to determine their stability and possible 
transitions. Further classes or modifiers may be incorporated as 
larger, more heterogeneous cohorts reveal additional 
radiographic patterns.

The six-class framework should not be considered an 
exhaustive taxonomy of all possible radiographic outcomes 
following REPs. The proposed framework is intended only to 
categorize radiographic outcomes; it is not a clinical decision 
algorithm and does not direct treatment selection. This study 
evaluates internal applicability and reproducibility only and 
does not establish external validity, comprehensiveness, or 
superiority over the Chen classification.

Strengths

Despite its limitations, this study has several strengths. It is 
among the first to propose and implement a structured radio-
graphic classification system tailored to REPs. The study was 
conducted using a two-phase design, wherein the classification 
framework was developed using a pilot cohort and subse-
quently applied and assessed in an independent cohort of 
patients. The independent application cohort provided an 
opportunity to examine the internal applicability and reproduc-
ibility of the proposed framework, distinguishing degrees of 
response rather than relying on binary outcomes. The study 
attempted to minimize major procedural variability through a 
largely consistent treatment protocol and predefined eligibility 
criteria. A reasonably large and diverse sample further enhances 
the validity and applicability of the findings. Collectively, these 
strengths provide a foundation for future studies, protocol opti-
mization, and refinement of outcome measures in regenerative 
endodontics.

Conclusion

•	 This study proposes a structured modification and extension 
of existing radiographic response patterns following REPs, 
addressing the lack of uniform outcome categorization.

•	 By separately categorizing apical closure, root lengthening, 
and dentinal-wall thickening, together with barrier forma-
tion, calcification, and periapical healing, the framework 
provides a clearer and more systematic assessment of radio-
graphic outcomes.

•	 The framework demonstrated strong internal reproducibil-
ity and offers a practical basis for consistent clinical and 
research reporting. Independent multicenter validation 
would further establish its broader applicability.

•	 Future prospective studies using standardized imaging and 
longer follow-up should examine associations between the 
proposed classes and biological, clinical, and procedural 

factors and integrate radiographic findings with clinical and 
patient-reported outcomes.

Funding

The authors did not receive funding from any organization for 
the submitted work. 

Financial interests

The authors have no relevant financial or non-financial interests 
to disclose.

Competing interests

The authors have no competing interests to declare that are rel-
evant to the content of this article.

Ethical approval and informed consent

Ethical approval for this study was obtained from the Institutional 
Ethics Committee of the Post Graduate Institute of Dental 
Sciences, Rohtak. Written informed consent had been obtained 
from all patients or their legal guardians prior to treatment.

Data availability statement

Data sharing will be available upon reasonable request from the 
corresponding author.

Acknowledgements

We would like to thank all the clinicians for maintaining records 
of patients and Dr. Abhinav Dhiman for all the artwork included 
in the study.

Credit authorship contribution statement

All the authors have made substantial contributions in the con-
ception and design of the work and the acquisition, analysis and 
interpretation of data.

Ruchi Singhal (R.S.) and Akshita Bansal (A.B.) conceived the 
study, collected and analyzed the data, and led the preparation 
of the manuscript.

Shiwani Chawla (S.C.) contributed to data interpretation, 
manuscript editing, and final refinement of the manuscript.

Ritu Namdev (R.N.) supervised the study and approved the 
final manuscript.

References
[1]	 Cvek M. Treatment of non-vital permanent incisors with calcium 

hydroxide. I. Follow-up of periapical repair and apical closure of 
immature roots. Odontol Revy. 1972;23(1):27–44.

[2]	 Rafter M. Apexification: a review. Dental Traumatol. 2005;21(1):1–8. 
https://doi.org/10.1111/j.1600-9657.2004.00284.x

https://doi.org/10.1111/j.1600-9657.2004.00284.x


BIOMATERIAL INVESTIGATIONS IN DENTISTRY  754

[3]	 Torabinejad M, Chivian N. Clinical applications of mineral triox-
ide aggregate. J Endod. 1999;25:197–205. https://doi.org/10.1016/
S0099-2399(99)80142-3

[4]	 Witherspoon DE, Small JC, Regan JD, Nunn M. Retrospective 
analysis of open apex teeth obturated with mineral trioxide 
aggregate. J Endod. 2008;34:1171–6. https://doi.org/10.1016/j.
joen.2008.07.005

[5]	 Andreasen JO, Farik B, Munksgaard EC. Long-term calcium hydroxide as 
a root canal dressing may increase risk of root fracture. Dent Traumatol. 
2002;18:134–7. https://doi.org/10.1034/j.1600-9657.2002.00097.x

[6]	 Yassen GH, Platt JA. The effect of nonsetting calcium hydroxide on 
root fracture and mechanical properties of radicular dentine: a sys-
tematic review. Int Endod J. 2013;46:112–8.

[7]	 Nygaard-Ostby B. Mortal or vital treatment of the inflamed pulp? 
SSO Schweiz Monatsschr Zahnheilkd. 1966;76:545–51.

[8]	 Trope M. Regenerative potential of dental pulp. J Endod. 2008;34(7 
Suppl):S13–7. https://doi.org/10.1016/j.joen.2008.04.001

[9]	 Hargreaves KM, Diogenes A, Teixeira FB. Treatment options: bio-
logical basis of regenerative endodontic procedures. J Endod. 
2013;39(Suppl):S30–43. https://doi.org/10.1016/j.joen.2012.11.025

[10]	 Iwaya SI, Ikawa M, Kubota M. Revascularization of an immature perma-
nent tooth with apical periodontitis and sinus tract. Dent Traumatol. 
2001;17:185–7. https://doi.org/10.1034/j.1600-9657.2001.017004185.x

[11]	 Banchs F, Trope M. Revascularization of immature permanent teeth 
with apical periodontitis: new treatment protocol? J Endod. 2004;30:​
196–200. https://doi.org/10.1097/00004770-200404000-00003

[12]	 Thibodeau B, Trope M. Pulp revascularization of a necrotic infected 
immature permanent tooth: case report and review of the literature. 
Pediatr Dent. 2007;29:47–50.

[13]	 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 retrospective study. J Endod. 
2012;38(10):1330–6. https://doi.org/10.1016/j.joen.2012.06.028

[14]	 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 Nov;43(11):1821-1827. https://doi.org/10.1016/j.
joen.2017.06.023

[15]	 Priya B L, Singh N, Mangalam KK, Sachdev R, P A, Jain HN, et al. 
Success and Complication Rates of Revascularization Procedures 
for Immature Necrotic Teeth: A Systematic Review. Cureus. 2023 Dec 
30;15(12):e51364. https://doi.org/10.7759/cureus.51364

[16]	 American Association of Endodontists. Clinical considerations for 
a regenerative procedure [Internet]. Chicago, IL: AAE; 2022 [cited 
2026 May 17]. Available from: https://www.aae.org/specialty/
publications-research/research/regenerative-database/ 

[17]	 Galler KM, Krastl G, Simon S, Van Gorp G, Meschi N, Vahedi B, et al. 
European Society of Endodontology position statement: revital-
ization procedures. Int Endod J. 2016;49(8):717–23. https://doi.
org/10.1111/iej.12629

[18]	 Tong HJ, Rajan S, Bhujel N, Kang J, Duggal M. Regenerative end-
odontic therapy in the management of nonvital immature permanent 
teeth: a systematic review – outcome evaluation and meta-analysis. J 
Endod. 2017;43(9):1453–64. https://doi.org/10.1016/j.joen.2017.04.018 

[19]	 Torabinejad M, Nosrat A, Verma P, Udochukwu O. Regenerative 
endodontic treatment or mineral trioxide aggregate apical plug 
in teeth with necrotic pulps and open apices: systematic review 
and meta-analysis. J Endod. 2017;43(11):1806–20. https://doi.
org/10.1016/j.joen.2017.06.029

[20]	 Estefan BS, El Batouty KM, Nagy MM, Diogenes A. Influence of age 
and apical diameter on the success of endodontic regeneration 
procedures. J Endod. 2016;42:1620–5. https://doi.org/10.1016/j.
joen.2016.06.020

[21]	 Theekakul C, Banomyong D, Osiri S, Sutam N, Ongchavalit L, Jantarat 
J. Mahidol study 2: treatment outcomes and prognostic factors 

of regenerative endodontic procedures in immature permanent 
teeth. J Endod. 2024;50(11):1569–78. https://doi.org/10.1016/j.joen.​
2024.08.017

[22]	 Chen MH, Chen YJ, Ching CH, Chen CA. Responses of 
immature permanent teeth with infected necrotic pulp 
tissue and apical periodontitis/abscess to revascularization pro-
cedures. Int Endod J. 2012;45:294–305. https://doi.org/10.1111/​
j.1365-2591.2011.01978.x

[23]	 Shivashankar VY, Johns DA, Maroli RK, Sekar M, Chandrasekaran 
R, Karthikeyan S, et al. 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. https://
doi.org/10.7860/JCDR/2017/22352.10056

[24]	 Thakkar S, Naik S, Nadig B, Bellal S, Thaliyil A. A comparative clini-
co-radiographic analysis of regenerative endodontic procedure on 
immature necrotic permanent teeth using blood clot and PRF as 
scaffold: A retrospective study. Saudi Dent J. 2023 Sep;35(6):753-759. 
https://doi.org/10.1016/j.sdentj.2023.05.026

[25]	 Erdoğan O, Casey SM, Bahammam A, Son M, Mora M, Park G, et al. 
Radiographic Evaluation of Regenerative Endodontic Procedures 
and Apexification Treatments with the Assessment of External Root 
Resorption. Journal of Endodontics. 2024;50(10):1420-1428.e1.  
https://doi.org/10.1016/j.joen.2024.06.003

[26]	 Cuschieri S. The STROBE guidelines. Saudi J Anaesth. 2019;13(Suppl 
1):S31–4. https://doi.org/10.4103/sja.SJA_543_18

[27]	 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. https://doi.
org/10.1111/j.1600-9657.1992.tb00228.x

[28]	 Bose R, Nummikoski P, Hargreaves K. A retrospective evaluation 
of radiographic outcomes in immature teeth with necrotic root 
canal systems treated with regenerative endodontic procedures. 
J Endod. 2009;35(10):1343–9. https://doi.org/10.1016/j.joen.2009.​
06.021

[29]	 Nakashima M, Iohara K. Mobilized dental pulp stem cells for pulp regen-
eration: initiation of clinical trial. J Endod. 2014;40(Supplement):S26–32. 
https://doi.org/10.1016/j.joen.2014.01.020

[30]	  Kellner M, Nguyen TT, Toda K, Yeo SI, Min KS. Differences of isolated 
dental stem cells dependent on donor age and consequences for 
autologous tooth replacement. Archiv Oral Biol. 2014;59(6):559–67.
https://doi.org/10.1016/j.archoralbio.2014.02.014

[31]	 Moorrees CF, Fanning EA, Hunt EE, Jr. Age variation of formation 
stages for ten permanent teeth. J Dent Res. 1963;42(6):1490–502. 
https://doi.org/10.1177/00220345630420062701

[32]	 Andreasen JO, Kristerson L, Andreasen FM. Damage of the Hertwig’s 
epithelial root sheath: effect upon root growth after autotransplan-
tation of teeth in monkeys. Endod Dent Traumatol. 1988;4(4):145–51. 
https://doi.org/10.1111/j.1600-9657.1988.tb00313.x

[33]	 Saoud TM, Zaazou A, Nabil A, Moussa S, Lin LM, Gibbs JL. Clinical 
and radiographic outcomes of traumatized immature permanent 
necrotic teeth after revascularization/revitalization therapy. J Endod. 
2014;40(12):1946–52. https://doi.org/10.1016/j.joen.2014.08.023

[34]	 Diogenes ASS, Law AS. Regenerative endodontics. In: Hargreaves K, 
Berman LH, editors. Pathways of the pulp. 12th ed. St. Louis: Elsevier; 
2020, pp. 475–509.

[35]	 Jiang X, Dai Y, Liu H. Evaluation of the characteristics of root canal 
calcification after regenerative endodontic procedures: a retrospec-
tive cohort study over 3 years. Int J Paediatr Dent. 2023;33:305–13. 
https://doi.org/10.1111/ipd.13039

[36]	 Shetty H, Shetty S, Kakade A, Mali S, Shetty A, Neelakantan P. 
Three-dimensional qualitative and quantitative analyses of the 
effect of periradicular lesions on the outcome of regenerative end-
odontic procedures: a prospective clinical study. Clin Oral Investig. 
2021;25:691–700. https://doi.org/10.1007/s00784-020-03583-z

[37]	 Trevino EG, Patwardhan AN, Henry MA, Perry G, Dybdal-Hargreaves 
N, Hargreaves KM, et al. Effect of irrigants on the survival of human 

https://doi.org/10.1016/S0099-2399(99)80142-3
https://doi.org/10.1016/S0099-2399(99)80142-3
https://doi.org/10.1016/j.joen.2008.07.005
https://doi.org/10.1016/j.joen.2008.07.005
https://doi.org/10.1034/j.1600-9657.2002.00097.x
https://doi.org/10.1016/j.joen.2008.04.001
https://doi.org/10.1016/j.joen.2012.11.025
https://doi.org/10.1034/j.1600-9657.2001.017004185.x
https://doi.org/10.1097/00004770-200404000-00003
https://doi.org/10.1016/j.joen.2012.06.028
https://doi.org/10.1016/j.joen.2017.06.023
https://doi.org/10.1016/j.joen.2017.06.023
https://doi.org/10.7759/cureus.51364
https://www.aae.org/specialty/publications-research/research/regenerative-database/
https://www.aae.org/specialty/publications-research/research/regenerative-database/
https://doi.org/10.1111/iej.12629
https://doi.org/10.1111/iej.12629
https://doi.org/10.1016/j.joen.2017.04.018
https://doi.org/10.1016/j.joen.2017.06.029
https://doi.org/10.1016/j.joen.2017.06.029
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.2024.08.017
https://doi.org/10.1016/j.joen.2024.08.017
https://doi.org/10.1111/j.1365-2591.2011.01978.x
https://doi.org/10.1111/j.1365-2591.2011.01978.x
https://doi.org/10.7860/JCDR/2017/22352.10056
https://doi.org/10.7860/JCDR/2017/22352.10056
https://doi.org/10.1016/j.sdentj.2023.05.026
https://doi.org/10.1016/j.joen.2024.06.003
https://doi.org/10.4103/sja.SJA_543_18
https://doi.org/10.1111/j.1600-9657.1992.tb00228.x
https://doi.org/10.1111/j.1600-9657.1992.tb00228.x
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.2014.01.020
https://doi.org/10.1016/j.archoralbio.2014.02.014
https://doi.org/10.1177/00220345630420062701
https://doi.org/10.1111/j.1600-9657.1988.tb00313.x
https://doi.org/10.1016/j.joen.2014.08.023
https://doi.org/10.1111/ipd.13039
https://doi.org/10.1007/s00784-020-03583-z


755  R. SINGHAL ET AL.

stem cells of the apical papilla in a platelet-rich plasma scaffold 
in human root tips. J Endod. 2011;37(8):1109–15. https://doi.
org/10.1016/j.joen.2011.05.013

[38]	 Martin DE, De Almeida JFA, Henry MA, Khaing ZZ, Schmidt CE, 
Teixeira FB, et al. Concentration-dependent effect of sodium hypo-
chlorite on stem cells of apical papilla survival and differentiation. J 
Endod. 2014;40(1):51–5.

[39]	 Hashimoto K, Kunimatsu R, Kimura Y, Nakajima K, Tsuka Y, Ando K, et 
al. EDTA treatment for sodium hypochlorite-treated dentin recovers 
disturbed attachment and induces differentiation of mouse dental 
papilla cells. J Endod. 2018;44(2):256–62. https://doi.org/10.1016/j.
joen.2017.11.003

[40]	 Vinod TS, Saraswathi VN, Basappa N, Raju OS, Akshaya T. Concentration 
of sodium hypochlorite disinfection in regenerative endodontic pro-
cedure: a systematic review. Int J Dent Res 2022;7(3):83–9. https://
doi.org/10.31254/dentistry.2022.7309

[41]	 Báez V, Corcos L, Morgillo F, Imperatrice L, Gualtieri AF. Meta-analysis 
of regenerative endodontics outcomes with antibiotics pastes and 
calcium hydroxide: the apex of the iceberg. J Oral Biol Craniofac Res. 

2022;12(1):90–8. https://doi.org/10.1016/j.jobcr.2021.11.005
[42]	 Rahul M, Lokade A, Tewari N, Mathur V, Agarwal D, Goel S, Keshari 

P, Sharma S, Bansal K. Effect of Intracanal Scaffolds on the Success 
Outcomes of Regenerative Endodontic Therapy - A Systematic 
Review and Network Meta-analysis. J Endod. 2023 Feb;49(2):110-
128. https://doi.org/10.1016/j.joen.2022.11.011

[43]	 Shah N, Logani A, Bhaskar U, Aggarwal V. Efficacy of revascularization 
to induce apexification/apexogenesis in infected, nonvital, imma-
ture teeth: a pilot clinical study. J Endod. 2008;34(8):919–25. https://
doi.org/10.1016/j.joen.2008.05.001

[44]	 Linsuwanont P, Sinpitaksakul P, Lertsakchai T. Evaluation of root 
maturation after revitalization in immature permanent teeth with 
nonvital pulps by cone beam computed tomography and con-
ventional radiographs. Int Endod J. 2017;50(9):836–46. https://doi.
org/10.1111/iej.12705

[45]	 Mittmann S, Widbiller M, Tritsch C, Rosendahl R, Galler KM, 
Schwendicke F. Regenerative endodontic procedures: a systematic 
review of supporting preclinical in vivo studies. BMC Oral Health. 
2020;20:207. https://doi.org/10.1186/s12903-020-01193-5

https://doi.org/10.1016/j.joen.2011.05.013
https://doi.org/10.1016/j.joen.2011.05.013
https://doi.org/10.1016/j.joen.2017.11.003
https://doi.org/10.1016/j.joen.2017.11.003
https://doi.org/10.31254/dentistry.2022.7309
https://doi.org/10.31254/dentistry.2022.7309
https://doi.org/10.1016/j.jobcr.2021.11.005
https://doi.org/10.1016/j.joen.2022.11.011
https://doi.org/10.1016/j.joen.2008.05.001
https://doi.org/10.1016/j.joen.2008.05.001
https://doi.org/10.1111/iej.12705
https://doi.org/10.1111/iej.12705
https://doi.org/10.1186/s12903-020-01193-5

