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Objective: This article will review the new concept of regenerative endodontics in the

management of immature permanent teeth. The potential role of stem cells to regenerate

immature permanent teeth after conservative treatment will be discussed.

Data and sources: Two sets of data source are focused in this review: (i) the characterization

of various dental stem cells discovered since 2000 and (ii) recent clinical case reports

showing that after conservative treatment, severely infected immature teeth with perira-

dicular periodontitis and abscess can undergo healing and apexogenesis or maturogenesis.

Results: A new protocol of treating endodontically involved immature permanent teeth

based on published articles to date is summarized in the review. The key procedures of the

protocol are (1) minimal or no instrumentation of the canal while relying on a gentle but

thorough irrigation of the canal system, (2) the disinfection is augmented with intra-canal

medication of a triple-antibiotic paste between appointments, and (3) the treated tooth is

sealed with mineral trioxide aggregate (MTA) and glass ionomer/resin cement at the

completion of the treatment. Periodical follow-ups will take place to observe any continued

maturation of the root.

Conclusion: While more clinical research is needed, regenerative endodontics promotes a

paradigm shift in treating endodontically involved immature permanent teeth from per-

forming apexification procedures to conserving any dental stem cells that might remain in

the disinfected viable tissues to allow tissue regeneration and repair to achieve apexogen-
esis/maturogenesis.
# 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Two scientific disciplines have made major progress in the

recent decade. One is Stem Cell Biology and the other is Tissue

Engineering. These two lines of research have promoted the

emergence of regenerative medicine. Although its exact

definition is still being discussed in the scientific community,

generally regenerative medicine is defined as a process that
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combines diverse disciplines aiming at creating living, func-

tional tissues to regenerate, repair or replace tissue or organ

function lost due to age, disease, damage, or congenital

defects. The diverse disciplines include stem cell biology,

cellular and molecular biology, gene therapy, chemical

engineering, nanotechnology, tissue engineering, etc. Regen-

erative medicine provides the elements and designs the

replacements for in vivo repair, stimulating the body’s
.
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intrinsic capacities for regeneration. The elements may be

growth factors or live cells and the replacement may be

engineered tissues established in vitro ready for transplanta-

tion.1–3

Modern concept of medicine emphasizes prevention and

reversal of the diseases. Only when these attempts failed will

we take on the unfavorable approaches, i.e., surgical inter-

vention and restoration with artificial prostheses. Utilization

of stem cells to regenerate the lost tissues may thereby reverse

tissues to their normal state. Regenerative endodontics deals

with the healing of impaired dental tissues, including dentin,

pulp, cementum and periodontal tissues. The endodontic

community is highly motivated in the promotion of tissue

regeneration research and practice.4 The American Associa-

tion of Endodontists has established a Regenerative Endo-

dontics Committee and its mission is to promote related

scientific research and clinical practice as well as evaluating

the role of the association in regenerative endodontics.

There are two approaches to practice regenerative endo-

dontics. One is to take the more conservative treatment

approach for well-selected cases which is to be discussed in

this article. The other is to advance tissue engineering

technologies for dentin, pulp, cementum and periodontal

ligament regeneration, which currently is either still at the

laboratory stage or in animal studies. Recent isolation and

characterization of adult dental stem cells and the emergence

of regenerative medicine concept, clinicians should re-

evaluate current clinical protocols when treatment planning

of certain clinical cases. This is especially important in dealing

with immature teeth, as they are still at the growing phase and

likely to carry potent stem cells that enables the tissue to

regenerate and repair better than matured tissues. Therefore,

a clinical protocol that favors the reservation and conservation

of the harbored stem cells in the tissue should be considered.

The goal of this review article has two folds. First, to

understand the process of tissue regeneration, one should first

understand stem cell biology. There will be a brief review of

the definition of stem cells, their characteristics and proper-

ties, particularly the recently discovered dental stem cells.

Second, while the utilization of tissue engineering technolo-

gies to regenerate endodontic tissues is still unavailable at

present, certain clinical observations published recently have

shed light on the possibility of practicing regenerative

endodontics on selected immature permanent teeth. The

key is the establishment of a clinical protocol that will be

discussed thoroughly in the text, i.e., conservation of stem

cells to allow endodontic tissue self-regeneration in disin-

fected immature permanent teeth.
2. Recent progress on dental stem cell
research

Stem cell biology has become an important field for the

understanding of tissue regeneration, although much knowl-

edge in this area has been from the in vitro studies. In general,

stem cells are defined by having two major properties: (1) they

are capable of self-renewal and (2) when they divide, some

daughter cells give rise to cells that eventually become

differentiated cells. Depending on the type of stem cells and
their ability and potency to become different tissues, the

following categories of stem cells have been established—(i)

totipotent stem cells: each cell is capable of developing into an

entire organism; (ii) pluripotent stem cells: cells from embryos

(embryonic stem cells) that when grown in the right environ-

ment in vivo are capable of forming all types of tissues; and (iii)

multipotent stem cells: postnatal stem cells or commonly

called adult stem cells that are capable of giving rise to

multiple lineages of cells.5 Dental stem cells belong to the third

category as described below.

To date, four types of human dental stem cells have been

isolated and characterized: (i) dental pulp stem cells (DPSCs),6

(ii) stem cells from exfoliated deciduous teeth (SHED),7 (iii)

stem cells from apical papilla (SCAP),8,9 and (iv) periodontal

ligament stem cells (PDLSCs)10. Among them, all except SHED

are from permanent teeth. These dental stem cells are

considered as mesenchymal stem cells (MSCs) and possess

different levels of capacities to become specific tissue forming

cells. DPSCs and SHED are from the pulp and SCAP is from the

pulp precursor tissue, apical papilla. These ex vivo expanded

cells can differentiate into odontoblast-like cells and produce

dentin-like tissue in both in vitro and in vivo study systems.

When grown in cultures and induced under specific condi-

tions, DPSCs and SHED can differentiate into neuronal and

adipogenic cells in addition to dentinogenic cells.7,11 Some

reports have shown that DPSCs also have chondrogenic,

myogenic and osteogenic potentials,12–15 although rather

weak compared to MSCs from bone marrow. SCAP together

with PDLSCs are able to form a root-like structure when

seeded onto the hydroxyapatite-based scaffold and implanted

in pig jaws.8 These dental stem cells may potentially be

utilized for dental tissue regeneration, i.e., pulp/dentin and

periodontal ligament.16–18 More importantly, the identification

of these dental stem cells provided us a better understanding

of the biology of pulp and periodontal ligament tissues and

their regenerative potential after tissue damage. For example,

the observation of severely infected pulp in immature teeth

capable of undergoing complete root maturation after proper

disinfection procedures may be explained by the possibility

that SCAP somehow survive from infection.9,19
3. Recent endodontic case reports on
treatment of immature teeth

Individuals of age 6–16 are having sequential permanent

tooth eruption and maturation of the roots. Any factors that

inflict upon the normal physiological process of pulp may

interfere with the completion of root development. Losing

immature teeth is difficult to manage as the jaws are still in

development, any restorative procedure is likely to be a

temporary measure. Because of the important role of

Hertwig’s epithelial root sheath (HERS) in continued root

development, after pulpal injury, every effort should be made

to maintain its viability.20

Two distinct clinical situations require to be well defined

before a clinical treatment approach can be determined

because of the dramatic difference in their clinical outcomes.

The first situation is dealing with the immature teeth with

vital pulp. A procedure that induces apexogenesis is undertaken



Fig. 1 – Traditional apexification with calcium hydroxide. (A) Tooth #8 of an 11-year old was tested non-vital with open apex.

(B) The canal was cleaned and shaped and filled with calcium hydroxide every 3 months until an apical stop was detected.

(C) The apical half of the canal was filled with gutta-percha and the remaining canal with composite (1 year after initial

treatment).
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to preserve the remaining vital tissue and to allow completion

of root formation and apical maturation.21–23 The second is the

immature teeth with necrotic pulp. Apexification is then

performed to treat immature teeth with non-vital pulp by

inducing a calcific barrier at the open apex.20,21 Teeth after

apexogenesis with vital pulp therapy develop a normal

thickness of dentin, root length and apical morphology,

whereas teeth receiving apexification normally gain only an

apical hard tissue bridge without a further development of the

root (Fig. 1).

Recently, several clinical case reports demonstrated that

despite the formation of periapical abscesses with extensive

periradicular bone resorption as the result of root canal

infection in immature teeth, conservative treatment may

allow root development to reach their maturation.19,22,24–26

The interest generated from this clinical observation appears

to be underscored by the discovery of some of the dental stem

cells mentioned above, which may shed light on the under-

standing of the repair of the pulpodentin complex, healing

within the root canal space and the continued maturation of

roots after endodontic treatment of the immature permanent

teeth.
4. More conservative approach in the
management of immature teeth—paradigm shift

The common clinical indications for vital pulp therapy are

cases having mechanical, traumatic or carious pulp exposure.

Direct pulp capping may be carried out as needed. A shallow

pulpotomy (Cvek pulpotomy) is performed when the pulp is

minimally exposed by mechanical reason or trauma, whereas

when the pulp injury or inflammation is more extensive,
pulpotomy may be the optimal approach.27 In principle,

immature teeth should be treated as conservatively as

practical to allow any possible apexogenesis to occur.28

Therefore, pulp capping is the first treatment of choice if

the pulp is considered largely normal. For cases that the

coronal pulp tissue has more advanced damage or inflamma-

tion, pulpotomy is the next treatment of choice in the hope to

reserve the vitality of the remaining pulp in the canals.20,27

While the decision for teeth undergoing apexogenesis or

apexification has been determined by the result of pulp

vitality, i.e., vital pulp/apexogenesis vs non-vital pulp/apex-

ification; recent case reports have shown that this straightfor-

ward dichotomized approach may sacrifice certain cases that

still have the potential to undergo apexogenesis even when

clinical condition qualifies for an apexification treatment.

These case reports have shown convincingly that immature

teeth clinically diagnosed with non-vital pulp with periradi-

cular periodontitis or abscess can undergo apexogenesis.19,24–

26 In fact, before these recent reports that provoked us to

rethink the traditional conception, there had been sporadic

case reports in the literature documenting this observation.29–

34 One explanation is that the clinical diagnosis of pulp vitality

is inaccurate that some of those teeth must have remaining

vital tissues in the pulp space despite that the vitality test was

negative.

These reports stimulated a new perspective as to how we

determine the treatment plans for these cases. A common

aspect of the reported cases19,24,25 is that those teeth showing

continual maturation of root and apex had developed

extensive periradicular lesions with sinus tract formation

before the treatment—a condition normally considered a total

necrosis and infection of the pulp and requires apexification

(Figs. 2–4). Most reasonable explanation is that certain



Fig. 2 – Clinical case of a 10-year-old patient. (A) Radiograph showing an immature root of tooth #29 with an open apex and

an extensive radiolucency at the periapical and mesial regions of the root. (B) Seven months after the initial treatment

showing complete maturation of the root apex, healing of the periradicular bone, a significant increase of the calcified

tissue in the root, a significant decrease of root canal space, and the calcified coronal third of the root canal. The pulp

chamber and the accessed space were filled with Caviton and Ketac silver, respectively. (Adapted from the original article

with approval.19)
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important types of cells and tissues must have survived after

the disinfection, thereby allowing the root to undergo

maturation, for example, the HERS and SCAP in the apical

papilla. SCAP have been proposed to be the cell source of root

odontoblasts.9

4.1. Case selection

Currently there is no evidence-based guideline that can be

established to help clinicians determine which condition of

cases that can be treated with this conservative approach. As
Fig. 3 – Clinical case of a 10-year-old patient. (A) Radiograph sho

with a wide-open apex (a gutta-percha point into the sinus tract

a market reduction of the root canal space and maturation of the

amalgam. (Adapted from the original article with approval.19)
mentioned, the presence of radiolucency at the periradicular

region can no longer be used as a determining factor, nor is the

vitality test. In both situation, vital pulp tissue or apical papilla

may still present in the canal and at the apex. Logically, any

remnant of visible soft tissue that can be visualized under the

microscope should give the clinician an incentive to take the

conservative approach, even though the soft tissue may be

purely granulation tissues. However, one cannot rule out the

possibility that there are not any remaining pulp tissues in the

very apical part of the canal only because it cannot be detected

clinically.
wing a radiolucent lesion at the periapical area of tooth #20

). (B) Thirty-five months after the initial treatment revealing

root apex. The accessed cavity was filled with Caviton and



Fig. 4 – (A) Radiograph showing a lower premolar (#29) of an 11-year-old patient having an extensive periradicular lesion. (B)

Twenty-four-month radiograph after treatment showing complete root development. (Adapted from the original article

with approval.25)
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Another obvious consideration is the duration of the

infection. Hypothetically, the longer standing of an infected

pulp in immature teeth there is the less survived pulp tissue

and stem cells may remain. Additionally, the longer the

infection there is in the canal, the more likelihood of a deeper

penetration of microbial colonies into dentinal tubules that

would occur, which renders the disinfection more difficult to

accomplish.

Since there is a lack of clinical studies on the success rate of

treating immature teeth with periradicular bone resorption,

clinicians may consider always choosing the conservative

approach first. Apexification is only undertaken when the

attempt is failed.

4.2. Disinfection protocol

The management of these immature teeth in the case reports

has the following features: (a) minimal or no instrumentation;

(b) irrigation with 2.5–5.25% NaOCl, 3% hydrogen peroxide

and/or Peridex; and (c) intra-canal medication with antimi-

crobial agents consisting of equal parts of metronidazol,

minocycline and ciprofloxacin in a paste form at the

concentration of 20 mg/ml (Professional Compounding Cen-

ters of America, Houston, TX).35–37 It was recommended by the

authors in these case reports that calcium hydroxide is not

recommended as intra-canal medicament to prevent damage

of the remaining pulp tissue, apical papilla and HERS.19,25 The
gentle treatment regimen is an attempt to conserve any viable

tissues that may be remained in the canal system which

harbor stem cells, i.e., SCAP in the apical papilla and DPSCs in

the pulp. Cooke and Robotham in 1988 advised avoidance of

trauma to the tissue around the apex. They speculated that the

remnants of the survived HERS at the apices of immature

teeth, after disinfection, may organize the apical mesodermal

tissue into root components38. This mesodermal tissue is now

considered to be the apical papilla by Sonoyama et al.9

Based on these case reports, a clinical protocol to treat

immature teeth after a thorough irrigation may be established

and is summarized as the following: (a) The antimicrobial

paste is to be introduced into the canal carefully to a depth

slightly shy of the remaining vital tissue with a lentulo spiral

and the accessed cavity sealed with 2 mm-thick cavit as an

inner layer and 2 mm-thick durable cement such as glass

ionomer as the outer layer. (b) After 2 weeks, the patient

should return for evaluation. If the tooth is asymptomatic and

lack of clinical signs of pathology, the canal will be re-accessed

to visually examine the condition under the microscope. If

there is no observable virulent exudate, the canal system will

be irrigated with NaOCl and chlorhexidine followed by sterile

normal saline and then dried. A small piece of collacote may

be placed at the pulp chamber to support the MTA cement

which is to be placed over it. The accessed cavity will then be

sealed with glass ionomer or resin-modified glass ionomer

cement and the tooth should be followed up periodically to
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observe the maturation of the root. The use of MTA is for its

excellent microleakage-proof property and biocompatibility.

Additional placement with glass ionomer/resin further

secures the sealing ability and the integrity of the filled

access. If after several rounds of intra-canal irrigation and

medication the clinical symptoms show no sign of improve-

ment, i.e., persistent presence of sinus tract, swelling and/or

pain, apexification procedure should then be carried out.

4.3. The use of antimicrobial paste

Since the introduction of Ca(OH)2 as an intra-canal medica-

ment, it has been a popular clinical regimen over the use of

antibiotic paste especially in the case of apexification.20

However, if there is remaining vital pulp tissue in the canal,

the direct contact of Ca(OH)2 paste with the tissue will induce

the formation of a layer of calcific tissue which may occupy the

pulp space therefore preventing the pulp tissue to regenerate

into that space. As shown in Fig. 2, calcific layer was formed in

the coronal third of the canal due to the placement of Ca(OH)2
which prevented the pulp tissue to grow into that space.19

Whereas by using the antibiotic paste, the pulp tissue appears

to be able to fill in the remaining canal space as shown in Fig. 4

and the cases presented by Iwaya et al.24 and by Thibodeau

and Trope.26 Another concern is that Ca(OH)2 may damage the

HERS and thereby losing its ability to induce the nearby

undifferentiated cells to become ododontoblasts.25

The triple-antibiotics regimen was first tested by Sato et al.

to be effective against the Escherichia coli infected dentin in

vitro.35 The same research group also tested their bactericidal

efficacy against microbes from carious dentin and infected

pulp. They found that the mixture of antibiotics is sufficiently

potent to eradicate the bacteria.36 The clinical effectiveness of

the triple-antibiotic paste in the disinfection of immature

teeth with apical periodontitis has been reported.39 The

concern of the antibiotic paste is that it may cause bacterial

resistance. Also, the paste contains both bactericidal (metro-

nidazol and ciprofloxacin) and bacteriostatic (minocycline)

antibiotics. Additionally, whether minocycline will cause

tooth discoloration like the Ledermix requires investiga-

tion.40,41

4.4. Blood clot formation in canal space

Some investigators25,26 induced hemorrhage by an endodontic

explorer penetrating slightly into the remaining pulp tissue or

periapical tissue allowing the blood clot to form in the canal

and stopped at a level 3 mm below CEJ. MTA was then placed

over the blood clot. They considered the blood clot as a scaffold

and source of growth factors to facilitate the regeneration and

repair of tissues into the canal. Induction of bleeding to

facilitate healing is a common surgical procedure. It was

proposed by Ostby in 1961 to induce hemorrhage and form

blood clot in the canal space of mature teeth in the hope to

guide the tissue repair in the canal.42 Myers and Fountain in

1974 attempted to regenerate dental pulp with blood clot filled

in the canal.43

Currently, there is lack of histological evidence showing

that blood clot is required for the formation of repaired tissues

in the canal space, nor are there systematic clinical studies to
show that this approach is significantly better than without it.

However, these cases reports at least provide some guidelines

as to what extent the healing potential these immature teeth

are capable of. One study using a dog model showed no

statistical significance of healing by inducing blood clot into

the canal, although the authors of the study suggested the

inclusion of blood clot to improve the chance of healing.37

4.5. Outcome

Given a condition that is free of infection, many tissues are

programmed and capable of self-regeneration to repair the

damaged portion. The literature is replete with the finding that

if disinfection can be performed effectively, pulp tissue can

heal and new dentin bridge will form.44 Pulp tissue in

immature teeth with open apex has larger volume of pulp

tissue with a rich blood supply which may explain why it is

more potent in defending infection and to heal. Farsi et al.

found a success rate of 93% with evidence of continued root

growth after using MTA as direct pulp capping to treat carious

exposure in young permanent teeth.45 In contrast, the success

rate of direct pulp capping with carious exposure is only 33.3%

in mature teeth.46

As noted above, clinical experience on the outcome of

those teeth that inherit a thin and weak root after successful

apexification is that they are susceptible to fracture.47 Shifting

apexification to apexogenesis even for teeth that show a

negative response to pulp vitality test and with periradicular

periodontitis or abscess is a clinically beneficial approach for

the patients. Whether the thickened root is formed by pulp

tissue from the remaining vital pulp and dental papilla at the

apical region, or that is formed by PDL tissue which has grown

into the root canal from the apical foramen and deposited the

cementum onto the inner surface of the root dentin, is not

clear. One may speculate that there was survived pulp tissue

that allowed apexogenesis to occur. The dental papilla at the

apex contains stem cells (SCAP) that have been recently

described to be more robust stem cells than DPSCs.8 The SCAP

may survive the infection to allow root maturation while the

survived DPSCs in the remaining vital pulp rebuild the lost

pulp tissue in the canal and may give rise to replacement

odontoblasts to substitute for the damaged primary odonto-

blasts.9 Iwaya et al.24 suggested that the open apex provide a

good communication from pulp space to the periapical

tissues, therefore it may be possible for periapical disease to

occur while the pulp is only partially necrotic and infected.

Deposition of cementum or bone in the canal may also occur

and gradually narrowing the space. The studies using rhesus

monkey demonstrated that after total pulp tissue removal in

immature teeth, either treated with calcium hydroxide or

collagen gel, there was cementum tissue formation at the apex

and in the canal. PDL-like tissue can also be found in canal

treated with collagen gel.48,49 Similar results were obtained

using dogs as a study model.37 Although it lacks data from

clinical research to show what the success rate is by the

conservative treatment of the infected human immature

teeth, the study on dogs demonstrated that after successful

disinfection of the root canals, 64.6% of the cases had no

radiographic evidence of periapical radiolucencies or showed

improvement/healing of previous periapical radiolucencies.37
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5. Conclusion and prospects

Although the healing potential and defense mechanism of

pulp have been long recognized, the intensity and the nature

of the virulence of infection are still the determining factors

for the outcome of pulp recovery. Immature teeth, by having a

large and young pulp tissue and an open apex to allow good

blood supply, remarkable healing potential has been observed

in conditions that would not have been possible for mature

teeth. The discovery and understanding of pulp stem cells

provide us a better insight into the healing potential of the

immature teeth. Along with an improved regimen of canal

disinfection, it seems to be the right time to establish a new

protocol for a paradigm shift in treating these infected

immature teeth. In the same time, clinical and basic research

is urgently needed to provide information on the success rate

of this treatment modality.
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