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Abstract — Background: Apical barrier formation and root strengthening
procedures have been extensively described in the literature. This systematic
review attempts to establish where the effects of interventions using multi-visit
apexification, single visit apical plug techniques and root strengthening
procedures are consistent and where they may vary significantly. Objectives: To
evaluate the relative effectiveness of apexification and apical plug techniques as
well as root strengthening procedures for treating traumatized necrotic
immature permanent anterior teeth through a systematic review of randomized
controlled trials. Reported immediate and/or long-term adverse events and
effects of the materials and techniques are also evaluated. Search strategy &
selection criteria: Structured electronic and hand search was performed with no
restriction on the language of publication. Only randomized controlled trials
comparing different apical barrier formation techniques and root strengthening
procedures in traumatized necrotic immature anterior teeth were assessed.
Results: Two hundred studies were identified but only two were suitable for
inclusion. Included studies investigated multi-visit apexification techniques using
calcium hydroxide and tricalcium phosphate. There were no eligible studies
investigating root strengthening procedures or any other intervention for apical
barrier formation in necrotic immature anterior teeth. No reliable information
was available on long-term adverse effects of the reported interventions or cost
implications. Conclusions: Based on two included studies, there is weak evidence
supporting the use of either calcium hydroxide or tricalcium phosphate for
apical barrier formation in necrotic immature anterior teeth employing multi-
visit apexification techniques. The evidence is insufficient to provide guidelines
for practice. There was no reliable evidence on adverse events or long-term
effects after the use of calcium hydroxide or tricalcium phosphate justifying
caution in their use in apical barrier formation techniques.

Background

root walls in an attempt to improve aesthetics and
function.

In immature teeth where there is loss of vitality clinicians
face a challenge. The root has thin dentine walls liable to
fracture under physiological forces and a wide, open
apex which is time consuming and technically difficult to
treat. The treatment first requires the elimination of
bacterial infection from the root canal and the preven-
tion of re-infection of this space. Disinfection of the root
canal space is straight forward for most cases; however,
there is no natural apical constriction or stop against
which a suitable root filling material can be placed to
prevent re-infection of this space. Therefore one of the
aims of treatment is to produce a barrier, against which
a root canal filling material can be placed thereby
preventing the extrusion of material into the surround-
ing tissues as well as providing a restoration that
reinforces or strengthens the weak immature dentinal

Apexification

The technique involves cleaning and filling the root
canal with a temporary paste to stimulate the forma-
tion of calcified tissue at the apex. This paste is later
removed after radiographic and clinical evidence of
apical closure and a permanent filling of gutta-percha
is placed in the canal. Apexification techniques have
been widely used since it was described by Frank (1).
Several techniques have been described, that involve
the removal of necrotic pulp tissue followed by
cleaning of the canal with or without the placement
of a medicament as described by Chawla (2) in a case
series study, as well as in other case reports (3, 4).
Another technique has been described using an anti-
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septic paste or solution left in the root canal following
root canal cleaning (3). Several reports suggested that
apical closure can be induced by control of infection
alone (3-9) as well as following treatment with tetra-
cycline (10). Over-instrumentation of the root canals to
induce periapical tissue bleeding has been reported in
the literature (11-14). This was thought to stimulate
the formation of new healthy vascularized tissue in the
root canal which will organize and induce an apical
barrier.

Apical plug techniques

These describe packing of a material into the apical

2-4 mm of an immature canal to act as a barrier against

which gutta-percha is condensed. Many materials have

been used to form apical barriers such as:

1 Calcium hydroxide paste (15).

2 Calcium hydroxide powder; mixed with CMCP
(camphorated-mono-chlorophenol), metacresyl ace-
tate, cresenol, saline, Ringer’s solution, distilled
water or anaesthetic solution (16-19).

Tricalcium phosphate (13, 14, 20).

Collagen calcium phosphate (21).

Osteogenic protein-1 (22).

Bone growth factor (23).

Mineral trioxide aggregate (MTA) (24).

Oxidized cellulose (Surgicel) use has been also

reported (295).

Proplast, a poly-tetrafluor-ethylene and carbon felt-

like porous material (26).

10 Decalcified allogenic bone matrix & Barium hydrox-
ide (27).

11 True bovine bone ceramics and dentine chips as plugs
(28).

12 Antibacterials such as camphorated-mono-chlor-
ophenol (29) or metronidazole (30) were used as
intracanal medications to stimulate apexification.
Some reports suggested that apical closure can be
induced by control of infection alone. This was
achieved with minimal mechanical intervention and
dressing of the root canal with an antiseptic or
antibiotic paste, or a mixture of those (3, 4, 6-10).
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Root strengthening

The risk of root fracture during apexification is a
concern. It was reported that 60% of all endodontically
treated teeth with immature root formation have had
cervical fractures due to minor impacts and sometimes
even spontaneous fractures have occurred (31). The risk
of root fracture was quantified by maturity of root
formation (32). A figure of 32% of teeth suffered cervical
root fracture following apexification was reported (33).
This was due to minor traumatic episode or due to
spontaneous fractures in the rest of their cases. This late
stage failure of apexification has lead researchers to start
looking at whether the root can be strengthened in
addition to inducing a barrier. Root strengthening
interventions can be divided into the following three
categories.

Adhesive resins as a root strengthening material

Adhesive dental materials may offer an opportunity to
reinforce the endodontically treated tooth through the use
of adhesive sealers in the root canal system. The bonding of
endodontic sealers to intra radicular dentin might possibly
enhance resistance to fracture of endodontically treated
teeth especially in cases where there are thin weak dentinal
walls as in immature permanent teeth. The use of a root
canal sealer with the additional quality of strengthening
the root against fracture would then be of value (34, 35).

Glass ionomer cements as a root strengthening material

The use of glass ionomer cements in endodontics has been
suggested by several investigators (36, 37). Its use has been
shown to have long-term adhesive effects by bonding to
the hydroxyapatite component of dentine (38, 39). Glass
ionomer based endodontic sealers have been suggested for
the potential increase in resistance to root fracture and
thus root reinforcement (36). On the other hand, it was
reported in an in vitro study (40) that the reinforcement of
endodontically treated mature teeth by placement of glass
ionomer sealer in the root canals was not demonstrated.

Fibre glass posts

Fibre posts were introduced in 1990 (41). The biome-
chanical properties of fibre-reinforced composites (FRC)
posts have been reported to be close to those of dentin (42)
with a modulus of elasticity similar to that of dentine (43).
This seems to reduce stress transmission to the root canal
walls by the post, thus avoiding possible root fractures
(44). The combination of a fibre post and bisphenol A
glycerolate dimethacrylate (Bis-GMA)-based resin cement
has been described as a homogeneous structure that may
reinforce weak dentinal walls of an immature root canal
by replacing dentine mechanically thus contributing to
stress absorption (45). Recently introduced, FRC posts
are made of a material having silanated glass fibres
impregnated with an interpenetrating polymer network
resin matrix (46). This system has been described as being
able to chemically bond to luting root canal cement (47).

Objectives of this systematic review

1 To evaluate the relative effectiveness of the following
interventions for treating traumatized necrotic imma-
ture permanent anterior teeth:

(a) apexification techniques;
(b) apical plug techniques and;
(c) root strengthening procedures.

2 To evaluate any immediate and/or long-term side
effects and limitations for the materials and tech-
niques used.

Null hypotheses

1 There is no difference between apexification and
apical plug techniques as an intervention for inducing
an apical barrier in traumatized necrotic immature
permanent anterior teeth.
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2 There is no difference in the proportion of teeth
exhibiting clinical and/or radiological signs of failure
following various types of treatment for inducing an
apical barrier.

3 There is no difference in the proportion of treated
teeth showing root fractures whether root strength-
ening procedures are used or not used.

Methods of the review

Electronic search

OVID® (Ovid Technologies, New York, NY, USA)
electronic bibliographic databases were searched for
relevant reports from 1966 till the end of this study in
October 2006 using a structured search strategy. This
was done to determine an article’s relevance to this
review based on the title and abstract. The subject search
strategy for Medline via Ovid® used a combination of
controlled vocabulary and free text terms. Databases
searched via OVID gateway are shown in Table 1. There
was no restriction for the language of publication.

Hand searching

Hand searching was undertaken to identify key articles,
using citation databases to search for any paper that citesa
seminal article, to identify authors or institutions working
in this particular topic area and to search for papers
originating from these sources. Additional hand searching
was done for the volumes and issues of the identified key
journals to manually search through indexes, bibliogra-
phies or issues of these journals.

Personal contact

Personal communication via e-mail with the author(s)
and journals of the identified potentially relevant clinical
trials was performed to obtain further full text informa-
tion on their published studies and to identify ongoing,
unpublished or unlisted studies that may be eligible for
inclusion in this review.

The manufacturers of dental materials were contacted
to obtain information on relevant published or
unpublished clinical studies. Communication was

Table 1. Database search via OVID

ACP Journal Club (ACP)

Cochrane Central Register of Controlled Trials (CENTRAL)

Cochrane Database of Systematic Reviews (CDSR)

Cochrane Oral Health Group Trials Register

Database of Abstracts of Reviews of Effects (DARE)

EMBASE databases; the Excerpta Medica Database (EMBASE), EMBASE
Drugs and Pharmacology (EMDP), and EMBASE Psychiatry (EMPS)

Index to Scientific and Technical Proceedings

National Library of Medicine — Toxnet (http:/toxnet.nlm.nih.gov)

Ovid MEDLINE(R) (1966 to date)

Ovid MEDLINE(R) (daily update)

Ovid MEDLINE(R) in-process, other non-indexed citations

Science Citation Index Expanded

Social Science Citation Index

System for Information on Grey Literature in Europe
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established with only one company (Stick Tech Ltd.,
Turku, Finland) via e-mail. They provided further
information on four studies (47-49). None of these
reports was a randomized controlled clinical trial fulfill-
ing the inclusion criteria of this review.

Attempts to contact authors of reports in languages
other than English were unsuccessful. However, we were
able to locate some of these studies with the help of the
Cochrane Oral Health Group and the British Library
through the University of Leeds Health Sciences Library.
These studies were obtained in full text and were
translated into English, but none of the reports was a
randomized controlled trial fulfilling the inclusion crite-
ria of this review.

Description of studies

Completed searches from all sources identified 200
reports. Following to scanning of the titles and abstracts
of these reports; 33 electronically identified reports were
non-relevant to the review topic and were rejected;
leaving 167 reports of different study designs to be
assessed. Abstracts and full text were obtained whenever
there was a doubt that the article could not be definitely
rejected. Where the article is accepted, information from
it was then formally extracted and analysed. A diagram-
matic representation of the assessment process is shown
in Fig. 1. All studies other than prospective clinical trials
(i.e. planned experimental interventional studies designed
to evaluate the effect of a treatment on a clinical outcome
in humans) were excluded leaving 11 studies for further
assessment. There was no prospective controlled clinical
trial looking at root strengthening interventions for
necrotic immature permanent anterior teeth that were
detected by all the methods of searching applied.

Examination of full text reports was performed and
the data abstraction form was pilot tested by two
reviewers independently and in duplicate. Pilot testing
gave 100% agreement on the study eligibility for
inclusion and 80% agreement on deciding the risk of
bias according the review criteria. Further discussions
resulted in 100% agreement on the assessment of
methodological quality of the pilot sample.

The methodological quality assessment of evaluated
studies was based on the criteria described by Higgins &
Green (50). Accordingly, two studies were eligible to be
included in this review. Studies included were: Roberts
and Brilliant (13) and Mackie et al. (54). Both studies
investigated multi-visit apexification techniques and two
different materials:

1 Calcium hydroxide vs tricalcium phosphate as multi-

visit apexification agent (13).

Two types of calcium hydroxide paste; Reogan

Rapid® (Reogan Rapid, Vivadent, Liechtenstein) vs

Hypo-cal® (Ellman Int’l Inc., New York, NY, USA)

as multi-visit apexification agents (54).

Four studies: Coviello and Brilliant (14), Yates (51),
Merglova (52) and Dominguez Reyes et al. (53) were
fully analysed before being excluded. Reasons for their
exclusion are shown in Table 2. These studies had
problems in their study design severely affecting their
validity as shown in Table 3.
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Assessment process for identified studies

references

Scanning of titles &

# Search from all sources identified 200

* 33 non-relevant records were rejected

abstracts

{1ry filtering process)

* 167 reports of different study designs:

T —

All studies otherthan
Randomised controlled .
trials were rejected &

= 11 Prospective clinical trials

& Retrospective studies

39 In-vitro studies

® 19 Animal studies

= 62 Case series & case reports

®= 19 Literature Reviews

* 11 Reports in languages other than English

Six clinical trials were
assessed accord'rng to
review critieria

¢ Two studies were included
e Four studies were excluded

v

* Review methodological quality assesment applied to
all six trials.

* Conclusions were based on two included studies only

Fig. 1. Assessment process for identified studies.

Characteristics of included studies

One study was conducted in the United States of
America (13), and one in the United Kingdom (54).
Both studies were conducted in a university teaching
hospital environment.

Characteristics of the participants in included studies

Roberts and Brilliant (13) reported the age and sex of
each patient included in their study with an age range
of 8-23 years. Mackie et al. (54) fully reported the age
of their patients and divided them into two age groups of
6-10 year olds and 11 years and above group.

Both studies included patients with necrotic immature
permanent anterior teeth due to a traumatic injury as an

initial diagnosis. Some patients were symptom free at the
initial examination but showed arrested root development
and a wide open apex compared to contra-lateral teeth
whereas most of the patients presented with clinical signs
and symptoms related to these teeth with necrotic pulps
(pain, intra-oral swellings and sinuses) as well as radio-
graphic signs of periapical pathology related to these teeth.

Characteristics of the interventions described by included
studies

Materials used for apexification or apical barrier
formation

Roberts and Brilliant (13) compared tricalcium phos-
phate to Calcium hydroxide as multi-visits apexification
powders. Mackie et al. (54) compared two different
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Table 2. Description of excluded studies

Systematic review of randomized controlled trials

Study

Reason for exclusion

Coviello & Brilliant 1979 (14)

Dominguez Reyes et al. 2005 (53)

Merglova 2001 (52)

Yates 1988 (51)

Control group (apexification) participants were randomly selected without reporting the method of
randomization. There was no information reported on selection of the experimental group participants
(apical plug group). Age and sex of participants were not reported. Clear inclusion criteria were not
stated. Patients were excluded from the final analysis after the treatment had started due to either
inadequate follow-up (less than 6 months) or if the treatment was not completed by root canal
obturation. Drop-outs & excluded cases were not included in the analysis. Barrier detection technique
(apexification group) was not reported

Control group were healthy contra-laterals (incomparable groups & cannot be considered a control
group as no intervention was provided to this group

Selective reporting of study results as well as follow-up tests done (e.g. Performing vitality testing and
not reporting the results due to ‘un-reliability’ of the test raise more concern regarding the possibility
of bias

Control group was treated with periapical surgical method (Kominek & Rozkovcova 1968). Teeth in this
group had been necrotic due to several kinds of injury. The control group was not followed-up, no
further information was available on this group

Control group allocation is not clear. This group was formed from patients who received treatment that
deviated from the treatment protocol. This cannot be considered as ‘control’. Also this group has many

37

confounding variables as well as being not a homogenous group

Table 3. Methodological quality assessment of excluded studies

Excluded studies

Quality assessment Coviello & Brilliant 1979 (14)

Yates 1988 (51)

Merglova 2001 (52) Dominguez Reyes et al. 2005 (53)

Randomization & allocation Unmet
concealment

Exclusion & inclusion criteria

Control & treatment groups
comparability

Protection against
performance bias
(blindness of the study)

Follow-up of participants

Unmet: Inadequate randomization
& no concealment

Unclear Met

Unmet: large potential for
confounding

Partially met

Met: more than 80% are included
in analysis

Unclear Met

Partially met: withdrawals stated,
analysis unmodified

The global validity of the study High risk of bias: two

unmet criteria

Success & failure criteria
Intention-to-treat

Unmet: large potential
for confounding
Unmet: no blinding

Unclear: no reported

Unmet: not mentioned Partially met: withdrawals

High risk of bias: four High risk of bias: three
unmet criteria

Unmet Unmet
Unclear Unclear
Unmet Unmet

Blinding not possible Unmet: no blinding

Unmet Unclear: not reported

Met
Unmet: not mentioned

Unclear

stated, analysis unmodified
High risk of bias:

unmet criteria four unmet criteria

commercial brands of calcium hydroxide pastes. Both
were used as multi-visits apexification agents.

Intra canal medicaments other than apexification agents

and solutions used for root canal irrigation

1 Roberts and Brilliant (13) used in their initial visit a
5.25% sodium hypochlorite solution for both treat-
ment groups followed by a sterile cotton pledget
moistened with formocresol and plotted dry was left
inside pulp chamber for 7-10 days. In the second visit
the same concentration of sodium hypochlorite solu-
tion was used before the apical plug of the tested
materials were packed into the root canal apical 4 mm.

2 Mackie et al. (54) used normal saline irrigation
throughout treatment and in cases with infection
and pus presence in the root canal a poly-antibiotic
paste was used on a weekly intervals as indicated till
the infection was controlled and then calcium
hydroxide apexification was started.

© 2009 John Wiley & Sons A/S

Technique for apical barrier detection

The clinical method used to detect apical barrier
formation and apical closures was almost the same in
both studies and was based on the tactile sensation felt
by the operator to detect an apical stop. Radiographs
were used as an adjunct to the clinical technique in both
studies, with variable degree of reliability. Roberts and
Brilliant (13) used a curved endodontic file of the same
size of that used in their working length determination.
Mackie et al. (54) used paper points to feel the apical
stop and to detect any intracanal haemorrhage or
exudate.

Materials used as an intermediate restoration between
Visits

Both studies (13, 54) used reinforced Zinc Oxide and
Eugenol as an intermediate restoration for coronal seal
of the root canal till apexification has occurred.
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Materials & techniques used for final root canal obturation
following to barrier formation

Final obturation was done using gutta-percha in both
studies but with different techniques. Roberts and
Brilliant (13) used the chemically plasticised gutta-
percha-chlororosin technique, where gutta-percha mas-
ter cone and accessory cones were dipped individually in
chlororosin for 20-25 and 5s respectively prior to
packing and lateral condensation into the root canal
using spreaders. Mackie et al. (54) used multiple gutta-
percha points with a non setting Zinc Oxide and Eugenol
sealer employing a lateral condensation technique.

Other interventions

Both studies reported the use of rubber dam for isolating
teeth during the provision of treatment. Roberts and
Brilliant (13) reported deliberate over-instrumentation of
root canal to establish bleeding before the use of their
apical plug test materials.

Characteristics of the outcome measures reported in
included studies

Success rate of the medicament used in apical barrier
formation and the time required were the main outcomes
assessed by studies included. In addition to these
outcomes, individual studies assessed other specific
outcomes:

1 Roberts and Brilliant (13) assessed the presence &
solubility of tricalcium phosphate and calcium
hydroxide powder in the root canals clinically and
radiographically as well as progression or healing of
the original pathology radiographically (periapical
rarefaction, and internal or external root resorption)
at the recall visits.

2 Mackie et al. (54) assessed the number of dressings
(visits) required for both calcium hydroxide prepara-
tions under investigation.

Methodological quality assessment of included studies

Included studies (13, 54) were rated according to the
review’s methodological quality assessment criteria as
described by Higgins & Green (50). Both studies were
rated as having ‘High risk of bias’ as they had one or
more of the assessment criteria ‘unmet’ and there was
plausible bias that seriously weakens the confidence in
the results. Table 4 describes the methodological quality
assessment criteria applied to included studies.

Table 4. Methodological quality assessment of included studies

Method of allocation concealment

Neither study has reported allocation concealment of
participants to either group.

In the study by Mackie et al. (54), allocation was done
using toss-coin followed by alternation. Patients were
stratified according to their age and apical width of
studied teeth into four groups. The allocation of the first
tooth to each stratum was done by toss-coin, then if the
patient had another tooth to be included; it was allocated
to the other group by alternation. Allocation procedure
for patients to each group in the study by Roberts and
Brilliant (13) was stated clearly in their paper and was
done by alternation. There was no further information
regarding how the sample was selected.

Definition of exclusion & inclusion criteria in included studies

Roberts and Brilliant (13) included necrotic immature
teeth in their study [15 incisors and one premolar].
Criteria used for the diagnosis of loss of vitality were
clearly reported in tables for each tooth. This was based
on radiographic identification of periapical rarefaction
and clinical signs & symptoms of tenderness to percus-
sion, pain on palpation, presence of sinus tracts, tooth
discolouration, presence or absence of tooth fracture,
mobility and finally the presence or absence of pain.
Mackie et al. (54) included necrotic immature incisors
in their study, but without defining the criteria for this
diagnosis. Further communication with the first author
clarified that inclusion was based on clinical signs, pain
history, ethyl chloride cold test and radiographic evi-
dence of periapical pathology. Exclusion criteria were
also clear, as replanted teeth following to avulsion
injuries or teeth showing radiographic evidence of
external root resorption were excluded. These exclusion
criteria were justified by being reasons for increased
failure rates of apical barrier formation based on
previous case report (55) and a retrospective study (56).

Control and treatment groups’ comparability in included
studies

Differences between comparison groups in numbers of
patients allocated to each group, age, root developmen-
tal stage, initial diagnosis, type of original injury, type of
coronal seal used with the possibility of re-infection of
the canal space and many other unknown confounding
factors can affect apical barrier formation. Confounding
factors can distort the apparent magnitude of treatment

Criteria of assessment Roberts and Brilliant 1975 (13)

Mackie et al. 1994 (54)

Randomization & allocation concealment

Exclusion & inclusion criteria Unclear
Control & treatment groups comparability Confounding small
Protection against performance bias Partially met

(blindness of the study)
Follow-up of participants
Success & failure criteria
Intention-to-treat analysis
The global validity of the study

Unclear

Unmet: inadequate randomization & no concealment

Met: more than 80% are included in analysis

Partially met: withdrawals stated, analysis unmodified
High risk of bias: one unmet criterion

Partially met: adequate randomization & no concealment
Met

Good comparability & confounding adjusted for

Unmet: no blinding

Met: more than 80% are included in analysis
Unclear

Partially met: withdrawals stated, analysis unmodified
High risk of bias: one unmet criterion
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effects if not controlled or adjusted for. Randomization
is the only means of allocation that controls for
unknown and unmeasured confounders as well as those
that are known and measured (57). Roberts and Brilliant
(13) had healthy patients with 16 necrotic open apex
teeth. Participants were divided into two groups using
alternation. Both groups had the same number of teeth
and both groups were matched for age, periapical and
pulp conditions. The stage of root development and the
type of trauma inflicted are examples of such confound-
ers that were not described or accounted for. Five out of
eight teeth from the group treated with calcium hydrox-
ide had concomitant crown fractures of different severity
compared to only two teeth in the tricalcium phosphate
group. The difference in the severity of original trauma
inflicted in both groups may have affected the outcome
(success or failure), also the use of an inadequate
randomization with no allocation concealment, and the
small numbers in each group may denote a large
potential for the study results to be affected by any of
these factors.

Mackie et al. (54) dealt with confounders (factors that
may affect the outcomes) by creating sub-groups and
stratifying the data set by the levels of the confounding
variables (e.g. age or apical width) and then perform
analysis separately in each sub-group. In this study,
participants were stratified according to their age and the
apical teeth width and divided into four groups;
6-10 years old with apical width 2 mm or Iless,
6-10 years old with apical width >2 mm, 11 years &
older with apical width 2 mm or less and finally 11 years
& older with apical width >2 mm. This sub-grouping
was based on previous studies (55, 56) that showed that
the time and number of calcium hydroxide dressings
needed to achieve apical closure might be influenced by
the age of the patient and the width of the apical foramen.
Whilst this approach is simple and recommended when
there are few confounders, e.g. age and apical width, the
subgroups might become small and the analysis will have
reduced power to detect a significant effect. In this study
sub-group analyses were not performed but both com-
parison groups (Reogan Rapid® & Hypo-Cal®) were
matched for age and apical width and the final analysis
was done based on these two main groups.

Protection against performance bias (blindness of the studies
included)

Performance bias refers to systematic differences in the
care provided to participants other than the intervention
under investigation. To protect against unintended
differences in care and placebo effects, those providing
and receiving care can be ‘blinded’ so that they do not
know the group to which the recipients of care have been
allocated. Some research suggests that such blinding is
important in protecting against bias (58, 59).

Roberts and Brilliant (13) clearly reported that
operators were blinded to both tested medicaments
(calcium hydroxide & tricalcium phosphate). Both pow-
ders were placed in identical, sealed, and coded glass
vials. The identity of the canal dressing was not available
to the clinician when the powder was placed into the root

© 2009 John Wiley & Sons A/S
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canal. Blinding was not reported during re-application of
the medicaments or during follow-up assessment visits.
Mackie et al. (54) did not report any blinding attempt at
any stage of their study. This was confirmed by further
communication with the first author.

Follow-up of participants in included studies

Follow-up of participants can be considered adequate if
not less than 80% of the total patients included in the
trial were included in the final analysis (50). Roberts and
Brilliant (13) reported one drop-out which was from the
control group (n = 8). Teeth that were available at the
end of the study were 15 out of 16 recruited teeth
(93.8%). There was no statistical analysis performed and
no further follow-up for patients after root canal
obturation has been completed. Mackie et al. (54)
reported one drop-out (one patient with one tooth) and
two exclusions (two patients with one tooth each). At the
end of the study, there were 33 children with 38 teeth
(out of 41) available for final analysis (86.8%).

Definition of success and failure criteria described by included
studies

Roberts and Brilliant (13) had three failed cases in their
study that were described clearly. Apical closure did not
occur in two teeth during the study period (one treated
with calcium hydroxide and one tricalcium phosphate)
and in one tooth (previously avulsed and replanted)
internal & external root resorption occurred after
6 months of tricalcium phosphate treatment. Although
this study aimed to assess the progression or healing of
the original pathology present in these teeth (periapical
rarefaction and internal or external root resorption)
these criteria were not considered in the success or failure
of treatment provided. Treatment was considered suc-
cessful if an apical barrier was felt clinically using a small
size file and teeth were obturated with gutta-percha.

Mackie et al. (54) study’s objective was to compare
the success rate of two brands of calcium hydroxide
pastes regarding the time needed and number of visits
required for apical barrier formation. There was no
follow-up after apical barrier formation and root canal
obturation.

Intention-to-treat analysis

Intention-to-treat (ITT) analysis aims to include all
participants randomized into a trial irrespective of what
happened subsequently. An estimated treatment effect
may be biased if some randomized participants are
excluded from the analysis (60, 61). It is widely agreed
that trial participants should be analysed in the groups to
which they were randomized regardless of which (or how
much) treatment they actually received, and regardless of
other protocol irregularities, such as ineligibility (62).
Roberts and Brilliant (13) had three failed cases in
their study and the group they belonged to were
reported. Although there was no statistical analysis
performed, the results were fully described in tables.
Mackie et al. (54) based their final analysis on successful
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cases only (33 teeth out of 41). The reported drop-out
case failed to keep treatment appointments and self
discharged, while the two other excluded participants
had treatment with both calcium hydroxide brands
under investigation.

Results

As there is no ‘gold standard’ for the measurement of
‘true’ validity of a trial (59, 63); this systematic review
used a simple approach for assessing the validity of
studies that can be fully reported and based on how each
trial scored on each criterion.

Included studies (13, 54) addressed one techniques
and two material used to induce apical barrier forma-
tion. Studies showed clear clinical diversity (clinical
heterogeneity) between them due to the variability in the
characteristics of participants and treatment provided.
This diversity was also evident in the included trials
design and quality (methodological diversity or method-
ological heterogeneity). A test of heterogeneity between
trials and sub-group analyses were not possible because
of the limited number of included studies and their small
samples size. The following comparisons should be
interpreted with caution.

Success of apical barrier formation using different materials
and techniques

Calcium hydroxide compared to tricalcium phosphate in
multi-visit apexification

The results reported by Roberts and Brilliant (13)
showed 87.5% (seven out of eight teeth) had a successful
apical barrier formed using calcium hydroxide powder
compared to 75% (six out of eight teeth) treated with
tricalcium phosphate. Small numbers of participants in
both groups did not allow any difference between
materials to be identified. One drop-out was reported
(calcium hydroxide group). ITT analysis reduced the
success rate to 75% in this group Fig. 2.

ium phos

Apexificatioin using both materials in included studies

Reogan Rapid® and Hypo-cal® as multi-visits agents
inducing apical barrier

Mackie et al. (54) compared two calcium hydroxide
paste preparations. The success for both brands was
100% based on available patients at the time of final
analysis (33 children with 38 teeth out of 36 children with
41 teeth). Drop-outs (one patient with one tooth) and
excluded cases (two patients with two teeth) were not
included in the final analysis. ITT analysis if done; would
change the total success into 92.7%, which is still a
favourable per cent of success. It should be noted that
both comparison groups were calcium hydroxide prep-
arations and the results should be interpreted based on
comparing Reogan Rapid® to Hypo-cal®. This should
not to be interpreted as a general success rate for calcium
hydroxide material in multi-visit apexification due to the
lack of comparison with other materials. The success of
calcium hydroxide when used in multi-visit apexification
in included studies (13, 54) is presented in Fig. 2.

Time required & number of visits for apical barrier formation
using different materials and techniques

Time required to achieving an apical barrier was
reported by both studies whereas the number of visits
was reported by only one as shown in Fig. 3. There was
no information provided on cost implications for the use
of different treatment interventions.

Roberts and Brilliant (13) reported the number of
months needed to complete the apexification treatment
for every patient in each group. The calcium hydroxide
group needed 6.71 months whereas the tricalcium phos-
phate group needed 6.75 months to complete the treat-
ment. Number of visits was not reported.

Mackie et al. (54) compared two calcium hydroxide
paste preparations regarding the time required to achieve
an apical closure and the number of dressings (visits)
needed. The mean time to achieve an apical barrier in the
Reogan Rapid® group was 6.8 months with an average
of 3.1 visits and for the Hypo-cal® group the mean time

phate

Fig. 2. Apexification using both materi-
als in included studies.
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pical barrier using
1 studies

® Mean numbe

Number of
visits not

Fig. 3. Mean time & number of visits to
obtain an apical barrier using calcium
hydroxide multi-visit apexification.

to achieve closure was 5.1 months with an average of 2.1
visits. There was no statistically significant difference
between the two medications in both the time needed to
obtaining apical closure and the number of visits
required (54).

Discussion

Reporting of randomized controlled trials

The Consolidated Standards of Reporting Trials (CON-
SORT) statement (64) is an important checklist for those
designing and reporting clinical trials. The intention of
this checklist is to make the experimental process clearer
so that users of the data can more appropriately evaluate
its validity (64). In general, none of the identified studies
were adequately reported when compared to the CON-
SORT checklist. However, studies that were done in the
seventies were better reported than many more recent
studies. Significant information were missing from
almost all of the clinical trials that were identified e.g.
no stated hypotheses, no sample size determination, no
clear inclusion or exclusion criteria for participants, and
no information whether or not participants, clinicians,
and assessors were blinded to group assignment or
treatment. The flow of participants through each stage
was very difficult to follow in almost all identified clinical
trials.

Methodological appraisal

Mackie et al. (54) reported an acceptable randomization
process (although not concealed) by toss of a coin, which
allocated patients into each stratum as they grouped
their patients according to their age and apical width. If
the patient had another tooth to be included, it was
allocated to the other group by alternation (a less
acceptable method of randomization). Inadequate allo-
cation concealment leads to exaggerated estimates of
treatment effect, on average, but with scope for bias in
either direction (65).
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Achieving good comparability between groups was
clear in the study by Mackie et al. (54) regarding age of
the participants and teeth’s apical width. This is a simple
way to control for known confounding factors. Some
trial participants may legitimately be excluded (i.e.
without introducing bias) if their reason for exclusion
was specified in the protocol and relates only to
information collected before randomization e.g. exclud-
ing replanted teeth following to an avulsion injury or
teeth showing radiographic evidence of external root
resorption.

Diagnosis of loss of vitality in immature teeth

The importance of careful case assessment and accurate
pulpal diagnosis in the treatment of traumatized imma-
ture teeth cannot be overemphasized (66). It was not
clear from some studies whether pulp necrosis had
occurred or whether some vital pulp tissue was still
present in the apical part of the root canal. It was
suggested that further root growth and lengthening
should raise a possibility that vital parts of the pulp or
functioning epithelial root sheath of Hertwig are still
present (67). The diagnosis of teeth with necrotic pulps
should be based on clinical assessment, which requires a
thorough history of symptoms, careful clinical and
radiographic examination and performance of diagnostic
tests hoping by combining the results, an accurate
clinical diagnosis of pulp vitality can be made.

Long-term success and freedom of symptoms after treatment

The main outcome measures concerning the patient and
parents are the long-term success (aesthetics and func-
tion) and freedom from symptoms (pain and discom-
fort). This outcome was not reported adequately in
included studies. Neither studies followed-up their
patients adequately to asses any long-term success or
failure following obturation and restoration of these
teeth. A follow-up period of 12 months or longer was
chosen in this review as we considered that it was not
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possible to make valid conclusions regarding effective-
ness of treatments with shorter follow-up times.

In a review of 10 studies on calcium hydroxide
apexification (67); it was pointed out that follow-up is
necessary and information regarding long-term out-
comes is limited. Problems such as re-infection and
cervical root fracture may occur.

Yates (51) suggested that the criteria of success should
include disappearance of all signs and symptoms; bony
healing, preferably complete or at least progressing;
barrier formation; and no long-term deterioration. Many
complications were reported in this study, these included
persistent sinuses, deterioration in the apical condition,
no apical healing, and finally crown-root or root
fractures.

Coviello and Brilliant (14) reported an average follow-
up time of 43 months for some participants. Their
follow-up showed a decrease in reported success rate.
This highlights the fact that success rates may change
dramatically with time and studies on apexification
should include an adequate follow-up time and shouldn’t
end up with obtaining an apical barrier and root canal
obturation.

One of these long-term failures that have been
reported in the literature was root fractures of immature
teeth after apical barrier formation and obturation. This
has been attributed to the prolonged use of calcium
hydroxide as an apexification agent (32, 33, 68, 69). The
hypothesis was that long-term exposure to calcium
hydroxide might weaken dentine and thus making the
roots more susceptible to fracture.

Cvek (32) reported a 40% of cervical root fracture
after4 years of follow-up in a retrospective study of 885
luxated necrotic immature incisors treated with calcium
hydroxide and obturated with gutta-percha. The major-
ity of these fractures (60%) occurred during the first
3 years after treatment and were due to chewing or biting
forces. It is worth mentioning that, most fractured teeth
in this study had a healed cervical resorptive defect and
only 34% of teeth without a healed cervical resorptive
defect had fractured. This shows a possible relation
between cervical defects and fracture in these teeth.
Al-Jundi (33) performed an analysis of the outcomes of a
previously reported retrospective study (70) regarding
complications arising from late presentation of dental
trauma. Among the outcomes assessed in this study were
root fractures as a long-term complication following
apexification. It was reported that in 83 patients who had
apexification treatment; 32% (about 26 teeth) had root
fractures, 85% of these fractured teeth (around 22 teeth)
occurred spontaneously. The technique of apexification
and type of restorations provided were among key
confounding factors that were not reported in the study.

Andreasen (68) in an in vitro study on sheep’s
immature teeth; concluded that a marked decrease in
fracture strength occurs with increasing storage time (in
saline) for teeth treated with calcium hydroxide dressing.
It was also concluded that the fracture strength of
calcium hydroxide-filled immature teeth will be halved in
about a year due to the root filling and this may explain
their frequent reported fractures with long-term use of
calcium hydroxide. In a second study with similar

experimental conditions, Andreasen (69) compared the
fracture resistance of immature sheep incisors after using
calcium hydroxide or mineral trioxide aggregate. It was
concluded that calcium hydroxide if kept in the canals of
immature sheep teeth for only 30 days followed by root
filling with MTA there was no significant decrease in
strength of the root within an observation period of
100 days. In both studies, teeth were embedded in plaster
blocks that were carved to end at the cervical margins of
teeth and tested for fracture strength using a testing
machine.

One of the problems of the interpretation of results
from in vitro studies occurs when these results are applied
to a real-life situation, i.e. human teeth that are
functioning in the oral environment within a unique
system of highly specialized periodontium. The behav-
iour of these teeth under the experimental conditions
when stored in saline for prolonged periods then
subjected to mechanical forces while embedded in plaster
maybe very different from teeth that are subjected to
physiologic forces, and surrounded by the periodontium.
Other factors may play more important role in the
increased fracture susceptibility (if present) in these teeth,
e.g. thin week dentine walls of immature teeth as
suggested by Trope (71).

A decision regarding the effect of any medicament
placed into these root canals should take into account all
the possible known confounding factors that may affect
root fracture in immature teeth. It is possible to control
or adjust for confounders that are known and measured
such as type of final restorations, root reinforcement
attempts, further tooth weakening by preparation for
post retained restorations, size of coronal access cavity
and the amount of remaining coronal tooth structure etc.
On the other hand, it is not possible to adjust for those
factors that are not known to be confounders or that
cannot be measured. Unfortunately, it can rarely if ever,
be assumed that all the important factors relevant to
prognosis and responsiveness to apexification or root
strengthening or any other treatment are known (57).

Frequency of replacing calcium hydroxide

Roberts and Brilliant (13) evaluated the solubility of
both calcium hydroxide and tricalcium phosphate clin-
ically and radiographically at each recall visit and they
found that the initial radio-opacity of both materials was
about equal. At the 3 months recall visits; calcium
hydroxide appeared less radiopaque and clinically it
appeared as a soft fluid mixture through the canal,
whereas tricalcium phosphate remained in the coronal
third of the canal as dense material. After 6 months,
both materials were missing from the canals. Tricalcium
phosphate was missing from the apical third and calcium
hydroxide from the entire canal.

Controversy still exists as to whether or how frequent
the calcium hydroxide dressing should be changed. Cha-
wla (2) in a case series study suggested a single application
of calcium hydroxide and follow-up for radiographic
evidence of barrier formation. In an animal study (72) it
was found that after the initial root filling with calcium
hydroxide there was nothing to be gained by repeated root
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filling either monthly or after 3 months. It was suggested
in a case series study (73) that calcium hydroxide should be
replaced only when symptoms develop or the material
dissolves out of the canal when assessed radiographically.
Other investigators (56, 74, 75) suggested that regular
replacement of the dressing has the advantage of allowing
clinical assessment of the apical barrier and may increase
the speed of barrier formation.

Factors affecting apical barrier formation

Studies vary in assessment of the time required for apical
barrier formation in apexification using calcium hydrox-
ide. Finucane & Kinirons (75) found that the mean time to
barrier formation was 34.2 weeks (range 13—67 weeks).
The strongest predictor of rapid barrier formation was
the rate of change of calcium hydroxide and the
narrower the initial apical width. Factors that had a
significant influence on the number of visits were the
severity of the trauma and the outcome of treatment
provided as reported by Wong & Kolokotsa (76) in their
retrospective study. Cvek (73) has reported that infection
and/or the presence of a periapical radiolucency at the
start of treatment increases the time required for barrier
formation. However, animal studies (77-79) and a
retrospective study by Mackie et. al. (56) reported no
relationship between pretreatment infection and periapi-
cal radiolucency and barrier formation time. It was
found that in the presence of symptoms, the time
required for apical closure was extended by approxi-
mately 5 months to an average of 15.9 months (80).

Cost implications

Wong (76) retrospectively evaluated the total cost of
treating children and adolescents with traumatic injuries
to their incisors, including the direct costs (outpatient
costs) and indirect costs (missed working day). A rough
estimate of treating various traumatic injuries in chil-
dren’s incisors was calculated to be £856 considering the
median of eight visits per patient, outpatient cost and
loss of working days. This was based on the average
weekly earnings of a full employed parent or carer, the
time spent during travelling, and the time spent in the
hospital (treatment and waiting time). The cost of
transport, medicine prescribed, disturbance to home life,
other dental visits outside the hospital setting and further
long-term treatment after discharge were not included in
this cost estimation.

Reviewers’ conclusions

Based on the available evidence from eligible included
studies (13, 54), there is weak unreliable evidence
supporting the use of either calcium hydroxide or
tricalcium phosphate in multi-visit apexification in trau-
matized necrotic immature anterior teeth. There was no
reliable evidence found for the use of other materials or
techniques described in the literature. The use of both
materials for apical barrier formation in open apex teeth
appears promising but the evidence is insufficient to
provide clear guidelines for practice.
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There was no reliable evidence on adverse events or
long-term effects reported after the use of calcium
hydroxide or tricalcium phosphate in any clinical trial
assessed (included or excluded) due to inadequate
followed-up.

The validity of included studies must be viewed with
caution due to limitations in their methodology as
described in the previous sections. This does not imply
that techniques described for apical barrier formation are
ineffective, but this highlights the need for a good quality
randomized controlled trials in this field.

The use of MTA or root strengthening techniques and
materials, were not investigated by randomized con-
trolled trials that could be detected by our search. The
lack of randomized controlled trials in this field were less
surprising than our findings on calcium hydroxide or
tricalcium phosphate, as the use of MTA and root
strengthening as treatment interventions for traumatized
necrotic immature teeth can be considered relatively
recent compared to both materials. Further research is
required in this field before conclusions for practice can
be drawn.

No firm conclusions can be made as to the optimum
treatment or technique for apical barrier formation in
immature anterior teeth due to the lack of reliable
scientific research.

According to the available level of evidence, we were
not able to reject the following null hypotheses:

1 There is no difference between apexification and
apical plug techniques as an intervention for inducing
an apical barrier in traumatized necrotic immature
permanent anterior teeth.

2 There is no difference in the proportion of teeth
exhibiting clinical and/or radiological signs of failure
following various types of treatment for inducing an
apical barrier.

3 There is no difference in the proportion of treated
teeth showing root fractures whether root strength-
ening procedures are used or not used.

Implications for research

Trials on interventions for treating necrotic immature
teeth should be well designed randomized controlled
trials and reported according to the CONSORT guide-
lines. Trial design should consider the implications of
unit of randomization (patient or tooth) and applying a
proper method of allocation concealment. Primary
outcomes should be of relevance to patients and parents
or carers, e.g. pain episodes, discolouration, mobility and
satisfaction with function and aesthetics. Other out-
comes, e.g. clinical failure and radiological evidence of
failure, if based on well-defined objective criteria can be
useful indications of pathology and may have implica-
tions for the investigation of long-term adverse effects.

Trials should ideally investigate the potential long-
term effects e.g. recurrence of periapical pathology, root
resorption and root fractures and it should include data
on the survival of the coronal restorations provided as
well as radicular rehabilitation using root strengthening
procedures if applicable. It is acknowledged that this
may not be easy or possible in many cases.
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