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Artificial intelligence hallucinations in endodontics: implications for
scientific integrity and clinical decision-making
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Artificial intelligence (AI) is rapidly transforming how
knowledge is generated, accessed, and communicated.
As with previous technological shifts, Al should not be
viewed as a replacement for human expertise, but as a
tool that can expand creativity, support problem-solv-
ing, and facilitate learning. However, its integration into
scientific and clinical practice requires careful scrutiny
to preserve ethical standards, originality, and critical
thinking. At the same time, the rapid incorporation of Al
tools into scientific writing has begun to raise important
concerns for journals, editors, and reviewers regarding
the reliability of submitted manuscripts and the integri-
ty of the scientific record.

Unlike human intelligence, which arises from com-
plex biological processes, large language models op-
erate through statistical pattern recognition. These
systems are probabilistic models trained to predict the
most likely sequence of words based on vast datasets.
Consequently, they do not truly “understand” concepts;
instead, they simulate knowledge by reproducing lin-
guistic patterns. Their outputs are therefore constrained
by the quality of training data, algorithmic design, and
even commercial or institutional influences that may
shape which information is emphasized or omitted.
These limitations raise important concerns about in-

tellectual autonomy and the preservation of analytical
reasoning in scientific environments.

One of the most widely discussed limitations of large
language models is the phenomenon known as “hal-
lucination” Originally described in research on neural
machine translation and later adopted to characterize
generative Al systems, hallucination refers to the confi-
dent production of factually incorrect or unsupported
information [1,2]. Because these models prioritize lin-
guistic plausibility rather than factual verification, they
may generate coherent yet erroneous responses instead
of acknowledging uncertainty. As a result, outputs may
appear convincing and well-structured while contain-
ing fabricated details, inaccurate claims, or nonexistent
references. In healthcare, such hallucinations extend
beyond technical inaccuracies; they can reinforce mis-
information, create misplaced confidence in algorith-
mic authority, and ultimately influence professional
judgment, potentially affecting diagnostic reasoning
and treatment decisions.

In endodontics, the implications of hallucinated
information can be particularly concerning. In the sci-
entific domain, increasing reliance on Al for drafting
manuscripts, summarizing literature, or assisting in
the development of research protocols introduces the
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Artificial intelligence hallucinations

risk of fabricated references, distorted interpretations,
or oversimplified representations of complex findings.
In this context, manipulated citations generated by Al
in endodontic research can distort literature reviews,
mislead readers, and compromise the integrity of sci-
entific discussion. Moreover, literature is beginning to
witness the emergence of highly speculative conceptual
publications proposing novel terminologies, theoretical
constructions, or mechanistic explanations that remain
entirely unvalidated. When such frameworks are gener-
ated or amplified through Al-assisted writing, they may
create an illusion of scientific novelty while lacking bio-
logical plausibility or empirical support. Without rigor-
ous verification, these ideas may introduce misleading
concepts into literature. Once inaccurate information
enters the scientific record, it may propagate through
secondary citations, gradually contaminating the evi-
dence base and conferring unwarranted legitimacy to
incorrect claims. Because academic publications form
the foundation for guidelines, education, and clinical
decision-making, the introduction of hallucinated con-
tent threatens not only individual studies but also the
reliability of the broader knowledge framework that
supports the discipline. Editors and reviewers must
therefore remain particularly vigilant when evaluating
manuscripts that may involve Al-assisted writing or
Al-generated content.

The potential consequences extend to clinical prac-
tice. Endodontic diagnosis relies on the careful integra-
tion of clinical findings, radiographic interpretation,
and patient history. Al-generated responses that present
confident but oversimplified conclusions risk masking
uncertainty and discouraging differential diagnosis.
Similarly, treatment suggestions generated without ap-
propriate contextual understanding may promote gen-
eralized protocols that overlook anatomical variability
and patient-specific conditions. When such outputs are
accepted without verification, clinical reasoning and
ultimately patient care may be compromised.

Addressing these challenges requires more than tech-
nological refinement; it demands a culture of critical
appraisal. Al-generated information must be interpret-
ed through the lens of professional expertise and veri-
fied against primary scientific evidence. Cross-checking

2/2

claims, maintaining rigorous peer review, and restrict-
ing Al to supportive roles—such as information retrieval
or hypothesis generation—are essential safeguards.

Al undoubtedly offers important opportunities to
enhance access to information, accelerate knowledge
exchange, and support education. Yet its limitations,
including hallucinations, bias, and the risk of misin-
formation, require sustained vigilance. Dentistry must
therefore engage with Al in a balanced and reflective
manner: embracing its benefits while preserving the
methodological rigor and critical reasoning that under-
pin evidence-based practice. Safeguarding the reliability
of the scientific record must remain a shared responsi-
bility among authors, reviewers, and editors as Al tools
become increasingly integrated into the research eco-
system. Only through such collective vigilance can Al
strengthen—rather than undermine—the scientific and
clinical foundations of endodontic practice.
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Effectiveness of silver diamine fluoride in managing hypersensitivity
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review
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ABSTRACT

This study aimed to evaluate the efficacy of dentinal hypersensitivity treatment with silver diamine fluoride (SDF) in mo-
lar-incisor hypomineralization (MIH)-affected molars. This scoping review was designed and structured according to the
guidelines of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses and its extension for scoping re-
views. A search strategy was conducted across PubMed, The Cochrane Library, ScienceDirect, and Google Scholar to
identify articles related to the topic. Two authors screened titles, abstracts, and full texts for review. Five studies met the
eligibility criteria, comprising four randomized controlled trials and one case report, with sample sizes ranging from four
to 200 participants. All included studies reported improvements in clinical outcomes, including reduced hypersensitivity
following SDF application, as indicated by lower Schiff cold air sensitivity scale scores. SDF is a promising treatment strat-
egy for reducing hypersensitivity in MIH-affected molars; however, further research using SDF alone is needed to evalu-
ate its exact effectiveness.

Keywords: Dentin sensitivity; Molar incisor hypomineralization; Noninvasive procedures; Silver fluoride; Tooth demin-

eralization

INTRODUCTION

The first study regarding molar-incisor hypomineraliza-
tion (MIH) was reported in the late 1970s. However, the
first official definition of MIH was established in 2001 by
Weerheijm [1] as a systemic-origin syndrome presenting

as demarcated, qualitative enamel defects in one to four
first permanent molars (FPMs), frequently associated
with affected incisors.

Clinically, MIH lesions are demarcated as creamy
white to yellow-brown defects, occasionally accompa-
nied by surface enamel breakdown [1-3]. The enamel
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Hypersensitivity management in MIH molars using SDF

of MIH-affected teeth is often porous like “pollen” with
a 15 times higher proportion of amelogenin proteins,
reducing mechanical properties, hardness, and elastic
modulus compared to normal teeth, which could con-
tribute to its inability to withstand the forces encoun-
tered during mastication [4,5], and leading to post-erup-
tive enamel breakdown (PEB) that could lead to early
exposure of porous subsurface enamel or dentine and
exacerbate hypersensitivity [6,7]. As a result, the preva-
lence of patients who experienced frequent hypersen-
sitivity due to MIH-affected molars was relatively high
(6], and the need to manage hypersensitivity among this
population was rising [8].

The hydrodynamic theory of dentin hypersensitivity,
proposed by Brannstrom [9], posits that “stimuli like
cold, heat, or pressure cause fluid movement within
exposed dentinal tubules, activating nerve endings and
resulting in pain” The often-exposed dentinal tubules,
especially in MIH-affected teeth, can lead to pain and
prolonged dentin sensitivity when exposed to hot or
cold foods or to mechanical stimulation [7,10]. Efforts
to overcome dentin hypersensitivity over the decades
have agreed on two mechanisms to reduce dentin hy-
persensitivity, which are (1) disruption of nerve impulse
transmission, and (2) occlusion of the exposed dentinal
tubules [11,12].

Silver diamine fluoride (SDF) is a colorless prepara-
tion of Ag+ ions and fluoride (F), forming a complex
in ammonia, with a pH of approximately 8 to 9, and
a commonly used concentration of 38% [13,14]. The
mechanism of managing sensitivity with SDF is that
the solution forms a mineral-rich precipitate layer that
covers the exposed dentin, partially blocking dentin-
al tubules and eventually reducing fluid shifts within
them, thereby diminishing neural stimulation and pain
perception [13]. Moreover, a high fluoride concentration
of 44,800 ppm can remineralize tooth enamel. The Ag+
ion is considered to have antibacterial properties, and
the addition of diamine groups enhances mineral pre-
cipitation [14,15], which could reduce hypersensitivity
in MIH-affected teeth [16]. These mechanisms propose
a potential role for SDF in reducing hypersensitivity in
MIH-affected molar populations [17], whereas the re-
tention rate of restorations or crowns in MIH-affected
teeth is low due to their low mineral content and high
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porosity [7].

Although the efficacy of SDF in treating caries has
been widely studied, the evidence that SDF can reduce
dentin hypersensitivity, particularly in molars affected
by MIH, remains limited and inconclusive. Existing ar-
ticles varied in their methods, outcome measures, and
follow-up durations, leading to inconsistent conclusions
across studies. Previous systematic reviews and me-
ta-analyses have primarily focused on the caries-arrest-
ing effect of SDF or its general desensitizing efficacy in
non-MIH teeth or MIH-affected teeth [16,18]. However,
none have specifically examined its role in MIH-affected
molars, where structural hypomineralization and hy-
persensitivity pose unique management challenges.

Therefore, a scoping review is suitable for mapping
these gaps in the literature, identifying the proper scope
and nature of evidence before conducting focused in-
vestigations or systematic reviews and meta-analyses
when the scientific data are sufficient. As a result, this
scoping review was conducted, regarding the research
question as “What is the effectiveness of using SDF
alone or in combination with restorative treatment in
preventing hypersensitivity of teeth affected by MIH?”
and aimed to evaluate current evidence on the effective-
ness of SDF in the management of dentin hypersensitiv-
ity on MIH-affected molars.

METHODS

This scoping review was designed and structured ac-
cording to the guidelines of the PRISMA-ScR (Preferred
Reporting Items for Systematic Reviews and Meta-Anal-
yses and its extension for scoping reviews) [19].

Research question

A primary research question was formulated for the re-
search: “Evaluate the effectiveness of using SDF alone
or in combination with restorative treatment in pre-
venting hypersensitivity of teeth affected by MIH.” Also,
the PICO (Population, Intervention, Comparison, and
Outcomes) strategy was: population: MIH-affected mo-
lar undergoing hypersensitive treatment; intervention:
SDF alone or in combination with restorative treatment,
such as SDF-modified atraumatic restorative technique
(SMART); comparison: teeth not undergoing treatment

https://doi.org/10.5395/rde.2026.51.19
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using SDF; outcomes: Schiff cold air sensitivity scale
(SCASS).

Search strategy

A comprehensive search strategy was conducted from
14th to 16th October 2025, using Boolean operators
(AND, OR, and NOT) to combine phrases with the sci-
entific keywords and related synonyms based on the
key concepts: (1) hypersensitivity, (2) SDE and (3) MIH
across four search databases: PubMed, The Cochrane
Library, and ScienceDirect as the principal databases
and Google Scholar (first 50 to 100 results) as a supple-
mentary database by two authors to determine the eli-

Table 1. Searching strings

gibility of papers for a full review with the search strings
was developed as in Table 1.

Eligibility criteria
For a paper to be considered for review, it must meet the
following inclusion criteria and not meet the exclusion
criteria in Table 2.

Study selection

The research uses Covidence software [20] to manage
and simplify data from four databases. First, the prima-
ry author imported all references into the Covidence
software, which automatically removed duplicate re-

Database

Query

PubMed

((((((sensitivity) OR (hypersensitivity)) OR (sensitive)) OR (dentin hypersensitivity)) OR (dentin sensitivity)) AND (((((((SDF)

OR (silver diamine fluoride)) OR (silver diammine fluoride)) OR (Ag(NH3)2F)) OR (diamine silver fluoride)) OR (conservative
management)) OR (preventive approach)) OR (non-invasive strategies))) AND (((((((((MIH) OR (molar-incisor hypominer-

alisation)) OR (molar-incisor hypomineralization)) OR (molar-incisor-hypomineralisation)) OR (molar-incisor-hypominer-
alization)) OR (hypomineralisation)) OR (hypomineralization)) OR (hypomineralized enamel defect)) OR (hypomineralised

enamel defect))

The Cochrane Library  (sensitivity) OR (hypersensitivity) OR (sensitive) OR (dentin hypersensitivity) OR (dentin sensitivity) in Title Abstract Key-
word AND (SDF) OR (silver diamine fluoride) OR (silver diammine fluoride) OR (Ag(NH3)2F) OR (diamine silver fluoride) OR
(conservative management) OR (preventive approach) OR (non-invasive strategies) in Title Abstract Keyword AND (MIH)
OR (molar—incisor hypomineralisation) OR (molar-incisor hypomineralization) OR (molar—incisor-hypomineralisation) OR
(molar-incisor-hypomineralization) OR (hypomineralisation) OR (hypomineralization) OR (hypomineralized enamel defect)
OR (hypomineralised enamel defect) in Title Abstract Keyword

ScienceDirect

(("sensitivity”) OR (“sensitive”) OR (“hypersensitivity”)) AND ((“silver diamine fluoride”) OR (“SDF”) OR (“non-invasive strate-

gies”)) AND ((“hypomineralization”) OR (“molar—incisor hypomineralization”))

Google Scholar

(("sensitivity”) OR (“sensitive”) OR (“hypersensitivity”)) AND ((“silver diamine fluoride”) OR (“SDF”) OR (“non-invasive strate-

gies”)) AND ((“hypomineralization”) OR (“molar—incisor hypomineralization”))

Table 2. Eligibility criteria of articles used for review

Inclusion criteria

Exclusion criteria

1. Participants: children with at least one permanent molar clinically

diagnosed with molar-incisor hypomineralization (MIH), with hypersen-

sitivity symptoms, regardless of gender or geographic location.

1. Non-human research: Studies involving in vitro, ex vivo, animal, cadav-
eric, or computational model-based designs.

2. Intervention: application of silver diamine fluoride (SDF), either alone or 2. Secondary or non-original literature: Review articles (systematic, scop-

in combination with other restorative or protective materials (e.g., SDF

+ potassium iodide, SMART technique, stainless steel crowns).

3. Outcomes: studies reporting quantitative or qualitative measures of

dentin hypersensitivity, such as the Schiff cold air sensitivity scale, visual

analog scale, or equivalent clinical sensitivity assessments.

ing, or narrative), editorials, commentaries, letters to the editor, and
other non—peer-reviewed or supplementary materials such as confer-
ence abstracts, examination documents, indices, tables of contents,
book reviews, preview programs, or chart documentation.

3. Irrelevant study scope: Articles that do not evaluate the effectiveness of
SDF in the management of hypersensitivity in MIH-affected molars.

4. Follow-up: any duration of follow-up, but the study must have included 4. Language and accessibility: Non-English publications or studies that are

at least one post-treatment evaluation of hypersensitivity.

5.The study design can be observational (case-control, cohort, or other
longitudinal) or experimental (randomized controlled trials, non-ran-
domized controlled trials, or quasi-experimental), which published in
peer-reviewed journals.

unable to be read in full-text versions.

5. Ethical or methodological deficiencies: Studies lacking ethical approval
or adequate methodological description to confirm inclusion criteria.

There were no limitations on time, sample size, or study location.

https://doi.org/10.5395/rde.2026.51.e19
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cords. After duplicates were removed, two independent
reviewers screened the titles and abstracts against the
predefined inclusion and exclusion criteria. In cases of
disagreement, a third reviewer was consulted to resolve
the conflicts. The same procedure was applied during
the full-text review to identify the final set of eligible ar-
ticles.

Data extraction and analysis

Two independent reviewers (TAT and VNM) conjointly
determined which variables to extract, and a standard-
ized data-charting form was automatically built by Cov-
idence software to ensure methodological consistency.
Data were retrieved independently by the two reviewers
using the software. The extracted data from the select-
ed articles includes: author name, publication year,
country, study design, sample characteristics (number
of participants and teeth, age, and gender), severity of
MIH, intervention and comparison details, follow-up
duration, and outcome measures related to dentin hy-
persensitivity (e.g., SCASS).

In case of disagreement between the reviewers re-
garding data extraction or study inclusion, the issue was
first discussed to reach consensus. If consensus could
not be achieved, a third reviewer (DTH) adjudicated
the final decision. The process ensured that all included
studies met the eligibility criteria. Agreement between
the two reviewers during screening and data extraction
was continuously monitored within Covidence. The lev-
el of agreement was assessed qualitatively through veri-
fication of screening logs and consensus discussions.

Due to the heterogeneity of study designs, sample
sizes, follow-up durations, and outcome measures, a
narrative synthesis was conducted. Extracted data were
descriptively summarized in tabular and textual form to
map key study characteristics and findings. Quantitative
pooling or meta-analysis was not performed, consistent
with the exploratory purpose of a scoping review.

As this review aimed to map and summarize the exist-
ing evidence rather than to evaluate the methodological
quality of studies, no formal risk-of-bias or critical ap-
praisal is required, according to PRISMA-ScR guidelines
[19].

4/12

Ethical approval

Ethical approval was not required due to the study de-
sign. In this review, we conducted a thorough analysis of
the current literature on the effectiveness of SDF and/or
its combination with restorative treatment in preventing
hypersensitivity of MIH-affected molars.

RESULTS

Study selection

After a thorough search, 199 records were identified
(Figure 1). Titles and abstracts were used to screen the
171 papers remaining after 28 duplicate studies were
removed. Following the exclusion of 155 records, a full-
text screening procedure was conducted on the remain-
ing 16 studies. 11 articles were eliminated from consid-
eration for the following reasons: (1) wrong outcomes;
(2) wrong intervention; (3) unable to read full-text; (4)
not peer-reviewed or published; and (5) non-English
articles. This approach produced a final of five articles.
From the records that were included for examination,
the authors subsequently retrieved both quantitative
and qualitative data.

Study characteristics

The characteristics of the included studies and their
main findings are summarized in Table 3. In total, five
studies were analyzed, with sample sizes ranging from 4
to 200 teeth. 4 out of five were randomized clinical trials
(RCTs), while the remaining study was a case report. At
the tooth level, the RCTs have sample sizes ranging from
56 to 200 teeth [17,21-23], whereas only four molars
were reported in the case report [24]. At the patient lev-
el, only one patient was recorded in the case report [24],
whereas the RCTs reported sample sizes ranging from
28 to 100 patients across four studies [17,21-23]. Regard-
ing sample severity, the article from Syria focused solely
on molars affected by mild MIH [21], while the article
from Egypt included a wider range, from moderate to
severe, for research [22], and a case report from India
reported on four severe-level molars [24]. In contrast,
two studies from Tiirkiye did not mention the severity of
the samples [17,23]. Despite variation in sample sizes,
which highlights methodological diversity, all studies
shared a common inclusion criterion: hypersensitive

https://doi.org/10.5395/rde.2026.51.19
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Figure 1. Flow diagram of literature search and study selection.

MIH-affected molars, allowing cross-study comparison.

1. Demographics of participants

The age of participants was relatively similar across the
studies, ranging from 6 to 12 years, which corresponds
to the mixed dentition period when hypersensitivity
symptoms are most prevalent. In research in Tiirkiye,
one original study had a 12-month follow-up [23], while
a subsequent study extended the follow-up period to
36 months, with a reported mean age of 8.8 + 1.58 years
[17]. The remaining two studies, conducted in Egypt
(6-10 years) and Syria (6-9 years), also included partic-
ipants within the mixed dentition stage [21,22]. More-
over, a case report from India focused on a single 8-year-
old male participant [24]. While the study from Syria
did not specify the gender distribution of participants,

https://doi.org/10.5395/rde.2026.51.e19

the studies from Tiirkiye (30 females and 18 males) and
Egypt (20 females and eight males) provided clear de-
tails, showing a predominance of female participants.

2. Study locations and treatment methods

The five studies originated from four different countries
worldwide. While two of the five studies were conducted
in Tiirkiye [17,23], the remaining studies were conduct-
ed in India [24], Egypt [22], and Syria [21]. The treatment
methods were different across studies.

Treatment methods were diverse across the five
included studies, with all studies utilizing SDF as the
primary intervention. Two RCTs investigated the ef-
fectiveness of SDF-only in managing hypersensitivity
in MIH-affected molars [21,23]. Four out of five studies
used a combination of SDF with other materials, such
as potassium iodide (KI), glass ionomer cement (GIC),
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or stainless steel crowns, in their research [17,22-24].
Additionally, only two studies assessed the efficacy of
treatment strategies that did not contain SDF, such as
casein phosphopeptide-amorphous calcium phosphate
(CPP-ACPFV) fluoride varnish and the combination of
conventional restorative treatment with fluoride varnish
[21,22].

3. Follow-up periods

The included studies showed variability in follow-up
durations. Among the RCTs, follow-up periods ranged
from 1 week to 36 months. Two studies from Tiirkiye as-
sessed outcomes over extended periods, with follow-ups
at 12, 18, 24, and 36 months in one study [17] and at 1,
6, and 12 months in another [23]. The trial conducted
in Egypt reported follow-ups at 1 week, 6 months, and
12 months [22], whereas the Syrian study evaluated
outcomes at 3, 6, 9, and 12 months [21]. In contrast, the
case report from India had a shorter follow-up period of
3 months [24].

Results of individual studies

A comprehensive description of the variables related to
treatment effectiveness is available in Tables 4 and 5. All
five studies reported measurable decreases in dentin
hypersensitivity following SDF application. However,
the magnitude and duration of improvement varied by
intervention type and study design.

A 12-month follow-up study conducted in Tiirkiye
comparing SDF and the SMART technique found no
significant difference in hypersensitivity scores be-
tween the groups at 1, 6, and 12 months after repeated
SDF applications. Both treatments contributed to the
reduction of hypersensitivity, as reflected in the SCASS
scores, with both studies showing a reduction from 1.77
+ 0.83 at baseline to 0.15 + 0.38 with SDF alone and to
0.08 + 0.28 with the SMART technique after a 12-month
follow-up period. Moreover, this study, which employed
SDF alone, demonstrated immediate symptom relief
and a significant reduction in SCASS scores. Moreover,
no caries were detected, and the retention rate within
the SMART technique group was 88.7% [23].

Another Turkish study with a 36-month follow-up
compared the effects of SDF combined with KI (SDF +
KI) with those of the SMART technique. There was a sig-
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nificant reduction in SCASS scores at all evaluation pe-
riods relative to baseline, with both interventions show-
ing SCASS scores of 0 from the 18-month follow-up
onward. The caries-preventive effect was 100%, 67.9%,
and 65.4% for SDF + Kl-treated teeth; and 100%, 97.6%,
and 94.7% for SMART (SDF + KI + GIC)-treated teeth at
12, 24, and 36 months, respectively. The clinical reten-
tion rate of SMART sealants at 12, 24, and 36 months
was 88.7%, 73.1%, and 66.6%, respectively [17].

A study in Egypt comparing the SMART technique
with a combination of conventional restorations and
fluoride varnish application found a significant reduc-
tion in SCASS scores across four evaluation intervals. In
both interventions, the moderate hypomineralized mo-
lar severity (MOD) group (with a 1.5-point SCASS score)
and the severe hypomineralized molar severity (SEV)
group (with a 3-point SCASS score) showed reductions
to 0. This result suggests that these approaches are ef-
fective in reducing dentin hypersensitivity in molars af-
fected by MIH. There was no difference between 6 and
12 months in each of the four subgroups [22].

In Syria, a study assessing the effectiveness of SDF
and CPP-ACPFV found no significant differences in
SCASS scores between treatment groups throughout
the study. The caries rates were 11%, 15%, 21%, and 23%
for SDF-treated teeth, and 33%, 39%, 44%, and 49% for
CCP-ACPFV-treated teeth at 3, 6, 9, and 12 months, re-
spectively [21].

A case report from India evaluating the combined
effect of SDF and stainless steel crowns showed a reduc-
tion in SCASS scores, suggesting decreased hypersensi-
tivity [24].

DISCUSSION

This scoping review is the first article to collect, analyze,
and provide a comprehensive evaluation of the effec-
tiveness of SDF treatment in reducing dentin hypersen-
sitivity on molars affected by MIH.

All five included studies reported a reduction in
dentin hypersensitivity with each treatment strategy,
accompanied by a significant decrease in SCASS scores,
particularly with SDF-only or SDF combined with other
materials [17,21-24]. Previous studies also suggested
that the application of silver ions significantly occludes
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Treatment result

SMART/SDF+KI+GIC

Table 5. Effectiveness of different strategies in caries prevention and retention rate/restoration integrity of MIH-affected teeth in the included articles
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CPP-ACPFV, casein phosphopeptide-amorphous calcium phosphate fluoride varnish; GIC, glass ionomer cement; K, potassium iodide; MIH, molar incisor hypomineralization; MOD, moderate
hypomineralized molar severity; NA, not applicable; SDF, silver diamine fluoride; SEV, severe hypomineralized molar severity; SMART, silver-modified atraumatic restorative treatment.

dentinal tubules and reduces hypersensitivity [25-28].
Silver particles can deposit in the lumens and may form
mechanical blockages along the length of the tubules,
reducing fluid movement within the dentin tubules
and thereby reducing dentin hypersensitivity [13,29].
A series of chemical reactions contributes to tooth de-
sensitization by occluding dentinal tubules, facilitating
remineralization of demineralized tooth structure, and
inhibiting dentinal collagen degradation. However,
these reactions result in a notable side effect—perma-
nent black staining of carious lesions in both enamel
and dentin, while sound enamel remains unaffected
[30]. Additionally, studies that combined SDF with other
treatment strategies, such as KI [17], SMART [17,22,23],
or stainless steel crowns [24], also reported reductions
in hypersensitivity. The combination of SDF with KI
offers both hypersensitivity reduction and mitigates the
common detrimental effect of black staining by form-
ing silver iodide precipitates, which enhances patient
satisfaction, particularly in aesthetic regions [31]. The
SMART technique has been proven to the reduction of
hypersensitivity. However, the long-term clinical effica-
cy of the SMART technique in managing MIH-affected
cases remains unclear [32]. Furthermore, stainless steel
crown placement offers desensitizing benefits while
ensuring long-term mechanical coverage and pulpal
protection, making it especially valuable in pediatric
dentistry [24]. Ultimately, these findings suggest that
SDF, when combined with other restorative or protec-
tive strategies, may offer significant benefits in manag-
ing hypersensitivity.

Several factors influenced the effectiveness of SDF
treatment. The patient age range across the studies was
relatively consistent, predominantly covering the mixed
dentition period (6-10 years), which corresponds to the
phase when enamel porosity and dentin exposure are
greatest. This may be because, at the age of 8 years, as
recommended by the European Academy of Paediatric
Dentistry for MIH prevalence studies, the FPMs typical-
ly erupt intact, allowing clear visualization of enamel
opacities for diagnosis. In older children, PEB and con-
servative treatment may obscure MIH characteristics,
leading to potential underdiagnosis [33,34]. Younger in-
dividuals with MIH may experience greater hypersensi-
tivity, as physiological reparative dentin deposition and
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exposure to desensitizing agents increase with age. Ad-
ditionally, older individuals may develop greater aware-
ness and improved ability to manage hypersensitivity
symptoms [8]. All five studies demonstrated significant
success in reducing dentinal hypersensitivity in MIH-af-
fected molars. Treatment Needs Index or MIH severity
scores were inconsistently reported, limiting the ability
to stratify the results. However, the severity of MIH le-
sions still played a crucial role, with mild, moderate, and
severe cases responding differently to treatment, with
more severe lesions requiring combined restorative ap-
proaches (e.g., SMART or SDF + KI), which demonstrat-
ed complete hypersensitivity elimination and improved
retention rates in the longer term [7].

The follow-up periods also varied significantly, rang-
ing from 1 week to 36 months among the included
studies, which may explain the variability in reported
long-term effectiveness. Studies with longer observa-
tion periods, such as those conducted in Tiirkiye [17],
demonstrated more stable and sustained reductions in
hypersensitivity, suggesting that repeated SDF appli-
cation or the adjunctive use of glass ionomer materials
may contribute to prolonged tubule occlusion and
mineral deposition. In contrast, shorter-term studies
reported rapid symptom relief but lacked evidence of
sustained benefit over time [21-24].

Interestingly, studies combining SDF with other
agents, such as SDF + KI or SMART, have suggested
potential advantages for maintaining long-term hyper-
sensitivity control [17,22-24]. Some findings from the
included articles require further discussion. The studies
from Tiirkiye reported complete elimination of hyper-
sensitivity from 18 months onward (SCASS score of 0),
showing the potential for prolonged effectiveness of
SDE SDF combined with potassium iodide, and SMART
technique in MIH-affected molars [17], similarly to the
findings of the previous scientific review by Jayanti and
Riyanti [35], which also highlighted the promising role
of SDF and its combinations as a minimally invasive
treatment option for teeth affected by MIH. Howev-
er, while Jayanti and Riyanti [35] conducted a broad
scoping review summarizing various noninvasive and
restorative management strategies for MIH, our review
focused specifically on the effectiveness of SDF in re-
ducing dentin hypersensitivity in MIH-affected molars.
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Consequently, our synthesis provides a more targeted
evaluation of SDF alone and its combined protocols
(e.g., SDF + KI, SMART), whereas Jayanti and Riyanti’s
work [35] emphasizes overall treatment modalities,
including resin infiltration, GIC, and fluoride varnish-
es. Additionally, the article from Syria found that there
was no difference between using SDF alone and using
CPP-ACPFV in reducing hypersensitivity in molars af-
fected by MIH [21]. Moreover, a case report from India
also noted a reduction in hypersensitivity when using
SDF prior to stainless steel crowns, providing physical
protection against external agents [24]. Comparatively,
studies using SDF alone generally reported a significant
short-term reduction in SCASS scores [21,23], while
combination techniques achieved earlier desensitiza-
tion and longer maintenance of effect [17,22]. These
findings support a potential synergistic benefit when
SDF is combined with other bioactive restorative mate-
rials, though the small number of trials prevents defini-
tive conclusions. These variations highlight the need for
further analysis to establish a standardized treatment
strategy for molars affected by MIH.

Only a few studies have addressed both caries pre-
vention and hypersensitivity reduction. The 12-month
study in Tiirkiye reported no new caries development,
but this study observed a significant reduction in hyper-
sensitivity [23]. Meanwhile, the 36-month Turkish study
found that the SMART technique provided superior
caries prevention (94.7% after 36 months) compared
with SDF + KI (65.4%), although both strategies reduced
hypersensitivity [17]. Similarly, the study from Syria
showed that SDF was more effective in preventing car-
ies than CPP-ACPFV (23% vs 49% caries incidence after
12 months), but also no significant difference was ob-
served between the two groups in terms of hypersensi-
tivity reduction [21]. This suggests that hypersensitivity
in MIH-affected molars is more likely due to MIH itself
rather than to dental caries. However, further long-term
follow-up research using SDF should be considered to
determine the relationship among MIH-affected teeth,
hypersensitivity, and dental caries.

The retention rate/integrity of restorations was report-
ed in only a few studies. A 12-month study from Tiir-
kiye reported an 88.7% retention rate with the SMART
technique [23], whereas a 36-month study from Tiirkiye
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showed a decline to 66.6% at 36 months [17]. Addition-
ally, the study from Egypt evaluated the integrity of res-
torations and found no significant difference between
the SMART technique and conventional restorations
combined with fluoride varnish [22]. Despite these vari-
ations in restoration retention, all studies consistently
reported a significant reduction in hypersensitivity. This
suggests that improvements in hypersensitivity may not
be directly related to restoration retention. However,
further long-term follow-up research is needed to pro-
vide conclusive scientific evidence on this matter.

Despite this scoping review achieving its aim of eval-
uating the effectiveness of SDF in managing hypersen-
sitivity of MIH, some important limitations should be
acknowledged to provide proper guidance for future
studies.

This scoping review is constrained by the limited
number of eligible studies (n = 5), small sample sizes,
and heterogeneity in study design, diagnostic criteria,
intervention types, and follow-up durations. It is diffi-
cult to make direct comparisons, which could limit the
accuracy of the evaluation. Moreover, the methodologi-
cal rigor across studies was inconsistent, and one study
included a case report, further limiting generalizability.
Furthermore, in almost every study, the researcher's in-
tervention involved combining SDF with other materials
to manage dentin hypersensitivity in MIH-affected mo-
lars. This could be challenging to determine whether the
reduction in dentine hypersensitivity was a direct effect
of SDF or of the other materials. These factors reduce
the overall certainty of the evidence and underscore the
need for larger sample sizes, longer follow-up durations,
systematic reporting of severity levels, use of SDF-only,
and well-designed RCTs to verify the observed effects.
Although a formal risk-of-bias assessment was not con-
ducted, this aligns with the methodological framework
of scoping reviews, which aim to provide an overview of
available evidence rather than to appraise its quality.

Moreover, some of the exclusion criteria may limit this
scoping review, as it included only English-language
articles and research from the four mentioned scientific
databases, due to language barriers and accessibility
issues. The limited search of gray literature, such as con-
ference proceedings, dissertations, or other non-peer-
reviewed sources, might also lead to publication bias.
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Future reviews should adopt a more comprehensive,
inclusive search strategy to improve results.

CONCLUSIONS

This scoping review identified a small but growing body
of evidence suggesting that SDE, whether used alone or
in combination with other restorative strategies, may
effectively reduce dentin hypersensitivity in molars af-
fected by MIH. However, the strength of this conclusion
is limited due to the small number of available studies,
their methodological heterogeneity, and the absence of
standardized outcome measures.

Future well-designed randomized controlled trials
with standardized diagnostic criteria and follow-up
protocols are required to confirm these preliminary ob-
servations and determine optimal application. Accord-
ing to current evidence, SDF-based interventions are a
promising, minimally invasive approach for managing
hypersensitivity in molars affected by MIH.
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The recovery effect of dentin biomodifiers on microtensile bond
strength and sealer-penetration depth of coronal and radicular
dentin: an in vitro experimental study
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ABSTRACT

Objectives: This study aimed to assess the outcomes of bromelain enzyme and chlorhexidine (CHX) following endodon-
tic irrigation by evaluating coronal dentin microtensile bond strength (uTBS) and radicular dentin sealer penetration
depth.

Methods: Fifty-one human molars with flat mid-dentin surfaces were soaked in sodium hypochlorite, then randomly as-
signed to three groups relying on the biomodification approach (n = 17): group 1, saline; group 2, 8% bromelain; and
group 3, 2% CHX. After bonding and resin composite build-ups, the pTBS, failure mode, and bond interface were evalu-
ated. Forty-two root canals of human molars were mechanically prepared and randomly distributed among three groups
(n=14), similar to the coronal-dentin biomodification protocol. The sealer-penetration depth was measured utilizing the
scanning electron microscope. One- and two-way analyses of variance and the pairwise t- and chi-square tests were uti-
lized.

Results: The bromelain group showed the highest statistically significant resin-dentin pTBS values, followed by the CHX
and control groups. For sealer-penetration assessment, the bromelain group showed the highest penetration at the mid-
dle and apical root levels, whereas CHX demonstrated the highest penetration at the coronal level.

Conclusions: Bromelain biomodification positively influenced the resin-dentin bond strength and the sealer-penetration
depth in apical and middle levels.

Keywords: Bromelain; Dentin biomodification; Dentin microtensile bond strength; Sealer penetration depth
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Dentin biomodification effect on bond-strength and sealer-penetration

INTRODUCTION

The root canals are chemomechanically treated to erad-
icate pulp tissue fragments and related bacteria. Various
sodium hypochlorite (NaOCl) concentrations, ranging
from 0.5% to 5%, are implemented to eliminate the bac-
terial burden [1]. Mechanical instrumentation created a
thin smear coating that obstructs the dentinal tubules.
This layer could be removed using 17% ethylenedi-
aminetetraacetic acid (EDTA), which dissolves inorgan-
ic particles, thereby softening dentin [2]. None of these
irrigants could be described as optimum. However,
from a mechanical standpoint, the gradual breakdown
of organic content, particularly type 1 collagen fibrils,
and inorganic dentin constituents may contribute to
root fracture following treatment [3].

A secure coronal seal, provided by an adhesive resto-
ration, is crucial to prevent bacterial re-entry into fully
restored root canals. The chemical effects of endodontic
irrigation solutions on the dentin lining the root canals
may similarly influence coronal dentin when these sub-
stances are infused into it during endodontic therapy.
These solutions may impair the bonding of the ulti-
mately inserted adhesive restoration, either by altering
the bonding technique or by altering the mechanical
and structural properties of the dentin surface [4,5].

In endodontics, collagen cross-linking and dentin
biomodifier compounds are used as intraradicular fi-
nal irrigants to enhance the mechanical, chemical, and
physical properties of the dentin substrate; thereby,
they may improve sealer penetration depth. These com-
pounds can induce biomodification of dentin, a process
traditionally accomplished with artificially manufac-
tured cross-linking agents, such as chlorhexidine (CHX),
which produces a stable, long-lasting hybrid layer [6].
Among the limitations of the CHX is its incompatibility
with the dentin surface [7]. Additionally, most synthetic
cross-linking agents produce a rapid effect, resulting
in the formation of a surface barrier over the dentin;
hence, they prevent the collagenolytic action at greater
dentin depths, in addition to the presence of non-react-
ed molecules that induce cytotoxicity [8,9]. Therefore,
natural dentin biomodifiers could serve as feasible
substitutes for synthetic ones, given their biosafety and
minimal cytotoxicity. Bromelain is a naturally derived
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dentin biomodifier that is commercially extracted from
the pineapple fruit or stem. Bromelain enzyme is a col-
lection of sulfhydryl proteolytic enzymes that includes
a variety of cysteine proteases. It was reported that bro-
melain promotes the dilation of dentinal tubules on the
exposed dentin surface by diminishing collagen on the
demineralized surface [10]. However, insufficient data
had been documented to investigate the impact of 8%
bromelain enzyme as an intraradicular final irrigant on
both resin-bond strength to coronal dentin and seal-
er-penetration following chemo-mechanical root canal
debridement, so this research was intended to evaluate
the effect of 8% bromelain enzyme and CHX, as intr-
aradicular final irrigant, on the dentin-collagen matrix
integrity by assessing the resin-coronal dentin mi-
crotensile bond strength (uTBS), dentin-bond interfa-
cial micromorphology, and sealer penetration depth to
radicular dentin utilizing scanning electron microscopy
(SEM). The null hypotheses are proposed as follows: (i)
The different investigated dentin biomodifiers did not
have a positive impact on either the resin composite
UTBS to coronal dentin or the sealer penetration depth
to radicular dentin. (ii) The proposed dentin biomodi-
fiers would not affect the micromorphology of the den-
tin-bond interface.

METHODS

Sample size calculation

Based on earlier research [11,12], the sample size
was quantified adopting G*Power ver. 3.1.9.7 (Hein-
rich-Heine-Universitat Dusseldorf, Diisseldorf, Ger-
many). To assess resin-coronal dentin uTBS and sealer
penetration depth, a sample size of (n=51) and (n = 42)
was estimated. This calculation was performed using an
alpha level of 0.05, a beta level of 0.10, and effect sizes (d)
of 0.53 and 0.58.

Specimens’ selection and ethical approval

The research protocol was validated by the Ethical Re-
search Committee of the Faculty of Dentistry, Cairo Uni-
versity, on July 31, 2024 (document number 59/7/24). A
total of 51 and 42 anonymous caries-free human man-
dibular first molars were selected, ultrasonically cleaned,
and maintained at 4°C in a saline solution supplemented
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with 0.02% sodium azide until future use. The entire ex-
perimental procedure is illustrated in Figure 1.

Coronal dentin specimens’ preparation

Fifty-one lower first molars were embedded in 2 cm
diameter cylinder-shaped plastic molds pre-filled with
soft acrylic resin. After complete resin polymerization,
the occlusal tables of the molars were slit via a diamond
saw (Isomet 4000; Buehler, Lake Bluff, IL, USA) along
with water stream cooling to produce flat mid-dentin
surfaces [13]. Each surface was smoothed using silicon
carbide paper (600 grit) for 1 minute with water cool-
ing, and then water flushed to construct a standardized
smear layer [14]. For the entire specimens, dentin sur-
faces were immersed in 20 mL of 2.5% NaOCI (Gold-
en Falcon, Dubai, UAE) for 6 minutes, washed under
distilled water (DW) for 15 seconds, and finally flushed
with 17% EDTA (3 mL; Root Dental Medical Devices
Co., Ltd., Beijing, China) for 1 minute [15].
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Bonding procedure and composite build-up

The samples were randomly assigned to three groups
(n = 17) according to the dentin biomodification proto-
col, where each specimen was immersed for 1 minute
in a plastic container containing equal amounts (3 mL)
of the proposed dentin biomodifier. Group 1: Dentin
surfaces biomodified with saline (control group) [12].
Group 2: Dentin surfaces biomodified with 8% brome-
lain solution, which was prepared by dissolving pure
bromelain powder (8 g; Sigma Aldrich, Darmstadt, Ger-
many) in DW (100 mL) [16,17]. Group 3: Dentin surfaces
biomodified using 2% CHX (Consepsis; Ultradent Prod-
ucts, South Jordan, UT, USA) [13].

The specimens were subsequently washed out for ap-
proximately 15 seconds with DW and gently air-dried.
Following the manufacturer’s instructions, a universal
adhesive (All Bond Universal; BISCO Inc., Schaumburg,
IL, USA) was utilized in self-etch mode and was coat-
ed on the dentin surfaces and light polymerized for 15
seconds utilizing a light-curing device (Woodpecker,
Mini S Curing Light; RTA, Guilin, China) with a 1,000
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mW/cm? intensity and a 420 to 480 nm wavelength.
The resin composite was then incrementally placed to
form 4 mm-thick build-ups (Schiitz CAPO Composite
Universal; Schiitz Dental GmbH, Rosbach vor der Hohe,
Germany); each composite increment (2 mm) was con-
tinuously light polymerized for 40 seconds. The bond-
ed samples were preserved in DW at 37°C for up to 24
hours.

Microtensile bond strength measurements

The bonded samples were cut longitudinally, at right
angles to the bonded interfaces, into beams with 1 mm?
of bonding area. They were obtained by placing the pre-
treated tooth in the gripping attachment and sequen-
tially sectioned using a cutting machine (IsoMet 4000
Buehler, Esslingen am Neckar, Germany) under copious
coolant. Exploiting a digital caliper (Absolute Digimatic;
Mitutoyo, Tokyo, Japan), the proportions for all beams
were validated. To test pTBS, 8 to 12 beams were chosen
from the center of each tooth. Each beam was set up in
a universal testing machine (Instron, Model 3345-En-
gland) and secured in the testing jig utilizing cyanoac-
rylate-based adhesive. The beams were stressed in ten-
sion at a crosshead rate of 0.5 mm/min till the sample’s
bonding failure occurred. Finally, bond strength was
measured in megapascal (MPa).

Failure mode examination

The failure modes were analyzed using a stereomicro-
scope (MA 100; Nikon, Tokyo, Japan) at 30x magnifica-
tion. Three distinct categories of failure patterns were
recognized: adhesive failure (in between resin and den-
tin), cohesive failure (dentin or resin), or mixed failure
(both adhesive and cohesive failure).

Scanning electron microscopy

From each group, a randomly selected representative
sample was examined using field-emission SEM (Quat-
tro S; Thermo Fisher Scientific, Hillsboro, OR, USA) to
investigate the resin-dentin interface. The specimens
were prepared, attached to aluminum stubs, and then
inspected on the SEM (field emission gun) at a magnifi-
cation (14x up to 1,000,000), an accelerating voltage (30
kV), and a resolution of 1 nm.
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Specimens’ selection and preparation for the sealer
penetration test

The crowns of 42 lower first molars were cut, and oc-
clusal surfaces were smoothed to establish a point of
reference for working length (WL) standardization. The
roots were standardized to 17 mm in length. A closed
canal system was formed, and the external surface of
each root was covered with tray adhesive. The root
apex was wrapped in flexible, hot adhesive, which was
allowed to set before being embedded in a transparent
polyvinyl silicone-filled Plexiglas tube. K-file ISO #10
was placed into the mesiolingual root canal to achieve
a 0.1 mm apical diameter with a curvature range of
10°-20°, adhering to the Schneider technique [18]. This
was performed to ensure apical clearance till its tip was
apparent in the apical foramen. While the file was first
observed, its length was reduced by 1 mm to obtain the
WL, which was fixed at 16 mm [19].

Root canal instrumentation

The Edge File X5 rotary system (EdgeEndo, Albuquer-
que, NM, USA) was employed for mechanical root
canals’ preparation through a crown-down method ex-
ploiting an endodontic electric motor (XSmart; Dentsp-
ly Maillefer, Ballaigues, Switzerland) rated at a modified
torque (2 Ncm) at a rotation rate (300 rpm) following the
manufacturer’s directions. A pecking motion of the ro-
tary system was performed up to the full WL as follows:
20/6%, 20/4%, 30/6%, followed by 30/4% as the master
apical file.

Irrigation protocol

The prepared canals were first washed out with a 2.5%
NaOCl solution (2 mL) for 1 minute, followed by the
same amount of this solution after the #10 K-file and the
#15 K-file, each for 1 minute. During instrumentation,
continuous irrigation was performed using 2.5% NaO-
Cl (4 mL) for 1 minute via a plastic single-use syringe
(Sung Shim Medical, Bucheon, Korea) with a 30-gauge
side-vented needle inserted passively and positioned
2 mm from the WL. Finally, to counteract the NaOCl
carryover effect, the canals were washed out with (5
mL) DW for 1 minute and finally washed utilizing 17%
EDTA for 1 minute. After that, the root canals were
randomly assigned across three groups (n = 14) with
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regard to the dentin biomodification protocol, which
applied intra-radicularly as a final irrigant, whereby
the root canals were finally irrigated passively with the
same volume and duration of the proposed dentin bio-
modifiers that were applied in the coronal portion as a
final irrigant. The entire quantity of irrigants applied in
each canal was NaOClI (20 mL) for 6 minutes and DW
(5 mL) for 1 minute. The canal patency was preserved
via exploiting a K-file size #10. Each instrument was dis-
carded after being used in five canals. All the prepared
canals were rinsed with DW (5 mL) for 1 minute, thor-
oughly dried using absorbent sterile #30 paper points,
and then obturated with a master apical gutta-percha
point size 30/4% that was extended to the entire canal
length. Using a master apical file, the MTA Bioseal bio-
ceramic sealer (Itena Clinical Products, Paris, France)
was blended and applied circumferentially. The lateral
compaction technique was then used to plug the canals
to ensure a tight, adequate seal [20].

Sealer penetration depth measurement

The specimens were maintained at 37°C with 100% hu-
midity for 2 weeks. Thereafter, sealer penetration was
measured using SEM (Quanta FEG 250; FEI Company,
Eindhoven, the Netherlands). Each root section was
split into four quadrants (mesial, distal, buccal, and
lingual). Three measurements were carried out in each
quadrant. The sealer penetration values were estimated
by a single calibrated investigator as the mean of the
measurements’ data. Images were taken for each quad-
rant at 500x magnification. The sealers penetrating the
dentinal tubules were identified by energy dispersive
X-ray analysis as containing a radiopaque constituent
(zirconium oxide). Each quadrant was evaluated for the
highest sealer penetration depth [21].

Statistical analysis

Data normality has been assessed by examining the dis-
tribution, calculating the mean and median, and using
the Kolmogorov-Smirnov and Shapiro-Wilk tests. The
data exhibited a parametric distribution; hence, they
were displayed as mean and standard deviation values.
The effects of the examined factors and their interac-
tions were investigated using one- and two-way analy-
ses of variance (ANOVAs). The main and simple effects
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were compared using pairwise t-tests with Bonferroni
correction, and proportions across qualitative parame-
ters were compared using the chi-square test of signifi-
cance. The significance threshold limit was established
at p <0.05. Statistical assessment was implemented with
IBM SPSS for Windows, ver. 26.0 (IBM Corp, Armonk,
NY, USA).

RESULTS

Microtensile bond strength

Table 1 demonstrated that the bromelain biomodified
group exhibited the highest statistically significant val-
ues (46.38 + 3.42), followed by CHX (39.26 + 7.60), and
the lowest values were recorded with the control speci-
mens (32.41 + 7.71) based on the ANOVA test (p = 0.001)
and Bonferroni post hoc test. Regarding failure mode
distribution, 41% of the bromelain-treated specimens
showed cohesive failure, and 29% revealed adhesive
failure. In the CHX-treated group, only 23% of the speci-
mens revealed cohesive failures, and 47% showed adhe-
sive failure. In the control group, 11% of the specimens
showed cohesive failure, and 58% showed adhesive fail-
ure. The mixed failure pattern was equally distributed
among all tested groups (Figure 2).

Scanning electron microscope

Representative SEM micrographs of the resin-dentin
bond interface for each group are shown in Figure 3.

Table 1. Coronal dentin uTBS among groups

Variable Control group Bromelain group CHX group
Number of specimens 17 17 17
Mean 32.41° 46.38" 39.26°
Standard deviation 7.71 342 7.60
Standard error 1.87 0.83 1.84
95% Cl for mean 28.45-36.37  44.62-48.14 35.35-43.17
Range 21.59-44.19  39.92-54.17 18.98-47.68
F-test 19.305 — —
p-value 0.001* — —

CHX, chlorhexidine; Cl, confidence interval; uTBS, microtensile bond
strength.

Bonferroni post hoc: Means sharing the same capital letter are not
significantly different. Control group vs. bromelain group (p = 0.001);
control group vs. CHX group (p = 0.007); bromelain group vs. CHX
group (p=0.011).

*p < 0.05, statistically significant.
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The control specimens demonstrated a thin hybrid
layer exhibiting short extending resin tags. In brome-
lain-treated specimens, resin tags were more numerous,
elongated, and exhibited lateral branching and obvious
entanglement. Meanwhile, in the CHX group, resin tags
were fewer than in the bromelain-treated specimens.

Sealer penetration

A highly statistically significant difference was identi-
fied between the groups and across all canal levels (p =
0.001). At the coronal level, the sealer penetration quan-
tity showed the highest significant values, followed by

80.07 ® Control group M Bromelain group m CHX group
70.0
6004 5838
50.0

40.0

30.0- 29.4 29.4 29.4

20.0+

Failure mode distribution (%)

10.0

0.0-

Adhesive

Cohesive Mixed

Figure 2. Failure mode distribution (percentage) among the experi-
mental groups. CHX, chlorhexidine.

the middle portion, and the lowest values were record-
ed apically. According to the post hoc test, the amount
of sealer penetration for bromelain was greatest at both
the middle and apical levels (242.84 + 36.68 and 192.69 +
23.76, respectively), followed by CHX (218.66 + 9.01 and
114.76 + 38.04, respectively). The control group demon-
strated the lowest recorded values (194.24 + 26.75 and
108.73 + 4.91). The sealer penetration quantity of the
CHX group was significantly the highest value coronally
(301.46 + 51.46), followed by the bromelain and control
groups (282.90 + 31.90 and 240.46 + 6.44, respectively; p
=0.001) (Table 2, Figure 4).

Table 2. Sealer penetration depth following radicular dentin bio-
modification

Timeline Bromelain group  CHX group Control group p-value
Apical  192.69 +23.76™ 114.76 + 38.04% 108.73 +4.91% 0.001*
Middle 242.84+36.68" 218.66+9.01®° 194.24+26.75 0.001*
Coronal  282.90 +31.90™ 301.46 +51.46™ 240.46 +6.44 0.001*

Mean  239.48.+30.78" 211.63+32.84° 181.14+12.70° 0.001*
overall

p-value 0.001* 0.001* 0.001*

Values are presented as mean = standard deviation.

Different capital letters indicate a significant difference at (p < 0.05)
among means in the same row. Different small letters indicate a signif-
icant difference at (p < 0.05) among means in the same column.

*p < 0.05, statistically significant.

C/

Figure 3. Representative scanning electron microscopy images at magnification 2,000 of the resin-dentin interface of the different groups. (A)
Control group, (B) bromelain group, and (C) chlorhexidine group. a, adhesive layer; ¢, resin composite; h, hybrid layer; r, resin tags.
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Figure 4. Representative scanning electron microscopy images at 500x magnification showing the sealer penetration depth in the different

12.7 rev

groups. The images show the coronal third (A.1), middle third (A.2), and apical third (A.3) for the control group; the coronal third (B.1), middle
third (B.2), and apical third (B.3) for the bromelain group; and the coronal third (C.1), middle third (C.2), and apical third (C.3) for the chlorhexi-

dine group. d, dentin.

DISCUSSION

Considering the current study’s findings, the null hy-
potheses tested were rejected, as the bromelain enzyme,
CHYX, influenced both the pTBS in coronal dentin and the
sealer penetration depth into radicular dentin, with a re-
markable difference compared to the unmodified group.

https://doi.org/10.5395/rde.2026.51.e15

The primary objectives of endodontic therapy were
to effectively clean, shape, and create a fluid-tight seal
at both the apical and coronal levels [22]. The irrigants
used during biomechanical preparation may influence
the bonding of the subsequently applied resinous resto-
rations [5]. Despite the bioceramic sealer’s bioactivity,
its elevated alkalinity may weaken type I collagen fibrils,
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forming nearly all of the radicular dentin [23]. In the
current study, an 8% concentration of bromelain en-
zyme was selected, as it may enhance proteolytic activi-
ty, which helps dissolve organic debris without causing
dentinal erosion or adverse side effects. So, this research
was intended to evaluate the effect of 8% bromelain
enzyme, CHX, as an intraradicular final irrigant, on the
dentin-collagen matrix integrity by assessing the res-
in-coronal dentin uTBS, dentin-bond interfacial micro-
morphology, and sealer penetration depth to radicular
dentin utilizing SEM. Regarding the resin-dentin pTBS
and sealer penetration results in the middle and apical
portions of radicular dentin, bromelain biomodifica-
tion revealed the highest significant values, followed by
CHX. This could be explained by the fact that bromelain
deproteinizes dentin by removing the weak, unsupport-
ed collagen fibers that may be present following smear
layer removal, thereby exposing more dentinal tubules
and increasing dentin permeability owing to the elevat-
ed surface energy of hydroxyapatite and altered dentin
hydrophilic features [10,17]. This result was consistent
with previous studies [20,24].

On the other hand, this finding contradicts a previous
study that reported that NaOCl, CHX, and Boswellic
acid solutions remarkably reduced microbial levels (p <
0.05), with no significant differences among them. This
controversy might be explained by differences in meth-
odology [25]. CHX dentin biomodification enhanced
the resin-dentin bond strength due to its cationic and
antibacterial properties. CHX at 0.2% and 2% concentra-
tions inhibited matrix metalloproteinases and cysteine
cathepsins, thereby hampering collagen degradation
and enhancing bond durability [26,27]. Moreover, its
easy binding to phosphate groups and its capacity to
raise the dentin’s free surface energy would support the
notion that using CHX following dentin demineraliza-
tion could enhance dentin adhesion [28]. These findings
were in line with other studies [6]. While inconsistent
with a previous study [12], which concluded that lesser
collagen degradation was observed in the proanthocy-
anin-treated group rather than the CHX group. This dis-
parity may be related to the different techniques applied.

At the coronal level, the quantity of sealer penetration
for CHX was the highest, followed by bromelain and the
control groups. It could be clarified by the substantivity
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effect of CHX and the enlarged diameter of dentinal
tubules coronally [29]. These results were inconsistent
with an earlier investigation [30], which found that
applying 17% EDTA after CHX gel (2%) for smear film
elimination might be recommended, thereby enhanc-
ing AH Plus sealer (Dentsply DeTrey GmbH, Konstanz,
Germany) penetration. The differences in the results
might be related to variations in the evaluation methods
or the types of roots used in the study.

The control group showed the least significant values
for uTBS and sealer penetration. These findings could
be related to the progressive demineralization of the
coronal dentin surface [3]. These findings were consis-
tent with another study [31], which found that EDTA, as
a final irrigant, could dissolve dentin’s inorganic con-
stituents, thereby uncovering the collagen fibrils. Fur-
thermore, it had detrimental impacts on the integrity of
the dentin-collagen matrix. Additionally, the chelation
of calcium by EDTA could disturb the hydration process
of the calcium silicate. The calcium decline at the den-
tin-sealer interface or degradation of the calcium-sili-
cate sealer’s ingredients might hinder the establishment
of the mineral-infiltration region, which could finally
end in a weaker infiltration of the sealer into the wall
of the root canal [32]. These findings were in line with
other investigations [33] but conflicted with a previous
study that reported that EDTA improved sealer infiltra-
tion into dentinal tubules and facilitated the elimination
of the smear film [34]. This may be due to the use of a
different type of endodontic sealer.

In the current study, sealer penetration depth was
greatest coronally, relative to the middle and apical lev-
els. This may be related to reduced tubular density, the
presence of sclerotic dentin, and lower apical irrigant
efficiency, resulting in less smear layer clearance [35].
The limitations of the current study include the risk of
tearing gutta-percha and sealer during SEM specimen
preparation of the filled root. Regarding the coronal
dentin assessment, bond strength was evaluated only
immediately; therefore, bond durability in the pretreat-
ed coronal dentin requires further investigation. Further
clinical trials are required to investigate the long-term
influences of these biomodifiers.
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CONCLUSIONS

Considering the study’s limitations, it can be concluded
that bromelain may be promising for clinical use, as its
use as a final irrigant may enhance bond strength and
sealer infiltration, thereby improving the success rate
and prognosis of the entire endodontic treatment.
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Effect of sugar and sweetener on the bleachability of coffee and tea-
induced stains on composites: an in vitro experimental study
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ABSTRACT

Objectives: This in vitro study evaluated the effects of various sugary and non-sugary beverages on the color change of a
dental composite and the subsequent bleaching efficacy.

Methods: Forty-nine disc-shaped composite samples (Neo Spectra ST, Dentsply Sirona) were split into seven groups at
random (n = 7). Distilled water was used to hydrate each sample for 24 hours at 37°C. After 24 hours, the first color mea-
surements (T0) were made by using a clinical spectrophotometer (VITA Easyshade Compact; VITA Zahnfabrik). Color
measurements were repeated after 7 days (T1) and 14 days (T2) of immersion in distilled water (control), tea, coffee, sug-
ary tea, sugary coffee, tea with sweetener added, and coffee with sweetener added. After staining for 2 weeks, the speci-
mens were bleached for 6 hours a day for a week using 16% carbamide peroxide (Opalescence Ultradent Products). Color
measurements were taken again after bleaching (T3). Using CIEDE2000, color differences (AE) were computed. Analysis
of variance (ANOVA) and repeated measures ANOVA with a Tukey post hoc test were used to evaluate the data.

Results: After 1 week, coffee-containing solutions produced significantly greater discoloration than the control (p <
0.001). By 2 weeks, tea groups exhibited similar discoloration to coffee groups (p < 0.001). The addition of sugar or sweet-
ener had no significant effect (p > 0.05). Post-bleaching, coffee groups showed lower Whiteness Index values than the
control, without statistical significance (p > 0.05).

Conclusions: Coffee and tea markedly stain resin composites, with discoloration persisting post-bleaching, while sugar
or sweetener additions exert no significant effect.

Keywords: Color; Composite resins; Tooth bleaching; Sugars

INTRODUCTION a direct restorative material due to its versatility. Achiev-

ing an initial and long-term color match with surround-
Aesthetics plays a vital role for patients undergoing den- ing teeth is crucial for its success. However, continuous
tal procedures. Resin composite is frequently chosen as exposure of resin composite to beverages can lead to
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Sugar/Sweetener effect on composite stain bleachability

discoloration over time [1]. Intraoral resin composite
restorations can undergo discoloration due to either
intrinsic or extrinsic factors. Intrinsic factors are linked
to the resin composite's composition, such as the type
of photo-initiator and resin matrix used. Conversely,
extrinsic factors involve the absorption or adsorption
of stains from external sources, which are largely in-
fluenced by an individual's dietary habits. Common
beverages like tea and coffee, for instance, are known to
stain both natural teeth and tooth-colored restorations,
presenting aesthetic challenges and frustrations for pa-
tients [2,3].

Bleaching offers a minimally invasive method to
whiten teeth affected by stains, whether they originate
from external sources or are embedded within the tooth
structure. Techniques for bleaching can be categorized
based on whether they target vital or non-vital teeth, as
well as whether the procedure is conducted profession-
ally in a dental office or includes a self-administered
component for home use [4-6]. These agents, function-
ing through comparable mechanisms, interact with and
dismantle the organic pigment molecules accountable
for tooth discoloration [7]. Hydrogen peroxide and
carbamide peroxide are the predominant active ingre-
dients in bleaching products. These substances vary
in concentration based on the type of bleaching agent
used. Home bleaching kits are applied over extended
periods with lower concentrations of active ingredients,
whereas office-based bleaching procedures involve
shorter application times with higher concentrations of
active substances [8].

Extraoral spectrophotometers remain the gold
standard due to their precision and ability to provide
consistent measurements in controlled environments.
Conversely, intraoral spectrophotometers offer practical
advantages by allowing for on-site color determination,
which is particularly valuable during dental procedures
[9]. In the context of color measurement, the CIEDE2000
formula provides a more accurate reflection of human
color perception compared to older methods such as
the original CIELAB system. The perceptibility thresh-
old of AE00 = 0.8 indicates the smallest color difference
that an average observer can detect, while the accept-
ability threshold of AE00 = 1.8 suggests the limit beyond
which color differences are considered unacceptable or
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noticeable [10].

Stevia has been used as a natural sweetener in many
countries for years due to its properties, such as being
good for various diseases such as diabetes, being calo-
rie-free, non-toxic, and not participating in browning
reactions during food processing. In addition to its
features, such as being 300 times sweeter than sucrose,
having high heat and pH stability, baking and oven sta-
bility, being soluble in alcohol, and not leaving a metal-
lic taste in the mouth, its most important feature is that
it can be produced naturally [11].

Although there are many studies in the literature on
coloring solutions, there is no study on the addition of
sugar or sweetener to these beverages. Considering that
tea and coffee in Tiirkiye are typically consumed with
added sugar, this study included sugar and sweeteners
in the colored beverages. This in vitro study evaluated
how these solutions, both with and without sugar or
sweetener, impact coloration and the subsequent suc-
cess of bleaching. The study hypotheses are as follows:
(i) Storage in different beverages would not affect the
color stability of composite resins. (ii) Adding sugar or
a sweetener to beverages would not have any effect on
the color change. (iii) The bleaching protocol would not
affect the Whiteness Index values of all groups.

METHODS

Sample preparation

An a priori power analysis was conducted using G*Pow-
er software (version 3.1.9.6; Heinrich-Heine-Universitit
Diisseldorf, Diisseldorf, Germany) to determine the
minimum sample size required to detect meaningful
differences among the experimental groups. The pow-
er calculation was based on the main effect of additive
(none, sugar, sweetener) in a 2 x 3 two-way analysis of
variance (ANOVA) design (beverage x additive), with
numerator degrees of freedom = 2. A total of 49 speci-
mens were included; 42 specimens fulfilled the require-
ments of the 2 x 3 factorial design, while the remaining
seven specimens formed an independent control group.
A medium-to-large effect size was assumed (f = 0.50),
together with a significance level of a = 0.05 and a target
statistical power of 0.80. Under these assumptions, the
required total sample size was 42 specimens (seven per
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group), yielding an actual power of 0.80. According to
Cohen'’s classification, the assumed effect size (f = 0.50)
corresponds to a medium-to-large effect and was con-
sidered appropriate for the present controlled in vitro
design. Forty-nine composite specimens (Neo Spectra
ST; Dentsply Sirona, Konstanz, Germany) were pre-
pared in a Teflon mold (5 mm in diameter and 2 mm in
thickness). After applying the composite resin, a Mylar
strip was placed and pressed with a glass slide to obtain
a flat surface. The specimens were cured for 20 sec-
onds using an LED light-curing unit (VALO; Ultradent
Products Inc., South Jordan, UT, USA). The specimens
were removed from the mold and assessed visually for
voids and structural defects. Defected specimens were
excluded from the study. In the next step, the specimen
surfaces were polished with Sof-Lex discs (3M ESPE,
St. Paul, MN, USA) for 15 seconds. Specimens were
randomly divided into seven groups (n = 7). Beverages
used in this experiment were the control group (distilled
water), instant tea, tea + sugar added, tea + sweetener
added, instant coffee, coffee + sugar added, and coffee +
sweetener added.

1) Control group: In this group, the composite speci-
mens were kept in distilled water only.

2) Tea group: The tea solution was prepared by means
of the following procedure. Two prefabricated dos-
es (2 x 2 g) of tea (Yellow Label Tea; Lipton, Rize,
Tiirkiye) were immersed in 200 mL of boiling water
at 100°C for 1 minute. After removing the tea waste,
the final solution volume was determined to be 200
mL.

3) Coffee group: The coffee solution was prepared by
first pouring 6 g of Nescafé Classic ground coffee
powder (Nestlé S.A., Vevey, Switzerland) into a cof-
fee filter. Then, 200 mL of water at 100°C was added.
The solution obtained was subsequently subjected
to a secondary filtration process, resulting in the
attainment of a final volume of 200 mL.

4) Tea + 5 g sugar added group: The tea solution was
prepared as described above. After this step, 5 g of
sugar was added and mixed until dissolved.

5) Coffee + 5 g sugar added group: The coffee solution
was prepared as described above. After this step, 5
g of sugar was added and mixed until dissolved.

6) Tea + sweetener added group: The tea solution was
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prepared as described above. After this step, two
units (0.1 g) of sweetener (Splenda Stevia; Heart-
land Food Products Group, Indianapolis, IN, USA)
were added and mixed until dissolved.

7) Coffee + sweetener added group: The coffee solu-
tion was prepared as described above. After this
step, two units (0.1 g) of sweetener (Splenda Stevia)
was added and mixed until dissolved.

Color measurement

All discoloration solutions were renewed daily, and
the specimens were rinsed with distilled water for 10
seconds before measurements. The specimens were
stored in these staining solutions at 37°C + 2°C in a dark
environment. The color coordinates of specimens were
recorded after 24 hours (T0), 1 week (T1), and 2 weeks
(T2) of immersion.

All color measurements were performed by using a
clinical spectrophotometer (VITA Easyshade Compact;
VITA Zahnfabrik, Bad Sidckingen, Germany) according
to the CIEDE2000 color coordinates. Prior to each mea-
surement, the spectrophotometer was calibrated follow-
ing the manufacturer’s guidelines [12]. To determine the
color differences between groups, the AE00 values were
calculated by using the following formula [5]:

AR, — AL 2+ AC 2+ AH 2+R AC AH
0 KLSy KcSc KnSu "\KcSc )\ KuSr )’

With the set of L*, a*, b* values taken with respect to
the white background. For this study, each K;, K, and
Ky, was set to 1.0. It is posited that variations in bright-
ness, chroma, and hue are represented by variables AL,
AC, and AH. While S;, S, and S;; are averaging vari-
ables for lightness, chroma, and hue, K;, K, and K;; are
weighted factors. Ry is a general correction factor that
takes into account variations in chroma and hue [13].
The clinically 50:50% acceptable color change threshold
level was determined as AE0O = 1.8 (10).

Home bleaching procedure

The home bleaching technique, 16% carbamide per-
oxide (Opalescence 16%; Ultradent Products Inc.) was
placed on each sample surface, using a dispenser tip,
forming a layer that was up to 1 mm thick. The bleach-
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ing agent was left in contact with each tooth sample
for a period of 6 hours daily for 1 week and was subse-
quently removed using a cotton pellet and rinsing [14].
During bleaching intervals, specimens were maintained
in the incubator at 37°C. This procedure was repeated
on a daily basis for a total of 1 week. After bleaching,
color measurements were taken again (T3).

Statistical analysis

Power analysis was conducted using G*Power software
(version 3.1.9.6). The analysis of the data was conducted
using IBM SPSS ver. 23 (IBM Corp, Armonk, NY, USA).
Following a thorough evaluation, it was determined that
the distributions exhibited characteristics consistent
with normality, as evidenced by the Kolmogorov-Smirn-
ov test. A three-way and two-way ANOVA test was
applied in order to ascertain whether there were any
significant differences among the groups. The Tukey
test was employed as a post hoc analysis to evaluate the
pairwise comparisons. The significance level was pre-
determined at p < 0.05.

RESULTS

All solutions containing coffee showed significantly
more coloration than the control group after 1 week
of immersion (p < 0.001, np® = 0.72) (Figure 1). Adding
sugar or a sweetener to the tested beverages had no

AE 2000

Sweetener Sweetener

Control ~ Sugared Sugared  Coffee Tea
coffee tea coffee tea

Figure 1. Mean color changes (AEy) of composite samples after 1
week of immersion in different beverages. Different letters indicate
statistically significant differences among groups. The red dashed
line (AEq, = 1.8) represents the clinical acceptability threshold for
perceptible color change.

4/10

significant effect on coloration (p > 0.05). Color change
became evident, especially in the tea groups, in the 2nd
week (Figure 2).

The results demonstrated that both coffee and tea
caused a darkening effect on the samples over time, as
indicated by the decrease in L* values in Figure 3. The
bleaching treatment was effective in increasing the L*
values, indicating a lightening effect. The control group
showed a consistent increase in L* values after bleach-
ing, indicating that the treatment works well in the
absence of staining agents. Coffee appeared to have a
more pronounced darkening effect compared to tea, as
evidenced by the larger decrease in L* values over time.

For a* values coffee caused a significant shift towards
red on the a* axis over time in Figure 4, while tea had
a milder effect. The bleaching treatment was effective
in reducing the red shift, bringing the a* values closer
to the baseline, especially in the tea group. The con-
trol group showed minimal changes in the a* values
throughout the experiment, indicating stability in the
red-green axis in the absence of staining agents.

When the results were examined in Figure 5, it was
seen that coffee caused a significant yellowish tint on
the samples over time, as indicated by the increase in b*
values. The bleaching treatment was effective in reduc-
ing the yellowish tint, bringing the b* values closer to the
baseline. The tea group showed a unique behavior at
the 2-week mark, where the b* values decreased signifi-

AE 2000

Sweetener Sweetener

Control ~ Sugared  Sugared  Coffee Tea
coffee tea coffee tea

Figure 2. Mean color changes (AEy) of composite samples after 2
weeks of immersion in different beverages. Different letters indicate
statistically significant differences among groups. The red dashed
line (AEy = 1.8) denotes the clinical acceptability threshold for per-
ceptible color difference.
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Figure 3. Changes in L* values of composite samples at baseline, after T week, 2 weeks of staining, and following bleaching for tea, coffee, and
control groups. A decrease in L* indicates darkening, while an increase reflects lightening of the specimens.
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Figure 4. Changes in a* values of composite samples at baseline, after 1 week, 2 weeks of staining, and following bleaching for tea, coffee, and
control groups. An increase in a* indicates a shift toward red, while a decrease represents a shift toward green.
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Figure 5. Changes in b* values of composite samples at baseline, after 1 week, 2 weeks of staining, and following bleaching for tea, coffee, and
control groups. An increase in b* indicates a shift toward yellow, while a decrease represents a reduction in yellow hue after bleaching.
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cantly, indicating a reduction in the yellowish tint. This
is contrary to the behavior observed in the coffee group
and suggests that tea might have a different interaction
with the sample material over extended exposure. This
could be due to various factors, such as chemical inter-
actions between tea components and the sample mate-
rial that inhibit yellowing over time.

The heatmap visually represents the overall color
changes for each group over time. Coffee had a pro-
nounced yellowing effect, while tea caused a milder yel-
lowing effect with an unusual reduction at the 2-week

mark (Figure 6). Bleaching effectively lightened the col-
or across all groups, with the tea group returning closer
to baseline after bleaching. The control group remained
relatively stable with a slight lightening effect over time.
This visualization highlights the impact of different
staining agents and bleaching treatments on the overall
color of the samples.

When the Whiteness Index values were examined
after bleaching in Figure 7, it was determined that the
coffee groups showed statistically lower values than the
control group. The whiteness values of the tea groups

Color changes over time for control, coffee, and tea

Control -

Coffee -

Tea -

Baseline

1 week

2 w;eeks After bléaching

Figure 6. The visualization of the color changes over time for control, coffee, and tea samples. Each cell represents the average color at each

time point for each group, converted from Lab* to RGB values.

100

Whiteness indx
w
o

Solution

— Coffee

Coffee with sweetener
— Control

Sugared tea

Sugared coffee
— Tea

Tea with sweetener

Baseline 1 week

Figure 7. Whiteness index values with 95% confidence intervals.
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were similar and partially higher than those of the con-
trol group. Tea groups showed higher values than the
coffee groups.

DISCUSSION

The present study investigated the staining suscepti-
bility of dental composites to commonly consumed
beverages and their response to bleaching treatment,
with particular attention to the novel aspect of sugar
and sweetener additives. The findings demonstrate that
both coffee and tea significantly compromise the color
stability of composite resins, with staining effects per-
sisting even after bleaching procedures, thus leading to
the rejection of the first hypothesis.

The significant discoloration observed in all beverage
groups compared to the control can be attributed to the
complex interaction between chromogenic compounds
and the composite matrix. Coffee-containing solutions
demonstrated more pronounced staining effects after 1
week of immersion (p < 0.001), which aligns with previ-
ous research indicating that coffee contains higher con-
centrations of tannins and chromogenic compounds
compared to tea [15]. The polyphenolic compounds in
these beverages can penetrate the resin matrix through
micro-porosities and form chemical bonds with the
polymer chains, resulting in staining [16].

The staining durations of 1 and 2 weeks were selected
to represent both short-term and extended exposure
models, enabling the evaluation of progressive discol-
oration patterns under conditions that approximate
daily beverage consumption. It has been reported
that 24 hours of in vitro immersion corresponds to ap-
proximately 1 month of in vivo aging, supporting the
assumption that the 1-week immersion period used
in the present study roughly simulates 6-8 months of
clinical beverage exposure [17], whereas extending the
exposure to 2 weeks provides a more intensified model
that mimics long-term consumption habits [1,15,16].
This design allows assessment of both the initial dis-
coloration potential and the saturation stage of staining
over time. Therefore, the 1-week duration was chosen to
observe early color changes, while the 2-week duration
was included to investigate whether color stabilization
or further pigment accumulation would occur with pro-

https://doi.org/10.5395/rde.2026.51.e16

longed exposure. Similarly, a 1-week bleaching period
using 16% carbamide peroxide for 6 hours daily reflects
a commonly recommended home bleaching proto-
col, which has been reported to achieve effective color
recovery without compromising composite integrity
[8,14]. Therefore, the chosen durations were designed to
balance experimental efficiency with clinical relevance,
allowing reliable comparison of staining and bleaching
behavior within a controlled timeframe.

The differential staining patterns observed between
coffee and tea groups reflect their distinct chemical
compositions. Coffee’s more immediate and pro-
nounced effect on the L* values (lightness) indicates
greater penetration of dark-colored compounds, while
the unique behavior of tea at the 2-week mark—where
b* values decreased significantly—suggests a complex
interaction possibly involving tannin precipitation over
extended exposure periods. This finding warrants fur-
ther investigation using spectroscopic analysis to eluci-
date the underlying chemical mechanisms.

A key finding of this study is that the addition of sugar
or stevia-based sweetener did not significantly affect the
staining potential of either coffee or tea (p > 0.05), lead-
ing to acceptance of our second hypothesis. This result
is particularly relevant given the cultural context where
these beverages are commonly consumed with addi-
tives. Several factors may explain this finding: The sugar
concentration used (5 g per 200 mL) may not be suffi-
cient to alter the physical properties of the staining solu-
tions significantly, neither sucrose nor stevia appears to
interfere with the chromogenic compounds responsible
for staining, the molecular size of sugar and stevia com-
pounds may not significantly alter the diffusion path-
ways of staining agents into the composite matrix. This
finding has important clinical implications, suggesting
that patients need not avoid sweeteners in their bever-
ages specifically to prevent composite staining, though
the beverages themselves remain problematic.

The bleaching protocol using 16% carbamide peroxide
demonstrated variable success across different stain-
ing agents. While the treatment effectively increased L*
values (lightness) in all groups, indicating successful
removal of chromogenic compounds, the coffee groups
showed persistently lower Whiteness Index values com-
pared to controls after bleaching (p < 0.05), leading to
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rejection of our third hypothesis.

Coffee-induced stains may penetrate deeper into the
composite matrix or form stronger chemical bonds that
are more resistant to oxidative bleaching agents or the
16% carbamide peroxide concentration, while appro-
priate for home bleaching protocols, may be insufficient
for complete removal of deeply embedded stains. High-
er concentrations or alternative bleaching agents might
yield better results, though this requires investigation of
potential adverse effects on composite properties.

The slight decrease in L* values observed in the con-
trol group after bleaching may be attributed to surface
alterations induced by the bleaching agent rather than
pigment removal. Although no staining agents were
present, exposure to carbamide peroxide can cause su-
perficial dehydration or changes in surface roughness
and refractive index, which can temporarily reduce
brightness perception [4,5]. In addition, microscopic
surface irregularities formed by oxidative reactions
might scatter light differently, leading to a minor reduc-
tion in measured L* values despite the absence of ex-
ternal staining. Similar findings have been reported by
Rodrigues et al. [6] and Karatas et al. [8], who noted that
bleaching agents may induce subtle optical or micro-
structural changes even in unstained composite materi-
als.

The staining and bleaching behaviors of resin com-
posites are strongly influenced by their intrinsic materi-
al characteristics, particularly the resin matrix composi-
tion, filler type, and filler load. Composites with a higher
proportion of hydrophilic monomers such as triethylene
glycol dimethacrylate exhibit greater water sorption and
pigment uptake compared to those with more hydro-
phobic matrices like bisphenol A-glycidyl methacrylate
or urethane dimethacrylate [18,19]. Increased filler con-
tent and smaller particle size improve surface smooth-
ness and reduce microvoids, thereby minimizing stain
penetration and facilitating more efficient bleaching
[9]. Conversely, composites with lower filler loading or
irregular filler distribution tend to have higher surface
roughness, promoting adsorption of chromogenic mol-
ecules and limiting the penetration of bleaching agents
[8]. Overall, materials with dense filler packing, reduced
water sorption, and a highly cross-linked, hydrophobic
resin matrix generally demonstrate superior stain resis-
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tance and more predictable bleaching outcomes.

The present study employed Neo Spectra ST (Dentsp-
ly Sirona), a nanohybrid composite resin incorporat-
ing SphereTEC filler technology, which is designed to
provide improved handling characteristics, high filler
loading, and enhanced optical blending with natural
dentition. According to previous investigations, this
material demonstrates satisfactory clinical and esthetic
performance; however, some studies have indicated
that its color stability and surface properties may vary
depending on the staining medium and finishing proto-
cols used. For instance, a recent in vitro study compar-
ing Neo Spectra ST high viscosity with other universal
composites reported significantly higher AE values after
immersion in coffee and tea solutions, suggesting a
moderate susceptibility to extrinsic discoloration [20].
Similarly, Shah et al. [21] observed that Neo Spectra ST
exhibited slightly lower microhardness values than oth-
er nanohybrid composites, which may contribute to its
surface roughness and potential for stain accumulation.
Nevertheless, long-term clinical studies have shown
that Neo Spectra ST provides acceptable overall per-
formance, with only minor increases in surface wear or
discoloration over time [22,23].

Given this evidence, the use of Neo Spectra ST in the
current study is justified, as it represents a widely used,
clinically relevant material with well-documented me-
chanical and optical characteristics. The absence of
comparable studies examining the influence of sweet-
ener or sugar additives on the staining behavior of this
composite highlights the novelty of the present research.
Therefore, while findings from other materials may not
be directly extrapolated, the results obtained here con-
tribute valuable insight into the color stability of Neo
Spectra ST under conditions simulating common bev-
erage consumption habits. Future research comparing
different composite systems and sweetener types would
further clarify whether these findings are material-spe-
cific or represent a broader trend among nanohybrid
resin composites.

The persistent staining observed even after bleaching
treatment has several important clinical implications:
Patients should be informed that dietary habits signifi-
cantly impact the longevity of composite restorations’
aesthetic properties, and that bleaching may not com-
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pletely restore original coloration. In patients with high
consumption of staining beverages, alternative restor-
ative materials with superior stain resistance or more
frequent replacement schedules should be considered.
While sugar and sweetener additives do not increase
staining risk, the base beverages themselves remain
problematic. Patients might benefit from strategies such
as using straws, limiting contact time, or immediately
rinsing after consumption. The findings suggest that
preventive measures are more effective than corrective
bleaching, emphasizing the importance of patient edu-
cation and dietary counseling.

Several limitations must be acknowledged when
interpreting these findings: The study examined only
one composite system. Different resin matrices, filler
compositions, and surface treatments may respond
differently to staining and bleaching protocols. Future
studies should investigate multiple composite systems
to establish broader clinical applicability. The in vitro
design, while providing controlled conditions, cannot
replicate the complex oral environment. Factors such as
saliva flow, pH fluctuations, masticatory forces, and oral
hygiene practices significantly influence staining pat-
terns in clinical settings. The daily renewal of staining
solutions may not accurately represent typical beverage
consumption patterns.

Future studies—particularly in vivo and in situ investi-
gations—are necessary to confirm these findings under
clinically relevant conditions.

CONCLUSIONS

This study demonstrates that coffee and tea consump-
tion significantly compromises the color stability of den-
tal composites, with coffee showing more pronounced
and persistent staining effects. Importantly, the addition
of sugar or stevia-based sweeteners does not exacerbate
staining, providing valuable information for patient
counseling. However, the limited efficacy of bleaching
treatments, particularly for coffee stains, emphasizes
the importance of preventive strategies over corrective
interventions. These findings should inform clinical
decision-making regarding material selection, patient
counseling, and maintenance protocols for composite
restorations in patients with high consumption of chro-
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mogenic beverages.
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Clinical outcomes of tooth autotransplantation: a systematic review
and meta-analysis of survival
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ABSTRACT

Objectives: Autotransplantation is a procedure that involves the extraction and transplantation of a tooth from one site to
another within the same individual. This systematic review and meta-analysis aimed to investigate how clinical out-
comes of autotransplanted teeth evolve over time and the principal reasons for extraction.

Methods: Studies were identified from five databases. A meta-analysis was performed to estimate the survival rates in the
short-term (1 to <4 years), medium-term (>4 to <8 years), and long-term (>8 years) periods. Subgroup analysis was per-
formed for age and root development. Risks of bias, reasons for extraction, and patient-reported outcome measures were
evaluated.

Results: Of the 3,941 reports initially identified, 46 were included. The estimated short-, medium-, and long-term survival
rates were 96.31% (95% confidence interval [CI], 94.80-97.82), 88.23% (95% CI, 85.59-90.87), and 84.80% (95% ClI, 76.70-
92.91), respectively. There were no significant differences in outcomes between age and root development groups. The
most common reason for tooth loss was root resorption. High patient satisfaction rates were reported.

Conclusions: Autotransplanted teeth exhibit high survival rates in the short- to medium-term. Minimizing root surface
damage and excluding pulpal contaminants may promote longevity. The procedure appeared equally successful for
teeth at different stages of root development and across various age groups.
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Outcome of autotransplantation: systematic review and meta-analysis

INTRODUCTION

Autotransplantation is a surgical procedure that in-
volves the extraction and transplantation of a tooth
from one site to another within the same individual [1].
It serves as a viable option for the replacement of teeth
that are missing or need to be extracted due to traumatic
injuries, poor restorability, and/or severe developmen-
tal defects [2,3].

Due to the preservation of the periodontal ligament
(PDL), autotransplantation offers distinct advantages
over other types of fixed prostheses, particularly for
younger patients undergoing skeletal growth and de-
velopmental changes [4], as well as those who require
orthodontic treatment [5]. Other biological advantages
include the preservation of proprioception and the
ability to remodel in conjunction with the alveolar bone
[6]. Whilst autotransplanted immature teeth can benefit
from revascularization and continued root develop-
ment, autotransplantation procedures have also been
carried out using mature teeth [7].

Considerations for the donor tooth include a favor-
able root form to facilitate atraumatic extraction, ex-
tent of root development, and sufficient periodontal
support prior to extraction [1]. Patient factors, such as
age, as well as clinician-related factors, such as surgical
techniques, have similarly been reported to influence
autotransplantation outcomes [2]. Conversely, damage
to the root surface and PDL may result in complications,
including external inflammatory root resorption (EIRR)
and external replacement root resorption (ERRR), po-
tentially compromising the clinical outcome [8].

Clinical outcomes can be evaluated by determining
the healing events, i.e., ‘success, and/or functional re-
tention, i.e., ‘survival, of the autotransplanted tooth.
Whilst ‘success’ typically takes into account biological
complications, ‘survival’ refers to the functional pres-
ence of the autotransplanted tooth in the mouth [9].
Functional retention of these teeth is particularly rele-
vant to patients and is an important aspect of patient-re-
ported outcome measures (PROMs) [10].

The outcome of autotransplantation has been exam-
ined across various time frames; however, the impact
of short-, medium-, and long-term follow-up remains
unaddressed in prior studies [11-13]. Furthermore, the
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reasons for extraction and PROMs related to autotrans-
plantation have been largely overlooked in previous
reviews [11,12,14,15]. This study aimed to evaluate the
survival rate of autotransplanted teeth over different
time frames, reasons for extraction, PROMs, and explore
key potential influencing factors, namely age and root
development.

METHODS

This review was performed in accordance with the
PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) guidelines. The proto-
col was registered on the PROSPERO database (ID:
CRD42024513534). The PICO question was: what are
the short-, medium-, and long-term (C) survival rates
(O) of autotransplanted teeth (I) in patients (P)?

Search of the literature
A literature search was conducted to identify relevant
studies from the databases PubMed, Embase, Scopus,
Web of Science, and Cochrane Central Register of Con-
trolled Trials. The search was conducted in January 2025
with no initial time limit. Table 1 outlines an example of
the search strategy employed.

After removal of duplicates, two reviewers (JW and
EF) independently screened titles and abstracts to as-

Table 1. Search strategy used for PubMed
# Search strategy for PubMed

#1  (“transplantation, autologous”[MeSH Terms] AND (“Tooth"[MeSH
Terms] OR “dent*”[Title/Abstract] OR “teeth”[Title/Abstract]
OR“Tooth"[Title/Abstract] OR “incisor*"[Title/Abstract] OR
“canine*"[Title/Abstract] OR “cuspid*”[Title/Abstract] OR
“bicuspid*“[Title/Abstract] OR “premolar*”[Title/Abstract] OR
“molar*"[Title/Abstract] OR “wisdom teeth”[Title/Abstract]
OR“wisdom tooth”[Title/Abstract])) OR “tooth/transplanta-
tion”[MeSH Terms]

#2  (“dent*”[Title/Abstract] OR“teeth”[Title/Abstract] OR “tooth”[Ti-
tle/Abstract] OR “incisor*"[Title/Abstract] OR “canine®”[Title/
Abstract] OR “cuspid*“[Title/Abstract] OR “bicuspid*“[Title/
Abstract] OR “premolar*”[Title/Abstract] OR “molar*"[Title/
Abstract] OR “wisdom teeth”[Title/Abstract] OR“wisdom
tooth"[Title/Abstract]) AND (“transplant*”[Title/Abstract] OR
“autotransplant*”[Title/Abstract])

#3  #10R#2

#4  “Survival Rate"[MeSH Terms]

#5  “survival”[Title/Abstract] OR “outcome”[Title/Abstract]
#6 #40R#5

#7  #3AND #6
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sess their suitability using predefined inclusion and ex-
clusion criteria in Covidence systematic review software
(Veritas Health Innovation, Melbourne, VIC, Australia).
Full texts were then reviewed. Additional studies iden-
tified from references were also considered. Disagree-
ments were resolved by consulting a third reviewer (GC)
to achieve a consensus.

The inclusion criteria were: (1) intervention was au-
totransplantation, (2) >1 year follow-up, (3) permanent
dentition, (4) reported survival rate and/or number of
teeth extracted, (5) outcomes determined by clearly
defined clinical/radiographic criteria, (6) English lan-
guage, and (7) clinical studies involving humans. The
exclusion criteria were: (1) in-vitro/animal studies, (2)
case reports/series, (3) intervention included intention-
al replantation, and (4) review/opinion articles. If mul-
tiple studies had investigated the same or overlapping
sample populations, only one representative study, i.e.,
the one with the largest sample size, was included.

Risk of bias assessment

Two reviewers (JW and EHWF) assessed the risk of
bias of the included studies using the Risk Of Bias In
Non-randomized Studies of Interventions, ver. 2 (ROB-
INS-1V2) tool [16]. A third reviewer (GC) was consulted
to resolve any disagreements.

Data extraction

Survival rate, defined as the proportion of autotrans-
planted teeth present at follow-up, was extracted from
the included studies. If not explicitly stated, it was calcu-
lated based on the number of teeth lost compared to the
initially recruited sample. Average follow-up time, or
observation period, was recorded. When not stated, the
survival rates corresponding to specific time points were
recorded instead. Other data collected included the
mean/median ages of patients undergoing autotrans-
plantation, the type of donor tooth, and the proportion
of teeth with complete or incomplete root development.
When declared, PROMs and reasons for extraction were
recorded and categorized. If multiple reasons were
stated for a single tooth, this would be reflected in the
applicable categories.

https://doi.org/10.5395/rde.2026.51.e17

Statistical analysis

A meta-analysis was performed in Stata software ver.
16.1 (StataCorp LLC, College Station, TX, USA) using
the metaprop_one command [17] to estimate pooled
survival rates. Study-specific confidence intervals (CIs)
were calculated using the exact method, incorporating
a continuity correction of 0.5 to prevent the exclusion of
studies reporting 0% or 100% survival rates and ensure
computational stability. Pooled survival estimates were
derived using Wald CIs by random-effects meta-analysis
[18], with significance set at p < 0.05. A random-effects
model was selected a priori due to the expected clinical
and methodological heterogeneity across studies, in-
cluding differences in patient populations and study de-
signs, and the intention of generalizability. To account
for temporal variations, separate meta-analyses were
performed, stratified by follow-up duration. Follow-up
periods were grouped into short-term (1 to <4 years),
medium-term (4 to <8 years), and long-term (>8 years).
Pooled survival estimates were calculated for each pe-
riod. Data lacking clear follow-up times were excluded
from meta-analyses.

Whenever appropriate data were available, meta-re-
gression and subgroup analysis were conducted using
Stata’s metareg and metaprop one commands, respec-
tively, to evaluate the following potential confounders:
patient age (<18 years vs >18 years) and root develop-
ment (completed vs incomplete). For the latter, only
those studies that had involved all donor teeth with
either completed root formation or incomplete root
development were included in the subgroup analysis to
prevent excessive heterogeneity of results. Substantial
heterogeneity among studies was quantified using the
I? statistic (I >50%) or the chi-square test with a p-value
of <0.01 [19]. The random-effects model was used to
estimate survival rates [19], with significance set at p <
0.05. All statistical analysis was performed under the
guidance of a qualified statistician (KYL).

RESULTS

A total of 3,941 records were identified. After removal of
duplicates, retracted studies, and corrupted files, 2689
records remained. Initial screening with the addition of
hand-searched articles resulted in 224 articles eligible
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for full-text screening. Of these, 178 studies were exclud-
ed, whilst 46 studies were included in this review (Figure
1).

The characteristics of the included studies are sum-
marized in Table 2 [3-10,20-57]. The risk of bias of indi-
vidual studies is shown in Figure 2. The majority were
associated with a moderate (n = 21) to serious (n = 20)
risk of bias.

The reported overall survival rates ranged from 67.9%
to 100%. The average follow-up period ranged from 1 to
26.4 years, with an average patient age between 10 and
39 years. Most studies were classified as having a short-
term observation period of 1 to <4 years (n = 20), while
fewer studies observed autotransplantation outcomes
for medium-term (n = 12) and long-term (n = 14) obser-
vation periods. The short-term survival rate was 96.31%
(95% CI, 94.80-97.82). The medium- and long-term

survival rates were 88.23% (95% CI, 85.59-90.87) and
84.80% (95% CI, 76.70-92.91), respectively (Figure 3).
Substantial heterogeneity was observed between stud-
ies across all time periods (I* > 50%, p < 0.01).

Subgroup analysis using single-factor meta-regres-
sions revealed no significant association between age
and the survival of autotransplanted teeth (p > 0.05).
The proportion difference, Cls, and p-values are re-
flected in Table 4. Half of the studies investigated auto-
transplanted teeth in patients <18 years (n = 23). The
short-, medium-, and long-term survival rates for these
patients were 96.92% (95% CI, 94.79-99.05), 87.56% (95%
CI, 84.74-90.38), and 89.77% (95% CI, 83.37-96.17), re-
spectively. For those over 18 years, survival rates were
slightly lower, i.e., 95.92% (95% CI, 93.40-98.44), 88.94%
(95% CI, 84.62-93.25), and 82.20% (95% CI, 69.97-
94.44), respectively, although these differences were not

Records identified from:

Databases (n = 3,941)
PubMed (n = 664)
Embase (n = 1,001)
Scopus (n = 742)

Web of Science (n = 728)
CENTRAL (n = 806)

!

Records screened
(n=2,693)
Hand-searched (n = 1)
Reports sought for full text
review (n = 224)

Studies included in review
(n=46)

Figure 1. Flow diagram of study selection.
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Records removed before screening (n = 1,248)
Duplicate records (n = 1,237)
Records removed due to other reasons (eg,
retractions, corrupted files) (n = 11)

Records excluded (n = 2,470)
Duplicates removed manually (n = 4)
Irrelevant studies (n = 2,466)

Reports excluded (n = 178):

Case report/series (n = 82)

Unclear outcome assessment criteria (n = 36)

Review/opinion articles (n = 20)

Same data used in another study (n = 10)

Oral/poster presentation (n = 9)

No/unspecified intervention (n = 6)

<1 year follow-up time, or unclear follow-up
time range (n = 5)

In vitro models (n = 4)

Primary dentition involved (n = 2)

On going trial (n = 1)

Retracted (n = 1)

Includes intentional replantation (n = 1)

Duplicate (n = 1)
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Risk of bias domains
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Domains:

D1: Bias due to confounding.

D2: Bias due to selection of participants.

D3: Bias in classification of interventions.

D4: Bias due to deviations from intended interventions.
D5: Bias due to missing data.

D6: Bias in measurement of outcomes.

D7: Bias in selection of the reported result.

Figure 2. Risk of bias of included studies.
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statistically significant (Figure 4).

Similarly, the extent of root development was not
significantly associated with the survival of the auto-
transplanted teeth (p > 0.05). The proportion differ-
ence, CIs, and p-values are reflected in Table 5. Short,
medium, and long-term survival rates for mature teeth
were 91.38% (95% CI, 85.29-97.47), 92.14% (95% CI,
89.10-95.18), and 85.30% (95% CI, 73.78-96.81). For
teeth with incomplete root development, survival rates
were 99.50% (95% CI, 98.31-100.70), 88.59% (95% CI,
83.76-93.43), and 96.39% (95% CI, 92.77-100.00), re-
spectively. Except for medium-term outcomes, which
had the fewest applicable studies for both groups, teeth
with incomplete root formation showed slightly better
survival (Figure 5).

Substantial heterogeneity was observed amongst all
subgroups (I* > 50%, p < 0.01), except for studies in-
vestigating the medium-term survival rate for patients
18 years of age or younger (I = 0.0%, p = 0.92) and the
short-term survival rate for teeth with incomplete root
development (I’ = 0.0%, p = 0.51).

Regarding donor tooth type, almost half of the studies
(n = 22) investigated a variety of donor teeth, whilst the
remainder evaluated a single tooth type. Molar teeth
were most commonly studied (n = 11), followed by pre-
molars (n = 9) and canines (n = 2). Although this factor
was not included in the subgroup analysis, the overall
impression from qualitative evaluation suggested that
donor tooth type was not a major prognostic factor. Few
studies reported that specific tooth types, i.e., molar
teeth [30], mandibular teeth [7], and multirooted teeth
[5], could be associated with poorer survival rates.

Of the 259 teeth that had been extracted after au-
totransplantation, nearly half were extracted due to
various types of root resorption (n = 128), the most
prevalent form being EIRR (n = 36), followed by ERRR (n
= 34). A minority (n = 6) had suffered external cervical
root resorption, and the resorption type in the remain-
ing teeth was unspecified (n = 52). About one-third were
lost due to periodontal reasons (n = 84). Other factors,
such as compromised coronal structure (i.e., cracks or
caries beyond restoration) (n = 5), periapical infection
(n=2), and root fracture (n = 8), contributed to less than
10%. Only 5% failed due to immediate post-surgical
complications (n = 13), including failure of initial heal-

https://doi.org/10.5395/rde.2026.51.e17



Outcome of autotransplantation: systematic review and meta-analysis

A

%

Study ES (95% Cl) Weight
Abela (2019) $ 96.96 (94.48, 98.53) 7.68
1
Ainiwaer (2023) —&  95.83 (89.67, 98.85) 5.40
1
Albalooshy (2023) —&  93.06 (87.60, 96.62) 5.24
1
Bauss (2004) ¢ 100.00 (96.03, 100.00) 8.00
Cui (2021) ——— | 7241(52.76,87.27) 0.78
Giljamse (2016) - 100.00 (93.94, 100.00) 7.23
1
Han (2025)  98.80 (95.74, 99.85) 7.87
1
Huth (2013) — 96.49(87.89, 99.57) 465
Jang (2016) —&— 88.57(80.89, 93.95) 3.60
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1
Liao (2023) —4 100.00 (87.23, 100.00) 453
1
Li (2025) —=# 100.00 (88.43, 100.00) 4.97
Lucas Taule (2021) —» 97.22(85.47,99.93) 4.14
Myrlund (2004) & 98.48 (94.63, 99.82) 7.45
1
Plakwicz (2013) =4 100.00 (85.18, 100.00) 3.87
1
Raabe (2021) ——+ 91.43 (76.94, 98.20) 2.03
1
Sugai (2010) —e— | 88.03(80.74,93.30) 3.75
Verweij (2016) e 98.20(93.64,99.78) 7.04
Yang (2019) —e—| 8780 (78.71, 93.99) 2.98
Overall ("2 = 72.6%, p = 0.000) 9 96.31 (94.80, 97.82) 100.00
1
1
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1
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1
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|
Strbac (2017) ——  89.39(79.36, 95.63) 7.25
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Vilhjalmsson (2011) ———  87.80(73.80, 95.92) 4.93
1
Xia (2025) e 91.07(85.70, 94.92) 11.69
1
Yan (2010) —f—o— 93.94 (79.77, 99.26) 6.50
1
Yang (2019) — 78.05 (67.54, 86.44) 5.75
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Yoshino (2012) - 83.39 (80.20, 86.25) 14.03
I
Overall (12 = 55.6%, p = 0.010) 0 88.23 (85.59, 90.87) 100.00

50 1
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Figure 3. Forrest plots of overall estimated survival rate of autotransplanted teeth in the (A) short-term, (B) medium-term, and (C) long-term. Cl,
confidence interval; ES, effect size. (Continued on the next page)
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Figure 3. Continued.

ing and acute infections (Figure 6).

Eight studies evaluated PROMs. Various short-
form questionnaires were used to evaluate patient
satisfaction, functionality, and/or symptoms (Table 3
[21,22,40,43-45,47,49]). The surveys were either de-
signed specifically for the study or were modified from
existing instruments [27,58,59]. The majority of patients
experienced minimal intra- and postoperative discom-
fort associated with the surgery [10,40,43,45]. Patients
were generally pleased with the aesthetic outcome [22].
One study remarked that the most common postop-
erative inconvenience was food trapping [40]. Overall,
studies reported high levels of patient satisfaction,
and most autotransplanted teeth were functional and
well-received [10,43,45].

DISCUSSION

Over the last decade or so, the increased interest in
tooth autotransplantation has led to the publication of
multiple studies [9,41,45,58], literature reviews [60,61],
as well as a position statement by the European Soci-
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ety of Endodontics [62]. Given the considerable body
of evidence, summarizing and analyzing the research
pertaining to clinical outcomes would enhance our
understanding of this treatment modality. The primary
objective of this study was to synthesize the available
data regarding survival rates of autotransplanted teeth
via meta-analysis, whilst supplementing these findings
with subgroup analysis of the key influencing factors, i.e.,
age and root development, as well as a qualitative eval-
uation of the reasons for extraction and PROMs.

In total, 46 studies were included in this review, which
suggests tooth autotransplantation is a well-document-
ed treatment modality. The studies identified for this
review spanned various time frames, with almost half
classified as having a short-term observation period (i.e.,
1 to <4 years) [20,21,24,26], whilst the remaining were
generally evenly distributed between medium- and
long-term observation periods. A few large-scale, long-
term observational studies were also identified [3,41].
Nevertheless, each study represents an important con-
tribution to this systematic review because it facilitated
a comprehensive analysis of how survival rates evolve
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Table 3. Studies reporting patient-reported outcome measures (PROMs) and a summary of the findings

Study Year PROM instrument used/method of evaluation Findings
Ainiwaer etal. 2024 10-item questionnaire assessing the satisfaction - The majority of patients were satisfied with the appearance and function of
[21] of the procedure and signs or symptoms; the tooth and would recommend this treatment

postoperative pain was evaluated using the

. - Complaints were expressed about the length of the surgical time and the
visual analogue scale

treatment cost

- Postoperative pain was greatest at day 1, and gradually reduced to nearly
zero over the week

Akhlef et al. 2025 13-item questionnaire assessing the aesthetic - Almost 90% were satisfied or fairly satisfied with the aesthetic outcome
[22] outcome of the transplanted tooth, with ques-

tions modified from previous studies [27,59]

Liaoetal. [40] 2023 Questionnaire assessing the usage, presence of -90% reported the ability to chew normally without discomfort
discomfort or symptoms, and satisfaction of

- Most common unwanted side effect was food impaction, making up
the autotransplanted tooth

almost 50% of the complaints

- Over 90% were satisfied with the surgery, whilst all participants reported
the surgery had almost or completely met their expectations

Lucas-Taulé et 2021 8-item questionnaire evaluating patient - All patients reported that the surgery was not painful and vaguely remem-

al. [43] satisfaction and opinions on the operation, ber the operation
modified from a previous study [27] -The position of autotransplanted teeth was well perceived, and mainte-
nance was comparable with that of other teeth
Myrlund etal. 2004 12-item questionnaire assessing patient satis- - Over three-quarters experienced low discomfort during the procedure
[44] faction
- Over 80% reported integrating well in their dental arch
- All patients were satisfied with the function and aesthetics, and would do
the same surgery again if needed
Strbac et al. 2017 Single question on the patients’satisfaction - Only one patient out of 53 reported dissatisfaction with the autotrans-
[47] planted tooth due to a negative aesthetic result
Plakwiczetal. 2013 7-item questionnaire evaluating patient - Over 80% reported positive responses to all items to items asking about
[45] satisfaction and opinions on the operation, the fit, position, maintenance, and surgical discomfort

modified from a previous study [27]

van Westerveld 2019 Questionnaire evaluating the procedure and

- Most were very satisfied with both procedure and outcome
etal. [49] presence of an autotransplanted tooth

- Individual items were not reported

Table 4. Proportion difference, 95% confidence intervals, and p-values for subgroup analysis of age (<18 years vs >18 years)

Age (yr), <18 vs >18 Proportion difference (%) 95% confidence interval p-value
Short-term 0.96 -3.32t05.25 0.638
Medium-term -1.59 -7.80t04.36 0.582
Long-term 7.40 -6.34t021.13 0.258

Table 5. Proportion difference, confidence intervals, and p-values for subgroup analysis of root development (completed vs incomplete)

Root development, completed vs incomplete Proportion difference (%) 95% confidence interval p-value

Short-term -5.25 -13.23t02.73 0.168
Medium-term 3.55 -5.731012.82 0.311

Long-term -7.09 -23.17t0 8.99 0.322

over time. creased further to 84.80% when observed for more than

This review demonstrated that autotransplantation
of teeth yields favorable survival rates, with 96.31% of
teeth retained in the oral cavity for up to 4 years. This
dropped to 88.23% when autotransplanted teeth were
observed for a period between 4 and 8 years, and de-

https://doi.org/10.5395/rde.2026.51.e17

8 years. Unsurprisingly, a reduction in survival rates
corresponded with longer observation periods, as more
complications are likely to occur over time [20]. The sur-
vival rates were comparable to other forms of surgical
endodontic treatment, such as intentional replantation
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Study

Over 18 years
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Verweij (2016)

Overall ("2 = 69.0%, p = 0.001)

%

ES (95% CI) Weight
- 96.96 (94.48, 98.53) 21.04
—+ 95.83(89.67, 98.85) 14.87
-+ 98.80 (95.74, 99.85) 21.55
——+ 100.00 (87.23, 100.00) 12.50
——+ 97.22(85.47, 99.93) 1143
——  88.03(80.74,93.30) 10.36
——  87.80(78.71,93.99) 8.26
<> 95.92 (93.40, 98.44) 100.00
— 93.06 (87.60, 96.62) M1
—+ 100.00 (96.03, 100.00) 17.54
—¢ 100.00 (93.94, 100.00) 15.70
— 96.49 (87.89, 99.57) 9.77
——  90.91(83.92, 95.55) 8.65
— 9438 (87.37, 98.15) 9.76
— 100.00 (85.18, 100.00) 8.07
——— 01.43 (76.94, 98.20) 4.14
—+ 98.20 (93.64, 99.78) 15.26

<> 96.92 (94.79, 99.05) 100.00

T
100

50
Short-term Survival Rate(%)

Figure 4. Comparison of estimated survival rates of autotransplanted teeth in patients 18 years or younger compared to patients over 18 years
old, in the (A) short-term, (B) medium-term, and (C) long-term. Cl, confidence interval; ES, effect size. (Continued on the next page)

[63] and apical surgery [64]. Hence, with careful case
selection and adherence to evidence-based practices,
autotransplantation should be considered as a viable
and predictable treatment option. It is important to note
that survival rates express the functional retention of
teeth, but do not reveal information about specific clini-
cal outcomes, such as the continuation of root develop-
ment, revascularization, presence or absence of resorp-
tive defects, and other pathologies [6,8]. Nevertheless,
functional retention is a key component of the patients’
experience [65,66]. Criteria for ‘success, i.e., the sup-
posed lack of biological complications, do not only vary
widely across different studies [22], but may also be too
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strict to judge the outcome from a patient’s perspective
[27]. Hence, survival analysis remains a meaningful
clinical determinant of treatment effectiveness [67].
Whilst the characteristics of the individual studies
differed across a variety of dimensions, such as tooth
type, observation periods, surgical techniques, and age
(Table 2), it was noted that the majority of studies were
observational in nature, therefore exhibited a moderate
to serious risk of bias due to the effect of uncontrolled
confounders. The authors acknowledge that this limits
the generalizability and reliability of the findings of this
review, a shortcoming of the study. However, recent ef-
forts to standardize surgical protocols [60,62] and core
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Outcome of autotransplantation: systematic review and meta-analysis

B/

%

Study ES (95% Cl) Weight
Over 18 years
Arikan (2008) ——— 93.75(79.19, 99.23) 11.66
Kokai (2015) —e 93.00 (86.11, 97.14) 16.28
Strbac (2017) —— 89.39(79.36, 95.63) 12.88
Xia (2025) - 91.07 (85.70, 94.92) 17.25
Yan (2010) ——— 93.94(79.77, 99.26) 11.96
Yang (2019) — 78.05 (67.54, 86.44) 10.98
Yoshino (2012) - 83.39 (80.20, 86.25) 19.00
Subtotal (12 =74.8%, p = 0.00 <> 88.94 (84.62, 93.25) 100.00
18 years or younger
Decarvalho (2014) —_— 81.82 (64.54, 93.02) 4.59
Denys (2023) — 86.76 (79.89, 91.96) 24.53
Ezeldeen (2019) ——  88.00(79.98, 93.64) 19.61
Kvint (2010) - 88.37 (83.31, 92.33) 43.33
Vilhjalmsson (2011) —— 87.80(73.80, 95.92) 7.93
Subtotal (1*2=0.0%, p =0.92) <> 87.56 (84.74, 90.38) 100.00

I T

0 50 100
Middle-term Survival Rate (%)
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Study ES (95% Cl) Weight
Over 18 years
Boschini (2020) ——— 095.00(75.13, 99.87) 24.61
Grisar (2019) —_— 67.86 (56.78, 77.64) 24.27
Yang (2019) —_— 74.39 (63.56, 83.40) 24.69
Yu (2017) —<— 90.77 (80.98, 96.54) 26.42
Subtotal (12 = 86.8%, p = 0.00) <> 82.20 (69.97, 94.44) 100.00
18 years or younger
Akhelf (2024) — 75.82 (68.24, 82.37) 12.97
Barcellos (2020) —& 97.67 (87.71, 99.94) 14.12
Barendregt (2023) 4 99.33 (98.81, 99.67) 15.18
Czochrowska (2002) ——— 90.91(75.67, 98.08) 11.19
Jonsson (2024) ——  84.21(72.13,9252) 11.40
Mertens (2016) —= 96.00 (79.65, 99.90) 12.46
Vanwesterveld (2009) — 83.78 (73.39, 91.33) 12.04
Watanabe (2010) ———  86.84(71.91, 95.59) 10.63
Subtotal (1*2=91.0%, p = 0.00) <> 89.77 (83.37, 96.17) 100.00

T T
0 50 100
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Figure 4. Continued.
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Figure 5. Comparison of estimated survival rates of autotransplanted teeth with completed root development compared incomplete root de-
velopment, in the (A) short-term, (B) medium-term, and (C) long-term. Cl, confidence interval; ES, effect size. (Continued on the next page)

outcome sets [68] may improve the consistency and
quality of future research.

Despite the application of select inclusion and exclu-
sion criteria, high levels of heterogeneity were observed
amongst studies, especially regarding the tooth type,
age, root development status, and the surgical tech-
nique [7,9,30]. There appeared to be a large variability
in the reported parameters [3,12], with most studies
primarily focused on reporting the outcomes, with
secondary evaluation of selected variables [6,23,26,31].
This heterogeneity complicates meta-analyses, risking
potentially unreliable and unrepresentative results.
Furthermore, stratifying the period of observation into
short-, medium-, and long-term for this review further
limited the number of studies within each subgroup.
Subgroup analysis and meta-regression were attempted
to account for the heterogeneity present and investi-
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gate potential influencing factors. However, a compre-
hensive analysis of all confounding variables was not
feasible, which is a recognized limitation of this study.
That said, after evaluating the available data, this review
was able to analyze the effect of two key factors: root
development and age [2,6,12,42]. Although most stud-
ies included in our analysis did not report within-study
survival rate data stratified by age groups or root devel-
opment types, precluding a meta-analysis of effect sizes
(e.g., odds ratios or hazard ratios) for these subgroups,
the approach of comparing groups across studies via
subgroup analysis and meta-regression nevertheless
allowed for the investigation of the influence of age and
root development using the available study-level co-
variates. However, this approach may result in reduced
precision compared to within-study comparisons due to
potential ecological bias, which is a limitation of our re-
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Figure 5. Continued.
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Figure 6. Proportion of autotransplanted teeth extracted (n = 259) for various reasons.

view. Future studies should consider reporting stratified
survival data to enable more robust subgroup analyses.
The extent of root development has been suggested
to affect autotransplantation outcomes for several rea-
sons. Shorter root-forms allow for easier manipulation
during surgery [1], and with the presence of the Hertwig
epithelial root sheath, immature teeth have greater
potential for continued root growth and regeneration
of periodontal support [69]. Several studies found that
teeth with incomplete root development were less likely
to be extracted or experience complications compared
to their fully developed counterparts [3,30]. A previous
review concluded that the stage of root development
significantly influenced the outcome of autotransplant-
ed teeth, but the authors cautioned the interpretation of
the results due to substantial inconsistencies amongst
the pooled data [12]. Hence, to facilitate subgroup anal-
ysis and minimize heterogeneity, root development was
dichotomized into ‘incomplete’ and ‘completed’ and
was analyzed according to each observation time frame.
The results of the present study indicated that root de-
velopment was not associated with survival of the au-
totransplanted teeth (p > 0.05). Nevertheless, biological
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considerations may still steer clinicians towards using
immature teeth for autotransplantation, if available.

Patient age may have an impact on the survival of
autotransplanted teeth, as studies suggest younger
patients experience fewer biological complications
[7,38,48]. Younger individuals exhibit higher regenera-
tive potential [2,48] and more favorable bone mineral
density for extractions [7]. However, some studies have
found that age did not influence the outcome [9,57].
The results of this review suggested that patients aged
18 years or younger seemed to experience slightly better
outcomes compared to older individuals, although the
association was not statistically significant (p > 0.05). An
ideal age for autotransplantation has not been identified
per se, but autotransplantation should be considered as
an effective treatment option for younger patients, es-
pecially given the limitations of prosthodontic replace-
ment options in these age groups [9,60].

Although our study was unable to investigate the
influence of donor tooth type on survival rates in sub-
group analysis, given the heterogeneity of the data, mul-
tirooted donor teeth and mandibular appeared to be
associated with poorer outcomes, which was attributed
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to difficulties during extraction and more challenging
endodontic treatment [5,7,30]. Although not necessarily
a major prognostic factor, careful case selection focusing
on ease of extraction and appropriate tooth dimensions
can provide a more favorable environment to promote
healing [1,8,38].

Regarding the reasons for loss of autotransplanted
teeth, about half of the teeth were extracted due to vari-
ous forms of resorption, the most common being EIRR,
followed by ERRR. Bacterial ingress into the root canal
system, coupled with root surface damage, is respon-
sible for the onset of EIRR [70,71]. Although limited
evidence suggests that systemic antibiotics may have
a protective effect against EIRR [9], current guidelines
emphasize that antibiotics should be prescribed only to
medically compromised patients [62,72,73]. Therefore,
maintaining an aseptic field, reducing surgical trauma,
and timely root canal treatment may improve survival
outcomes [1,26,34].

Unlike EIRR, which tends to manifest as an early
complication [3], the physiological processes leading to
ERRR are more gradual, especially in older individuals
with lower cell turnover rates [74]. Hence, the affected
teeth can be functionally retained for many years [75].
However, particularly in children undergoing rapid de-
velopmental changes, ERRR can quickly lead to stunted
dentoalveolar growth and tooth loss [4,74]. Ultimately,
ERRR is still fundamentally a pathological process and
should therefore be mitigated whenever possible. Pres-
ervation of viable PDL is universally considered a major
protective factor [76]. Extra-oral time within 15 minutes
[8,9], digitally assisted techniques, use of three-dimen-
sional printed replicas [21,31,60], and appropriate func-
tional loading have been suggested to be beneficial for
the regeneration of periodontal tissues and for reducing
the risk of ERRR [3,6].

Periodontal attachment loss was the next most signif-
icant reason for extraction. Untreated periodontal dis-
ease is a well-established risk factor for tooth loss [77,78],
and this is no different for autotransplanted teeth. Defi-
cient recipient bone level and poor initial stability were
associated with periodontal defects and poorer healing
outcomes [8,9]. Endodontic and restorative-related
conditions, such as periapical infections, root fractures,
and unrestorable caries, accounted for around 10% of
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teeth lost. Lapses in surgical technique and post-sur-
gical complications played an equal, yet minor role in
survival outcomes. Therefore, as resorption appears to
be the most significant reason for the extraction of the
autotransplanted tooth, followed by periodontal attach-
ment loss, future research could prioritize strategies to
reduce the likelihood of root resorption and encourage
periodontal healing.

A comprehensive understanding of clinical outcomes
is incomplete without the evaluation of PROMs [66,68].
The present review found only eight of the 46 studies
assessed PROMs [10,21,22,40,43,45,49]. The studies
utilized a variety of custom instruments, making cross-
study comparisons challenging. To circumvent this,
studies could choose to implement previously validated
and widely used instruments to improve the compara-
bility between studies, particularly regarding the impact
of different treatment options on patients’ well-being
[59,67,79,80]. Nevertheless, there were high levels of
satisfaction reported in all eight studies. Several studies
reported that minimal discomfort was experienced by
patients during and after the surgery [10,21,43]. One
study reported that although achieving optimal aes-
thetic outcomes could be highly technique-sensitive,
patients were still largely satisfied with their appearance
[22]. Overall, patients were satisfied with the function of
the autotransplanted tooth, with minor inconveniences,
such as food trapping [21,40,43]. A recent review has
echoed the significant evidence gap concerning PROMs
in autotransplantation treatments, underscoring the
need to standardize future clinical research by incorpo-
rating appropriate and validated instruments [80].

CONCLUSIONS

The survival rates of autotransplanted teeth are 96%,
88%, and 84% in the short-, medium-, and long-term,
respectively. The longevity of autotransplanted teeth de-
creases with longer periods of observation. The proce-
dure seemed equally successful for teeth with different
stages of root development and age groups. However,
the heterogeneity amongst studies limits the generaliz-
ability and reliability of these findings. Patients are gen-
erally satisfied with the outcome and the functionality
of their transplanted teeth. The most common reason
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for extraction was root resorption. Curating strategies to
reduce the risk of resorption, such as ensuring minimal
damage to the PDL, atraumatic extraction, and exclud-
ing any pulpal contaminants, could optimize outcomes
and improve the survival of autotransplanted teeth.
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ABSTRACT

Objectives: This study evaluated the biocompatibility of a new xenogeneic resorbable membrane derived from porcine
esophagus membrane (Quirumatrix, Cells Tech Co.) and compared it with a porcine pericardium membrane (Straumann
Jason, Straumann Holding AG.) traditionally used for guided tissue regeneration. The parameters investigated were the vi-
ability, migration, and adhesion of SaOS-2 osteoblast-like cells derived from osteosarcoma on both membranes.

Methods: The cells were cultured in 100 mm plates in RPMI 1640 medium (40 mL), supplemented. They were incubated
at 37°C in a humidified atmosphere with 95% air and 5% to 10% CO,. Cell morphology and adhesion were evaluated using
phase contrast optical microscopy and scanning electron microscope. Cell viability and proliferation were evaluated using
a fluorometric resazurin reduction assay, with fluorescence intensity measured at 48, 72, and 96 hours. Cell migration was
evaluated using staining with Alexa Fluor 555 Phalloidin (Cell Signaling Technology) and DAPI, with a reference line. Cell
migration was analyzed by measuring displacement within the delineated area using an Axio Imager M2 fluorescence mi-
croscope (Carl Zeiss). Each membrane was photographed. The statistical analysis was performed using GraphPad Prism
ver. 10.2.3 (GraphPad Software). A p-value <0.05 was considered significant between experimental groups.

Results: Both membranes were shown to be biocompatible. The porcine pericardium membrane showed greater cell ad-
hesion and proliferation compared to the porcine esophagus membrane. Cell migration was significantly greater in the Ja-
son membrane.

Conclusions: The results revealed that both evaluated membranes are biocompatible and non-cytotoxic; further research
is needed to understand their long-term behavior, interactions with other types of cells, and performance in specific thera-
peutic situations.
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Biocompatibility of a novel xenogeneic resorbable membrane

INTRODUCTION

Endodontic surgery is indicated for teeth present-
ing with persistent apical periodontitis (AP) in which
non-surgical root canal treatment has failed or is not
feasible [1]. The initiation and progression of AP result
from a dynamic interplay between persistent antigenic
stimuli—primarily toxins and bacterial by-products
originating from an infected root canal system—and the
host immune response [2]. Consequently, the principal
objective of endodontic surgery is to eliminate or effec-
tively isolate the source of infection, thereby creating
biological conditions conducive to periapical tissue
healing [1,2].

Histological outcomes of periapical healing following
successful endodontic surgery may be categorized as
repair or regeneration, depending on lesion character-
istics, the availability of resident stem/progenitor cells
and growth factors, and the local microenvironmental
cues at the surgical site [1,3]. Regeneration entails the
reconstitution of periapical tissues—namely bone,
periodontal ligament, and root cementum—thereby re-
storing native architecture and function, whereas repair
represents a non-specific healing response character-
ized by fibrosis and scar formation. Healing by repair
frequently fails to restore full tissue function and may re-
sult in residual structural irregularities at the injury site
[1,3]. Although regeneration constitutes the preferred
surgical outcome, its attainment remains challenging,
as it is critically dependent on the cellular, molecular,
and behavioral properties of periapical tissues through-
out the healing cascade [4,5].

Periapical sites—particularly large endodontic le-
sions—managed by conventional endodontic surgery
are frequently repopulated by fibrous connective tissue,
a histological correlate of incomplete periapical heal-
ing [5]. The ingrowth of non-osteogenic tissues into the
post-surgical osseous defect, together with epithelial
down-growth along the root surface, may bias heal-
ing towards repair rather than true regeneration [4,5].
Accordingly, if colonization of the defect by gingival
connective tissue or oral epithelium can be sufficiently
delayed to permit the establishment of cells with regen-
erative capacity—most notably periodontal ligament-
and bone-derived cells, epithelial migration may be
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restrained, and regenerative healing facilitated [4-6].

Currently, there is growing interest in the applica-
tion of guided tissue regeneration (GTR) strategies as
adjuncts to endodontic surgery, incorporating bone
grafts and barrier membranes to modulate the local
microenvironment in favor of tissue and bone regener-
ation within periapical defects [1,7]. Notably, a recent
systematic review and meta-analysis demonstrated that
regenerative protocols employing collagen membranes
in combination with bovine-derived hydroxyapatite sig-
nificantly enhance periapical lesion healing following
endodontic surgery [1].

Barrier membranes are designed to inhibit the api-
cal migration of epithelial cells into the surgical defect.
An ideal membrane should combine ease of handling
with bioabsorbability and biofunctionality [1,8]. Nev-
ertheless, currently available resorbable membranes
often fail to achieve complete periapical tissue regen-
eration, largely due to inflammatory responses arising
from insufficient microenvironmental isolation [8].
Consequently, the use of high-biocompatibility barrier
membranes is critical for optimizing GTR outcomes and
overcoming these limitations [8]. In addition, barrier
membranes should support cell adhesion and progeni-
tor cell migration [9]. Osteoblastic progenitor cells must
adhere to an appropriate substrate before initiating
the wound-healing cascade, including proliferation,
differentiation, and subsequent tissue maturation. This
attachment process proceeds through four sequential
stages: (i) adsorption of glycoproteins onto the substrate
surface, (ii) initial cell contact, (iii) stable attachment,
and (iv) cell spreading, after which cellular replication is
initiated [9]. Despite this, the influence of barrier mem-
brane composition on osteoblastic attachment and be-
havior remains incompletely understood.

In light of the foregoing, the present in vitro study
was designed to investigate the biocompatibility of two
commercially available xenogeneic resorbable barrier
membranes—Straumann Jason (Straumann Holding
AG., Basel, Switzerland) and Quirumatrix (Cells Tech
Co., Medellin, Colombia)—derived from native collagen
and extracellular matrix (ECM), respectively. Specifical-
ly, the study sought to provide a comparative biological
appraisal by evaluating: (i) the ability of osteoblast-like
Sa0S-2 cells to adhere to each membrane, (ii) cell vi-
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ability and proliferative capacity following membrane
contact, and (iii) the migratory behavior of SaOS-2 cells
across the membrane surfaces.

METHODS

Membranes examined

Two commercially available GTR membranes were
evaluated: Quirumatrix (an ECM-derived membrane
obtained from decellularized porcine esophagus) and
Straumann Jason (a native porcine collagen pericardi-
um-derived membrane) (Figure 1).

Cell culture on barrier membranes

Osteosarcoma-derived Osteoblast-like cells, SaOS-2
(ATCC HTB-85) were purchased from American Type
Culture Collection- ATCC Inc. (Manassas, VA, USA).
Cells were cultivated in 100-mm culture dishes, ingrown
in RPMI 1640 (40 mL) medium (Sigma-Aldrich R4130;

#4808 S56B8mnm BB868 CEMMI

X488 SB88mm B888 CEMMI

Sigma-Aldrich, St. Louis, MO, USA) supplemented
with fetal bovine serum (FBS; GE Healthcare Life Sci-
ences, cat. #SH30088.03) and 1% penicillin-streptomy-
cin-amphotericin B (HyClone, Logan, UT, USA; Ref.
#SV30079.01). Cells were incubated at 37°C in a humidi-
fied atmosphere of 95% air, and 5%-10% CO,. The medi-
um was changed every 2 days.

First, we followed a standardization protocol to pro-
vide optimal conditions for cell attachment and viability
assays for both barrier membranes. Initially, the hydra-
tion of the membranes was evaluated with DMEM/F12
(Biowest, Nuaillé, France; Ref. #1.0090-500) medium,
supplemented with different concentrations (10%, 20%)
of FBS (GE Healthcare Life Sciences, cat. #SH30088.03)
or 100% FBS, before cells were seeded. Better attach-
ment and cell viability were observed on membranes
with 100% FBS hydration for 48 hours prior to cell seed-
ing (see cell attachment and viability below).

Once the most appropriate method of hydrating the

158 188k BE88 CEMMI

Figure 1. Surface morphology (structure and mesh) scanning electron micrographs of the examined bioabsorbable membranes. (A, B) Jason
(Straumann Holding AG., Basel, Switzerland) and (C, D) Quirumatrix (Cells Tech Co., Medellin, Colombia). Magnification bar, 100 pm.
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membranes was standardized to allow the maximum
percentage of viability and cell attachment, membranes
were cut into discs 5 x 3 mm in area, placed into 12-
well culture plates with a polyvinyl chloride surgical
tape (Micropore; 3M, St. Paul, MN, USA) and hydrat-
ed with 100% FBS (GE Healthcare Life Sciences, cat.
#SH30088.03) for 48 hours before cell seeding. Sa0S-
2 cultured in 100-mm culture dishes were trypsinized
(0.25% trypsin, SV30037.01, GE Healthcare Life Scienc-
es), and 40,000 cells (in 1 mL of fresh medium) per well
were seeded in triplicate onto the 12-well culture plates
with or without membranes (control group/cells) (Fig-
ure 2).

Visualization of cell attachment and morphological
changes

Morphological/phenotypic changes were monitored
daily up to 5 days after cell seeding, using phase con-
trast-light microscopy (Zeiss Axio Imager M2 inverted
microscope; Carl Zeiss, Jena, Germany) and compared
to control cells (cells seeded directly into each well with-
out a membrane).

Upon completion of a 5-day seeding period, barrier
membranes (Jason and Quirumatrix) were prepared
for examination under a scanning electron microscope
(SEM) to evaluate cell morphology and attachment.
Cells were fixed with 2.5% glutaraldehyde (Sigma-Al-

Control Jason Quirumatrix
1 2 3 4
7 Bee\ A\
A ) ) )
\ AL 7 U
/// N //r';’&;/ \\\ V/ \\\\ / : \‘
B | ) (&8 ) ) |
\\ ~ N 2N Y S /
= /. ,:.,,: :\ 7/ - N\
c ) () ) )
\ 7 \'S8 /) \ 7 '\ 7

Figure 2. Both membranes (discs 5 X 3 mm in area) were prepared
for cell culture. Sa0S-2 cells (40,000 cells/mL) were seeded in trip-
licate into a new 12-well plate containing 1 mL of fresh medium
per well. (A) Control group. B) Jason (Straumann Holding AG., Basel,
Switzerland). (C) Quirumatrix (Cells Tech Co., Medellin, Colombia).
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drich) for 2 hours, then rinsed three times with phos-
phate-buffered saline (PBS, Ref. #158127; Sigma-Al-
drich). Secondary fixation was carried out using 1%
osmium tetroxide. Thereafter, the samples were dehy-
drated for 30 minutes using a graded series of ethanol
(50%, 70%, 90%, and 100%) for 20 minutes each. The
samples were subsequently sputtered (gold/palladium
sputter-coated) and analyzed with Vega-TEScan (Tescan
USA Inc., Warrendale, PA, USA) at an accelerating volt-
age of 20 kV.

Representative SEM images were randomly selected
from multiple fields of view, prioritizing those that dis-
played the most common cell morphologies and attach-
ment patterns for each membrane type. Images with
artefacts or atypical features were excluded to ensure
accurate representation of the experimental findings.

Fluorometric resazurin reduction assay for cell viability
The viability and proliferation of SaOS-2 cells were
assessed by fluorometric resazurin reduction assay.
Briefly, Resazurin (7-hydroxy-3H-phenoxazin-3-one
10-oxide) is a non-fluorescent molecule that may infil-
trate cells, be reduced to highly fluorescent resorufin in
the intracellular space and detect changes in oxidation
state using fluorometric techniques. This test allowed us
to make conclusions on metabolic activity (mitochon-
drial activity), as the reducing environment can only be
sustained with an active intermediate metabolism.

Cells seeded in multiwell plates were spiked with 4.4
pg/well of resazurin solution and incubated at 37°C for
four hours. Thereafter, the fluorescence intensity was
measured at 48, 72, and 96 hours, using a Tecan Infinite
M2000 Pro reader (Tecan, Midnnedorf, Switzerland) at
535-595 nm wavelengths [10]. Each membrane was re-
moved from the culture well to assess the fluorescence
produced by cells adherent to the well versus those
adherent to the membrane individually. After each flu-
orescence reading, each membrane was returned to its
corresponding well until a new fluorescence reading
was recorded. To evaluate whether the fluorescence
measurement obtained by reduced resazurin was
proportional to the number of live cells present, a cor-
relation between the quantity of resorufin produced by
known concentrations of SaOS-2 cells was established.
Cells were serially diluted (80,000, 40,000, 20,000, and
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10,000). The fluorescence measurements showed that
resorufin production was proportional to the number
of viable cells. The linear regression analysis indicated
a high correlation coefficient (R* = 0.993) within the
10,000-80,000 cell range (Figure 3).

Cell migration

The migration assay was performed as previously re-
ported by Takata et al. [11]. Membranes were prepared
and placed into 12-well culture plates as previously
described. The membranes were hydrated with 100%
FBS (GE Healthcare Life Sciences, Cat #SH30088.03)
for 48 hours. Membranes were then washed with PBS
(Sigma-Aldrich, Ref. #P4417). Half of each membrane

6,000
y=0.004x +743.6

5,000 R*=0.9935 L

4000 e :

3,000 B

RFU

2,000 -

1,000
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Number of cells

Figure 3. Calibration curve that shows the relationship between the
number of Sa0S-2 cells and resorufin synthesis via resazurin reduc-
tion. RFU, relative fluorescence unit.

was covered with sterile surgical tape (Micropore) (Fig-
ure 4A, B). A total of 40,000 osteoblast-like SaOS-2 cells
were seeded on the non-covered half and allowed to at-
tach for 24 hours. Thereafter, the wells were rinsed with
PBS (Sigma-Aldrich, Ref. #P4417) and the surgical tape
was removed to allow cell migration (for 3 days). The
boundary between the covered and uncovered areas of
barrier membranes was marked as a reference line for
cell migration. Three days later, the membranes were
fixed with 4% paraformaldehyde (Sigma-Aldrich, Ref.
#158127) and stained with Alexa Fluor 555 Phalloidin
(Cell Signaling Technology #8953) and 4',6-diamidi-
no-2-phenylindole (DAPI; Cell Signaling Technology).
Phalloidin fluorescently stains the cell cytoskeleton
through the binding of phalloidin to F-actin. DAPI
allows the visualization of nuclear DNA in fixed cells.
Having the reference line, cell migration was analyzed
by measuring cell displacement through the delimited
area. The number of cells was counted under an Axio
Imager M2 fluorescence microscope. Each membrane
was photographed with an AxioCam HR camera (Carl
Zeiss). The visual field for cell counting was selected
randomly (Figure 5).

Statistical analysis

All experiments were performed at least three times
independently, with each condition analyzed in tripli-
cate within each experiment, resulting in a total of nine
independent measurements per condition (n = 9). Data

Figure 4. Sa0S-2 cell migration assay on Jason (Straumann Holding AG., Basel, Switzerland) and Quirumatrix (Cells Tech Co., Medellin, Colom-
bia) membranes. The membranes (arrow) were placed in 12-well plates with surgical tape (arrowhead), hydrated for 48 hours with 100% fetal
bovine serum, and then washed with phosphate-buffered saline. Half of each membrane was covered with sterile surgical tape. 40,000 osteo-
blast-like Sa0S-2 cells were seeded on the non-covered side and allowed to adhere for 24 hours before the surgical tape was removed, thus
allowing cell migration. (A) A photomicrograph of the Jason membrane and surgical tape fixing under a microscope. (B) A photograph of the
culture well, showing the membrane with a section covered in surgical tape.
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Figure 5. Staining of Sa0S-2 cells with Alexa Fluor 555 Phalloidin (Cell Signaling Technology, Danvers, MA, USA) and 4',6-diamidino-2-phenylin-
dole (DAPI) on barrier membranes to evaluate cell migration. Staining was performed on nine membranes of each type, and cell counts were
collected from 10 pictures of each membrane at 20x magnification. Magnification bar 50 pm. Jason: Straumann Holding AG., Basel, Switzer-

land; Quirumatrix: Cells Tech Co., Medellin, Colombia.

are presented as mean + standard deviation. Prior to
statistical comparison, data distributions were assessed
for normality using the Shapiro-Wilk test and for homo-
geneity of variances using the Levene test. For datasets
fulfilling parametric assumptions, comparisons be-
tween two experimental groups were performed using
the Student #-test, whereas comparisons involving more
than two groups were analyzed using one-way analysis
of variance. When the data did not meet the assump-
tions of normality and/or homoscedasticity, the non-
parametric Mann-Whitney U test was used for pairwise
comparisons. A p-value <0.05 was considered statisti-
cally significant. All statistical analyses were conducted
using GraphPad Prism (ver. 10.2.3; GraphPad Software,
San Diego, CA, USA).
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RESULTS

Visualization of cell attachment and morphological
changes
Phase contrast-light microscopy did not provide any
evidence of any influence from membrane hazardous
residues or the glue from the double-sided adhesive
tape throughout the first 5 days of the experiment after
cell seeding. There was no interference with the prolif-
eration of cells on the culture plates next to the barrier
membranes and tape. There was no evidence of cell
detachment or death. SEM examination after 5 days of
cell seeding revealed a smaller number of cells attached
to Quirumatrix membranes compared to cells on Jason
membranes.

Under SEM examination, cells attached to the Jason

https://doi.org/10.5395/rde.2026.51.e20



Biocompatibility of a novel xenogeneic resorbable membrane

membrane were elongated and star-shaped, whereas
cells attached to the Quirumatrix membrane were more
triangular. Furthermore, cells on Jason membranes were
observed to emit protrusions from the cell membrane
known as “Blebs” (Figures 6-8).

Cell proliferation
Values from the previously provided calibration curves
(Figure 3) were used to calculate the number of cells
for each fluorescence measurement: membrane, well,
and total number of cells (well + membrane) at different
times (48, 72, and 96 hours) (Figure 9A-C).

As shown in Figure 9A, the number of cells on the
Jason membrane is significantly higher than that on the

Quirumatrix membrane after 72 and 96 hours of seed-

Figure 6. Scanning electron micrographs of Sa0S-2 osteoblast-like
cells attached to the surface of the Jason membrane (Straumann
Holding AG., Basel, Switzerland). The cells have an expanded mor-
phology, with many cytoplasmic extensions interacting directly with
the membrane’s collagen fibers.

https://doi.org/10.5395/rde.2026.51.e20

ing. Figure 9B indicates that the number of cells in the
wells of the culture plate with the Jason membrane and
the Quirumatrix is lower than in the wells without the
membrane (control). The differences were significant (p
<0.05) at 96 hours following seeding.

At 96 hours, when the number of cells identified on
the membranes was added up with the number of cells
adhered to the corresponding well, it was shown that
both Jason and Quirumatrix membranes had consid-
erably more total cells than the control group (p < 0.05)
(Figure 9C).

Cell migration

After 3 days of culture, SaOS-2 cells adhered to the
bottom of the culture plate and to the membranes; cell
migration through the membranes was observed to
different degrees (cell photographs) (Figure 9A-C). In
the Jason membranes, more cells were observed in the
migration zone than in the Quirumatrix membranes;
this difference was statistically significant (p < 0.05). The
seeding zone showed no significant differences between
the two membranes (Figure 10).

DISCUSSION

This in vitro study evaluated the biocompatibility of two
xenogeneic porcine-derived barrier membranes—a
novel ECM-derived membrane obtained from decellu-
larized porcine esophagus (Quirumatrix) and a native
porcine pericardium collagen membrane (Straumann
Jason)—Dby analyzing osteoblast-like SaOS-2 cell attach-
ment, proliferation, migratory, and viability, behavior
[1,9,11,12]. The selection of SaOS-2 osteoblast-like cells
as the experimental model warrants consideration.
While primary periodontal ligament cells or bone
marrow-derived mesenchymal stem cells would more
closely recapitulate the physiological regenerative en-
vironment, SaOS-2 cells offer distinct advantages for
preliminary biocompatibility screening [13,14]. This cell
line is well-characterized, exhibits key osteoblastic fea-
tures including alkaline phosphatase activity and min-
eralization capacity, and has been extensively validated
for evaluating cell-material interactions in biomaterial
research [15]. Importantly, the use of a standardized cell
line ensures reproducibility and eliminates donor-re-
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Figure 7. Scanning electron micrographs of Sa0S-2 osteoblast-like cells attaching to the surface of the Jason membrane (Straumann Holding
AG., Basel, Switzerland), exhibiting visible bleb development on their plasma membrane. The cells have an expanded morphology, with many
cytoplasmic extensions and plainly visible blebs, indicating active cell-material interaction.

Figure 8. Scanning electron micrographs of Sa0S-2 osteoblast-like cells attaching to the surface of the Quirumatrix membrane (Cells Tech Co.,
Medellin, Colombia). Compared with cells on the Jason membrane (Straumann Holding AG., Basel, Switzerland), the Quirumatrix cells have a
more triangular morphology, defined borders, and fewer cytoplasmic extensions. The membrane has a decreased cell density, indicating less
proliferation under these conditions.

lated variability inherent to primary cultures, enabling
rigorous comparative assessment under controlled
conditions [15]. Nevertheless, it must be acknowledged
that Sa0S-2 cells exhibit altered proliferative kinetics
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compared to primary osteoblasts and do not fully rep-
licate the cellular heterogeneity or complex signaling
networks present during in vivo tissue regeneration [16].
Therefore, while these findings provide valuable prelim-
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Figure 10. Number of cells/mm” counted in the seeding zone and in
the cell migration zone of the Jason (Straumann Holding AG., Basel,
Switzerland) and Quirumatrix (Cells Tech Co., Medellin, Colombia)
membranes after 3 days of culture (*p < 0.05). Data are expressed as
averages + standard deviation (n = 30).

inary evidence of membrane biocompatibility, future
studies incorporating primary cells and in vivo models
are essential to validate the clinical applicability of these
membranes, as discussed in the Study Limitations sec-
tion.

GTR has been advocated as an adjunct to endodontic
surgical procedures to promote complete periapical

https://doi.org/10.5395/rde.2026.51.e20

regeneration by preventing connective tissue collapse
within the defect [12]. Barrier membranes are central
to this approach, as their shielding function preserves
the regenerative space while selectively favoring the
repopulation of the defect by periodontal ligament-de-
rived cells and osteogenic precursors [17]. Moreover,
semi-permeable membranes contribute to the regula-
tion of the local microenvironment by modulating the
diffusion of key biomolecules, including pro-angiogenic
growth factors, cytokines, and essential nutrients re-
quired for tissue regeneration [8].

Most barrier membranes used in GTR are manufac-
tured from xenogeneic porcine collagen, predominantly
type I and/or type III. Native collagen derived from por-
cine dermis or pericardium has been shown to provide
effective barrier function and mechanical stability in
regenerative procedures [18]. Beyond its structural role,
collagen exhibits chemotactic properties that support
fibroblast recruitment and the differentiation, prolif-
eration, and migration of specialized cell populations.
Moreover, collagen plays a central role in wound heal-
ing, particularly by facilitating platelet activation and
angiogenesis [19]. Notably, only in the past decade has
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research begun to elucidate the mechanisms governing
membrane-host interactions in GTR. Accumulating
evidence suggests that barrier membranes may actively
contribute to tissue regeneration, as cellular and molec-
ular responses to the membrane surface are intrinsically
linked to regenerative outcomes [18,20]. Accordingly,
membrane biocompatibility has emerged as a critical
determinant of successful tissue regeneration [18].

Decellularized ECM-derived membranes have gained
increasing attention as biologically active scaffolds for
regenerative applications. The ECM constitutes a com-
plex three-dimensional network composed of structural
and signaling macromolecules, including collagen,
elastin, fibronectin, laminin, glycosaminoglycans,
and proteoglycans, which collectively recapitulate key
features of native tissue architecture [21]. Following
decellularization, many of the ECM’s physicochemical
cues and bioactive molecules can be preserved, thereby
providing a biologically instructive three-dimensional
substrate that supports cell adhesion, migration, pro-
liferation, and differentiation [21]. In addition, ECM-
based scaffolds contribute to the maintenance of local
tissue homeostasis, facilitate the ingrowth of stem and
progenitor cells, and promote regenerative processes
through matrix-mediated signaling [21,22]. Accord-
ingly, ECM-derived membranes may offer biologically
relevant cues that mimic native signaling events and
support the regeneration of damaged periodontal and
periapical tissues [21,23].

In this study, a hydration approach was standardized
before conducting the biocompatibility assessment of
the two membranes to achieve optimal attachment, vi-
ability, proliferation, and migration in each membrane.
The membranes were hydrated for 48 hours prior to
cell seeding using 100% FBS (GE Healthcare Life Sci-
ences, cat. #SH30088.03). This protocol was adopted
after preliminary experiments showed that hydration of
Quirumatrix membranes in PBS for 24 hours hindered
initial cell attachment, with the few adherent cells de-
taching and undergoing cell death within 12 hours after
seeding. One possible explanation for this observation
may relate to membrane processing-associated factors
inherent to ECM-derived scaffolds. In this context, the
potential presence of residual traces of sodium dodecyl
sulphate (SDS), an ionic detergent commonly used
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during decellularization procedures, has been proposed
in the literature as a factor that may influence cell-ma-
terial interactions. Decellularization is performed to
minimize adverse host responses, including immune
activation, inflammation, and implant rejection, by
removing cellular remnants from tissue-derived bioma-
terials. However, detergents such as SDS are known to
denature proteins and alter matrix ultrastructure, and
incomplete removal has been associated with cytotoxic
effects in some experimental models [24-26]. Impor-
tantly, residual SDS content was not directly quantified
in the present study; therefore, its potential contribu-
tion should be considered hypothetically rather than
as a confirmed mechanistic explanation. Notably, FBS
has been reported to enhance cell colonization of de-
cellularized tissues [27,28], potentially through protein
adsorption and serum-detergent interactions that may
facilitate the neutralization or removal of detergent
residues [29]. Following optimization of the hydration
protocol using 100% FBS, biocompatibility assays were
subsequently conducted on both membranes.

Results from this study revealed that both membranes
permitted cell attachment, viability, proliferation, and
migration, indicating their potential clinical value. Jason
outperformed Quirumatrix in terms of biocompatibil-
ity. Native collagen in Jason membranes has a robust
fibrillar structure, providing exceptional mechanical
stability. This natural structure not only provides appro-
priate strength at the implantation site but also serves
as an efficient barrier to epithelial cell invasion, which
is necessary for bone and gingival regeneration [30].
This could directly impact its use in patients by enabling
faster, more effective regeneration of bone and gingival
tissues, thereby improving long-term clinical outcomes
[31,32].

Turri et al. [33] demonstrated that ECM-based mem-
branes offer significant advantages for guided bone
regeneration because their composition is rich in struc-
tural proteins, growth factors, and bioactive elements
that facilitate cellular integration and the formation
of new bone tissue. These membranes release growth
factors, including vascular endothelial growth factor
and transforming growth factor beta, which promote
angiogenesis and bone healing. They attract progenitor
cells and stimulate osteoblast differentiation. Its natural

https://doi.org/10.5395/rde.2026.51.20
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structure resembles the human ECM, providing a fa-
vorable environment for cell adhesion and proliferation
while eliciting no substantial immunological response
[33]. The above suggests that Quirumatrix membranes
are a promising alternative for GTR; however, the cur-
rent study’s results must be interpreted with caution,
although only some aspects of biocompatibility were
evaluated. Quirumatrix is an experimental membrane
that requires additional studies with more analysis vari-
ables. The differences in results between the two mem-
branes could be attributed to a variety of factors, the first
of which could be the presence of residual SDS on the
Quirumatrix membranes, as previously noted [26,28,29].
Membranes treated with 100% FBS have been shown
to increase cellular colonization of decellularized tis-
sues by enriching them with adhesion proteins, growth
hormones, and critical nutrients that aid in the early
interaction between cells and the substrate [28]. After
standardizing appropriate hydration regimens with
100% FBS, biocompatibility testing of both membranes
showed that they can be used therapeutically.

Under the parameters of this in vitro study, more
cells attached to Jason membranes than to Quirumatrix
membranes. However, both membranes allowed cell
adhesion, which is required for processes such as cell
proliferation and migration. This supports other studies
suggesting that cells’ capacity to adhere to the substrate
drives cell proliferation and migration [34]. The attach-
ment of cells to substrates involves a four-step sequence:
adsorption of glycoproteins to the substrate surface, cell
contact, attachment, and spreading. In general, cell mi-
gration and proliferation begin only after these events
have occurred. Proper adhesion provides physical an-
chorage, allowing cells to reorganize their cytoskeleton
and extend projections, facilitating their movement to-
ward specific areas of the tissue [35]. This could explain
how cells linked to Jason membranes extend and create
protrusions known as blebs on their cell membranes.
Blebs, which are dynamic protrusions of the plasma
membrane driven by intracellular pressure and cyto-
skeletal remodeling, enable cells to explore their envi-
ronment and make initial contact with collagen fibers
in the ECM. These interactions promote cell adhesion
by activating receptors, such as integrins, which bind to
collagen’s bioactive regions. Furthermore, blebs act as
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temporary anchoring points for cell migration, generat-
ing mechanical forces that propel movement in specific
directions [36].

Bleb formation is favored under conditions with low
substrate adhesion, a dense or poorly degradable ECM,
and high intracellular contractility [37]. Biomaterials
used in GTR are typically designed with porous or mi-
cro-structured architectures that direct cell migration
and proliferation toward the area to be regenerated [38].
However, these structures can represent physically re-
strictive environments where conventional mesenchy-
mal migration is limited. In this scenario, blebbing-me-
diated amoeboid migration allows cells to advance
without relying on strong adhesion or enzymatic matrix
degradation, mechanically adapting to confinement
and promoting efficient colonization of the scaffold [37].
This migration modality not only improves cell distri-
bution within the biomaterial but also enhances cell-
material interactions and promotes localized secretion
of pro-regenerative factors, which are essential for effec-
tive tissue repair.

No bleb development was observed in cells adhering
to Quirumatrix, unlike on the Jason membrane. This
could be due to structural and physical-chemical vari-
ations between the two membranes. Jason membranes
retain their natural honeycomb-shaped collagen type
IIT structure, characterized by high porosity and mul-
tilayered organization. Its porous surface can provide
bioactive areas and sufficient mechanical pressure to
induce bleb formation, which is required for cell adhe-
sion and migration. On the other hand, the Quirumatrix
membrane, while rich in collagen, has a less porous
structure, which may limit cell-material interaction and,
as a result, bleb formation. These differences highlight
the importance of the material’'s physical and chemical
properties in the cellular response, implying that the Ja-
son membrane may provide a more favorable environ-
ment for key cellular processes in GTR [38].

It should be noted that, while bleb formation was
observed on cells adhering to Jason membranes, the
presence of blebs alone does not provide definitive ev-
idence of the cell migration mode. SEM images reveal
cell morphology but cannot confirm whether cells are
employing amoeboid-like migration or other motility
mechanisms. Functional assays, such as live-cell imag-
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ing or migration inhibition studies, would be required
to determine the actual migration behavior in response
to substrate properties. Therefore, the observations
presented here should be interpreted as indicative of
potential cellular adaptations rather than as conclusive
evidence of a specific migration mode.

The decreased number of cells attached to Quiru-
matrix membranes may also explain the slower pace of
cell migration and proliferation compared to the Jason
membranes. However, when cell viability was assessed,
the total number of cells observed in the membranes
and wells was significantly higher in both Jason and
Quirumatrix than in the control group, indicating that
both membranes significantly stimulated the prolif-
eration of Sa0S-2 preosteoblastic cells. Takata et al.
[35] found that changes in collagen fibril cross-linking,
surface roughness, and collagen molecule structure
could explain the varying effects on cell adhesion and
proliferation. These findings support our SEM observa-
tions, which revealed differences in porosity and surface
roughness among collagen membranes.

Several limitations of the present in vitro investiga-
tion should be acknowledged. The biological responses
reported herein were derived from the osteoblast-like
Sa0S-2 cell line, which originates from osteosarcoma
and therefore exhibits adhesion, proliferation, and
migratory characteristics that may differ from those
of primary human osteoblasts, periodontal ligament
stem cells, or other progenitor cell populations directly
involved in physiological bone and periodontal regen-
eration. Consequently, the observed cellular behaviors
should be interpreted as indicative of relative biocom-
patibility and cell-material interaction rather than as
a direct surrogate for clinical bone regeneration out-
comes. In addition, the simplified in vitro experimental
environment does not fully recapitulate the complex
cellular, molecular, and immunological interactions
that occur in vivo, including inflammatory signaling,
vascularization, and multicellular crosstalk. It should be
clarified that the terms “biocompatible” and “non-cy-
totoxic” refer specifically to in vitro experimental con-
ditions. While these findings indicate that the material
does not adversely affect cell viability under controlled
laboratory settings, they do not necessarily predict the
in vivo biological response, which may be influenced by

12/14

complex factors such as immune reactions, tissue inte-
gration, and long-term material degradation. Therefore,
in vitro assessments provide initial indications of safety,
but further in vivo studies are required to fully estab-
lish the material’s biocompatibility. These limitations
underscore the need for complementary studies using
primary cells and in vivo models to further validate the
translational relevance of the present findings.

CONCLUSIONS

Within the constraints of this in vitro experimental mod-
el, both xenogeneic resorbable membranes exhibited
adequate biocompatibility, supporting osteoblast-like
cell survival, attachment, and migration. However, clear
material-dependent differences in cellular behavior
were observed. The Straumann Jason native porcine
pericardium collagen membrane demonstrated supe-
rior capacity to promote osteoblast-like cell adhesion,
proliferation, and directional migration, suggesting a
more permissive microenvironment for early osteogen-
ic events.

These findings highlight that membrane performance
in GTR extends beyond passive barrier function and
is critically influenced by the molecular and structural
properties of the biomaterial. Features such as collagen
organization, surface topography, and biochemical
composition appear to modulate cell-material interac-
tions at the level of cytoskeletal organization, adhesion
dynamics, and migratory mechanisms, which are essen-
tial determinants of regenerative competence.

Collectively, the results support the concept that bar-
rier membranes actively participate in the regulation
of cellular behavior during the early phases of tissue
regeneration. While the Quirumatrix ECM-derived
membrane represents a biologically promising strategy,
its regenerative performance appears to be highly sen-
sitive to processing-related factors that may influence
matrix integrity and cell-substrate signaling. Further
mechanistic and translational studies are therefore re-
quired to elucidate how material-driven molecular cues
modulate host cell responses and to define their clinical
relevance in regenerative endodontic and periodontal
applications.
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Fracture resistance of regenerated immature teeth in different
simulated stages of root development: an in vitro cyclic loading study
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ABSTRACT

Objectives: This in vitro study aimed to assess the fracture resistance of simulated stages of root maturation following re-
generative endodontic treatment using a cyclic loading method.

Methods: Ninety extracted maxillary central incisors were randomly allocated into three experimental groups represent-
ing different stages of root development, following revitalization: Group A for completely immature teeth immediately af-
ter treatment; Group B for teeth with apical closure, and Group C for teeth with apical closure and wall thickening. Two
control groups were also included: Group D for intact teeth and Group E for simulated immature teeth without the bioce-
ramic material. Following simulation of immature apices and treatment with a bioceramic material, all specimens were
subjected to cyclic loading using a step-stress fatigue protocol until failure. The number of cycles to fracture and the peak
load were recorded and statistically analyzed.

Results: Statistically significant differences in loading forces were observed between the negative control group (Group D)
and Groups A, B, and E (p < 0.05). However, no statistically significant differences were detected among the experimental
groups. These results indicate that apical closure and dentinal wall thickening alone did not substantially improve me-
chanical reinforcement under cyclic loading conditions.

Conclusions: Although intact teeth exhibited superior mechanical performance, apical closure and wall thickening alone
were insufficient to enhance reinforcement under cyclic loading.

Keywords: Tooth fractures; Fracture strength; Regenerative endodontics; In vitro techniques
INTRODUCTION ma, caries, or developmental disorders, presents sig-

nificant clinical challenges. Incomplete root formation

Pulpal necrosis in immature teeth, often caused by trau- results in thin dentinal walls and open apices, making
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Regenerated immature teeth under cyclicloading

these teeth more susceptible to fractures, particularly
in the cervical region [1]. Finite element analyses have
shown that the highest stress concentrations occur in
the coronal portion of the root when subjected to mas-
ticatory or traumatic forces [2]. Consequently, fractures
frequently develop at the level of the crestal bone, ren-
dering restoration impossible and compromising the
long-term prognosis of the tooth [3].

For immature non-vital teeth, current treatment
options include regenerative endodontic procedures
(REPs) and apexification, typically achieved using a
mineral trioxide aggregate (MTA) plug or calcium hy-
droxide [Ca(OH),]-induced apical barrier formation
[4]. However, the use of MTA apexification has declined
due to its high cost, complex handling characteristics,
retreatability challenges, and risk of overfilling [5]. Clin-
ical studies comparing the survival and success rates of
REPs and apexification have shown similar overall out-
comes [6].

Nevertheless, neither Ca(OH), nor MTA apexification
supports continued root development [7]. In contrast,
REPs aim to restore pulp vitality and promote root mat-
uration by stimulating increases in root length, dentinal
wall thickness, and apical closure. Furthermore, REPs
offer an advantage by allowing for potential retreatment
if the initial procedure fails [8,9]. Despite these benefits,
the long-term effects of REPs on the structural integrity
of treated teeth remain uncertain. In particular, the rela-
tionship between the degree of root maturation and the
fracture resistance of healing or healed immature teeth
remains unclear.

Therefore, this study aims to evaluate the fracture
resistance of revascularized teeth at three simulated
stages of root development: completely immature, with
apical closure, and with apical closure and dentine
wall thickening, under cyclic loading conditions. The
null hypothesis tested was that apical closure, with or
without dentinal wall thickening, does not significantly
influence the fracture resistance of the tooth.

METHODS

Study design
The study was conducted in compliance with the ethi-
cal standards of the Aristotle University of Thessaloniki
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Research Committee (approval number: 222/13-03-
2024) and the 1964 Helsinki Declaration and its later
amendments. The manuscript was prepared following
the Preferred Reporting Items for Laboratory Studies in
Endodontology 2021 guidelines [10]. All teeth were col-
lected with informed consent from patients undergoing
extraction for reasons unrelated to this study, ensuring
patient confidentiality throughout the research process.

Sample selection and preparation

A sample size calculation was performed using G*Pow-
er software (ver. 3.1.9.7, Heinrich-Heine-Universitat
Diisseldorf, Diisseldorf, Germany), as indicated by pre-
vious published studies comparing fracture resistance
with various regenerative endodontic protocols [11,12].
Accordingly, a sample size of 15 teeth per experimen-
tal group and 10 per control group was determined to
achieve 80% power at a significance level of 0.05. The
number of samples increased by five in each group (x5
groups) to account for potential laboratory processing
€errors.

Ninety freshly extracted intact maxillary central in-
cisors were collected for the study. Calculus and soft
tissue deposits were removed with an ultrasonic device
(Woodpecker Ultrasonic Scaler; Guilin Woodpecker,
Guilin, China). The teeth were sterilized in an autoclave
(Lisa; W&h, Biirmoos, Austria) for 40 minutes at 134°C
under 20 psi, then stored in distilled water at 4°C [13].
Prior to experimentation, the teeth were carefully ex-
amined under magnification (SmartOPTIC; Seliga Mi-
croscopes, Lodz, Poland) to ensure they were free from
resorption, caries, cracks, or deformities. Teeth from the
same individual were excluded.

To ensure specimen homogeneity prior to group
allocation, all teeth were measured using a digital
caliper (Mitutoyo 150 mm Digital Caliper; Mitutoyo,
Hampshire, UK) in three dimensions—buccolingual,
mesiodistal, and corono-apical (height)—to establish
mean values for the sample. Specimens deviating more
than 20% from the mean in any dimension or exhibit-
ing canal curvature greater than 20° were excluded to
minimize variation in root size and dentinal wall mor-
phology that could influence stress distribution during
fracture testing. The final sample demonstrated consis-
tent morphology, with mean mesiodistal dimensions

https://doi.org/10.5395/rde.2026.51.e21
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of 6.5 + 0.5 mm and buccolingual dimensions of 6.0 +
0.5 mm. Mesiodistal and buccolingual measurements
were recorded at the cementoenamel junction (CEJ),
whereas the corono-apical dimension corresponded to
the straight line connecting the incisal edge to the apical
tip. Each measurement was performed five times; the
highest and lowest values were discarded, and the re-
maining three were averaged to ensure accuracy.

All specimens were radiographed in buccolingual and
mesiodistal projections using a digital sensor (Planmeca
ProSensor; Planmeca, Helsinki, Finland) at three stages:
before instrumentation to verify root length, assess ca-
nal morphology, and screen for differences in dentinal
wall thickness or pre-existing defects; after bioceramic
placement to verify material thickness and homogene-
ity; and after fracture testing to confirm failure patterns.
This imaging-based verification further minimized an-
atomical variability that could affect stress distribution
and fracture resistance. The combination of morpho-
metric caliper measurements and radiographic evalu-
ation ensured consistent root dimensions and dentinal
wall thickness across specimens, thereby reducing
anatomical variability that could influence fracture re-
sistance outcomes. After confirming anatomical compa-
rability, the specimens were randomly assigned to five

groups—three experimental groups (n = 20 each) and
two control groups (n = 15 each)—using computer-gen-
erated randomization software (QuickCalcs, GraphPad
Software, San Diego, CA, USA).

Simulation of immature teeth

Experimental groups were instrumented in order to
represent three different stages of root development:
completely immature teeth (Group A), teeth with apical
closure (Group B), and teeth with apical closure and
wall thickening (Group C). Intact teeth served as neg-
ative controls (Group D), while teeth with simulated
immature roots without material placement served as
positive controls (Group E) (Figure 1). The completely
immature groups were classified as stage 3 according to
Cvek’s classification [14].

The apices of the teeth in the positive control and
Group A (completely immature) were cut by a low-
speed diamond disc (Superflex HP 405; Edenta AG,
Pfungen, Austria) such that the remaining root length
was 12 mm [15,16]. Immature teeth were simulated ac-
cording to the study of Elnaghy and Elsaka [16]. Briefly,
specimens were enlarged from the coronal to apical
direction using long-neck round burs at high-speed ro-
tation with continuous air-water spray. Peeso reamers

Figure 1. Representative radiographic images of the five study groups. (A) Completely immature teeth immediately after treatment (Group A).
(B) Teeth with apical closure (Group B). (C) Teeth with apical closure and wall thickening (Group C). (D) Intact teeth (negative control, Group D). (E)
Simulated immature teeth without material placement (positive control, Group E).
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(Dentsply Maillefer, Ballaigues, Switzerland) of size 1-6
were inserted into varying root canal lengths depending
on the experimental group: Groups A and E were instru-
mented until size 6 Peeso to root length; for Group B, 3
mm coronal to the apex; and for Group C, 3 mm apical
to the CE]J. Instrumentation was performed by a single
experienced operator using Peeso reamers with fixed,
standardized diameters to ensure reproducible enlarge-
ment patterns across all specimens [12,15]. Each canal
was prepared following a predefined depth-specific
protocol to produce uniform tapering and to maintain
consistent dentinal wall thickness within and between
groups. The use of dimensionally calibrated reamers
and a single operator minimized procedural variability
and maximized specimen homogeneity, ensuring that
differences in dentinal wall size did not confound the
experimental outcomes.

Treatment procedures

The treatment procedures were conducted in accor-
dance with the protocol recommended by the European
Society of Endodontology (ESE) [17]. Following access
cavity preparation, the root canals were rinsed with
1.5% sodium hypochlorite (20 mL, 5 minutes), using a
side-vented needle, followed by 5 mL sterile saline and
20 mL 17% ethylenediaminetetraacetic acid (EDTA)
(CanalPro EDTA 17%; COLTENE Group, Cuyahoga Falls,
OH, USA). The canals were dried with paper points (Di-
adent Paper Points; Diadent Europe B\V., Almere, The
Netherlands) and filled with calcium hydroxide as an in-
tracanal medicament following the protocol of Jamshidi
et al. [15]. Access cavities were provisionally restored
using a temporary filling material (Cavit; 3M ESPE, St
Paul, MN, USA).

The teeth were then incubated at 37°C and 100% hu-
midity for 3 weeks. After the incubation period, the cal-
cium hydroxide paste was removed using 1.5% sodium
hypochlorite. The root canals were then irrigated with
17% EDTA and distilled water, then dried with paper
points. A foam was placed in the root canal up to the
working length to simulate the blood clot, standardize
the coronal barrier thickness, and facilitate material
condensation, following the methodology described by
Gunal et al. [12].

A 3-mm layer of the bioceramic material (Angelus
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Bio-C Repair; Angelus, Londrina, Brazil) was applied
according to the manufacturer’s instructions in all three
experimental groups below the CEJ. Teeth were tempo-
rally restored with Cavit. To simulate clinical conditions,
all specimens were stored in 100% humidity at 37°C un-
til fracture testing. After 12 hours of incubation to allow
the bioceramic putty to set, access cavities were restored
with glass ionomer cement (Ionoseal; Voco, Cuxhaven,
Germany) and light-cured flowable composite (Spec-
trum; Dentsply Sirona, Constanz, Germany).

Fracture resistance testing

For periodontal ligament (PDL) simulation, teeth were
coated with a latex liquid spacing agent (Erkoskin;
Erkodent, Pfalzgrafenweiler, Germany) according to the
method described by Mello et al. [11]. Each tooth was
coated with four layers of Erkoskin, with 10 minutes
of drying between layers. The specimens were then
embedded perpendicularly in self-curing acrylic resin
(BMS Light-curing orthodontic resin; BMS Dental, Ca-
pannoli, Italy), leaving a 2-mm gap between the top of
the acrylic and the CEJ to mimic the bone-tooth rela-
tionship. For fracture testing, a custom jig was prepared
to fix the acrylic cubes at a 45° angle [18]. Samples were
then subjected to cyclic loading using a 2-mm spherical
stainless-steel tip mounted on a pneumatic cylinder
(SDA; Airblock, Thessaloniki, Greece), controlled by a
precision pressure regulator (Regtronic; Metal Work,
Consecio, Italy). The pneumatic loading system was
operated via a single-board computer running custom
Python-based control software and was calibrated using
a Universal Testing Machine (Testometric, Rochdale,
UK). The pneumatic loading system was calibrated at
regular intervals throughout the experimental proce-
dure. Calibration checks were performed after every
10 specimens, and no deviations beyond acceptable
tolerance limits were detected. This maintained consis-
tent and reliable loading throughout the experiment. To
ensure constant moisture conditions during testing, all
samples were covered with a wet gauze throughout the
procedure [19].

Fracture resistance was evaluated using the step-
stress method described by Lin et al. [19] (Supplemen-
tary Table 1), in which cyclic loads were progressively
increased until specimen failure. The loading cycles
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followed a sinusoidal waveform at 1 Hz, with the min-
imum load set to 0. The test commenced with a load
amplitude of 200 N, followed by 300 N, each applied for
1,000 cycles. Subsequently, the load amplitude was in-
creased to 400 N and further raised in 50 N increments
up to 850 N, with 3,000 cycles at each level. Specimens
that withstood these cycles were loaded to 850 N until
fracture occurred. A high-sensitivity sensor (G-Sensor;
Creality, Shenzhen, China) was employed to detect sub-
tle positional displacements of the cylinder tip indica-
tive of fracture. Data on the number of cycles to failure
and the final load at failure were recorded for analysis.

Statistical analysis

Descriptive statistics, including means and standard de-
viations, were calculated for fracture resistance values in
each group. The normality of data distribution was as-
sessed using the Kolmogorov-Smirnov and Shapiro-Wilk
tests. Since the data were not normally distributed,
non-parametric tests were applied. Differences among
the five experimental groups were analyzed using the
Kruskal-Wallis test, followed by Bonferroni-adjusted
Dunn’s post hoc comparisons for pairwise analysis. A
p-value of <0.05 was considered statistically significant.
Statistical analyses were performed using IBM SPSS ver.
28.0 (IBM Corp., Armonk, NY, USA).

RESULTS

Normality tests (Shapiro-Wilk and Kolmogorov-
Smirnov) revealed that the data for cyclic load, fracture
resistance, and number of cycles were not normally dis-
tributed (p < 0.05). The Kruskal-Wallis test followed by
Bonferroni-adjusted Dunn’s post hoc comparisons was
used to evaluate differences among the five experimen-

tal groups.

Fracture resistance
Descriptive statistics for mean load (N), fracture re-
sistance (MPa), and coefficient of variation (CV%) are
presented in Table 1. The Kruskal-Wallis test revealed
significant differences among the groups (H(4) = 20.270,
p < 0.05). Post hoc pairwise comparisons using Bonfer-
roni-adjusted Dunn’s tests showed that the negative
control (Group D) exhibited significantly higher fracture
resistance than Groups A (p < 0.05), B (p < 0.05), and E
(p < 0.05). No statistically significant differences were
detected among the experimental groups (A-C) or be-
tween Group C and the negative control (Group D).
Group C displayed the highest mean fracture re-
sistance among the experimental groups (5,019.05 +
4,968.58 MPa) and was comparable to the negative con-
trol (15,513.33 + 13,244.33 MPa). However, this obser-
vation should be interpreted cautiously, as differences
among the experimental groups were not statistically
significant (p > 0.05).

Load at failure

Mean load values per cycle also varied significantly
among groups (H(4) = 20.332, p < 0.05). Group D (573.33
+ 186.96 N) had significantly higher load capacity com-
pared with Groups A (377.5+105.72 N, p < 0.05), B (362.5
+153.79 N, p < 0.05), and E (316.67 + 109.65 N, p < 0.05).
No significant differences were found between Groups
A, B, and C.

Number of cycles to fracture

The number of cycles to failure did not differ significant-
ly among groups (H(4) = 5.468, p > 0.05). The highest
mean number of cycles was recorded for the negative

Table 1. Load at failure, fracture resistance, and number of cycles to fracture across groups

Group Load at failure (N) Fracture resistance (MPa) Number of cycles

A 377.50° + 105.72 (28.00) 3,686.65° + 3,300.58 (89.53) 788.65+1,128.80(143.13)
B 362.50° + 153.79 (42.42) 4,507.25" +7,863.23 (174.46) 1,009.30 + 1,438.13 (142.49)
C 387.50 + 132.66 (34.23) 5,019.05 £+ 4,968.58 (98.99) 821.50 + 893.79 (108.80)
D 573.33 + 186.96 (32.61) 15,513.33" + 13,244.33 (85.37) 2,972.33 £3,334.44(112.18)
E 316.67° + 109.65 (34.63) 2,513.00° + 2,797.44 (111.32) 514.33 £549.95 (106.93)

Values are presented as mean + standard deviation, with coefficient of variation (%) in parentheses.
Different superscript letters indicate statistically significant differences between groups (p < 0.05). *Significantly different from Group A. *Signifi-
cantly different from Group B. ‘Significantly different from Group C. “Significantly different from Group D. “Significantly different from Group E.
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control (2,972.33 + 3,334.44), followed by Group C
(821.50 + 893.79). The lowest values were observed in
the positive control (514.33 + 549.95).

The distribution of mechanical parameters among
the experimental groups is illustrated in Figure 2. Box-
plots show the variability in load at failure (Figure 2A),
fracture resistance (Figure 2B), and number of cycles to
fracture (Figure 2C) across all five groups.

DISCUSSION

REPs offer a promising alternative to traditional root
canal treatment, allowing for the regeneration of func-
tional dental pulp [20]. The effectiveness of REPs is as-
sessed based on criteria established by the ESE and the
American Association of Endodontists (AAE) [17,21].
The ESE defines success as clinical and radiographic
healing, continued root development, a positive pulp
sensibility response, absence of root resorption, and ab-
sence of crown discoloration [17]. The AAE categorizes
outcomes as primary (symptom resolution), secondary
(root development), and tertiary (pulp sensibility) [21].
To integrate these perspectives, the ESE criteria describe
the observable clinical and radiographic manifestations
of success, while the AAE framework contextualizes
these changes within biologically driven stages of regen-
eration. Together, they provide a unified and compre-
hensive basis for evaluating treatment outcomes in REP
cases.

Numerous studies report that REPs frequently result
in apical closure, often accompanied by continued root
development, including an increase in root length and
wall thickness. However, variability exists: while some
cases show complete maturation, others exhibit only
apical closure without significant root elongation [22,23].
This variability highlights the need to understand which
specific components of root development contribute
meaningfully to mechanical reinforcement.

This in vitro study investigated the impact of differ-
ent simulated stages of root development, specifically
apical closure or a combination of apical closure and
wall thickening, on the fracture resistance of simulated
immature teeth treated with REP. The results demon-
strated no statistically significant differences among
the experimental groups, supporting the acceptance of
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the null hypothesis. Specifically, neither apical closure
alone nor apical closure combined with wall thickening
resulted in a statistically significant increase in fracture
resistance compared with completely immature teeth.
These findings help clarify the contribution of individ-
ual simulated growth elements to fracture resistance
under laboratory conditions, an area that has remained
ambiguous in previous literature.

The fracture resistance of immature teeth subjected
to REPs has been evaluated in a limited number of re-
search studies [12,13,15,16,18,24]. Most studies have
shown that treated teeth have lower fracture resistance
compared to intact teeth, an observation that aligns
with the findings of the present study. Previous research
did not find significant differences in fracture resistance
based on the stage of root development [15], the materi-
al used [24], and material thickness [12] or the presence
of material at the critical cervical area [16].

However, simulated immature teeth showed advanced
fracture resistance when fully obturated with MTA [12].
This highlights that material-based reinforcement is
possible under certain conditions. In the present study,
no significant difference was observed between the pos-
itive control (Group E) and the completely immature
group (Group A), indicating that bioceramic materials
placed at the coronal part of the root canal, below the
CEJ, may not effectively strengthen canal walls. Only the
negative control group exhibited significantly higher
values, underscoring the superior integrity of unaltered
dentine.

The use of a bioceramic material at the cervical root
area is considered essential for the REP protocol. Re-
cently, there has been a push to develop improved
biomaterials. Angelus Bio-C Repair, introduced in 2019,
is a premixed paste of bioceramic repair material de-
livered via syringe. In this study, it was selected for its
user-friendly handling characteristics and ease of clini-
cal application. Regardless of the material used, a major
limitation of REPs is the hindrance to posttreatment
growth of pericervical dentine caused by the placement
of bioceramic material. Pericervical dentine growth is
crucial for safely transferring load from the occlusal
table to the root [25]. This fact is emphasized by the
emerging long-term literature data that have identified
cervical fractures as a notable cause of posttreatment
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Figure 2. Boxplot representation of mechanical performance across experimental groups. Boxplots illustrate the distribution of (A) load at
fracture (N), (B) cycle number to failure, and (C) number of cycles for the five experimental groups: completely immature, apical closure, apical
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failure [26,27].

Numerous studies have investigated the fracture resis-
tance of teeth treated with regenerative protocols using
static loading tests [15,28]. However, there is no consen-
sus in the literature on the most accurate method for
assessing fracture resistance. Static loading tests often
overestimate fracture resistance [29], whereas cyclic
loading, which simulates oral mastication conditions,
is limited by time and cost constraints. Accelerated life
testing, such as step-stress testing, is commonly used
to identify potential failure modes by subjecting speci-
mens to extreme conditions. Step-stress testing involves
applying a constant load for a period before increasing
it until failure occurs [30]. This approach has been suc-
cessfully used to generate longitudinal cracks in end-
odontically treated teeth, providing a realistic model for
investigating the initiation, progression, contributing
factors, and management of cracked teeth [19,29].

This study presents limitations related to specimen
selection and laboratory conditions for cyclic load mea-
surements [11]. Human macxillary central incisors were
specifically chosen for this study as they are the type of
teeth most susceptible to trauma [31]. As the use of im-
mature teeth was not feasible, mature teeth were mod-
ified to simulate stages of root development, acknowl-
edging the inherent differences in tissue composition
[18].

Histological evaluations of teeth treated with REPs
have shown the presence of intracanal ectopic bone, ce-
mentum-like tissue, disorganized fibrous connective tis-
sue, and PDL in various combinations [26,32]. However,
reproducing such biological healing patterns in vitro is
not possible, as natural revascularization cannot be rep-
licated under laboratory conditions. Therefore, root de-
velopment was mechanically simulated to approximate
these clinical scenarios. Protocols for REPs vary widely,
particularly regarding the use of scaffolds [6,8]. Since
blood clot formation is important for tissue regeneration
[8], a foam material was used in this study to simulate a
clot under controlled laboratory conditions. Its uniform
structure helps standardize the coronal barrier and iso-
late the mechanical effect of root development. Howev-
er, foam does not reproduce the complex, viscoelastic,
and fibrin-based architecture of a natural blood clot [8].
Real clots exhibit non-linear, time-dependent behav-
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ior and can deform via fibrin stretching or microcrack
formation, whereas foam mostly compresses uniformly
and collapses under load. Additionally, natural clots can
adhere to small dentinal irregularities, whereas foam
cannot, a factor that may influence how stresses develop
along the canal walls. Finally, blood clots change their
mechanical properties over time, while foam remains
static, meaning it cannot fully mimic the dynamic na-
ture of clot maturation [33,34].

Including a biomaterial control group could poten-
tially enhance external validity; however, the primary
objective of this study was to isolate and examine the
influence of simulated root development rather than
compare materials. Teeth and restorations are naturally
exposed to complex oral conditions, including humidi-
ty, temperature, pH, and biofilm activity, which contrib-
ute to failures [29,35]. In this setup, only humidity was
controlled using a wet gauze; incorporating additional
variables would enhance realism but add complexity
and cost.

In vitro PDL simulation remains non-standardized,
with variability in materials, application techniques,
and layer thickness. No studies have demonstrated
a consistent viscoelastic layer capable of producing
standardized, clinically relevant tooth mobility during
testing [36]. Heintze et al. [37] further questioned the
use of artificial periodontium, citing their observation of
high variability in silicone layer thickness (300-700 um),
which compromises standardization and leads to un-
controlled tooth mobility under loading. In the present
experiment, the use of Erkoskin mitigated these issues.
The material can be applied uniformly as a varnish,
forming a homogeneous and adherent layer around the
tooth root. This root-PDL simulation complex acted
as a monoblock, which was then embedded in acrylic
resin. This ensured stable fixation without risk of tooth
dislocation during testing. This simple and practical ap-
proach, however, remains a methodological limitation,
as the material’s biomechanical and biological proper-
ties require further validation [36].

The experimental conditions in this study were stan-
dardized to match those of previous studies. This in-
cluded the applied load, the number of loading cycles,
test geometries, and instrumentation [19]. However,
fracture resistance testing can be influenced by various
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factors such as the type of loading device, antagonist
material, crosshead speed, tooth embedding technique,
and angle of force application [38,39]. While mastica-
tory forces vary in direction and intensity, a single 45°
oblique force was applied to simulate a typical occlusal
function [11,24]. Though anatomically shaped metallic
antagonists may provide more clinically relevant re-
sults, [39] their high cost and complexity of fabrication
make them impractical. In this study, a 2-mm-diame-
ter stainless steel sphere was employed as the loading
applicator [35]. Though the range of normal chewing
force has been estimated from 50 to 190 N in the frontal
area and 300 to 800 N in the molar area, the initial load
used in this study was set at 200 N, representing a sub-
critical force that exceeds normal masticatory loads but
remains below the threshold for catastrophic fracture
[19,29]. This load level was selected to promote acceler-
ated initiation of microcracks while maintaining a clini-
cally relevant loading condition and an efficient testing
duration.

The large standard deviations and high variability
observed in this study, with coefficients of variation
exceeding 100% in some groups, likely reflect specimen
heterogeneity. Despite careful selection, extracted hu-
man teeth naturally differ in root morphology, canal
anatomy, dentinal thickness, and mineral content. Such
variability, along with slight differences in simulated
maturation stages, may have affected stress distribution
and fatigue behavior during cyclic loading. Additionally,
Step-stress fatigue testing is inherently probabilistic,
as crack initiation and propagation depend on speci-
men-specific microscopic flaws. Consequently, wide
dispersion in cycles-to-failure and fracture load val-
ues is expected. The variability observed thus reflects
intrinsic limitations in specimen standardization and
may have reduced statistical power to detect subtle in-
tergroup differences. In this study, caliper/radiographic
measurements were used to reduce morphological vari-
ability; however, the use of micro-computed tomogra-
phy for full three-dimensional (3D) assessment of canal
geometry would provide even more precise matching
and is a recommended approach for future studies.

Utilizing 3D-printed standardized samples may
further reduce geometric variability and improve re-
producibility. Studies should also investigate novel
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materials to reinforce the cervical area and prevent root
fractures. Additionally, incorporating oral environment
factors—such as biofilm exposure during cyclic load-
ing—would enhance experimental relevance, as such
conditions have been shown to significantly reduce the
fatigue resistance of coronal dentine [40].

CONCLUSIONS

Within the limitations of the present in vitro study, the
findings suggest that the stage of root development
following REPs does not significantly influence the
mechanical reinforcement of immature teeth. Nonethe-
less, given that this investigation was performed under
controlled laboratory conditions, direct extrapolation of
these findings to clinical scenarios should be undertak-
en with caution.
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Interplay of hypoxia, angiogenesis, and macrophages in pulp and
periapical lesions: an immunohistochemical cross-sectional study
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ABSTRACT

Objectives: This study evaluated and correlated the immune expression of hypoxia and angiogenesis with macrophages
in periapical granuloma (PG), radicular cyst (RC), and healthy pulp (HP).

Methods: An observational study was performed on 51 tissue blocks equally divided among the groups, stained immu-
nohistochemically for hypoxia-inducible factor (HIF)-1a, vascular endothelial growth factor (VEGF), and CD68, and the
mean expression was calculated. Data were analyzed using Kruskal-Wallis, Mann-Whitney, Spearman correlation tests (p
<0.001), and multiple linear regression analysis (p < 0.05).

Results: HIF-1a expression was highest in PG than RC and HP (p < 0.001). Significant differences were found between HP,
PG, and RC (both p < 0.001). VEGF expression was highest in RC than in PG and HP (p < 0.001), with significant differenc-
es between HP and both PG and RC (p < 0.001); pairwise comparisons were significant between all groups (p < 0.001, p <
0.001, p = 0.018). Correlation analysis showed significant correlations between VEGF and CD68 in HP and PG (p = 0.007
and p = 0.028, respectively). Linear regression showed that study groups were significantly associated with mean scores of
HIF-1a, VEGE and CD68 (p = 0.002, p = 0.001, p < 0.001).

Conclusions: HIF-1a, VEGE and CD68 showed increased expression in PGs and RCs, suggesting an association between
hypoxic conditions, enhanced angiogenic activity, and macrophage presence within the periapical inflammatory micro-
environment. Future studies exploring HIF-1a and VEGF inhibitors as potential treatment modalities for periapical le-
sions are warranted.

Keywords: Hypoxia-inducible factor 1a; Macrophages; Periapical granuloma; Radicular cyst; Vascular endothelial
growth factor
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Hypoxia, angiogenesis, and macrophages in periapical lesions

INTRODUCTION

The dental pulp is a highly vascularized and innervat-
ed connective tissue located within the pulp chamber,
which plays a vital role in dentin formation and tooth
vitality [1]. Periapical lesions such as periapical abscess,
periapical granuloma (PG), and radicular cyst (RC) arise
from pulpal diseases due to untreated caries, trauma, or
infection. Bacterial toxins, tissue debris, and immune
responses contribute to inflammation, tissue damage,
and bone destruction around the root apex [2]. Angio-
genesis, epithelial cell proliferation, and autophagy are
induced by ischemic hypoxia and nutrient depletion in
the central areas of inflamed periapical lesions, leading
to cyst formation and progression [3].

Ischemic hypoxia is a condition characterized by
reduced blood flow and insufficient oxygen supply to
a tissue or organ, leading to cellular oxygen depriva-
tion. In periapical lesions, ischemic hypoxia develops
primarily due to infection-induced inflammation. The
inflammatory process leads to swelling, increased inter-
stitial pressure, and compression of local blood vessels,
which collectively diminish perfusion. As inflammation
exacerbates, vascular congestion and impaired micro-
circulation further limit oxygen delivery, contributing
to tissue damage and necrosis, ultimately forming an
abscess [3].

At the cellular level, hypoxia triggers a cascade of mo-
lecular events. Hypoxia-inducible factor 1 (HIF-1) acts
as a central regulator of cellular adaptation to decreased
oxygen availability. It consists of two subunits—HIF-1a,
which is oxygen-sensitive, and HIF-1p, which is consti-
tutively expressed. Under normoxic conditions, HIF-1a
is rapidly degraded; however, under hypoxic conditions,
HIF-1a stabilizes and accumulates. This stabilization
initiates transcription of multiple genes involved in an-
giogenesis, cell survival, metabolism, and inflammation
[4].

HIF-1a induces several proangiogenic molecules,
including vascular endothelial growth factor (VEGF),
basic fibroblast growth factor, platelet-derived growth
factor-B, and angiopoietins 1 and 2, which collectively
promote new blood vessel formation to restore oxygen
supply [4]. In addition to angiogenesis, hypoxia and
inflammation can stimulate autophagy, an essential
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cytoprotective mechanism enabling cells to degrade
damaged components and recycle energy substrates.
Autophagy interacts closely with inflammatory path-
ways and may contribute to the survival and persistence
of cells within hypoxic regions of periapical lesions [3].

Angiogenesis (neovascularization) and vasculogene-
sis are mediated by signaling proteins such as VEGFE. It is
a critical factor in promoting new vessel formation and
vascular permeability, which helps in wound healing
[5,6]. VEGF has several isoforms that exert biological ac-
tivity via specific tyrosine kinase receptors. The presence
of VEGF in periapical lesions indicates the potential for
healing and repair of affected tissues. VEGF is also said
to attract and activate macrophages, which release cyto-
kines and growth factors that promote angiogenesis [5].

Macrophages play a pivotal role in the pathogenesis of
periapical lesions by regulating immune responses and
mediating tissue destruction and repair. In response
to bacterial invasion from necrotic pulp, they infiltrate
periapical tissues and exhibit phenotypic plasticity,
transitioning between pro-inflammatory (M1) and an-
ti-inflammatory (M2) states [7]. M1 macrophages arise
primarily through classical pathway activation and
produce cytokines such as interleukin (IL)-1, IL-6, and
tumor necrosis factor alpha (TNF-a), as well as reactive
oxygen and nitrogen intermediates. These mediators
create a microbicidal environment, support Th1 im-
mune responses, and contribute to sustained inflam-
mation [7,8]. In contrast, M2 macrophages, associated
with alternative pathway activation, secrete immuno-
suppressive cytokines such as IL-10, IL-13, and growth
factors like transforming growth factor beta, facilitating
immunomodulation, tissue remodeling, angiogenesis,
and repair [7,8].

This dynamic M1-M2 balance influences lesion pro-
gression and healing potential, making macrophage
polarization a relevant therapeutic target. Inmunohis-
tochemical studies frequently use CD68 as a general
macrophage marker; however, because CD68 identifies
both phenotypes, additional polarization-specific mark-
ers are essential to distinguish M1 and M2 populations
in periapical lesions [8].

Therefore, whether a hypoxic environment enhances
angiogenesis and attenuates macrophage activity re-
mains to be determined. To date, no study has evaluated
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the combined effect of these three parameters in pulp
and periapical lesions. The present study was conceived
to detect the expression of hypoxia, angiogenesis, and
immunogenic potential using immunohistochemical
expression of HIF-1a, VEGE and CD68 in healthy pulp
(HP) tissue, PG, and RC. Their correlation, if any, would
shed insight into the pathological mechanism and help
to establish strategies to improve the success rate of the
treatment of pulp and periapical diseases.

METHODS

The present observational cross-sectional study was
carried out following approval from the Biomedical
Health and Research Committee (approval No. PGIDS/
BHRC/23/36). It was conducted in compliance with
the ethical principles outlined in the 10th version of
the Declaration of Helsinki (October 2013, accessible at
www.wma.net). Additionally, this observational study

has been written according to the STROBE (STrength-
ening the Reporting of OBservational studies in Epide-
miology) guidelines.

Study design and tissue samples

The study included a descriptive analysis of the immu-
nohistochemical expression of HIF-1a, VEGE, and CD68
in 51 formalin-fixed, paraffin-embedded tissue sections
comprising 17 cases each of HP, PG, and RC, obtained
from prospective biopsy specimens received from May
2022 to May 2023. The criteria to include and exclude
cases that determined the eligibility for participation in
this study are outlined in Figure 1. Patient data, includ-
ing age and sex, were obtained from biopsy records.
Pathological diagnoses were confirmed based on clin-
ical, radiographic, and histological criteria. HP tissue
was obtained from extracted teeth that were free of car-
ies and apical periodontitis, including those extracted
for surgical indications such as third-molar removal.

Pulp and periapical lesions assessed for eligibility
(n=160)

Prospective cases (May 2022 to May 2023)
(n=60)

For healthy pulp

lacked epithelial lining.

Inclusion criteria

Healthy pulp tissue was obtained from extracted teeth that were free of caries and apical
periodontitis, including those extracted for surgical indications such as third-molar removal.
The pulp was immediately retrieved using a sterile high-speed fissure bur, and all cases were
histopathologically confirmed as healthy pulp tissue.

For periapical granuloma and radicular cyst
Clinically and histopathologically diagnosed cases of periapical granuloma and radicular cyst.
Periapical granulomas exhibited granulation tissue with inflammatory cell infiltration but

Radicular cysts were identified as fully developed cavities lined by stratified squamous
epithelium of varying thickness with a fibrous wall.
Only non-vital, permanent, mature teeth were considered.

A 4

Total cases which fulfilled the
inclusion criteria (n =51)

Excluded (n=9)

v Cases not histologically proven as healthy pulp tissue, periapical
granuloma, or radicular cyst.

Patients unwilling to undergo biopsy or participate in the study.

Patients with history of chronic systemic illnesses like diabetes,
hypertension and thyroid disease.

Patients who consumed any medicaments in the last 3 months.

Figure 1. Flow chart depicting the inclusion and exclusion criteria of cases for participation eligibility.

https://doi.org/10.5395/rde.2026.51.e22
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The pulp was immediately retrieved using a sterile high-
speed fissure bur, and all cases were histopathologically
confirmed as HP tissue. The study included human
permanent, mature teeth from all quadrants. All select-
ed specimens were periapical radiolucent lesions of
varying sizes associated with non-vital pulp (Figure 2).
PG consisted of granulomatous tissue with inflamma-
tory cell infiltration, lacking an epithelial lining. RC was
identified as fully developed cavities lined by stratified
squamous epithelium of varying thickness with a fi-
brous wall [8].

Study size
Keeping an effect size of 0.7, an alpha level of 5%, and
90% power of the study using G*Power ver. 3.1 (Heinrich

Periapical granuloma

Radicular cyst

Figure 2. Intraoral periapical radiograph (IOPA) of periapical lesions.
(A, B) IOPA of periapical granuloma cases showing well-defined
radiolucency with respect to the maxillary right lateral incisor and
mandibular right lateral incisor (arrows). (C, D) IOPA of radicular cyst
cases showing well-defined radiolucency associated with the root
apices of the maxillary left central incisor and mandibular right ca-
nine (arrows).
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Heine University Diisseldorf, Diisseldorf, Germany), a
sample of 14 in each group was calculated [9]. However,
keeping in mind the exhaustion of tissues in paraffin
blocks or stain failure, 17 cases per group were recruit-
ed.

Hematoxylin and eosin staining

All samples underwent macroscopic examination and
were appropriately grossed to allow a comprehensive
histological analysis of periapical lesions. Tissue sec-
tions, 4 um thick, were prepared from formalin-fixed,
paraffin-embedded blocks of HP, PG, and RC. These
sections were mounted on glass slides, stained with he-
matoxylin and eosin, and examined under light micros-
copy (A, B, and C panels of Figures 3-5). Histopatholog-
ical evaluation focused on characteristic features such
as the epithelial lining, inflammatory cell infiltrate, and
connective tissue organization, which formed the basis
for the definitive diagnosis of RC, PG, or HP. The his-
topathologic diagnosis was performed by experienced
oral pathologists.

Immunohistochemistry
For immunohistochemical staining, 4-pm-thick tissue
sections were obtained from formalin-fixed, paraf-
fin-embedded tissue blocks and mounted on poly-ly-
sine-coated glass slides. Three sections were deparaf-
finized, rehydrated through a graded alcohol series, and
then hydrated with deionized water. Antigen retrieval
was performed using Tris-EDTA (pH 9) in a pressure
cooker. Sections were then incubated separately for 1
hour at room temperature in a humidified chamber
with primary antibodies: monoclonal rabbit anti-hu-
man HIF-1a antibody (clone EP118; BioGenex, Fremont,
CA, USA; ready-to-use), monoclonal rabbit anti-human
VEGF antibody (clone ZR389; ZETA Corporation, Sierra
Madre, CA, USA; ready-to-use) and monoclonal mouse
anti-human CD68 antibody (clone PG-M1; Diagnostic
Biosystems, Pleasanton, CA, USA; ready-to-use). To fa-
cilitate primary antibody binding, sections were treated
with a supersensitive one-step polymer horseradish
peroxidase kit (Biogenex) for 30 minutes following two
washes with phosphate-buffered saline.

Peroxidase activity was visualized by immersing sec-
tions in diaminobenzidine (HK124-5K; Biogenex) chro-
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Hypoxia, angiogenesis, and macrophages in periapical lesions

Periapical granuloma

H&E

HIF-1a

VEGF

CD68

Figure 3. Hematoxylin and eosin (H&E) and immunoexpression of hypoxia-inducible factor 1 alpha (HIF-1a), vascular endothelial growth factor
(VEGF), and CD68 in periapical granuloma. (A—C) Periapical granuloma showing fibrocellular connective tissue stroma infiltrated by intense
macrophage-rich inflammatory infiltrate. (D-F) Diffuse immunoexpression of HIF-1a in inflammatory cells, endothelial cells, and fibroblasts of
periapical granuloma. (G-1) Diffuse immunoexpression of VEGF in blood vessels, inflammatory infiltrate, and stromal cells (fibroblasts) of peri-
apical granuloma. (J-L) Immunoexpression of CD68 in lysosomal granules and the surface of macrophages of periapical granuloma. A-C: H&E
staining. D-F: immunohistochemistry (IHC), anti-HIF-1a. G-I: IHC, anti-VEGF. J-L: IHC, anti-CD68. Images were obtained at x40, X100, and x400

maghnifications (scale bars: 100, 50, and 20 pm, respectively).

mogen for 10 minutes at room temperature, producing
a brown reaction product. The sections were counter-
stained with Mayer’s hematoxylin and cover-slipped.
Positive controls included breast carcinoma sections

https://doi.org/10.5395/rde.2026.51.e22

for anti-HIF-1a and VEGF and tonsil sections for an-
ti-CD68. Negative controls consisted of sections where
the primary antibody was omitted and replaced with
phosphate-buffered saline.
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Radicular cyst

H&E

HIF-1a

VEGF

CD68

Figure 4. Hematoxylin and eosin (H&E) and immunoexpression of hypoxia-inducible factor 1 alpha (HIF-1a), vascular endothelial growth factor
(VEGF), and CD68 in radicular cyst. (A-C) Radicular cyst showing hyperplastic stratified squamous epithelium with an arcading pattern and sup-
porting connective tissue capsule. (D-F) Diffuse immunoexpression of HIF-1a in inflammatory cells, connective tissue, and epithelial lining of
radicular cyst. (G-I) Diffuse immunoexpression of VEGF in blood vessels, inflammatory infiltrate, stromal cells (fibroblasts), and epithelial lining
of radicular cyst. (J-L) Immunoexpression of CD68 in lysosomal granules and the surface of macrophages of radicular cyst. A-C: H&E staining.
D-F:immunohistochemistry (IHC), anti-HIF-1a. G-I: IHC, anti-VEGF. J-L: IHC, anti-CD68. Images were obtained at x40, X100, and x400 magnifi-

cations (scale bars: 100, 50, and 20 um, respectively).

Quantification of immunohistochemistry slides and MK). The slides were evaluated under a brightfield
Immunohistochemical analysis was performed by two research microscope. Photomicrographs were captured
independent oral and maxillofacial pathologists (PC using a DS-Fi3 digital camera (Nikon, Tokyo, Japan) and
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Healthy Pulp

H&E

HIF-1a

VEGF

CD68

Figure 5. Hematoxylin and eosin (H&E) and immunoexpression of hypoxia-inducible factor 1 alpha (HIF-1a), vascular endothelial growth factor
(VEGF), and CD68 in healthy pulp. (A-C) Healthy pulp showing connective tissue stroma with fibroblasts and vascular channels. (DF) Diffuse
immunoexpression of HIF-1a in fibroblasts and endothelial cells. (G-I) Diffuse immunoexpression of VEGF in blood vessels and stromal cells
(fibroblasts) of healthy pulp. (J-L) Immunoexpression of CD68 in lysosomal granules and surface of macrophages of healthy pulp. A-C: H&E
staining. D-F: immunohistochemistry (IHC), anti-HIF-1a. G-I: IHC, anti-VEGF. J-L: IHC, anti-CD68. Images were obtained at x40, X100, and x400

maghnifications (scale bars: 100, 50, and 20 pm, respectively).

analyzed using NIS-Elements imaging software (Nikon) 1. Quantification of hypoxia using hypoxia-inducible

to assess primary antibody expression. factor-1a
To evaluate the expression of HIF-1a, the stained

https://doi.org/10.5395/rde.2026.51.e22 7/15
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slides were examined under various magnifications
(40%, 100x, and 400x) to identify the pattern of posi-
tive staining under the microscope. For quantification,
six random fields from each immunostained section
were selected at 400x magnification. The percentage of
positive IHC staining (P) was categorized as follows: 0
(0%-4%), 1 (5%-24%), 2 (25%-49%), 3 (50%-74%), and
4 (75%-100%). The intensity of staining (I) was scored
as 0 for no staining, 1 for weak staining (light yellow), 2
for moderate staining (brown), and 3 for strong staining
(dark brown). The total score (S) for each section was
then calculated as P x I, following the method described
by Huang et al. [3].

2. Quantification of angiogenesis using vascular endo-
thelial growth factor

VEGF immunohistochemical expression was assessed
in the connective tissue of PG, RC, and HP, as well as
in the epithelial lining of RC. In the connective tissue,
a quantitative evaluation of immunopositive cells, re-
gardless of staining intensity, was conducted following
the method by Freitas et al. [10]. Tissue sections were
examined under light microscopy at 100x magnifica-
tion to identify five fields with the highest number of
immunostained cells. At 400x magnification, immu-
nopositive cells were counted in each field. Cell counts
were expressed as the mean number of positive cells
in these areas obtained for each sample [6]. The VEGF
immunoexpression in the epithelial lining of RCs was
evaluated semi-quantitatively using 100x magnification.
Based on an adaptation of the method by Leonardi et al.
[11], epithelial VEGF immunoexpression was classified
as follows: no staining in 10% of cells; weak staining
in 11%-25% of cells; moderate staining in 26%-75% of
cells; and strong staining in more than 76% of cells [6].

3. Quantification of macrophages using CD68

For the quantification of macrophages, CD68 mono-
clonal antibody staining was performed to confirm the
nature of macrophages. For the CD68 antibody, five
representative and random fields were selected after
identifying the highest immunoreactivity areas at a 100-
pum scale. CD68+ cell counts were performed at 400x,
and the positivity index (PI) was adopted based on a
previously described method [7]. Data were reported

8/15

as the percentage of positive cells presenting brownish
cytoplasmic staining in each sample. The PI was calcu-
lated by applying the formula (PI) = (number of immu-
nopositive cells) / (number of counted cells) x 100 [7].

4. Assessment of interobserver agreement

To ensure scoring reliability, two independent oral and
maxillofacial pathologists (PC and MK) evaluated all
immunostained slides. Interobserver agreement was
assessed using Cohen’s kappa statistic, which demon-
strated excellent reliability across markers—HIF-1a (x
=0.92), VEGF (x = 0.94), and CD68 (x = 0.91)—with all
values falling within a 95% confidence interval.

Statistical analysis

Data were analyzed for descriptive statistics and import-
ed into the IBM SPSS ver. 21.0 for Windows (IBM Corp,
Armonk, NY, USA) for inferential analysis. The Shap-
iro-Wilk test for normality indicated a non-normal dis-
tribution. Therefore, the nonparametric Kruskal-Wallis
H-test was applied to compare the means between the
three groups. The Mann-Whitney U-test was used as a
post hoc test to assess statistical differences between the
two groups. Spearman’s rho was used to evaluate the re-
lationship among the three parameters within the same
group. A p-value of >0.05 was considered nonsignificant,
and p < 0.05 was considered statistically significant.
Multiple linear regression was used to assess the ef-
fects of independent variables (age, sex, site, and study
groups [HP, PG, and RC]) on the mean scores of HIF-1a,
VEGE and CD68 as dependent variables.

RESULTS

Demographic details of study groups

A total of 30 males and 21 females participated in the
study. PG, RC, and HP comprised 13 males (76.5%),
four females (23.5%); seven males (41.2%), 10 females
(58.8%); and 10 males (58.8%), seven females (41.2%),
respectively. The mean age of occurrence was 32.82
years for the three groups. Demographic details, along
with lesion location, have been summarized in Table 1.
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Table 1. Demographic characteristics and lesion site distribution of the study population

Serial No. Study population Age (yr) Sex Site

Healthy pulp
1 PT-3 32 Female Mandibular right third molar
2 PT-6 28 Female Mandibular left third molar
3 PT-7 30 Female Mandibular right third molar
4 PT-10 36 Male Maxillary left third molar
5 PT-12 35 Male Maxillary right third molar
6 PT-16 40 Female Maxillary right third molar
7 PT-17 31 Male Maxillary left third molar
8 PT-18 29 Male Mandibular right third molar
9 PT-20 38 Male Mandibular right third molar
10 PT-23 27 Male Mandibular left third molar
1 PT-24 26 Male Maxillary right third molar
12 PT-25 30 Male Maxillary left third molar
13 PT-26 32 Female Maxillary left third molar
14 PT-27 33 Female Maxillary right third molar
15 PT-28 37 Male Maxillary right third molar
16 PT-29 33 Male Mandibular left third molar
17 PT-30 28 Female Mandibular right third molar

Periapical granuloma

1 535/21 19 Male Mandibular left lateral incisor to mandibular right lateral incisor
2 175/22 54 Male Maxillary right first premolar
3 263/22 18 Female Maxillary right central incisor
4 281/23 69 Male Mandibular right lateral incisor
5 285/23 23 Male Maxillary right and left central incisors
6 313/23 24 Male Maxillary right and left central incisors
7 314/23 20 Male Mandibular right central incisor
8 324/23 20 Male Maxillary left central incisor
9 329/23 26 Male Mandibular right and left central incisors
10 345/23 20 Male Maxillary left central incisor
11 374/23 40 Male Maxillary right and left central incisors
12 441/23 18 Male Maxillary left central incisor
13 451/23 25 Male Maxillary right and left central incisors
14 452/23 29 Female Maxillary right and left central incisors
15 473/23 30 Female Maxillary right central and lateral incisors
16 480/23 25 Male Maxillary right first molar
17 85/24 58 Female Maxillary left lateral incisor

Radicular cyst
1 552/21 41 Male Maxillary left lateral incisor
2 322/21 47 Female Mandibular right second molar
3 367/21 24 Female Mandibular left first premolar to mandibular right first premolar
4 466/21 58 Female Maxillary right central incisor
5 467/21 26 Female Mandibular right second premolar to mandibular right second molar
6 124/22 51 Male Maxillary right central incisor to maxillary right canine
7 172/22 36 Female Maxillary right and left central incisors
8 377/22 17 Male Maxillary right lateral incisor to maxillary left central incisor
9 71/23 21 Male Maxillary left central incisor
10 254/23 33 Male Maxillary right central incisor to maxillary right second premolar
11 337/23 55 Male Maxillary left second premolar to maxillary left second molar
12 426/23 54 Female Maxillary left central incisor

(Continued on the next page)
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Table 1. Continued

Serial No. Study population Age (yr) Sex Site

13 438/23 39 Female Maxillary right and left central incisors

14 442/23 20 Female Maxillary left central incisor to maxillary left lateral incisor
15 95/24 22 Female Maxillary right lateral incisor

16 109/24 30 Female Maxillary right central incisor

17 245/24 37 Male Maxillary right central incisor

PT, pulp tissue.

Table 2. Mean expression score of HIF-1q, VEGF, and macrophages
(CD68) in healthy pulp, periapical granuloma, and radicular cyst

Table 3. Intergroup comparison of HIF-1a, VEGF, and macrophages
(CD68) in healthy pulp, periapical granuloma, and radicular cyst

Periapical 8 a)
Parameters Healthy pulp granuloma Radicular cyst p-value
HIF-1a 10.17£9.01 25.76+9.08 24.65+9.91 <0.001
VEGF 28.04+£23.71 8856+61.69 94.51+49.69 <0.001

D68 416+3.12 1671x738 2347+1025 <0.001

Values are presented as mean =+ standard deviation.

HIF-1a, hypoxia inducible factor 1 alpha; VEGF, vascular endothelial
growth factor.

“Kruskal-Wallis test.

Immunohistochemical analysis

1. Hypoxia-inducible factor-1a expression

Stronger cytoplasmic and intense nuclear staining of
HIF-1a was observed in all samples of PG and RC com-
pared to HP (D, E, and F panels of Figures 3-5). In PG
and RC, staining was prominent in inflammatory cells,
including macrophages, lymphocytes, and polymorpho-
nuclear neutrophils, as well as in endothelial cells and
fibroblasts. Additionally, all layers of the epithelial lin-
ing of RC and inflammatory cells within the cystic cap-
sule showed positive staining. However, in HP, HIF-1a
staining was limited to fibroblasts and endothelial cells
(Figures 3-5). The mean HIF-1a expression was highest
in PG, followed by RC and HP, and their comparison
was significant (p < 0.001) (Table 2). Upon applying the
Mann-Whitney test for intergroup comparison, expres-
sion of HIF-1a was significantly higher in PG and RC
than in HP (p < 0.001 for both), while that between PG
and RC was not significant (p = 0.865) (Table 3).

2. Vascular endothelial growth factor expression

VEGF was evaluated in blood vessels, inflammatory
infiltrate (mainly lymphocytes, plasma cells, and neu-
trophils), and stromal cells (fibroblasts). Overall, VEGF
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p-value
Group HIF-1a VEGF (D68
expression expression expression
Healthy pulp and periapical <0.001**  <0.001**  <0.001**
granuloma
Periapical granuloma and 0.865 0.454 0.018*
radicular cyst
Healthy pulp and radicular cyst  <0.001**  <0.001**  <0.001**

HIF-1q, hypoxia inducible factor 1 alpha; VEGF, vascular endothelial
growth factor.

Post hoc comparisons were performed using the Mann-Whitney
U-test: *p < 0.05 and **p < 0.001, statistically significant.

exhibited pronounced cytoplasmic positivity across all
study groups. Immunohistochemical assessment was
conducted in the connective tissue of PG, RC, and HP,
as well as in the epithelial lining of RC (G, H, and I pan-
els of Figures 3-5). VEGF expression was highest in RC
than in PG and HP, and this difference was significant
(p < 0.001) (Table 2). Upon intergroup comparison, the
expression of VEGF was significantly higher in PG and
RC than in HP (p < 0.001 for both); however, the differ-
ence between PG and RC was not significant (p = 0.454)
(Table 3). The analysis of VEGF immunoreactivity in the
epithelium of RCs revealed weak expression in one case
(5.9%), moderate expression in six (35.3%), and strong
expression in 10 cases (58.8%).

3. CD68 expression

Both lysosomal granules and the surface of macro-
phages expressed the CD68 antibody. Macrophage im-
munostaining was more prominent in the subepithelial
regions of RC and the middle areas of PG (J, K, and L
panels of Figures 3-5). The mean CD68 expression was
significantly higher for RC than PG and HP (p < 0.001)
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(Table 2). Upon intergroup comparison, the expression
of CD68 was significantly higher in RC and PG than in
HP, and significantly higher in RC than in PG (p < 0.001,
p <0.001, and p = 0.018, respectively) (Table 3).

4. Correlation of hypoxia-inducible factor-1a with vas-
cular endothelial growth factor expression and macro-
phages across study groups

Upon application of the Spearman correlation test,
HIF-1a in HP, PG, and RC showed a nonsignificant cor-
relation with VEGF (p = 0.916, p = 0.516, p = 0.286) and
CD68 (p = 0.860, p = 0.205, p = 0.535), respectively. How-
ever, a significant positive correlation between VEGF
and CD68 was found in HP (r = 0.630, p = 0.007) and PG
(r=0.532, p = 0.028), but not in RC (p = 0.204) (Table 4).
The linear regression results were nonsignificant for the
independent variables (age, sex, and site); however, the
study groups (HP, PG, and RC) remained significantly
associated with the mean scores of HIF-1a, VEGF, and
CD68 (Table 5). A summary of the key immunohisto-
chemical findings across the study groups has been pro-
vided in Table 6.

DISCUSSION

Periapical lesions are inflammatory responses to an-
aerobic polymicrobial infections of the dental pulp and
root canals [12]. During inflammation, a hypoxic mi-
croenvironment activates HIFs, particularly HIF-1a, a
key regulator of cellular responses to low oxygen levels
[13]. In hypoxic conditions (oxygen concentration <2%),
HIF-1a stabilizes and alters gene expression, promotes
hypoxic adaptation, and influences the inflammatory
environment [13]. Hypoxia is linked to processes like
proliferation, angiogenesis, and apoptosis, which are

essential for the development of a periapical lesion [14].
Elevated HIF-1a levels play a central role and influence
macrophage polarization by regulating inducible nitric
oxide synthase [12]. The current study was designed to
evaluate and correlate the expression of HIF-1a, VEGE,
and CD68 (a macrophage marker) in PG, RC, and HP.

The proliferation of cells and formation of cellular ag-
gregates in periapical lesions can restrict oxygen diffu-
sion to the lesion center, leading to hypoxia [15]. In the
present study, HIF-1a expression levels were highest in
PG, followed by RC, and least in HP, which was signifi-
cant (p < 0.001) (Figures 3-5). The comparison of HIF-1a
expression between HP and PG and HP and RC was also
significant (p < 0.001 for both); however, the intergroup
comparison between PG and RC was not significant
(Tables 2 and 3).

Huang et al. [3] also reported higher HIF-1a expres-
sions in PG and RC compared with HP, with no signifi-
cant difference between PG and RC. Their values were
higher than those in the present study, likely due to dif-
ferences in lesion size, inflammation, and genetic fac-
tors. It could be hypothesized that the elevated HIF-1a
in PGs may result from increased inflammatory activity,

Table 5. Multiple linear regression analysis on the association of the
independent variables of study groups with the dependent variables
of mean scores of HIF-1q, VEGF, and CD68

Dependentvariable B  p-value Beta coefficient 95%Cl

HIF-1a 6.934 0.002 0.478 2.754-11.113
VEGF 32572 0.001 0.482 13.378-51.767
CD68 10.499 <0.001 0.792 7.583-13.416

B, B coefficient in logistic regression; Cl, confidence interval; HIF-1q,
hypoxia inducible factor 1 alpha; VEGF, vascular endothelial growth
factor.

Age, sex, site, and study groups (healthy pulp, periapical granuloma,
and radicular cyst) as the independent variables, p < 0.05 (statistically
significant).

Table 4. Intragroup correlation of HIF-1q, VEGF, and CD68 expressions in healthy pulp, periapical granuloma, and radicular cyst

G HIF-1a and VEGF HIF-1a and CD68 VEGF and CD68

r p-value p-value r p-value
Healthy pulp -0.028 0916 -0.046 0.860 0.630 0.007**
Periapical granuloma -0.169 0.516 0.324 0.205 0.532 0.028*
Radicular cyst 0.275 0.286 0.162 0.535 0.211 0.417

HIF-1a, hypoxia inducible factor 1 alpha; VEGF, vascular endothelial growth factor.

r, Spearman’s rho correlation coefficient.
*p < 0.05 and **p < 0.01 (two-tailed).

https://doi.org/10.5395/rde.2026.51.e22
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Age, sex, site: nonsignificant

Regression analysis

Study group remained significantly

associated with mean marker

expression

HIF-1a, hypoxia-inducible factor 1 alpha; VEGF, vascular endothelial growth factor.

in which macrophages and lymphocytes create a hypox-
ic microenvironment via cytokine release, particularly
IL-1p (Figure 3). In contrast, RCs experience hypoxia
due to ischemia from cystic cavity formation but have
lower inflammation-driven hypoxia (Figure 4) [3].
Conversely, Alsaegh et al. [15] and da Costa et al. [14]
found significantly higher HIF-1a in RC, attributing it
to epithelial proliferation, ischemic microenvironment,
and increased metabolic demand. The cystic structure
restricts oxygen diffusion, stabilizing HIF-1a. Based on
the present study findings, it could be hypothesized
that higher HIF-1a expression in PG than RC may be
due to the acute and dynamic inflammatory environ-
ment in PG, which increases metabolic demand and
oxygen consumption, intensifying hypoxia. The intense
immune cell infiltration and active tissue remodeling
in PG further amplify HIF-1a expression. Also, the fluc-
tuating oxygen levels in PG may drive transient HIF-1a
activation, whereas the more stable, chronic hypoxia
in RC results in relatively lower expression. The lack of
an epithelial lining in PG could also allow broader HIF-
la expression across stromal and inflammatory cells.
The expression levels in PG and RC were comparable,
with no significant difference, although the PG group
showed slightly higher values. Thus, there was a hypoxic
environment in both RC and PG, albeit this was slightly
higher in PG due to a greater inflammatory response.
HIF-1a is closely linked to the VEGF pathway, with its
connection being evident across various physiological
and pathological conditions [15]. Activation of HIF-1a
directly upregulates VEGF expression, playing a pivotal
role in stimulating new blood vessel formation and sup-
porting tissue repair through angiogenesis [15]. VEGF
expression levels were highest in RC, followed by PG,
and lowest in HP, with a significant difference (p < 0.001)
(Figures 3-5). The comparison of VEGF expression of HP
with PG and RC was significant (p < 0.001 for both) and
not significant for PG and RC (p = 0.454) (Tables 2 and 3).
Similar results were reported by Nonaka et al. [6] and
Alsaegh et al. [15], who observed higher VEGF expres-
sion in RC than in PG. Nonaka et al. [6] found mean
VEGF-positive cells in PGs (564.90), RCs (565.05), and
lower in residual RCs (443.90), with strong VEGF ex-
pression in the epithelial lining of RCs. This might be
due to geographic, genetic, and environmental differ-
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ences, as well as methodological variations. Alsaegh et
al. [15] reported significantly higher VEGF in RCs (p =
0.015), with strong expression in 33.3% of RCs vs 11.1%
of PGs. However, their study did not quantify VEGF ex-
pression, unlike Nonaka et al. [6] and the current study.
VEGF upregulation in RC may be driven by chronic in-
flammation, bacterial toxins, and cytokines such as IL-
1 and RANTES. In RC, dense inflammatory infiltration
stimulates VEGF release from macrophages and neutro-
phils, while the epithelial lining enhances vascular per-
meability and lesion growth. Unlike PG, in which VEGF
is mainly expressed in inflammatory cells, RC shows
stronger epithelial VEGF expression, promoting cyst ex-
pansion and chronic inflammation.

In contrast, Fonseca-Silva et al. [16] reported higher
VEGF expression in PG than in RC, though this dif-
ference was not significant. The lower VEGF values in
the current study might be due to different evaluation
criteria as the former study performed immunohisto-
chemical analysis of VEGF by determining the percent-
age of positive-staining cells in 10 microscopic fields for
each specimen, whereas the present study quantified
the mean expression of VEGF in the connective tissue
and assessed the semi-quantitative immunoexpres-
sion in the epithelial lining of RCs. Leonardi et al. [11]
found strong VEGF expression in inflammatory cells
of non-epithelialized PGS, while epithelialized PGS
showed moderate staining in inflammatory cells and
strong positivity in epithelial cells. RC exhibited con-
sistent VEGF expression across all epithelial layers
with minimal inflammatory staining. Higher VEGF in
PG might result from early lesion development, where
inflammatory cells drive angiogenesis and vascular
hyperpermeability. In RC, epithelial cells become the
primary VEGF source, maintaining vascular permeabil-
ity and cyst growth rather than initiating angiogenesis.
Thus, PGs exhibit higher VEGF expression driven by
inflammation, whereas RCs rely on epithelial VEGF and
exhibit cystic characteristics. The chronicity of inflam-
mation in RCs also contributes to sustained VEGF levels,
as prolonged inflammatory processes result in ongoing
recruitment and activation of macrophages and other
immune cells that further drive angiogenic signaling.

Macrophages play a crucial role in periapical lesions
by modulating the immune response and maintaining

https://doi.org/10.5395/rde.2026.51.e22

tissue homeostasis. Due to their plasticity, macrophages
adapt to microenvironmental changes, impacting le-
sion progression and healing [7]. In the present study,
CD68 expression was highest in RC, followed by PG,
and lowest in HP, with a significant difference (p < 0.001)
(Figures 3-5). The intergroup comparison of CD68 ex-
pression between all groups showed significant findings
(Tables 2, 3). Similar to the present study, Franga et al. [7]
and Azeredo et al. [17] reported higher CD68 expression
in RC than PG, though with no significant difference.
Variations in the methodologies could be the probable
reason for differences in values. Bolan et al. [18] found
macrophages diffusely distributed in periradicular le-
sions, contributing to expansion via IL-1 and TNF-a. de
Almeida et al. [19] observed higher CD68 expression
in cysts and granulomas of younger adults compared
to older patients, suggesting a more active immune re-
sponse in the young, potentially influencing endodontic
outcomes. Contrary to the current study, Rodini and
Lara [20] and Weber et al. [21] reported higher CD68
expression in PG than RC, though the difference was
not significant. Increased macrophage recruitment in
RC supports tissue remodeling, immune regulation,
and lesion expansion through IL-1 and TNF-a, pro-
moting bone resorption and epithelial proliferation
[22]. Higher T helper 2 cytokines (IL-6, prostaglandins)
enhance macrophage differentiation and chronic in-
flammation [22]. Predominantly located subepithelially,
macrophages aid in antigen presentation and immune
modulation. As RC matures, it stabilizes through macro-
phage-driven inflammation and tissue repair, whereas
PGs exhibit a more acute inflammatory response (7,8].
HIF-1a and VEGF are closely interconnected in nu-
merous physiological and pathological processes. Hy-
poxia was correlated with angiogenesis in the current
study to analyze their interrelationship in the study
groups, which was found to be nonsignificant for the
groups (Table 4). VEGF expression was also correlated
with macrophages to assess their interplay in periapical
lesions. In the HP and PG groups, VEGF showed a sig-
nificant positive correlation with CD68 expression (p =
0.007 and p = 0.028, respectively) while in the RC group
it was not significant (p = 0.417), indicating an active
role of macrophages in VEGF-mediated angiogenesis.
This association is likely driven by a hypoxic microen-
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vironment that enhances macrophage activation and
VEGF production. No study has correlated VEGF with
macrophages in periapical lesions. The present study
findings could pave the way for future studies that could
correlate these expressions for more insight into their
role in the pathogenesis of periapical lesions.

HIF-1a and VEGF may serve as potential molecular
targets for future investigation in preclinical models of
periapical lesions. Exploring the modulation of these
pathways could help clarify their role in inflammation,
bone resorption, and tissue repair, providing a basis
for future translational research. Therapies such as
edaravone, which modulates the HIF-1a-VEGF-ANG-
1 axis, and VEGF inhibitors like bevacizumab have
demonstrated their potential in controlling angiogene-
sis and bone loss in other inflammatory conditions [15].
Furthermore, combining anti-VEGF treatments with
antimicrobials like moxifloxacin has shown rapid lesion
regression, suggesting the potential for adaptation in
the treatment of periapical lesions to enhance healing
outcomes [23].

CONCLUSIONS

This study demonstrated distinct expression patterns
of HIF-1a, VEGF, and CD68 across PG, RC, and HP. HIF-
la and VEGF showed significantly higher expression in
PG and RC compared to HP, highlighting the role of hy-
poxia and angiogenesis in lesion progression. Similarly,
macrophage density (CD68) was markedly elevated in
RC and PG relative to HP, with RC showing the highest
levels. Although VEGF and CD68 exhibited a significant
positive correlation in HP and PG, no such correlation
was observed in RC. Overall, the inter-marker correla-
tions were nonsignificant, and linear regression analysis
confirmed that lesion type, rather than demographic
factors or site, was significantly associated with expres-
sion patterns.

To our knowledge, this is the first study to investi-
gate and correlate the expressions of HIF-1a, VEGE
and macrophages in periapical lesions. The primary
strength of the study lies in the precise methodology
employed to assess immunohistochemical expression.
However, we could not corroborate the correlation be-
tween hypoxia, angiogenesis, and macrophages with
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previous studies, as no prior research has explored this
specific interplay. A further limitation is the use of CD68
as a general macrophage marker without incorporating
polarization-specific markers (such as CD80/CD86 for
M1 or CD163/CD206 for M2), which restricts insights
into functional macrophage subsets. Additionally, the
heterogeneity in quantification approaches used for
different markers, such as variation in scoring methods
and expression assessment, may introduce measure-
ment variability. The limited sample size might also be a
drawback, impacting the generalizability of the results.
However, the findings do highlight the crucial role these
factors play in the development and progression of peri-
apical lesions, providing a foundation for novel thera-
peutic approaches.
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Effect of high irradiance and short exposure curing time on the
fracture toughness of bulk-fill resin-based composite: an in vitro
study
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ABSTRACT

Objectives: This study aimed to determine the effect of high irradiance and short exposure time on the fracture tough-
ness of bulk-fill resin-based composites (RBCs).

Methods: Three RBCs were tested: Tetric PowerFill (TPF; Ivoclar Vivadent), Opus Bulk Fill APS (OBF; FGM Dental
Group), and Filtek One Bulk Fill (FOB; Solventum). Sixty single-edge-notched disc specimens were prepared using a
fracture toughness mold. Each group consisted of 20 samples, divided into two subgroups (7 = 10). The RBCs were light-
cured either for 3 seconds in high-irradiance mode (‘3s cure’) or for the manufacturer-recommended times (TPF, 10 sec-
onds; OBE 30 seconds; FOB, 20 seconds) in ‘high power’ mode using the Bluephase PowerCure (Ivoclar Vivadent). The
peak spectral wavelength was measured using a spectrophotometer. Specimens were tested on a universal testing ma-
chine, and data were analyzed by two-way analysis of variance and Bonferroni test (a = 0.05).

Results: Radiant exposure values (J/cm?) were 9.5 for the 3-second mode and 12.4, 24.8, and 37.1 for 10, 20, and 30 sec-
onds (high power mode), respectively. FOB (4.22 and 3.79 MPa-m"® for 20 and 3 seconds) had the highest mean fracture
toughness, while OBF showed the lowest (2.01 and 2.10 MPa-m®° for 30 and 3 seconds). TPF produced intermediate re-
sults (2.72 and 2.70 MPa-m"® for 10 and 3 seconds). Exposure time did not affect TPF and OBE while the 3-second expo-
sure significantly reduced the fracture toughness for FOB.

Conclusions: The RBCs tested had different fracture toughness values regardless of exposure time. High irradiance and
short exposure can reduce fracture toughness depending on the RBC tested.
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Irradiance effects on bulk-fill composites

INTRODUCTION

Some bulk-fill resin-based composites (RBCs) can be
light-cured in increments up to 5 mm thick [1,2]. How-
ever, not all light-curing units (LCUs) and their exposure
modes can be used to cure such composite thickness, as
they do not promote adequate photocuring at the deep-
est layers of bulk-fill composite restorations. Scientific
articles have addressed this subject and shown the con-
sequences of the deficient monomeric conversion that
can affect some properties of the bulk-fill restorative
materials [3,4].

In general, polymerization in the deeper areas of the
RBC restoration occurs due to better light transmission
through the bulk-fill RBC when compared to incre-
mentally layered conventional composites. Lower light
dispersion at the filler-resin matrix interface, reduced
filler load, and changes in filler particle type contribute
to higher light penetration. Also, bulk-fill RBC includes
highly reactive photoinitiators, aromatic dimethacry-
late, high-molecular-weight monomers, and fragmenta-
tion monomer technology to modulate polymerization
shrinkage stress [5,6].

The development of RBCs has been carried out in
parallel with high-power light-emitting diode (LED)
LCUs that deliver a broad spectrum of blue and violet
light, capable of exciting all photoinitiators used in con-
temporary RBCs. Additionally, many LCUs offer light
exposure modes with varying exposure times and power
outputs, delivering high irradiance of at least 1,000 mW/
cm?. This high irradiance from LED LCUs has allowed
the light exposure time to be reduced from 40 to 10 sec-
onds, or even 3 seconds [7,8].

Some LED LCUs, such as Bluephase PowerCure (Ivo-
clar Vivadent, Schaan, Liechtenstein) and Valo X-LED
Curing Light (Ultradent Products Inc., South Jordan,
UT, USA), are equipped with high power and short ex-
posure modes (‘3 seconds Cure’ and ‘5 seconds-Xtra
Power’ modes, respectively) [9-11]. However, studies
have shown that short curing times may generate fewer
free radicals, compromising the polymerization reac-
tion [12,13], which, in turn, reduces the depth of cure
[10,14] and the physical-mechanical properties of bulk-
fill RBCs [11,15].

The objective of this study was to investigate the in-
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fluence of high irradiance and short exposure time from
the LED LCU on the fracture toughness of three bulk-fill
RBCs. The research hypotheses were: (1) the light ex-
posure mode influences the fracture toughness of bulk-
fill RBCs, and (2) the fracture toughness differs among
bulk-fill RBCs regardless of the light exposure mode.

METHODS

Three high-viscosity bulk-fill RBCs were tested: Tetric
PowerFill (TPF; Ivoclar Vivadent); Opus Bulk Fill APS
(OBF; FGM Dental Group), and Filtek One Bulk Fill
(FOB; Solventum, St Paul, MN, USA). The compositions
and the lot number of bulk-fill RBCs used in this study,
as well as their respective recommended light exposure
time, are reported in Table 1.

The bulk-fill RBCs were light-polymerized with two
light exposure modes (‘3s cure’ and ‘high power’) using
the Bluephase PowerCure LED LCU. The light output
from both light exposure modes of the LCU was mea-
sured using a spectrophotometer (MSC15W, SN 37560;
Gigahertz-Optik, Amesbury, MA, USA) and the MSC15
measurement software ver. 2019.1.0 (Gigahertz-Optik).
The peak spectral wavelength, power output, incident
irradiance, and radiant exposure on RBC surfaces from
the LED LCUs were determined.

Sixty single-edge-notched disc composite samples (6.5
mm diameter, 2.5 mm thick, and 3.5 mm notch) (Figure
1A) were prepared using a commercial fracture tough-
ness metal mold (Odeme Dental Research, Luzerna, SC,
Brazil) that is according to the ASTM Standard E-399-83
[16]. Each group consisted of 20 samples, which were di-
vided into two subgroups (7 = 10) according to the three
bulk-fill RBCs and two different light exposure modes
investigated in this study.

The bulk-fill RBC was inserted into the metal mold
in a single increment using a stainless-steel spatula,
ensuring complete filling and avoiding air entrapment.
After filling, the mold was covered with a polyester strip
(KDent, Joinville, SC, Brazil), and the LCU was clamped
and positioned perpendicular to the mold. The LCU tip
was placed in contact with the polyester strip covering
the composite surface, and bulk-fill RBCs were light-
cured either using the 3s cure mode or according to the
times recommended by the respective manufacturers

https://doi.org/10.5395/rde.2026.51.e23



Irradiance effects on bulk-fill composites

Table 1. Bulk-fill resin-based composites used, their compositions, and recommended light exposure times according to the manufacturers

Bulk-fill composite (lot number)

Composition

Recommended exposure time

Tetric PowerFill (Z04192)

Bisphenol A glycidyl methacrylate, ethoxylated bisphenol A dimethacrylate,

3secor 10 sec”

2,2-bis-(4-(3-methacryloxypropoxy)phenyl)propane, urethane dimethacrylate,
tricyclodecane dimethanol dimethacrylate, propoxylated bisphenol A dimeth-
acrylate, addition fragmentation chain transfer, 3-allyl sulfone, Ba-Al-Si glass,
ytterbium trifluoride, Si-Zr mixed oxide and copolymers (79% by weight)

Opus Bulk Fill APS (171023)

Urethane-dimethacrylate monomers, stabilizers, photoinitiator composition (APS), 30 sec

co-initiators, stabilizers, pigments, and silanized silicon dioxide (79% by weight)

Filtek One Bulk Fill (NC88136)

Aromatic urethane dimethacrylate, diurethane dimethacrylate, 1,12-dodecane 20 sec

dimethacrylate, ethyl 4-dimethyl aminobenzoate, silane-treated ceramic,
silane-treated silica, ytterbium fluoride and silane-treated zirconia (76.5% by

weight)

“Three seconds or 10 seconds when using the light-curing units in‘3s cure’mode and ‘high power mode; respectively.
Tetric PowerfFill: Ivoclar Vivadent, Schaan, Liechtenstein; Opus Bulk Fill APS: FGM Dental Group, Joinville, SC, Brazil; Filtek One Bulk Fill: Solventum, St

Paul, MN, USA.

R=2.5mm

Diameter = 1.5 mm

Z05mm

Thickness = 2.5 mm

Figure 1. Dimensions and shape of the composite specimen and the
fracture toughness testing apparatus.

(TPF, 10 seconds; OBE, 30 seconds; FOB, 20 seconds)
in the high power mode, which represented the control
groups.

Polymerized specimens were removed from the mold,
stored in distilled water at 37°C for 24 hours, and then
tested in a universal test machine (Instron 4411; Instron
Corp., Norwood, MA, USA) at a 1.0 mm/min crosshead
speed (Figure 1B). The fracture load values were ac-
quired and applied to the formula below to calculate the
fracture toughness (in MPa-m*°):

Fracture toughness (KIC) = (PL/BW1.5) Y

where: P, load fracture; L, distance between holes; B,
specimen thickness; W, specimen width; Y, geometrical
function dependent on a/W, and ‘a’ is the notch length.

Y =[2.9(a/w)1/2 - 4.6 (a/w)3/2 + 21.8 (a/w)5/2 -
37.6(a/w)7/2 + 38.7(a/w)9/2]

Fracture toughness data were analyzed for homosce-
dasticity with Levene test and normality with the Shap-

https://doi.org/10.5395/rde.2026.51.e23
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Figure 2. Spectral emissions from the Bluephase PowerCure (Ivoclar

Vivadent, Schaan, Liechtenstein) light-curing unit, according to the
curing mode.

iro-Wilks test. Data were analyzed by two-way analysis
of variance (ANOVA; factors: ‘type of bulk-fill RBC’ and
‘exposure mode’) and Bonferroni test (a = 0.05). The SAS
software ver. 9.4 (SAS Institute Inc, Cary, NC, USA) was
used for all the statistical analyses.

RESULTS

Figure 2 illustrates the emission spectra and the re-
al-time irradiances delivered by the Bluephase Power-
Cure LCU for each light exposure mode. The emission
peaks in the 3s cure mode were at 405 nm (violet) and
447 nm (blue), respectively. In the high power mode,
the violet light emission peak remained the same at 405
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nm and delivered the same amount of violet light, but
the amount of blue light increased (448 nm). This 1-nm
change was within the measurement uncertainty of the
equipment used in the study. Figure 3 illustrates that 3s
cure mode reached irradiance value of 3,178 mW/cm?
that was maintained for only 3 seconds, while the high
power mode delivered a constant irradiance of approx-
imately 1,238 mW/cm? for 20 seconds in high power
mode.

Table 2 reports the power (mW), irradiance (mW/
cm?), and the radiant exposure (J/cm®) values from both
light exposure modes of Bluephase PowerCure LCU. For
the 3s cure mode, the LCU delivered 1,597 mW power
output, 3,178 mW/cm? irradiance, and 9.5 J/ cm® radiant
exposure. The high power mode delivered a power out-
put of 622 mW and an irradiance of 1,238 mW/cm?, The
exposure times of 10, 20, and 30 seconds delivered radi-
ant exposures of 12.4, 24.8, and 37.1 J/cm?, respectively.

3,500
PowerCure

3,000

2,500

3smode

2,000 @High power mode

1,500

Irradiance (mW/cm?)

1,000

500

Table 3 reports the fracture toughness means (MPa-m*°)
for bulk-fill RBCs and exposure modes. The two-way
ANOVA demonstrated that both ‘type of bulk-fill RBC’
(p < 0.001) and ‘exposure mode’ (p < 0.001) significantly
influenced fracture toughness, with no significant inter-
action between the factors (p = 0.100).

The curing modes did not affect the fracture tough-
ness results of TPF (p = 0.974) and OBF (p = 0.632), while
the 3s cure mode significantly reduced the fracture
toughness for FOB (p = 0.020). On the other hand, the
highest fracture toughness means were found for FOB
(4.22 and 3.79 MPa-m"® for 20 and 3 seconds, respec-
tively), while the lowest one was for OBF (2.01 and 2.10
MPa-m"® for 30 and 3 seconds, respectively), regardless
of the light exposure mode. TPF produced intermediate
results (2.72 and 2.70 MPa-m"® for 10 and 3 seconds, re-
spectively).

DISCUSSION

The first research hypothesis that the light exposure
mode influences the fracture toughness of bulk-fill
RBCs was accepted only for FOB bulk-fill RBC, because
the fracture toughness of OBF and TPF cured using the
3s cure or high power modes did not differ statistically.
According to the FOB RBC manufacturer, for LCUs that

Table 2. Power output (mW), incident irradiance (mW/cm?), and
radiant exposure (J/cm?) values from the ‘3s cure’ and *high power’
modes

3,500 : : : +
0 5 10 15 20
Time (sec)
Figure 3. Real-time irradiances delivered from the Bluephase Pow-
erCure (lvoclar Vivadent, Schaan, Liechtenstein) light-curing unit,
according to the light exposure mode.

Variable 3scuremode  High power mode
Power output (mW) 1,597 622
Incident irradiance (mW/cm?) 3,178 1,238
Radiant exposure (J/cm?) 9.5” 12.4,24.8,37.1"

Exposure time: ?3 sec; ®10, 20, and 30 sec.

Table 3. Fracture toughness (MPa-m™°) of the bulk-fill RBCs tested according to the exposure modes used

Bulk-fill RBC (recommended exposure time)

3 sec (‘3s cure’mode)

Recommended exposure (‘high power’mode)

Tetric PowerFill (10 sec) 2.70 +0.60™ 272+037™
Opus Bulk Fill APS (30 sec) 2.10+0.28 2.01+0.19%
Filtek One Bulk Fill (20 sec) 3.79+0.29% 4224053

Values are presented as mean =+ standard deviation.

Different lowercase letters indicate significant differences among bulk-fill RBCs within the same curing mode (p < 0.05).
Different uppercase letters indicate significant differences between curing modes for the same bulk-fill RBC (p < 0.05).
Tetric PowerfFill: Ivoclar Vivadent, Schaan, Liechtenstein; Opus Bulk Fill APS: FGM Dental Group, Joinville, SC, Brazil; Filtek One Bulk Fill: Solventum, St

Paul, MN, USA.
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deliver an irradiance of 1,000 mw/cm’ or greater, the
light exposure time must be 20 seconds, while for LCUs
with lower irradiance (550-1,000 mw/cm?), the light ex-
posure time must be 40 seconds. Thus, this study used
the recommended exposure time (20 seconds), and
the FOB composite achieved higher fracture toughness
than when exposed for only 3 seconds. The 20-second
exposure time in the high power mode delivered a radi-
ant exposure of 24.8 J/cm? and irradiance around 1,200
mW/cm?. In comparison, the ‘3s cure’ mode delivered
only 9.5 J/cm® radiant exposure and 3,178 mW/cm?
irradiance. The difference in radiant exposure might ex-
plain the difference in fracture toughness between the
cure modes used to polymerize the FOB. This contrast
highlights two distinct energy-delivery strategies: an
ultrashort, high-intensity exposure versus a lower, sus-
tained output (Figure 3).

The 3-second exposure time is the shortest exposure
time recommended by any RBC manufacturer. The
ability of TPF to be photocured in a short light exposure
time is most likely due to the types and concentration of
photoinitiators (combination of camphorquinone and
Ivocerin) used in this bulk-fill RBC [14,15]. The pho-
toinitiator system in OBF bulk-fill RBC is a proprietary
advanced polymerization system (APS), which yielded
similar fracture toughness regardless of the light expo-
sure mode used or the radiant exposure delivered to the
RBC. The same result was obtained for the TPF bulk-fill
RBC; however, this bulk-fill RBC is recommended to be
cured in the 3s cure mode on the Bluephase PowerCure
LCU. According to its manufacturer, the TPF can also be
cured for 10 seconds using the high power mode from
the same LCU.

The second research hypotheses that fracture tough-
ness differs among bulk-fill RBCs, regardless of the light
exposure mode was accepted because the RBCs showed
distinct fracture toughness values and the light expo-
sure mode did not change the order from the highest
fracture toughness (FOB: for 20 seconds, 4.22 MPa-m*’
and for 3 seconds, 3.79 MPa-m*’) to the lowest one (OBF:
for 20 seconds, 2.01 MPa-m®® and for 3 seconds, 2.10
MPa-m”°). The TPF composite produced intermediate
results (for 20 seconds, 2.70 MPa-m"® and for 3 seconds,
2.72 MPa-m"°).

The filler content of FOB is a combination of silica,

https://doi.org/10.5395/rde.2026.51.e23

non-agglomerated and cluster fillers, and ytterbium tri-
fluoride particles. The resin matrix contains two meth-
acrylate monomers (aromatic urethane dimethacrylate
[AUDMA] and addition-fragmentation methacrylate
[AFM] monomers) that help reduce polymerization
shrinkage stress. AUDMA is a high-molecular-weight
AUDMA that decreases the number of reactive groups
in the resin, while the AFM contains a reactive site that
cleaves through a fragmentation process during po-
lymerization. The cleaving process tends to reduce the
polymerization shrinkage stress, and the monomer frag-
ments can react with each other or with other reactive
monomer sites, thereby maintaining the physical prop-
erties of FOB bulk-fill RBC due to increased monomer
conversion. A study that used single-edge bend bar-
shaped specimens and loaded them in a three-point
bending test showed that the fracture toughness of FOB
was among the highest of the bulk-fill RBCs investigated
[17], corroborating this study.

The TPF contains a combination of monomers (bi-
sphenol A glycidyl methacrylate, ethoxylated bisphenol
A dimethacrylate, 2,2-bis[4-(3-methacryloxypropoxy)
phenyl]propane, urethane dimethacrylate [UDMA], tri-
cyclodecane dimethanol dimethacrylate, propoxylated
bisphenol A dimethacrylate) and four types of particles
(barium glass, ytterbium trifluoride, mixed oxide, and
prepolymers). The polymerization shrinkage stress is
controlled by the ‘addition fragmentation chain transfer’
and the f-allyl sulfone-based dimethacrylate networks.
Both are also responsible for improving the polymer’s
physical properties and enhancing the homogeneity of
the network architecture [18], particularly under high
irradiance and fast photocuring [19]. However, some
studies have recommended longer exposure time and
lower irradiance to improve the degree of conversion
and the depth of cure of RBCs. Also, the recommen-
dation was to reduce the monomer elution, polymer-
ization shrinkage, and the porosity of TPF [7,8]. On the
other hand, a study that compared the fast high irradi-
ance (3s cure mode from Bluephase PowerCure LCU) to
conventional curing mode for 20 seconds (irradiance:
1,600 mW/cm® from an Elipar LED LCU, TM S10; 3M
ESPE, St Paul, MN, USA) showed that the light exposure
mode did not affect the mechanical properties (flexural
strength, modulus, and fracture toughness) of two RBCs
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(TPF and Essentia U, GC Corp., Tokyo, Japan) [20].

The OBF contains UDMA monomer, silanized silicon
dioxide as the filler particles and the APS photoinitiator
system. This study showed the lowest fracture tough-
ness among the bulk-fill RBCs. A study showed that the
flexural strength of OBF was lower than that obtained
for X-tra fil (VOCO, Cuxhaven, Germany) [21]. Howev-
er, another study showed that the OBF light-cured for
40 seconds presented better results for the evaluated
mechanical properties than Tetric EvoCeram Bulk Fill
(Ivoclar) light-cured for 10 seconds [22]. An in vitro
study showed that OBF had mechanical performance
and reliability similar to those of conventional and in-
cremental RBCs [23].

Thanoon et al. [24] showed that the response of bulk-
fill composites to a high-irradiation protocol varied
with composition and viscosity, with light transmission
and degree of conversion occurring more rapidly in
low-viscosity materials. Another study indicated that
high irradiance and short exposure times can affect the
depth of cure of bulk-fill RBCs, and fast curing with high
irradiance should be used only for some bulk-fill com-
posites [4]. Ribeiro ef al. [13] demonstrated that short
exposure times (1 to 3 seconds) produced inferior phys-
ical-mechanical properties (fracture toughness, energy
absorption, and Vickers hardness) in some composites
compared to a 10-second exposure at a lower irradiance
[13]. On the other hand, the TPF showed superior ther-
mal and monomer conversion results when exposed to
high irradiance for a short time (1-5 seconds) compared
with the Tetric EvoCeram conventional bulk-fill com-
posite [24].

Most studies have used bar-shaped specimens [25-28],
unlike this study, which used disc-shaped ones [13].
The metal mold used in this study produced samples 6.5
mm in diameter and 2.5 mm thick (Figure 1A). Bulk-fill
RBCs are recommended to be light-activated to a thick-
ness of up to 4 or 5 mm, but in this study, the composite
thickness was lower than their recommended values.
The shape and thickness of the composite samples, in
addition to the use of contemporary bulk-fill RBCs, may
explain their superior fracture toughness values ob-
tained in this study when compared to results (0.4 to 1.6
MPa-m"®) reported by previous studies that used con-
ventional RBCs and others that are no longer available
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[25-29].

The composites tested in this study are indicated for
large restorations [30-33] and, when under-polymer-
ized, may result in poor restoration longevity. These
composites have been extensively studied regarding
exposure time and degree of conversion, hardness, and
flexural strength [34-37], but fracture toughness reflects
a material’s susceptibility to cracking; a higher fracture
toughness value indicates that the material is less likely
to fracture [38].

The results of this study suggest that the type of bulk-
fill RBC and the light exposure mode have a significant
influence on the fracture toughness of FOB bulk-fill
RBC. This study did not standardize the radiant expo-
sure delivered to all bulk-fill RBCs because different
exposure times in high power mode were used to pho-
to-cure the three bulk-fill RBCs. The exposure time was
set to the light-activation time recommended by the
manufacturers. The same exposure time for the tested
bulk-fill RBCs might alter the fracture toughness results.

CONCLUSIONS

Light-curing with short exposure time and high irradi-
ance did not reduce the fracture toughness of OBF and
TPF bulk-fill restorative materials. However, this finding
cannot be generalized to all bulk-fill composites, be-
cause the short high-irradiance protocol yielded lower
fracture toughness for FOB.
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Magnitude of pulp space narrowing over time and contributing
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ABSTRACT

Objectives: This study aimed to compare the magnitude of pulp space narrowing over time—measured as the change in
pulp/tooth proportion from baseline—between mandibular molars treated with different types of vital pulp therapy
(VPT) and their contralateral sound molars (controls). This study also investigated factors influencing the magnitude of
pulp space narrowing in molars that have undergone VPT.

Methods: This retrospective cohort study involved the assessment of bitewing radiographs of VPT-treated molars and
controls at baseline and follow-up. Using reference points and lines on the radiograph, pulp/tooth proportions were
measured by examiners. The intraclass correlation coefficient (ICC) was used to report examiner reliability. The changes
in pulp/tooth proportions from baselines were compared between subgroups using multilevel mixed effect linear regres-
sion and the Wald test.

Results: A total of 382 bitewing radiographs from 134 teeth were included. The follow-up period ranged from 6 to 84
months (mean, 27.12 + 17.67 months). ICC values indicated good to excellent examiner reliability. Compared to the con-
trols, changes in pulp/tooth proportion from baselines, indicating pulp space narrowing, were significantly greater in
teeth with partial pulpotomy (at pulp chamber width) and coronal pulpotomy (at pulp canal width). Factors affecting the
magnitude of pulp space narrowing included the more invasive type of VPT and the more severe preoperative diagnosis.
Conclusions: The magnitude of pulp space narrowing was greater in VPT-treated molars than in controls. The more inva-
sive type of VPT and severe preoperative diagnosis were factors contributing to the magnitude of pulp space narrowing.
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Pulp space narrowing following vital pulp therapy

INTRODUCTION

Although vital pulp therapy (VPT) has a high success
rate [1-7], one of its most common complications is
pulp canal calcification (PCC) [1-4,7]. PCC refers to an
increase in the production and deposition of hard tis-
sue in response to several forms of irritation, resulting
in a calcified narrowing of the pulp space [8]. Excessive
calcification may impede the vitality/function of pulp
tissue [9] and complicate endodontic treatment if in-
dicated in the future [10,11]. Radiographically, studies
reported a wide range of PCC, from 0% to 45%, in teeth
that have undergone VPT [1-7]. However, only one
study reported that 5.8% (1 out of 17 teeth) developed
periapical radiolucency following total PCC or pulp
obliteration in teeth treated with VPT [2]. It is worth
noting that previous studies differ in VPT protocol and
evaluation method of changes in pulp space. Moreover,
pulp space evaluation is quite subjective, cross-section-
al, and often a secondary study outcome [1-7].

Objective evaluations of calcified narrowing of the
pulp space, based on changes in pulp/tooth ratio or
proportion over time measured on radiographs, have
been performed in previous studies on age estimation
in forensic dentistry [12,13]. In general, factors influ-
encing the narrowing of the pulp space include age, sex,
drug use, and dental treatment received [14-16]. How-
ever, no study has specifically and objectively studied
pulp space narrowing in VPT-treated teeth. Therefore,
the objectives of this study were to (1) objectively com-
pare the magnitude of pulp space narrowing over time,
based on the change in pulp/tooth proportion values
from baseline, between teeth that underwent different
types of VPT and their contralateral sound molars (con-
trols) and (2) study factors affecting the magnitude of
pulp space narrowing in VPT-treated teeth.

METHODS

Study design and ethics approval

This retrospective cohort study was approved by the
Human Experimentation Committee at the Faculty of
Dentistry, Chiang Mai University, Chiang Mai, Thailand
(registration number 39/2017). The study was conduct-
ed in accordance with the Declaration of Helsinki and
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reported following the Strengthening the Reporting
of Observational Studies in Epidemiology (STROBE)
guidelines [17].

Study participants

The study focused on the permanent mandibular mo-
lars of patients aged 6-18 years who underwent VPT,
including a protective liner and base (LB), direct pulp
capping (DPC), partial pulpotomy (PP), and coronal
pulpotomy (CP), at the Pediatric Dentistry Clinic, Fac-
ulty of Dentistry, Chiang Mai University, Thailand from
September 2012 to June 2022. The contralateral sound
molars of the same patients served as controls.

For comprehensive treatment planning, preoperative
bitewing radiographs on both sides were obtained for
all patients; these served as the baseline for the control
group. VPT was performed on the deep carious tooth
within 1 to 2 weeks following the previously described
VPT protocol in a published article from the same insti-
tution [18,19]. The immediate post-operative radiograph
was taken and used as the baseline for the VPT group.
Follow-up appointments were scheduled approximate-
ly every six months, during which bilateral bitewing
radiographs were obtained, consistent with American
Academy of Pediatric Dentistry recommendations for
high-caries-risk patients [20]. The radiographs were
positioned parallel to the crowns of the maxillary and
mandibular teeth with the resultant images showing the
contact areas as “opened” [21].

Sample size calculation

Sample size calculations were conducted using the pro-
gram from http://powerandsamplesize.com [22], based
on prior studies reporting incidences of pulp space nar-
rowing following VPT: 35% in CP [4] and 5% in PP [1],
thus at least 20 teeth was required for each treatment
group. However, this study included all mandibular mo-
lars that met the inclusion criteria.

Inclusion and exclusion criteria

To be included in this study, the VPT-treated mandib-
ular molars must have (1) a baseline and at least one
follow-up bitewing radiograph of good quality; (2) no
restorations or devices that interfere with the radiologi-
cal evaluation of the pulp chamber; (3) all independent
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variables (predictors) from patient charts, including age
(years, months), sex (male, female), follow-up period
(recorded at one or more of the following intervals, as
available: 6, 12, 18, 24, 30, 36, 48, 60, and 72 months); a
preoperative pulpal diagnosis (normal pulp, reversible
pulpitis, irreversible pulpitis) [23]; preoperative peri-
apical lesion status (absence, presence); root formation
status (mature, immature); type of VPT (LB, DPC, PP,
CP); pulp-dressing material (ProRoot MTA, Dentsp-
ly Sirona, Tulsa, OK, USA; Biodentine, Septodont,
Saint-Maur-des-Fossés, France); type of irrigant (sodium
hypochlorite, normal saline solution); site of exposure
(mesial, distal); and VPT outcome (success, failure).

Regarding the VPT outcome, treatment was con-
sidered successful if the treated tooth demonstrated
functional clinical and radiographic survival. Clinically,
the tooth did not have pulpitis symptoms, abnormal
mobility, or fistula. Radiographically, the tooth showed
continued root formation or improved periapical condi-
tions, the absence of prominent lesions, and no internal
or external root resorption.

The contralateral sound molars from the same pa-
tients with VPT were screened and included as controls
if they had (1) the baseline and at least one bitewing
radiograph from routine check-ups, and (2) all required
independent variables (age, sex, follow-up period, and
root formation status).

Bitewing radiographs were excluded if the necessary
reference points in Figure 1A, including the cementoe-
namel junction points on the distal and mesial external
tooth surfaces, the highest point of the pulp chamber
floor, and the highest point of the furcation of the tooth,
were not identifiable by the primary investigator (AB).

Data collection and outcome
The bitewing radiographs that met the inclusion crite-
ria were saved as JPEG files and then randomly placed
into sets, each containing 25 radiographs. The blinded,
calibrated examiners independently assessed each set
of radiographs using the Chiang Mai University-Pulp
Space Measurement (CMU-PSM) program on the same
computer with the same settings in the same ambient
environment. The evaluation duration was limited to 40
minutes per set.

To avoid discrepancies in radiographic image ex-

https://doi.org/10.5395/rde.2026.51.e24

pansion or distortion, the semi-automated CMU-PSM
program was specifically developed to linearly measure
the pulp space using four pulp/tooth proportion values
on bitewing radiographs. When using the CMU-PSM
program, the evaluators manually selected the refer-
ence points in Figure 1A; the program then automati-
cally created the reference lines in Figure 1B and C. The
evaluator checked and manually adjusted the margin
of the reference lines as appropriate. Finally, the CMU-
PSM program automatically calculated four pulp/tooth
proportion values, including pulp chamber width (A1/
A0), pulp canal widths (mesial, B1/B0, and distal, B2/
B0), and pulpal floor thickness (C1/C0). However, the
A1/A0 value was not available for teeth treated with CP
because their pulp chamber was completely occupied
with pulp-dressing material. All pulp/tooth proportion
values were exported to a Microsoft Excel table, and the
change (A) in these values from the baselines was com-
puted as follows:

AA1/A0 = A1/A0 (baseline) — A1/A0 (follow-up)

AB1/B0 = B1/B0 (baseline) — B1/B0 (follow-up)

AB2/B0 = B2/B0 (baseline) — B2/B0 (follow-up)

AC1/C0 = C1/C0 (baseline) — C1/CO0 (follow-up)

Sample size for reliability analyses was estimated with
an online intraclass correlation coefficient (ICC) calcu-
lator (wnarifin.github.io/ssc/ssicc.html) [24] targeting
an expected ICC of 0.80 with + 0.10 precision at the 95%
confidence level. This yielded required samples of 51 ra-
diographs for intra-examiner reliability (two ratings per
subject) and 29 radiographs for inter-examiner reliability.
The radiographs were independently evaluated by four
blinded evaluators (three faculty members and one mas-
ter’s student in pediatric dentistry), with reassessment
after a 2-week interval for intra-examiner reliability.

The primary investigator (AB) extracted all indepen-
dent variables from patients’ charts. All values were
derived from radiographic measurements performed
by the calibrated independent evaluators. The depen-
dent variables were the changes from baseline in four
pulp/tooth proportion values (AA1/A0, AB1/B0, AB2/
B0, AC1/C0) assessed at each follow-up. In cases of total
PCC, defined in this study as the complete radiographic
absence of a discernible pulp space throughout the pulp
chamber and root canal, quantitative measurements
could not be performed, and these cases were recorded
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Figure 1. Reference points and lines on a bitewing radiograph used in this study. (A) Reference points: (1) blue points were the cementoenamel
junction points on the distal and mesial external tooth surfaces; (2) a red point was the highest point of the pulp chamber floor; and (3) a yellow
point was the highest point of the furcation. (B) Reference lines (RF line): the line connecting the mesial and distal cementoenamel junction
points; BO is a horizontal line/distance, paralleling to the RF line, between the mesial and the distal external root surfaces at the level of the
fornix of furcation; CO is the vertical and perpendicular line/distance between the RF line and the BO line; AQ is the horizontal line/distance,
paralleling to the RF line, between the mesial and the distal external root surfaces at the level of the occlusal one fourth of the CO distance. (C)
RF lines: A1 is the horizontal distance of pulp chamber from the mesial to the distal external pulp chamber surfaces at the level of the occlusal
one fourth of the CO distance; B1 is the horizontal distance of the mesial canal at the level of the fornix of furcation; B2 is the horizontal distance
of the distal canal at the level of the fornix of furcation and C1 is the vertical distance between the floor of pulp chamber point and the fornix of

furcation point.

as total PCC.

The study addressed two main outcomes: (1) differ-
ences in changes of pulp space from baseline, by mea-
suring the pulp/tooth proportion at different follow-ups
between the VPT-treated and contralateral sound mo-
lars and (2) contributing factors associated with chang-
es of the pulp space from baselines in the VPT-treated
teeth.

Statistical methods

For intra-examiner reliability, the four pulp/tooth pro-
portion values from the first and second measurements
from each evaluator were analyzed using the ICC (two-
way mixed model; type, single measurement; definition,
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absolute agreement). For inter-examiner reliability, the
same four proportion values from all evaluators were
analyzed using the ICC (two-way random model; type,
single measure; definition, absolute agreement). ICCs
were calculated using IBM SPSS ver. 19.0 (IBM Corp,
Armonk, NY, USA), with an acceptable score set at 0.8
(good reliability), and scores above 0.9 considered ex-
cellent reliability [25].

Longitudinal missing data were handled using the
last observation carried forward (LOCF) approach [26].
To evaluate the change in pulp/tooth proportion values
from baseline, linear mixed-effects models were fitted,
assuming a Gaussian distribution for the outcome. The
models included fixed effects for treatment type (VPT
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vs. control), follow-up time (in months, modeled as
a continuous variable with both linear and quadratic
terms), and their interaction. Additional fixed covariates
were included if they were potential confounders of the
main determinants. To account for the hierarchical and
longitudinal data structure, random effects were spec-
ified at the tooth level, with a random slope for time to
model repeated measurements within each tooth. No
additional patient-level random effects were included
because each tooth represented the unit of analysis.
Wald tests were applied to assess the statistical signif-
icance of associations between independent variables
and each outcome at each follow-up time point. Stata
software ver. 16.0 (StataCorp LLC, College Station, TX,
USA) was used for analysis.

RESULTS

All ICC values were above 0.8, with several exceeding
0.9, indicating good to excellent intra- and inter-exam-
iner reliability.

Demographic data
Of 635 teeth from 400 patients, a total of 134 VPT-treated
teeth from 131 patients, with 382 bitewing radiographs,
met the inclusion criteria. The follow-up period ranged
from 6 to 84 months (mean, 27.12 + 17.67 months).
Missing data amounted to 58.2% of the total. From the
same patients who received VPT, 20 contralateral sound
molars with 60 bitewing radiographs at different recall
periods were included in the control group.
Demographic data of patients with VPT-treated teeth
and the control group are summarized in Tables 1 and 2,
respectively. Table 3 shows the incidence of total PCC,
which was observed in 14/134 teeth (10.4%), involving
a higher number of teeth with PP (7/134, 5.2%) and CP
(6/134, 4.5%). Only one VPT failure was found in this
total PCC group (1/14, 7.1%). This failed tooth also ex-
hibited a fracture in the composite resin restoration.

Comparison of the changes from baseline in pulp/
tooth proportion values between molars with different
types of vital pulp therapy and controls

Figure 2 illustrates the change from baseline in pulp/
tooth proportion between teeth treated with different
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types of VPT and controls. A general trend of progres-
sive decreases in all four pulp/tooth proportion values

Table 1. Demographic data of the study group with vital pulp ther-
apy-treated teeth

Demographic information Data
No. of cases 134
Age at treatment (yr)

Range 6-18

Mean + SD 9.8+1.9

>6,<8 33(24.6)

>8,<10 46 (34.3)

>10,<12 44(32.8)

>12 11(8.2)
Sex

Male 54 (40.3)

Female 80(59.7)
Follow-up (mo)

Range 6-84

Mean = SD 27.12+17.64

Median (IQR) 24 (13.75-37.25)
Root formation status

Mature 66 (49.3)

Immature 68 (50.7)
Preoperative pulpal diagnosis

Normal pulp 20(14.9)

Reversible pulpitis 43 (32.1)

Irreversible pulpitis 71(52.9)
Preoperative periapical lesion status

Presence 36 (26.9)

Absence 98 (73.1)

Type of vital pulp therapy
Protective liner and base (18.7)
Direct pulp capping 27(20.1)
Partial pulpotomy (38.1)
Coronal pulpotomy (23.1)

Pulp dressing materials (n = 134)

ProRoot MTA 105 (78.4)

Biodentine 29 (21.6)
Type of irrigants (n = 134)

Normal saline solution 40(29.9)

Sodium hypochlorite 94 (70.1)
Site of exposure (n = 103)a)

Mesial 55(53.4)

Distal 48 (46.6)
Vital pulp therapy outcome (n = 134)

Success 127 (94.8)

Failure 7(5.2)

Values are presented as a number (%) unless otherwise specified.
SD, standard deviation, IQR, interquartile range.
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over time was observed. Notably, for AA1/A0, the pro-
portion changes were significantly greater in the PP
group compared to the control group at 12, 18, 24, 30,
36, and 48 months in Figure 2A. For AB1/B0, the chang-
es were significantly greater in the CP group than in the
controls at all times, except for 72 months in Figure 2B.
For AB2/B0, the CP group also showed significantly
greater change compared to the controls at all follow-up
points in Figure 2C. In contrast, the changes in AC1/C0
of each VPT group were not significantly different from
those of the control group at 6-60 months; however, the
LB group displayed significantly lower change values
than the controls at 72 months in Figure 2D. The fixed-
and random-effects models for changes from baseline

Table 2. Demographic data of the control group

Demographic information Data
Age at treatment (yr) (n = 20)
Range 6-12
Mean + SD 9.86 + 1.47
>6,<8 4(20.0)
>8,<10 7 (35.0)
>10,<12 9 (45.0)
>12 0(0)
Sex (n=20)
Male 6(30.0)
Female 14 (70.0)
Follow-up (mo) (n = 20)
Range 6-52
Mean £ SD 23.80+£13.14

Median (Interquartile range) 21(14.0-32.75)
Root formation status (n = 20)
Mature

Immature

10 (50.0)
10 (50.0)

Values are presented as a number (%) unless otherwise specified.
SD, standard deviation, IQR, interquartile range.

Table 3. Incidence of total pulp canal calcification and failure rate from
different types of vital pulp therapy

Total pulp canal

Total pulp canal

Type of vital pulp therapy  calcification calcification and
(n=134) treatment failure (n = 14)

Protective liner and base 0(0) 0(0)

Direct pulp capping 1(0.7) 0(0)

Partial pulpotomy 7(5.2) 1(7.1)

Coronal pulpotomy 6 (4.5) 0(0)

Total 14(10.4) 1(7.1)

Values are presented as a number (%).

6/14

in pulp/tooth proportion values between teeth treated
with different types of VPT and controls, including their
marginal predictions and pairwise contrast p-values, are
presented in Supplementary Tables 1-12.

Differences in the changes from baseline of pulp/tooth
proportion values between the subgroups

The factors that contributed to significant differences
between subgroups in change from baseline of pulp/
tooth proportion values were VPT type and preoperative
pulpal diagnosis.

Type of vital pulp therapy

Figure 3 illustrates changes from baseline in pulp/
tooth proportion values in the DPC, PP, and CP groups
against those in the LB group. Notably, for the AA1/A0
value, changes were significantly greater in the PP group
than in the LB group at 12, 18, 24, 30, 36, 48, 60, and 72
months in Figure 3A. In contrast, the changes in AB1/B0
of the CP, PP, and DPC groups did not significantly differ
from those of the LB group at any follow-up point in Fig-
ure 3B. Furthermore, for AB2/B0, decreases were signifi-
cantly greater in the CP group than in the LB group at all
follow-up points, except at 6 months (Figure 3C). Final-
ly, for AC1/CO0, decreases were significantly greater in
the PP group than in the LB group at 60 and 72 months
in Figure 3D. Figure 4 illustrates different magnitudes of
pulp space narrowing over time in different types of VPT
cases. The fixed- and random-effects models for chang-
es from baseline in pulp/tooth proportion values (AA1/
A0) in the DPC, PP, and CP groups compared with those
in the LB group, including their marginal predictions
and pairwise contrast p-values, are presented in Supple-
mentary Tables 13-24.

Preoperative pulpal diagnosis

Figure 5 illustrates changes from baseline of pulp/tooth
proportion values in the different groups of preoperative
pulpal diagnosis, against the normal pulp group. For the
AA1/A0 value, changes were significantly greater in the
irreversible pulpitis group compared to the normal pulp
group at 18, 24, 30, and 36 months in Figure 5A. The
changes in AB1/BO0 for the irreversible and reversible
pulpitis groups did not differ significantly from those in
the normal pulp group at any follow-up point in Figure
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5B. For AB2/B0, the change was significantly greater in
the irreversible pulpitis group compared to the normal
pulp group at 72 months in Figure 5C. In terms of AC1/
CO0, the decreases in proportion were significantly great-
er in the irreversible pulpitis group than in the normal
pulp group at 48, 60, and 72 months in Figure 5D. The
fixed- and random-effects models for changes from
baseline in pulp/tooth proportion values (AA1/A0)
across different preoperative pulpal diagnosis groups,
compared with the normal pulp group, including their
marginal predictions and pairwise contrast p-values, are
presented in Supplementary Tables 25-36.

DISCUSSION

To our knowledge, this study provides a longitudinal
and objective evaluation of pulp space narrowing after
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VPT using pulp/tooth proportion analysis. Unlike pre-
vious reports that relied on subjective assessments at
single time points, our approach quantified dimension-
al changes across follow-up periods. Distinct patterns of
narrowing were observed. Pulp chamber width (AA1/
A0) decreased more prominently in teeth that under-
went PP, while pulp canal width narrowing (AB1/B0
and AB2/B0) was greater following CP. These findings
highlight that the anatomical level of intervention influ-
ences the site of subsequent calcification. In addition,
pulp space narrowing was associated with the invasive-
ness of the VPT procedure and with severe preoperative
diagnoses, suggesting that both treatment factors and
baseline pathology contribute to the calcification pro-
cess. Clinically, this indicates the need for long-term ra-
diographic monitoring, particularly in teeth treated with
more extensive procedures, as excessive calcification
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Figure 2. Comparison of the changes from baseline in pulp/tooth proportion values (A-D) between teeth treated with different types of vital
pulp therapy and controls. LB, protective liner and base; DPC, direct pulp capping; PP, partial pulpotomy; CP, coronal pulpotomy. *p < 0.05, sta-
tistically significant.
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may increase the complexity of future root canal treat-
ment should it become necessary.

The observation that pulp space also narrows in
sound molars aligns with physiological secondary den-
tin deposition in response to normal stimuli [27]. In
sound teeth, secondary dentin deposition is age-depen-
dent; Philippas [14] reported higher rates in younger
individuals, with significant slowing at the root canal
level after age 20 years. Our study population, aged 6-18
years, reflected this period of heightened activity, yet the
differences between sound and treated teeth remained
significant. Mechanisms of pulp space narrowing were
previously explained for traumatized [28] and restored
teeth [16]. Traumatic injuries can disrupt the blood sup-
ply, leading to reduced pulpal cellularity due to odonto-
blast destruction, with replacement by undifferentiated
mesenchymal cells that deposit reparative dentin in an
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unregulated manner [28]. In restored teeth, calcification
often occurs in the coronal pulp beneath restorations
[16] or near sites of stimulation [29]. The severity of inju-
ry influences the rate of PCC, with tertiary dentin depo-
sition occurring significantly faster than primary or sec-
ondary deposition [30]. Primary dentin is deposited at
4-8 pm/day until functional occlusion is achieved [31],
after which secondary dentin deposition slows to 0.4
pm/day [32]. In contrast, tertiary dentin, often associat-
ed with severe injury or inflammation, can be deposited
at rates of up to 3.5 pm/day [33].

The type of VPT and the preoperative pulpal diag-
nosis significantly influenced the magnitude of pulp
space narrowing in this study. Our findings align with
prior research indicating that more invasive treatments
are associated with greater pulp space reduction [30].
The selection of VPT type often reflects the severity of
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Figure 3. Comparison of the changes from baseline in pulp/tooth proportion values (A-D) in the DPC, PP, and CP groups against those in the LB
group. LB, protective liner and base; DPC, direct pulp capping; PP, partial pulpotomy; CP, coronal pulpotomy. *p < 0.05, statistically significant.
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Protective liner and base

Direct pulp capping
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Immediate postoperative Follow-up 36 month Follow-up 60 month

Figure 4. Radiographs demonstrate pulp space narrowing over time following different types of vital pulp therapy. A greater magnitude of pulp
space narrowing was observed in teeth treated with partial and coronal pulpotomy.
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pulpal injury and inflammation, with more extensively
affected teeth receiving more invasive interventions [34].
Additionally, the larger contact area between the pulp
tissue and pulp-dressing materials in PP and CP may
promote the formation of a calcified barrier beneath the
material, thereby increasing the likelihood of PCC [27].
This enhanced contact may also facilitate the release of
growth factors involved in the calcification process [27].
However, the specific biological mechanisms linking
different VPT procedures to PCC remain unclear and
warrant further investigation.

In addition, the changes in proportion at the pulp
canal width (AB1/B0 and AB2/B0) indicated a similar
trend between the distal and mesial roots; however,
the change in proportion (AB1/B0) in the mesial root
showed no significant difference across VPT types. This
lack of significant differences may be attributed to the
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smaller diameter of mesial roots compared to distal
roots. In mandibular first molars, the distal root exhibits
a greater pulp/tooth area ratio than the mesial root, as
measured by cone-beam computed tomography (CBCT)
[35]. Consequently, the smaller canal diameter in the
mesial root may have obscured detectable changes in
proportion at the orifice in our study.

Narrowing of the pulp space, typically resulting from
PCC, was observed to increase over time in this study.
This phenomenon has important clinical implications.
Current management practices for PCC include either
early endodontic treatment or continuous monitoring
[8]. Although histological studies indicate that teeth
with PCC do not exhibit pathological pulpal inflam-
mation [9], the condition may nonetheless complicate
future root canal procedures. Previous studies reported
PCC incidences ranging from 0% to 45% [1-7], but only
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Figure 5. Comparison of the changes from baseline of pulp/tooth proportion values (A-D) in the different groups of preoperative pulpal diag-

nosis, against the normal pulp group. *p < 0.05, statistically significant.
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one documented pulp necrosis (5.8%) in teeth with
complete PCC after CP [2]. In our study, only one out
of 14 teeth with total PCC showed VPT failure (7.1%);
this case involved a fractured restoration, complicating
the attribution of failure specifically to PCC. Further
research is needed to determine the true clinical impact
of total PCC and establish evidence-based guidelines
for the timing of endodontic intervention in VPT-treated
teeth.

Although this study provides, to our knowledge, early
insights into PCC and the narrowing of pulp space over
time in VPT-treated teeth, it has some limitations. First,
the retrospective design led to substantial data exclusion
due to missing or poor-quality radiographs. Second, the
limited diversity of irrigants and pulp-dressing materi-
als, along with the narrow age range of participants, may
affect generalizability. Third, the CMU-PSM program
used for pulp/tooth proportion measurement is con-
strained by its reliance on two-dimensional measure-
ments. While CBCT and histological techniques offer
more accurate assessments [9,36,37], they are less prac-
tical for clinical use due to cost, accessibility, and higher
radiation exposure [38]. Fourth, although 58.2% of the
data were missing, the trends observed in the raw data
were consistent with those obtained using the LOCF
method, supporting the reliability of this imputation ap-
proach. While LOCEF is generally suboptimal due to its
assumption of no further change, its use was considered
reasonable here given the gradual and biologically plau-
sible progression of pulp/tooth proportion values over
time. Lastly, formal simulation-based power estimation
was not conducted because it would have required as-
sumptions about unknown parameters; therefore, some
residual uncertainty in statistical precision cannot be
completely excluded. Future prospective studies with
larger and more diverse samples are needed to confirm
these findings and improve methodological robustness.

CONCLUSIONS

This study observed that the molars treated with VPT
tended to exhibit a greater magnitude of pulp space
narrowing over time compared with the contralateral
sound molars. The degree of narrowing appeared to be
associated with the invasiveness of the VPT procedure
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and the severity of the preoperative pulpal diagnosis.
These observations may provide information that clini-
cians could consider when interpreting long-term pul-
pal changes following VPT; however, further prospec-
tive studies are needed to better elucidate the clinical
significance of these findings and to inform appropriate
monitoring or management approaches.
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Comparison of the cyclic fatigue resistance of original and replica-like
files: a systematic review and meta-analysis

Mert Unal” “, Fatih Cakici

Department of Endodontics, Faculty of Dentistry, Ordu University, Ordu, Tiirkiye

ABSTRACT

Objectives: This systematic review and meta-analysis aimed to evaluate the existing literature and quantitatively analyze
the cyclic fatigue resistance of original and replica-like nickel-titanium endodontic files.

Methods: A comprehensive search was conducted across four electronic databases up to July 6, 2025, following PRISMA
guidelines (PROSPERO: CRD420251086699). The methodological quality of included studies was assessed using criteria
adapted from previous in vitro systematic reviews. Publication bias was evaluated using Egger’s test and the trim-and-fill
method. A random-effects meta-analysis was performed to compare the cyclic fatigue resistance of original and repli-
ca-like files using time to fracture (TTF) and number of cycles to fracture (NCF) as outcomes. These were expressed as
standardized mean differences (SMDs) with 95% confidence intervals (CIs). Heterogeneity was analyzed using the I sta-
tistic.

Results: A total of 14 studies involving 1,276 endodontic files (nine original and 31 replica-like types) were included.
Based on TTF values, replica-like files showed significantly greater cyclic fatigue resistance than original files (SMD,
-0.845; 95% CI, -1.268 to -0.423; p < 0.001). However, NCF-based analysis revealed no statistically significant difference
(SMD, -1.532; 95% CI, -3.615 to 0.550; p = 0.149).

Conclusions: Replica-like files exhibited cyclic fatigue resistance comparable to original instruments and may be consid-
ered potential alternatives. However, due to high heterogeneity and methodological variability, these findings should be
interpreted with caution.

Keywords: Cyclic fatigue; Dental instruments; Endodontics; Nickel-titanium alloy; Instrument fracture

INTRODUCTION ment time, operator fatigue, and procedural errors com-

pared to manual instrumentation [1]. Despite all these
Nickel-titanium (Ni-Ti) endodontic instruments have advantages, the primary factor limiting the use of Ni-Ti
revolutionized root canal treatment by reducing treat- files (65%) has been reported to be cost [2]. Currently,
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Original files vs replica-like files

in order to reduce this cost, clinicians are increasingly
turning to more affordable systems that are similar to
the well-known brand systems [3].

These systems, commonly referred to as replica-like
instruments, are characterized by having the same num-
ber of files, similar color coding, and comparable instru-
ment nomenclature to the original system, while being
manufactured and distributed by independent compa-
nies and marketed under different brand identities [4].
Importantly, replica-like systems differ from counterfeit
instruments, which unlawfully replicate original prod-
ucts in terms of design, packaging, and branding. Unlike
counterfeit systems, replica-like instruments are legally
produced and distributed, despite their intentional
similarity to original systems in external design fea-
tures. For example, while ProTaper Universal (Dentsply
Sirona, Ballaigues, Switzerland) represents an original
system, instruments such as EdgeTaper (EdgeEndo,
Albuquerque, NM, USA), U-File (Dentmark, Ludhiana,
India), and Multitaper (Proclinic Expert, Besancon,
France) may be considered replica-like alternatives due
to their similarity in file sequence, color coding, and
nomenclature, but their distribution under different
brand names. In contrast, a system marketed under the
same name and packaging as ProTaper Universal would
be classified as a counterfeit product [3,4]. Despite the
increasing popularity of replica-like systems, there is
insufficient scientific data on their overall performance
and safety [5].

Regardless of whether they are original or replica-like,
fractures of these files within the canal during treatment
remain a frustrating complication for clinicians [6,7].
Instrument fractures can occur in two distinct ways:
torsional or cyclic fatigue [8]. A torsional fracture occurs
when the instrument tip becomes locked in the canal
while the shaft continues to rotate, leading to plastic
deformation and fracture due to exceeding the metal's
elastic limit [9,10]. On the other hand, cyclic fatigue
occurs during the shaping of curved canals, when the
instrument is subjected to repeated cycles of tension
and compression, eventually surpassing its maximum
flexural capacity [11,12]. Fracture due to cyclic fatigue
has been reported to play a more significant role in
instrument separation compared to torsional failure
[13,14]. In this context, although studies have been con-
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ducted on the cyclic fatigue resistance of both original
and replica-like files, to the best of our knowledge, no
comprehensive review is available.

The aim of this systematic review and meta-analysis
is to evaluate the existing literature and quantitative-
ly analyze the cyclic fatigue resistance of original and
replica-like Ni-Ti files. The null hypothesis (H,) tested is
that there is no statistically significant difference in cy-
clic fatigue resistance between original and replica-like
endodontic files.

METHODS

Protocol and registration

This systematic review and meta-analysis were conduct-
ed in accordance with the PRISMA (Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses)
guidelines [15]. The protocol of this study was registered
in the PROSPERO International Prospective Register of
Systematic Reviews (CRD420251086699).

Research question and eligibility criteria

This systematic review and meta-analysis focused on
comparing the cyclic fatigue resistance of original and
replica-like endodontic files. In this context, the PICOS
question was structured as follows: Population (P): Ni-Ti
endodontic instruments; Intervention (I), instrumenta-
tion of the Ni-Ti files within artificial root canals; Com-
parison (C), original vs replica-like files; Outcome (O),
cyclic fatigue resistance; Study Design (S), laboratory
studies.

The following criteria were used for the inclusion of

studies in this systematic review and meta-analysis:

o Articles providing complete statistical data without
inconsistent measurements,

e Articles in which the definition of replica-like files
was clearly stated, and the selection criteria were de-
scribed,

e In vitro studies that compared both original and
replica-like files within the same experimental setup,

o Articles that compared the cyclic fatigue resistance
of original and replica-like files using a standardized
testing device.

https://doi.org/10.5395/rde.2026.51.e25
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Information sources and search strategy

The search terms were determined by two independent
reviewers (EBC, MU) to encompass all terms relat-
ed to original and replica-like files. The search terms
and their equivalent Medical Subject Headings terms
were searched in the following databases: MEDLINE
(PubMed), Scopus, Web of Science, and Google Schol-
ar. The search was limited to English-language articles
published up until July 6, 2025. Additionally, a manual
search was conducted by reviewing the references of the
included studies (Table 1).

Screening and data extraction

The results from the databases were imported into
Mendeley Reference Manager (Elsevier, Amsterdam,
Netherlands), and duplicate records were removed.
The remaining studies were then transferred to Mic-
rosoft Excel (Microsoft, Redmond, WA, USA), where
additional duplicates were manually eliminated. Two
independent reviewers (EBC and MU) conducted full-
text assessments of the articles identified after title and
abstract screening. Any discrepancies or questionable

Table 1. Search results

evaluations were resolved through consultation with
a senior reviewer (E.C.). Following the full-text review,
data extraction was performed using a standardized
data collection form. The information obtained from the
included studies consisted of: author, year of publica-
tion, sample size, instrument name, motion type (rotary
or reciprocating), taper, tip diameter, speed, torque, the
structure and dimensions of the artificial canal (inner
diameter, curvature angle, radius of curvature), test
temperature, experimental setup (static or dynamic),
and outcome (number of cycles to fracture [NCF], time
to fracture [TTF]).

Risk of bias assessment

The methodological quality of the included studies was
assessed using a modified version of the quality ap-
praisal criteria derived from previous systematic reviews
conducted for in vitro studies [16,17]. The methodolog-
ical assessment was performed independently by two
reviewers (EBC and MU). In cases of disagreement, an
experienced reviewer (F.C.) was consulted to reach a
consensus. The evaluation criteria were as follows: (1)

Source

Search strategy

Results

PubMed
(rotary)) OR (reciproc) Filters: English

#2 (replica) OR (replica-like) Filters: English

#1 ((((((dental instruments) OR (endodontic files)) OR (root canal preparation)) OR (nickel-titanium)) OR (nitinol)) OR 9

#3 ((((cyclic fatigue) OR (cyclic resistance)) OR (flexural fatigue)) OR (flexural resistance)) OR (stress resistance) Filters:

English

#4 ((((((((dental instruments) OR (endodontic files)) OR (root canal preparation)) OR (nickel-titanium)) OR (nitinol)) OR (ro-
tary)) OR (reciproc) AND (english[Filter])) AND ((replica) OR (replica-like) AND (english[Filter]))) AND (((((cyclic fatigue)
OR (cyclic resistance)) OR (flexural fatigue)) OR (flexural resistance)) OR (stress resistance) AND (english[Filter]))

Web of Science

#1 (((ALL=(dental instruments)) OR ALL=(endodontic files)) OR ALL=(root canal preparation)) OR ALL=(nickel titani- 1

um)) OR ALL=(nitinol)) OR ALL=(rotary)) OR ALL=(reciproc) and English (Languages)
#2 (ALL=(replica)) OR ALL=(replica-like) and English (Languages)
#3 ((((ALL=(cyclic fatigue)) OR ALL=(cyclic resistance)) OR ALL=(flexural fatigue)) OR ALL=(flexural resistance)) OR

ALL=(stress resistance) and English (Languages)
#4 #1 AND #2 AND #3
Scopus

#1(ALL (dental AND instruments) OR ALL (endodontic AND files) OR ALL (root AND canal AND preparation) OR ALL (nickel 164

AND titanium) OR ALL (nitinol) OR ALL (rotary) OR ALL (reciproc))

#2(ALL (replica) OR ALL (replica-like))

#3(ALL (cyclic AND fatigue) OR ALL (cyclic AND resistance) OR ALL (flexural AND fatigue) OR ALL (flexural AND resistance)

AND ALL (stress AND resistance))

#4 ((ALL (dental AND instruments) OR ALL (endodontic AND files) OR ALL (root AND canal AND preparation) OR ALL (nickel
AND titanium) OR ALL (nitinol) OR ALL (rotary) OR ALL (reciproc))) AND ((ALL (cyclic AND fatigue) OR ALL (cyclic AND
resistance) OR ALL (flexural AND fatigue) OR ALL (flexural AND resistance) AND ALL (stress AND resistance))) AND ((ALL

(replica) OR ALL (replica-like)))
Gray literature  Cyclic fatigue replica file original file “cyclic fatigue”

Manual search

650
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sample size calculation, (2) randomization, (3) stan-
dardization of the cyclic fatigue testing model, (4) test
temperature, (5) blinding of the operator, (6) standard-
ization of file and artificial root canal dimensions, (7)
following the manufacturer’s instructions, and (8) ap-
propriate statistical analysis. In this eight-item checklist,
a score of 1 indicated low risk of bias and 0 indicated
high risk of bias. A score of 6 or higher was considered
low risk of bias, 4 or 5 was considered moderate risk,
and 3 or lower was considered high risk of bias.

Data synthesis

A random-effects meta-analysis was conducted to
compare the cyclic fatigue resistance of original and
replica-like endodontic files. All statistical analyses were
performed using Comprehensive Meta-Analysis soft-
ware (CMA, version 2.0; Biostat, Englewood, NJ, USA).

The cyclic fatigue resistance of original and replica-like
files was evaluated by measuring TTF and NCEF. These
continuous outcomes (TTF and NCF) were expressed as
standardized mean differences (SMDs) with 95% confi-
dence intervals (CIs). The assessment of heterogeneity
involved a detailed examination of the characteristics
of the included studies and the use of the I? statistic.
Heterogeneity was classified as low (25%), moderate
(50%), and high (75%) based on I? values. To investigate
potential sources of heterogeneity, subgroup analyses
were performed. Publication bias was assessed by visual
inspection of funnel plots using the trim-and-fill meth-
od and quantitatively evaluated using Egger’s regression
test, with a significance threshold set at p < 0.05.

[ Identification of studies via databases and registers

] [ Identification of studies via other methods ]

Records identified from:

- Databases (n = 834)

« PubMed (n=9)

« Scopus (n = 164)

« Web of Science (n=11)
« Gray literature (n = 650)

Records removed before
_| screening:

=
k=l
=
[1o]
)
4=
e
=
7]
)

(n=183)

"| « Duplicate records removed

Records identified from:
- Citation searching (n =3)
etc.

}

Records screened (n = 654)

A4

Records excluded (n = 628)

}

Reports sought for retrieval

A4

Reports not retrieved (n = 2)

A4

(n=26)
!

Reports assessed for eligibility
(n=24)

Screening

—»! Reports excluded:
« Studies with missing or

+ Only SEM analysis was
performed (n=1)

was evaluated (n=1)

v « Only torsional test was
performed (n=2)

Studies included in review

inappropriate data (n = 3)

+ Only the shaping efficiency

- The term “replica-like” has not

been explicitly defined (n=1)

Reports sought for retrieval _| Reports not retrieved
(n=3) | (n=2)

Reports assessed for

eligibility (n=1)

3 « Publications that include the
E (n=14) . ) definition of counterfeit (n = 3)
IS} Reports of included studies

o

= (n=14)

Figure 1. PRISMA (Preferred Reporting ltems for Systematic Reviews and Meta-Analyses) flow chart for study selection. SEM, standard error of

mean.
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RESULTS

Search results
The PRISMA flow diagram illustrating the stages of study
inclusion and exclusion is shown in Figure 1. A total of
837 records were identified through database searches
and manual searching. After removing 183 duplicates,
628 records were excluded during title and abstract
screening. Full-text access to four articles could not be
obtained. The remaining 25 articles were assessed in
full text based on the predefined inclusion criteria.
Three studies were excluded from the analysis due
to the absence of standard deviation values, despite re-
porting mean values [18-20]. One study was excluded
because it did not clearly define the term “replica-like”
[21]. One study was also excluded because it included
only scanning electron microscope (SEM) analysis and
did not evaluate cyclic fatigue resistance [22]. Addition-
ally, three studies comparing the shaping efficiency
and torsional resistance of replica-like and original in-
struments were also excluded from the meta-analysis
[23-25]. Finally, three studies that used the term “coun-
terfeit” instead of “replica-like” were also excluded
[26-28]. As a result, a total of 14 studies were included in
the meta-analysis [3-5,29-39)].

Study characteristics

The details of the 14 studies included in the meta-anal-
ysis are shown in Table 2. A total of 1,276 endodontic
files were evaluated across these studies, comprising
nine different types of original files and 31 different
types of replica-like files. Rotary systems were used in
eight studies [3-5,29-31,34,38], while Reciproc files
(VDW, Munich, Germany) were used in five studies
[32,33,36,37,39]. In one study [35], both Reciproc and
rotary original systems were compared with their corre-
sponding replica-like counterparts.

In terms of the ambient temperature at which the ex-
perimental setup was conducted, it was observed that
five studies performed the cyclic fatigue test at body
temperature [29,31,35,37,39], while seven studies car-
ried out the test at room temperature [3-5,30,33,34,38].
In two studies, no information was provided regarding
the environmental temperature [32,36].

In all studies, the values of the radius and curvature

https://doi.org/10.5395/rde.2026.51.e25

angle of the artificial canal were reported according
to the Pruett method; however, information regarding
the inner diameter and taper of the artificial canal was
not provided in four studies [3,30,32,35]. A static test-
ing model was used in 12 studies [3-5,29,31-35,37-39],
while a dynamic testing model was employed in two
studies [30,36].

According to the results of cyclic fatigue resistance,
nine studies [3-5,33-37,39] used the TTF as the out-
come measure, while one study [31] reported the NCE.
Four studies [29,30,32,38] provided both NCF and TTF
values. In 12 studies [4,5,29-33,35-39], NCF and TTF
data were presented as mean and standard deviation,
whereas two studies [3,34] reported the data as median
and interquartile range. The data from these two studies
were converted into mean and standard deviation val-
ues using the formula proposed by Wan et al. [40].

Risk of bias

The results of the risk of bias assessment are shown
in Table 3. Six studies [5,31,33,34,38,39] were as-
sessed as having a low risk of bias, while eight studies
[3,4,29,30,32,35-37] were considered to have a moderate
risk of bias. None of the 14 studies included in the me-
ta-analysis reported randomization of files during use,
and in all cases, the operator was not blinded.

Data synthesis

1. Time to fracture

Comparison data based on TTF were obtained from 13
studies, encompassing a total of 59 original and repli-
ca-like endodontic files. In the analysis comparing SMD,
arandom-effects model with the inverse variance meth-
od revealed a statistically significant difference between
the original and replica-like groups (p < 0.001), with a
summarized SMD of -0.845 (95% CI, -1.268 to —-0.423)
(Figure 2). Based on the TTF values, the replica-like files
exhibited a statistically significantly higher cyclic fatigue
resistance compared to the original files.

According to Higgins’ I-squared (I?) statistic, a high
level of heterogeneity was observed among the studies
(I* = 94.615). Moreover, while publication bias was de-
tected according to Egger’s regression test (p = 0.003),
no indication of publication bias was observed through
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Original files vs replica-like files
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Original files vs replica-like files
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(Low) 6
(Moderate) 5

Unal and Cakici [39]
Uslu et al. [35]

(Moderate) 5

1

Rios-Osorio et al. [36]

Tarragd et al. [37]

(Moderate) 5

(Low) 6

Zanzaetal. [38]

the examination of funnel plots using the trim and fill
method (Figure 3A). To explore and reduce the sources
of heterogeneity, subgroup analyses were performed
based on the type of file motion and the testing tem-
perature.

According to the subgroup analysis based on file kine-
matics, 36 out of the 59 comparison data sets involved
rotary files, while 23 involved comparisons between
original and replica-like reciprocating files. The sub-
group analysis revealed that file kinematics were signifi-
cantly associated with the comparison between original
and replica-like instruments (Q-value, 36.797; p < 0.001)
(Figure 4). Replica-like rotary files exhibited a statistical-
ly significantly higher cyclic fatigue resistance compared
to original rotary files (SMD, -1.819; 95% CI, -2.331 to
-1.306; p < 0.001, I = 93.5). In contrast, original recip-
rocating files demonstrated a statistically significantly
higher cyclic fatigue resistance compared to replica-like
reciprocating files (SMD, 0.673; 95% CI, 0.052 to 1.293;
p = 0.034, I = 93.8). While the overall analysis indicat-
ed that replica-like instruments exhibited significantly
higher TTF values compared to original instruments
(SMD, -0.845; p < 0.001), this difference lost statistical
significance in the subgroup analysis based on kinemat-
ic motion (SMD, -0.579; p = 0.642). This suggests that
the performance of original and replica instruments
may vary depending on the type of motion employed,
which could be a contributing factor to the heterogene-
ity observed across studies.

In the overall meta-analysis, among the 59 compari-
son data sets used for the evaluation of TTE eight com-
parison data sets derived from the studies by Lima et
al. [32] and Rios-Osorio et al. [36] were excluded from
the temperature-based subgroup analysis because the
experimental testing temperature was not reported.
Consequently, a total of 51 comparison data sets were
included in the temperature-related subgroup analysis,
of which 41 were conducted at room temperature and
10 at body temperature.

The subgroup analysis demonstrated that the testing
temperature was not significantly associated with the
comparison between original and replica-like instru-
ments (Q-value, 1.126; p = 0.289) (Figure 5). Replica-like
files exhibited a statistically significantly higher cyclic
fatigue resistance than original files under room tem-
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Original files vs replica-like files

Sudy name Subgroup within study Statistics for each study

Lower Upper

SMD SE  Varance limit limit Z-value p-value
Alcalde 2020 TTF 9761 1,607 258212910 -6612 -6075 0,000 —— l Rotary
Alcalde2020b  TTF -0168 0448 0201 -1,046 0,710 -0375 0,708 Rotary
Alcalde 2020c ~ TTF -13740 2218 492018087 -9393 -6195 0000 | —— Rotary
Alnoury 2042 TTF 4392 0674 0455-5713-3070 -6512 0000 = Rotary
Alnoury 20240 TTF 0153 0366 0,134-0870 0564 -0418 0676 N Rotary
Lima 2024a TIF 419 0801 0641 2630 5768 5246 0000 = Reciproc
Lima 2024b TIF 2313 0578 0334-3445-1,181 4,04 0000 = Reciproc
Martins b2020a ~ TTF -1,865 0536 0287-2915-0815 -348 0,000 = Rotary
Martins b2020b  TTF 3611 0725 0526-5033-2190 499 0000 = Rotary
Martis b2020c ~ TTF -7296 1,237 1,531-972-4871 -5897 0000 —— Rotary
Martins b2020d ~ TTF 1,809 0531 0282 0768 2849 3407 0001 = Rotary
Martins b2020e ~ TTF 0771 0464 0215-1,680 0,137 -1,64 00% L Rotary
Martins b2020f  TTF -5100 092 0850-6907-3293 -5531 0,000 - Rotary
Martins b2020g ~ TTF -1.992 0547 0299-3064-0920 3,642 0,000 = Rotary
Martins bB2020h ~ TTF 4278 0811  0,658-5807-2680 -5276 0,000 - Rotary
Martins b2020i ~ TTF -11438 1863 347415090 -7,787 -6,140 0,000 —— Rotary
Martins 52020k~ TTF 0112 0448 0200-0990 0,765 -0251 0802 L4 Rotary
Martins 2020 TTF -1,640 0517 0267-2653-0627 -3,172 0002 = Rotary
Martins B2020m  TTF -9,561 1,577 248512651 -6471 -6065 0,000 —— Rotary
Martinsa202la ~ TTF 087 0469 0220-1,805 0,032 -1,892 0059 Rotary
Martinsa221b ~ TTF 0330 0450 0203-0553 1212 0732 0464 } Rotary
Martinsa202lc ~ TTF 0351 0451 0203-0532 1,235 0,780 0436 Rotary
Martinsb202la  TTF 2493 05% 0355 1325 3662 418 0000 = Reciproc
Martins2021b ~ TTF 403 079 0607 2506 5559 5178 0,000 - Reciproc
Martins2021c ~ TTF -6100 1063 1130-8184 4,017 -5738 0,000 - Reciproc
Martinsb2021d ~ TTF 3480 0710 0504 2,097 4831 4913 0,000 = Reciproc
Martinsb202le  TTF 5000 0908 085 3220 6,781 5505 0,000 - Reciproc
Martins 2021f  TTF 4578 0851 0,724-6246-2910 -5381 0,000 = Reciproc
Martisb2021g ~ TTF 1445 0502 0252 0461 2430 2878 0,004 = Reciproc
Martins b2021h ~ TTF 2093  05% 0309 1,002 3,18 3,762 0,000 L Reciproc
Martinsb2021i ~ TTF S04 0921 0849-6899-3288 -5,529 0,000 Reciproc
Unal,Cakici 2026 TTF 0107 0316 0100-0514 0,727 0337 0,736 Reciproc
Uslu2023a TIF 026 0410 0168-0576 1,029 055 0580 Rotary
Uslu2023b TIF 4249 0737 0543 2805 56% 5767 0000 Reciproc
Zanza 202a TIF 2500 0427 0182 1,724 33% 6002 0000 Rotary
Martinsa2020a  TTF -1276 - 0448 0201 -2,154-0398 -2850 0004 Rotary
Martinsa2020b  TTF -L198 0443 0,197 -2067-0329 2703 0,007 Rotary
Martinsa2020c ~ TTF -0083 0408 0,167-0883 0,718 0202 0840 Rotary
Martinsa2020d ~ TTF 245 0538 0289-3479-1,371 4509 0000 Rotary
Martinsa2020e ~ TTF 2110 0509 0259 L112 3108 4142 0,000 Rotary
Martinsa2020f  TTF 299 0592 0350 1809 4129 5017 0000 Rotary
Martis 20222 TTF 220 0519 0269-3238-1,203 4278 0,000 Rotary
Martins2022b  TTF 3280 0626 0392-4517-2062 -5253 0,000 Rotary
Martins2022¢ =~ TTF S48 0847 0718-6804-348 -6071 0,000 Rotary
Martins2022d ~ TTF S5 080 0705-6731-3439 -6055 0,000 Rotary
Martins202¢ ~ TTF -1,061 0436 0,190-1915-0206 2433 0015 Rotary
Martins202f  TIF -0461 0414 0171-1272 0349 -1,116 0265 Rotary
Martins202g ~ TTF 0434 0413 0171-1,243 0376 -1,050 0294 Rotary
Martins2022h ~ TTF 332 0630 0397-455%-2088 -5275 0000 Rotary
Rios-osorio 2025a TTF 1,04 0147 002 075 1,332 7,09 0000 Reciproc
Rios-os0ri0 2025b TTF 1,000 0147 0021 072 1,296 6885 0000 Reciproc
Rios-osorio 2025¢ TTF 0007 0138 0019-0264 0277 0048 0962 Reciproc
Rios-os0ri0 2025d TTF -0300 0139 0019-0572-0028 2159 0031 Reciproc
Rios-osorio 2025¢ TTF 0749 014 0020 0469 1,029 5244 0,000 Reciproc
Rios-os0rio 2025t TTF 0668 0142 0020 039 0946 4711 0000 Reciproc
Tarrago2025a  TIF 0032 0471 022-08%2 0956 0067 0947 Reciproc
Tarrago2025b  TIF 00483 0471 022-0967 0881 0092 0927 Reciproc
Tarrago2025c ~ TIF 2078 058 0342 0932 3225 3,553 0,000 Reciproc
Tarrago2025d ~ TTF 0035 0471 022-0959 0889 -0074 0941 Reciproc
Pooled 0845 0216 0046 -1,268-0423 -3,920 0,000
Prediction Interval 0,845 -3923 2233

-2000  -10,00 0,00 10,00 20,00
Replica-like files Original files

Figure 2. Forest plot analysis based on time to fracture (TTF) values. SE, standard error; SMD, standardized mean difference.
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Original files vs replica-like files

Funnel plot of SE by SMD

€< )]

Funnel plot of SE by SMD

Figure 3. Funnel plot generated following the application of the trim-and-fill method for the assessment of publication bias. (A) Studies con-
taining time to fracture values. (B) Studies containing the number of cycles to fracture values. SE, standard error; SMD, standardized mean differ-

ence.

perature conditions (SMD, -1.404; 95% CI, -2.145 to
-0.664; p < 0.001, I* = 94.4%). In contrast, no statistically
significant difference in cyclic fatigue resistance was
observed between original and replica-like files in com-
parisons conducted at body temperature (SMD, —0.631;
95% CI, -1.853 t0 0.592; p = 0.312, > = 92.4%).

https://doi.org/10.5395/rde.2026.51.e25

2. Number of cycles to fracture

Comparison data based on the NCF were obtained from
five studies, encompassing a total of 11 original and
replica-like endodontic files. A meta-analysis using a
random-effects model and the inverse variance method
for the comparison of standardized mean differences
revealed no statistically significant difference between
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Original files vs replica-like files

Group by Study name Subgroup within study
Comparison
SMD

Reciproc Lima 2024a TIF 4,19
Reciproc Lima 2024b TTF 2313
Reciproc Martinsb2021a  TTF 2493
Reciproc Martins b2021b - TTF 4,033
Reciproc Martins b2021c ~ TTF -6,100
Reciproc Martins b2021d - TTF 348
Reciproc Martinsb202le  TTF 5,000
Reciproc Martins 2021f  TTF -4,578
Reciproc Martins b2021g  TTF 1,445
Reciproc Martinsb2021h  TTF 2,093
Reciproc Martins b2021i ~ TTF -5,04
Reciproc Rios-osorio 2025a TTF 1,044
Reciproc Rios-osorio 2025b TTF 1,009
Reciproc Rios-osorio 2025¢ TTF 0,007
Reciproc Rios-osorio 2025d TTF -0,300
Reciproc Rios-osorio 2025¢ TTF 0,749
Reciproc Rios-osorio 2025f TTF 0,668
Reciproc Tarrago2025a  TIF 0,032
Reciproc Tarrago2025b  TTF -0,043
Reciproc Tarrago2025¢  TTF 2,078
Reciproc Tarrago2025d TIF -0,035
Reciproc Unal,Cakici 2026 TTF 0,107
Reciproc Uslu 2023b TIF 4249
Reciproc Pooled 0,673
Reciproc Prediction Interval 0,673
Rotary Alcalde 2020a  TTF -9,761
Rotary Alcalde 2020b  TTF -0,168
Rotary Alcalde 2020c ~ TTF -13,740
Rotary Alnoury 2024a  TTF -4392
Rotary Alnoury 2024b  TTF -0,153
Rotary Martins2022a  TTF -2,220
Rotary Martins2022b  TTF -3289
Rotary Martins2022¢c ~ TTF -5,143
Rotary Martins2022d ~ TTF -5,085
Rotary Martins 2022~ TTF -1,061
Rotary Martins 2022f  TTF -0461
Rotary Martins 2022¢g ~ TTF -0434
Rotary Martins2022h ~ TTF =332
Rotary Martinsa2020a  TTF -1,276
Rotary Martinsa2020b  TTF -1,198
Rotary Martinsa2020c  TTF -0,083
Rotary Martinsa2020d TTF 2425
Rotary Martinsa2020e  TTF 2,110
Rotary Martins a2020f TTF 2,969
Rotary Martinsa202la  TTF -0,887
Rotary Martinsa2021b  TTF 0,330
Rotary Martinsa202lc  TTF 0351
Rotary Martins b2020a  TTF -1,865
Rotary Martins b©2020b  TTF -3,611
Rotary Martins b2020c ~ TTF -729%
Rotary Martins b2020d - TTF 1,809
Rotary Martins k2020 TTF -0,771
Rotary Martins 52020f TTF -5,100
Rotary Martins b2020g  TTF -1,992
Rotary Martins b2020h  TTF -4278
Rotary Martins b2020i  TTF -11,438
Rotary Martins 2020k TTF -0,112
Rotary Martins 52020l TTF -1,640
Rotary Martins b2020m TTF -9,561
Rotary Uslu2023a TIF 0226
Rotary Zana202a  TIF 2,560
Rotary Pooled -1,819
Rotary Prediction Interval -1,819
Overall Pooled -0,579
Overall Prediction Interval -0,308

Figure 4. Subgroup analysis of time to fracture (TTF) according to instrument kinematics. SE, standard error; SMD, standardized mean differ-

ence.

12/20

Lower Upper

SE  Variance limit ~ limit

0,801
0,578

0641 2,630 5768
0,334 -3445-1,181
0355 1325 3,662
0607 2,506 555
1,130 -8,184 -4,017
0,504 2,097 4,881
0825 3220 6781
0,724 -6246 2910
0252 0461 2,430
0309 1,002 3,183
0,349 -6,899 -3288
0022 0756 1332
0021 072 129
0019 -0264 0277
0019 -0,572 0,028
0020 0469 1,029
0020 039 0946
0222 0892 0956
0222 0967 0,881
0342 0932 3225
0222 095 0,889
0,100 0514 0,727
0,543 2805 5694
0,100 0052 1,293

2217 3563
2,58212,910 -6,612
0201 -1,046 0,710
49018,087 -9,393
0455 -5,713 -3,070
0,134 0870 0,564
0269 -3238 1,203
0392 4,517 2,062
0,718 -6,804 3483
0,705 -6,731 -3.439
0,190 -1,915 -0206
0,171 -1272 0349
0,171 -1243 0376
0,397 -4,556 2,088
0201 -2,154-0398
0,197 -2,067 0329
0,167 0,883 0,718
0289 34791371
0259 1,112 3,108
0350 1,809 4,129
0220 -1,805 0,032
0203 0,553 1212
0203 0532 1.235
0287 2915 0815
0,526 -5,033 2,190
1,531 9,722 -4871
0282 0768 2,849
0215 -1,680 0,137
0,850 -6,907 3293
0,299 -3,064 -0.920
0,658 -5,867 2,689
34715090 7,787
0200 -0.990 0,765
0267 2,653 0,627
248512,651 -6,471
0,168 0,576 1,029
0,182 1,724 339%
0,068 2,331 1,306

4687 1,049
1,552 -3,021 1,862

3882 2266

Statistics for each study

Z-value p-value

5246
4004
4182
5,178
5,738
4913
5,505
5381
2878
3762
5529

-3482

5531

3172
0,553
6952

-0465

0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,004

0,642

20,00

-10,00
Replica-like files
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0,00

“* o '

10,00
Original files

Reciproc
Reciproc
Reciproc
Reciproc
Reciproc
Reciproc
Reciproc
Reciproc
Reciproc
Reciproc
Reciproc
Reciproc
Reciproc
Reciproc
Reciproc
Reciproc
Reciproc
Reciproc
Reciproc
Reciproc
Reciproc
Reciproc
Reciproc

20,00



Original files vs replica-like files

Group by
Comparison

Room
Room
Room
Room
Room
Room
Room
Room
Room
Room
Room
Room
Room
Room
Room
Room
Room
Room
Room
Room
Room
Room
Room
Room
Room
Room
Room
Room
Room
Room
Room
Room
Overall
Overall

Study name

Alcalde 2020a
Alcalde 2020b
Alcalde 2020c
Tarrago 2025
Tarrago 2025b
Tarrago 2025¢
Tarrago 2025d
Unal,Cakici 2026
Uslu 2023a
Uslu 2023b
Pooled
Prediction Interval
Alnoury 2024a
Alnoury 2024b
Martins 2022a
Martins 2022b
Martins 2022¢
Martins 2022d
Martins 2022¢
Martins 2022f
Martins 2022g
Martins 2022h
Martins a2020a
Martins a2020b
Martins a2020c
Martins a2020d
Martins a2020e
Martins a2020f
Martins a2021a
Martins a2021b
Martins a2021¢
Martins b2020a
Martins b2020b
Martins b2020c
Martins b2020d
Martins b2020¢
Martins b2020f
Martins b2020g
Martins b2020h
Martins b2020i
Martins b2020k
Martins b20201
Martins b2020m
Martins b2021a
Martins b2021b
Martins b2021c
Martins b2021d
Martins b2021e
Martins b2021f
Martins b2021g
Martins b2021h
Martins b2021i
Zanza 2022a
Pooled
Prediction Interval
Pooled
Prediction Interval

cEEEEEEEEE

cEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

Subgroup within study

SMD
9,761
0,168

-13,740

0,032
-0,043

2,078
-0,035

0,107

0,226

4249
0,631
0,631
4,392
-0,153

5143

4,033

Statistics for each study

Lower Upper
SE  Variance limit limit
1,607 2,582-12,910 -6,612
0448 0201 -1,046 0,710
2218  4920-18,087 -9,393
0471 0222 0892 0956
0471 0222 0967 0881
0585 0342 0932 3225
0471 0222 0959 0889
0316 0,100 0514 0,727
0410 0,168 0,576 1,029
0,737 0543 2,805 56%
0624 0389 -1,853 0592

-5,040 3,779
0674 0455 -5,713 -3,070
0366 0,134 0870 0,564
0519 0269 -3,238 -1,203
0626 0392 4,517 2,062
0847 0,718 -6,804 -3483
0840 0,705 -6,731 -3/439
0436 0,190 -1,915 -0,206
0414 0171 -1,272 0349
0413 0,171 -1,243 0376
0,630 0397 4,556 -2,088
0448 0201 -2,154 -0,398
0443 0,197 2,067 -0,329
0408 0,167 -0.883 0,718
0,538 0,289 -3,479 -1,371
0509 0259 1,112 3,108
0592 0350 1,809 4,129
0469 0220 -1,805 0,032
0450 0203 0,553 1212
0451 0203 0,532 1,235
0536 0,287 2915 -0815
0,725 0,526 -5,033 -2,190
1,237 1,531 9722 4871
0531 0282 0,768 2,849
0464 0215 -1,680 0,137
0922 0,850 -6907 -3,293
0,547 0299 -3,04 -0,920
0811 0,658 -5867 -2,689
1,863  3471-15,090 -7,787
0448 0200 0990 0,765
0517 0267 2,653 -0,627
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Figure 5. Subgroup analysis of time to fracture (TTF) according to testing temperature. SE, standard error; SMD, standardized mean difference.
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Figure 7. Subgroup analysis of the number of cycles to fracture (NCF) according to instrument kinematics. SE, standard error; SMD, standardized

mean difference.

the original and replica-like groups (p = 0.149), with a
summarized SMD of -1.532 (95% CI, -3.615 to 0.550)
(Figure 6). According to the NCF values, no statistically

significant difference in cyclic fatigue resistance was ob-

served between the replica-like and original files.

According to Higgins' I? statistic, a high level of hetero-
geneity was observed among the studies (I* = 96.824).
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However, no evidence of publication bias was detected
based on Egger’s regression test (p = 0.132) and the ex-
amination of funnel plots using the trim and fill method
(Figure 3B). To explore and reduce the sources of het-
erogeneity, subgroup analyses were performed based
on the type of file motion and the testing temperature.
According to the subgroup analysis based on file kine-
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matics, nine out of the 11 comparison datasets involved
rotary files, while two involved comparisons between
original and replica-like reciprocating files. The sub-
group analysis indicated that file kinematics were not
significantly associated with the comparison between
original and replica-like files (Figure 7) (Q-value, 1.228;
p = 0.268). No significant difference was observed in
cyclic fatigue resistance between replica-like rotary files
and original rotary files (SMD, -2.178; 95% CI, -4.618 to
0.262; p = 0.08, I? = 97). Similarly, the comparison be-
tween replica-like reciprocating files and original recip-
rocating files did not yield a statistically significant result
(SMD, 0.993; 95% CI, -4.056 to 6.042; p = 0.70, I* = 97.6).

In the overall meta-analysis, among the 11 compar-
ison data sets used for the evaluation of the NCF, two
comparison data sets from the study by Lima et al. [32]
were excluded from the temperature-based subgroup
analysis because the experimental testing temperature
was not reported. Consequently, nine comparison data
sets were included in the temperature-related subgroup
analysis, of which three were conducted at room tem-
perature and six at body temperature.

The subgroup analysis indicated that the testing tem-
perature was not significantly associated with the com-
parison between original and replica-like instruments
(Q-value, 1.05; p = 0.305) (Figure 8). No statistically
significant difference in cyclic fatigue resistance was

observed between replica-like and original files in com-
parisons conducted at either room temperature (SMD,
-0.62; 95% CI, -3.926 to 2.685; p = 0.713, I* = 97.4%) or
body temperature (SMD, -3.339; 95% CI, —7.353 to 0.675;
p=0.103, I’ =97.2%).

DISCUSSION

Endodontic instruments with structural similarities to
those manufactured by leading and well-established
companies, typically originating from India and China,
have been used in endodontics for a considerable peri-
od. These instruments were first systematically defined
as replica-like by Martins et al. [4]. The criteria for clas-
sification as replica-like instruments include having the
same number of files as the original system, identical
color coding, and similar nomenclature to the original
brand. In some studies, instruments that entirely mimic
the original systems and are marketed under the same
name have also been evaluated. These instruments
have been defined as counterfeit files by Rodrigues et al.
[28] and have been shown to exhibit inferior mechani-
cal and metallurgical properties compared to the orig-
inal systems. Furthermore, the use of such counterfeit
systems has been associated with patent infringement
and potential risks to patient safety, as consistently re-
ported across multiple studies [26-28]. In the present
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Figure 8. Subgroup analysis of number of cycles to fracture (NCF) according to testing temperature. SE, standard error; SMD, standardized mean

difference.
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systematic review and meta-analysis, studies evaluating
counterfeit files were excluded, whereas only those in-
struments that met the criteria for replica-like systems
were included.

Cyclic fatigue resistance can vary depending on nu-
merous factors, including the type and size of the in-
strument, testing temperature, experimental setup, and
the dimensions of the artificial canal [41-44]. The high
number of influencing variables, along with the absence
of a universally accepted standardized protocol for
cyclic fatigue testing, limits the number of eligible me-
ta-analyses on this topic and contributes to increased
heterogeneity among studies. Given that it is not feasi-
ble to control all variables simultaneously, only studies
that evaluated original and replica-like instruments
under internally standardized experimental conditions
were included in the present meta-analysis.

Due to the indication of substantial heterogeneity, a
random-effects model was applied. To further explore
potential sources of heterogeneity, subgroup analyses
were performed based on kinematic motion (recipro-
cating vs. rotary) and testing temperature (room tem-
perature vs. body temperature). In the included studies,
cyclic fatigue resistance was reported using two differ-
ent outcome measures: NCF and TTE. Because these
outcome measures are not methodologically equivalent
and may differentially influence the interpretation of
results, two separate meta-analyses were conducted ac-
cording to each outcome.

Based on NCF values, no statistically significant differ-
ence in cyclic fatigue resistance was observed between
original and replica-like instruments. In contrast, the
overall analysis based on TTF values suggested that
replica-like instruments tended to exhibit higher cyclic
fatigue resistance compared to original instruments.
Accordingly, the null hypothesis (H,) was only partially
rejected. However, this discrepancy between NCF- and
TTF-based findings warrants careful interpretation.

One possible explanation for this inconsistency is
the inherent methodological limitation of TTF as an
outcome measure. Unlike NCE TTF values are directly
influenced by the rotational speed (rpm) applied during
testing. In studies where different rpm values are used
for original and replica-like instruments, TTF-based
comparisons may be biased, as instruments operating
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at higher rotational speeds are expected to reach frac-
ture in a shorter time. This limitation is exemplified by
the study of Alcalde et al. [29], included in the present
meta-analysis, in which original and replica-like instru-
ments were tested at different rotational speeds. Under
such conditions, TTF outcomes may underestimate cy-
clic fatigue resistance independently of the intrinsic me-
chanical properties of the instruments. In contrast, NCF
calculations inherently normalize results by accounting
for rotational speed and are therefore less susceptible
to rpm-related bias. Consequently, NCF-based findings
may represent a more standardized and methodologi-
cally robust indicator of cyclic fatigue resistance across
studies employing different kinematic parameters.

Previous studies have attributed the relatively higher
cyclic fatigue resistance observed in some replica-like
instruments to factors such as smoother surface mor-
phology and a higher proportion of martensitic phase,
as demonstrated by SEM and metallurgical analyses
[3-5,33]. A smoother surface finish has been consistent-
ly associated with improved cyclic fatigue resistance
[45-47]. Additionally, deviations in taper and tip diame-
ter from the original instruments have been reported for
replica-like systems [39]. Given that smaller taper and
reduced tip size are known to enhance cyclic fatigue re-
sistance [48-50], such dimensional differences may con-
tribute to improved fatigue performance under certain
testing conditions. However, these findings should not
be interpreted as evidence of universal superiority, but
rather as indicators that replica-like instruments may
exhibit comparable or, in specific experimental settings,
higher cyclic fatigue resistance.

Another noteworthy point is the influence of artificial
canal dimensions on cyclic fatigue resistance. While
four of the included studies [3,30,32,35] did not pro-
vide any information regarding the size of the artificial
canal, the remaining 10 studies [4,5,29,31,33,34,36-39]
evaluated original and replica-like instruments using a
single type of artificial canal. In a study evaluating the
cyclic fatigue resistance of the same file type in artificial
canals of varying dimensions, it was reported that an
increase in canal size was associated with prolonged
TTF [51]. In another study, two different instruments
with the same taper and tip diameter were tested in an
artificial canal that was not dimensionally compatible
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with their sizes. It was observed that the instruments
followed different trajectories due to differences in their
bending properties [52]. This resulted in variations in
the degree and radius of curvature experienced by each
instrument within the artificial canal. Therefore, dimen-
sional discrepancies between original and replica-like
instruments and their compatibility with the artificial
canal may have influenced the outcomes. It is believed
that evaluating original and replica-like instruments
in artificial canals specifically designed to match their
respective dimensions would provide more consistent
and reliable results in future studies.

In the subgroup analysis based on file kinematics, no
statistically significant association was observed accord-
ing to NCF values. However, analysis based on TTF val-
ues revealed a significant relationship between file kine-
matics and the comparison of original and replica-like
instruments. In line with the overall results, replica-like
instruments demonstrated greater resistance in the
rotary group, whereas original instruments exhibited
higher resistance compared to their replicas in the re-
ciprocating group. The more complex nature of recip-
rocating motion compared to rotational motion, along
with the greater reliance on proprietary heat treatment
protocols, may have prevented replica-like reciprocat-
ing systems from keeping pace with such technological
advancements. This limitation could have contributed
to the observed results favoring original instruments in
reciprocating motion. Replica-like systems, which are
primarily designed to mimic the appearance of original
instruments, may differ from the original systems in sev-
eral critical aspects, such as cutting-edge design, core
diameter, and Ni-Ti alloy composition. These differenc-
es, which influence cyclic fatigue resistance [21,53,54],
are thought to be more easily compensated for in con-
tinuous rotational motion due to its predictable 360°
stress distribution. However, in reciprocating motion,
where the direction of rotation changes, increased con-
tact with canal walls and higher stress accumulation
may occur, making it more difficult for replica-like sys-
tems to compensate for such structural differences.

Subgroup analyses based on testing temperature pro-
vided further insight into the influence of experimental
conditions on cyclic fatigue outcomes. Consistent with
the overall findings of the present meta-analysis, NCF-
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based comparisons revealed no statistically significant
difference in cyclic fatigue resistance between original
and replica-like instruments at either room temperature
or body temperature. In contrast, TTF-based analyses
demonstrated that replica-like instruments exhibited
higher cyclic fatigue resistance than original instru-
ments under room temperature conditions, whereas
this difference was no longer observed when testing
was performed at body temperature. This discrepancy
may be partly explained by the temperature-dependent
mechanical behavior of nickel-titanium alloys. As em-
phasized by Savitha ef al. [17], cyclic fatigue tests should
preferably be conducted at body temperature in order to
better simulate clinical conditions and to enhance the
clinical relevance of experimental findings. In this con-
text, the attenuation of TTF-based differences at body
temperature observed in the present meta-analysis may
reflect a more clinically representative assessment of
cyclic fatigue resistance.

According to the Egger regression test applied to eval-
uate publication bias, a publication bias was detected in
studies reporting TTF values (p < 0.05), whereas no evi-
dence of publication bias was found in studies reporting
NCF values (p > 0.05). Although a slight asymmetry
was observed in the funnel plots for both TTF and NCF
under the random-effects model using the trim-and-
fill method, the analysis indicated that no imputation of
missing studies was necessary, as confirmed by the ab-
sence of filled circles (Figure 3). These findings suggest
that the observed asymmetry is more likely attributable
to other factors, such as the high heterogeneity and
methodological variability among the included studies,
rather than to publication bias itself.

The meta-analyses revealed a high level of heteroge-
neity for both TTF and NCF data (I > 90%), which high-
lights a key limitation of the present study. Subgroup
analyses indicated that this heterogeneity was partially
attributable to differences in kinematic motion and test-
ing temperature. However, due to methodological and
experimental variability among the included studies,
it was not possible to substantially reduce heterogene-
ity through the exclusion of specific studies. Potential
reasons for the high heterogeneity include the wide
variation in standard deviations and sample sizes across
the included studies, as well as the presence of numer-
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ous variables such as differences in testing apparatus,
artificial canal parameters, and the diameter, taper, and
metallurgical properties of the instruments examined.
Taking all of these factors into account, replica-like in-
struments may be considered potential alternatives to
original systems in terms of cyclic fatigue resistance.
However, this interpretation should be made with cau-
tion in light of the high heterogeneity and methodolog-
ical variability observed across the included studies. To
achieve a more accurate understanding, future research
should employ experimental setups designed in accor-
dance with ISO standards, as is currently the case in the
evaluation of torsional stress.

CONCLUSIONS

Overall, replica-like instruments exhibited cyclic fatigue
resistance comparable to original systems and may be
considered potential alternatives rather than superior
options; however, due to the high heterogeneity and
methodological variability among the included studies,
these findings should be interpreted with caution, and
further high-quality, well-standardized in vitro studies
are required to confirm their clinical relevance.
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In vitro assessment of geometric characteristics in canal preparation
using nickel-titanium files used for minimal invasiveness: an
experimental study
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ABSTRACT

Objectives: This study aimed to assess geometric characteristics in canal preparation using nickel-titanium (NiTi) files used for
minimal invasiveness.

Methods: Thirty J-shaped simulated canals in resin blocks were instrumented with either TruNatomy (TR; Dentsply Sirona),
EndoRoad (ER; Maruchi), or ProTaper Ultimate (PTU; Dentsply Sirona). The simulated canal blocks were scanned using mi-
crocomputed tomography before and after instrumentation. The scanned images were reconstructed, and the canal surface
area was measured from 0.5 to 6.5 mm from the apex. Three-dimensional representative models of each group were rendered.
The data were statistically analyzed using one-way analysis of variance and Kruskal-Wallis test at 95% significance level.
Results: TR showed a superior ability to maintain the canal’s center. TR demonstrated comparable apical preparation to PTU.
ER showed a smaller and limited apical preparation than other systems, with a tendency for canal preparation toward the inner
side of the curvature. PTU featured the largest prepared apical size among the file groups and tended to straighten the curvature
by preparing the canal more towards the outward side. The surface area instrumented using each NiTi file showed statistically
significant differences among the three groups at all levels except 0.5, 2.0, and 3.5 mm from the apex (p < 0.05). There was no
statistically significant difference between TR and PTU at a level of 0.5 mm from the apex (p > 0.05).

Conclusions: While PTU is suitable for general canal preparation to facilitate irrigation and intracanal medication, TR and ER
excel in preserving canal centering with minimal concern for canal transportation by minimally invasive preparation.
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Minimal invasiveness canal preparation

INTRODUCTION

Proper cleaning and shaping of the root canal system
are fundamental aspects of successful endodontic treat-
ment. The primary goal of root canal preparation is to
eliminate microorganisms, necrotic tissue, and infected
dentin that may lead to pulp and periapical infections
[1]. Nickel-titanium (NiTi) instruments have revolution-
ized root canal preparation due to their unique metal-
lurgical properties, including superelasticity and shape
memory, offering superior performance compared to
traditional stainless-steel files while minimizing prepa-
ration-related complications such as canal transporta-
tion, ledge or zip formation, and other aberrations [2].
Recent generations of heat-treated NiTi instruments
exhibit increased flexibility, fatigue resistance, and im-
proved canal centering, allowing effective cleaning and
shaping with minimal deviation from the original canal
anatomy [3].

Current trends in endodontics emphasize a conser-
vative approach to treatment. Modern advancements
such as dental operating microscopes, ultrasonic in-
struments, heat-treated NiTi files, and supplemental
irrigating systems have contributed to the shift toward
minimally invasive endodontics (MIE). In this context,
a conservative treatment approach refers to preserving
pericervical and radicular dentin through conserva-
tive access cavity design, anatomically centered canal
preparation with minimal taper enlargement, and re-
liance on enhanced irrigation and disinfection rather
than excessive mechanical instrumentation [3,4]. MIE
aims to preserve tooth structure, enhancing the long-
term prognosis of endodontically treated teeth [3,4].

NiTi files with reduced taper and shaft diameter en-
able effective apical canal enlargement while minimiz-
ing file stress and reducing debris extrusion [5]. These
design modifications allow for efficient preparation and
disinfection up to the apical region without compro-
mising the integrity of the canal or increasing the risk of
procedural errors [6].

A critical consideration in assessing file performance
is the ability to maintain the instrument’s central posi-
tioning within the canal, minimizing canal transporta-
tion. Especially, the instrumentation of the apical region
is considered an essential component for achieving
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thorough cleaning and shaping. When considering
transportation and apical preparation, it is challenging
to determine which is more crucial, as there is a poten-
tial for conflicting aspects between these two values
[2,7].

Manufacturers develop instrument systems to apply
the MIE concept to mechanical shaping procedures.
Among them, the TruNatomy rotary system (Dentsply
Sirona, Ballaigues, Switzerland) features heat-treated
instruments with an off-centered rectangular cross-sec-
tion, regressive taper, and a maximum fluted diameter
of 0.8 mm. The instruments have variable tapers, rang-
ing from 0.02 for larger instruments to 0.04 for smaller
ones. Previous studies highlight its high cyclic fatigue re-
sistance and ability to preserve the original canal anat-
omy, attributed to enhanced flexibility from advanced
heat treatment during the post-manufacturing process
(4,8].

The ProTaper Ultimate (PTU) rotary system (Dentsply
Sirona) is the latest addition to this kind of instrument
system, utilizing a specialized heat treatment technolo-
gy to achieve optimal flexibility and strength. Its paral-
lelogram cross-section with distinctive acute angles, a
partially off-centered design, and a maximal flute diam-
eter of 1.0 mm allows for conservative dentin removal
in critical areas, such as the cementoenamel junction
[9,10].

The EndoRoad file system (Maruchi, Wonju, Korea)
incorporates an innovative heat treatment known as
“memory-triple heat treatment.” This process induces
the R-phase within the range of body temperature. This
leads to a symmetric presence of the R-phase at body
temperature, yielding a substantial enhancement in
flexibility and cyclic fatigue resistance of the files com-
pared to earlier heat treatment technologies [11,12].

However, despite these advancements, the efficacy
and geometric characteristics of these modern NiTi files
during canal preparation remain inadequately studied.

The objective of this study was to evaluate the geo-
metric characteristics of canal preparation using three
NiTi file systems designed for the minimal invasiveness
concept. The null hypothesis was that there would be
no significant differences in canal preparation among
the tested file systems.

https://doi.org/10.5395/rde.2026.51.26



Minimal invasiveness canal preparation

METHODS

The flow of this study is summarized in Figure 1. A total
of 30 simulated J-shaped root canals in transparent resin
blocks (Dentsply Sirona) were used in this study. Each
resin block measured 16 mm in length, with a curva-
ture radius of 3.5 mm and an angle of 53°, as measured
according to the method described by Pruett et al. [13].
The point of maximum flexure was located 3.5 mm from
the apical end, and the apical foramen communicated
with the exterior of the resin block.

Group designation and Specimen preparation

The specimens were divided into three groups (n = 10
per group). The sample size was determined using pilot
data from a preliminary micro-CT analysis and G*Power
3.1.9.2 software (Heinrich-Heine-Universitidt Diissel-
dorf, Germany), with an a level of 0.05 and a power of
0.80. This analysis indicated that a minimum of nine
specimens per group would be required to detect sig-
nificant differences in canal geometry among the file
systems; therefore, 10 specimens per group were used
in the present study. This sample size is also in line with
a previous micro-CT study evaluating canal shaping

| J-Shaped simulated canal resin block (n = 30) |

EndoRoad group

(GERLY)

| Micro-CT scanning before shaping |

Canal preparation
up to size 26,
medium at

Canal preparation
up to size 25,
RG25 at 600 rpm,
0.6 N-cm

Canal preparation
up to size 25, F2 at
400 rpm, 4.0 N-cm

500 rpm, 1.5 N-cm

Micro-CT scanning after shaping

| Image reconstruction |

| Image analysis |

| 3DModeIlrendering |

| Statistical analysis |

Figure 1. Experimental flow of this study. Micro-CT, micro-computed
tomography; 3D, three-dimensional. TruNatomy: Dentsply Sirona,
Ballaigues, Switzerland. ProTaper Ultimate: Dentsply Sirona. EndoRo-
ad: Maruchi, Wonju, Korea.
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outcomes using standardized models [7].

All canal preparations were performed by a single ex-
perienced operator (a postgraduate student with over 6
years of clinical experience). The preparation followed
the instructions of the manufacturer with minor modi-
fications in which unnecessary steps were omitted. The
final instrumentation size of all systems was standard-
ized to approximately #25.

1. TruNatomy group (7 = 10)

Working length was measured using a #10 K file, and pa-
tency was confirmed. Instrumentation was performed
with the TruNatomy system at a speed of 500 rpm and
a torque setting of 1.5 N«cm. All instrumentation was
performed in the presence of a lubricant (RC prep; Pre-
mier Dental, Plymouth Meeting, PA, USA). Initial instru-
mentation was performed using the TruNatomy Glider
file (#17/.02) until the working length was reached. The
canal was irrigated with saline, and patency was recon-
firmed. As the simulated canal is made of resin mate-
rial, there was no organic tissue, bacteria, or dentinal
tubules. So, only saline was used to clean out the resin
debris after instrumentation. Final instrumentation was
performed using the TruNatomy Prime file (#26/.04) to
the working length. Irrigation with saline and patency
checks were repeated throughout the process.

2. ProTaper Ultimate group (7 = 10)

Working length was measured with a #10 K file, and pa-
tency was confirmed. Instrumentation was performed
with the PTU system at a speed of 400 rpm and a torque
setting of 4.0 Necm. The same lubricant was used during
all steps. Initial instrumentation was performed with the
PTU Slider file (#16/.02v) to confirm the patency. The
same saline irrigation protocol was used, followed by
the instrumentation with the PTU Shaper file (#20/.04v),
with the patency maintained. The instrumentation
process continued with the PTU F1 file (#20/.07v) and,
subsequently, the PTU F2 file (#25/.08v), both to the
working length. The working length was maintained
throughout instrumentation. Saline irrigation and pa-
tency checks were repeated at each step.

3. EndoRoad group (n=10)
Working length was measured with a #10 K file, and pa-
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tency was confirmed. Instrumentation was performed
with the EndoRoad system at a speed of 600 rpm and a
torque setting of 0.6 N.cm. The same lubricant was used
during all steps. Initial instrumentation was performed
using the EndoRoad RP15 file (#15/.02) to confirm the
patency. The canal was irrigated with saline, followed by
instrumentation with the EndoRoad RP20 file (#20/.03)
until the patency was confirmed. Final instrumentation
was performed using the EndoRoad RG25 file (#25, vari-
able taper of .06 at less than 3 mm from the tip, and .02
at more than 3 mm from the tip) to the working length.
Saline irrigation and patency checks were repeated
throughout the process.

Before the experimental tests, all instruments were
inspected under a dental operating microscope to con-
firm the absence of deformation, unwinding, or other
defects. All files used in this study for canal preparation
showed a normal morphology.

Micro-computed tomography scanning and three-di-
mensional reconstruction

The resin blocks were scanned before and after canal
instrumentation using a micro-computed tomography
(micro-CT, SkyScan 1273; Bruker micro-CT, Kontich,
Belgium). Each specimen was secured in a cylindrical
holder using Parafilm (Sigma-Aldrich, St. Louis, MO,
USA), with the access cavity positioned at the top. The
holder was placed in the micro-CT scanner, where pa-
rameters, file prefixes, and data directories were man-
ually configured. Scanning was conducted individually
for each specimen, with 21 minutes and 46 seconds per
scan, at 70 kV, 214 pA, with 360° rotation and a 0.3° rota-
tion step. The scans produced images with a voxel size
of 24 pm.

Image reconstruction was performed using NRecon
software (Bruker micro-CT, ver. 1.7.4.2) with beam hard-
ening correction set at 40% and ring artifact correction
at 1, generating 972 cross-sectional images per speci-
men. The reconstructed datasets were coregistered us-
ing DataViewer software (ver. 1.5.6.2, Bruker micro-CT).
CTAn software (ver. 1.18.4.1, Bruker micro-CT) was em-
ployed to measure the cross-sectional areas of canals.
Using CTvol software (ver. 2.3.2.0, Bruker micro-CT),
three-dimensional (3D) models of the canals before
and after instrumentation were rendered to evaluate the
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geometrical characteristics of the prepared canals.

Canal levels from 0.5 mm to 6.5 mm from the apex
were subdivided into increments of 1.0 mm. The
cross-sectional surface areas (mm?®) were measured at
the seven levels at each 1-mm incremental level from 0.5
mm to 6.5 mm.

Statistical analysis

The Shapiro-Wilk test was used to assess the normality
of the data distribution for all three groups at each mea-
surement level. When the assumptions of normality and
homogeneity of variance were satisfied, one-way analy-
sis of variance was used to determine significant differ-
ences among the groups, followed by appropriate post
hoc pairwise comparisons with Bonferroni adjustment.
For data that did not meet normality assumptions, the
nonparametric Kruskal-Wallis test was applied instead.
All statistical analyses were performed using IBM SPSS
Statistics software (ver. 26; IBM Corp., Armonk, NY,
USA), with a confidence interval of 95% and a signifi-
cance level set at 0.05.

RESULTS

During instrumentation, no procedural complications,
such as instrument fracture, loss of working length, or
ledge formation, were observed in any specimen.

In the 3D models, the TruNatomy group showed su-
perior ability in maintaining the center of the canal (Fig-
ure 2). The TruNatomy group also demonstrated com-
parable apical preparation to that of the PTU group. The
EndoRoad group, in contrast, showed a more limited
apical preparation compared to the other NiTi file sys-
tems, with a tendency for canal preparation toward the
inner side of the canal curvature (Figure 2). However,
this tendency was consistent and presented with min-
imal aberrations. The PTU group featured the largest
apical preparation among the file groups, with a notable
tendency to straighten the canal curvature by preparing
more toward the outward side.

Statistical analysis of the instrumented surface area
revealed differences among the three groups at all levels
(Figure 3), except at 0.5 mm, 2.0 mm, and 3.5 mm from
the apex. The PTU group showed significantly larger ar-
eas than other groups at all levels, while the EndoRoad
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Figure 2. Representative superimposed images show maintaining
the center of the canals after instrumentation. (A) Longitudinal
superimposed images. The EndoRoad group shows inner side de-
viation to the canal curvature, while the ProTaper Ultimate group
shows outward side deviation apically (yellow arrows). (B) Cross-sec-
tional superimposed images at the 1 mm, 2 mm, and 3 mm levels.
TruNatomy: Dentsply Sirona, Ballaigues, Switzerland. ProTaper Ulti-
mate: Dentsply Sirona. EndoRoad: Maruchi, Wonju, Korea.
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group shows generally showed smaller surface areas,
especially over the 3.5 mm level. The TruNatomy group
showed significantly larger areas at the 1 mm level.
In comparison, there was no difference between the
TruNatomy and EndoRoad groups at 2.0 mm and 3.5
mm levels from the apex.

Significant differences were observed among all
groups at the 1 mm and 3 mm levels (p < 0.05, Figure 4).
The PTU group shows significantly bigger areas than the
other groups at the 2 mm level (p < 0.05). The TruNat-
omy and EndoRoad groups do not have a significant
difference. Significant differences were observed among
all groups at the 1 mm level (p < 0.05).

DISCUSSION

This study evaluated the geometric characteristics of
canal preparation using three NiTi file systems designed
according to the MIE concept. A designated file from
each system was selected to standardize the apical tip
ISO size of #25 (EndoRoad RG25 file and PTU F2) and
#26 (TruNatomy Prime file). It might initially seem that

ProTaper Ultimate
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Figure 3. Line graphs of the instrumented surface areas for all specimens of the three groups at levels from 0.5 mm to 6.5 mm from the apex.
The ProTaper Ultimate group (green) shows much bigger areas than other groups in all levels, while the EndoRoad group (blue) shows general-
ly a smaller surface area, especially over the 3.5 mm level. The TruNatomy group (red) shows a significantly larger area at the 1 mm level (p < 0.05).
In comparison, there was no difference between the TruNatomy and EndoRoad groups at 2.0 mm and 3.5 mm levels from the apex. TruNatomy:
Dentsply Sirona, Ballaigues, Switzerland. ProTaper Ultimate: Dentsply Sirona. EndoRoad: Maruchi, Wonju, Korea.
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Figure 4. Instrumented surface areas at three levels. (A) All groups
show significant differences among the groups at the 1 mm and 3
mm levels. (B) The ProTaper Ultimate group shows significantly big-
ger areas than the other groups at the 2 mm level. TruNatomy and
EndoRoad do not have a significant difference. (C) All groups show
significant differences among the groups at the 1 mm level. TruNat-
omy: Dentsply Sirona, Ballaigues, Switzerland. ProTaper Ultimate:
Dentsply Sirona. EndoRoad: Maruchi, Wonju, Korea.

the TruNatomy file, with its slender and narrow appear-
ance, would result in insufficient canal preparation.
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However, the results showed that the instrumented area
at the apical 0.5-3.0 mm prepared with the TruNatomy
Prime file was comparable to that of the PTU F2 file [8,9].

The TruNatomy system was originally designed to
achieve minimally invasive canal preparation and to
preserve a larger portion of the tooth structure, partic-
ularly the root dentine [8,9]. The findings of this study
partially support this concept, as the canal preparation
in the coronal 3.0-6.5 mm region with the TruNatomy
file was more limited compared to the larger-taper
PTU file system. However, this minimal preparation
could raise concerns about the prognosis of the overall
treatment, as restricted canal shaping may reduce the
accessibility of irrigants and intracanal medicaments.
Despite these concerns, the results demonstrated that
apical preparation from 0.5 mm to 3.0 mm using the
TruNatomy file was comparable to that achieved by the
PTU file. This suggests that the core function of instru-
mentation—removing debris and microorganisms—
was not compromised, even with this smaller and more
conservative file system [8,9,14,15].

Although the tip size (approximately #25) of the three
NiTi file systems was standardized, the cross-sectional
areas changed from 0.5 to 6.5 mm from the apex and
differed significantly among the systems. The key char-
acteristics of each file system can be summarized as
follows: TruNatomy demonstrated apical preparation
comparable to PTU, highlighting its effectiveness in
shaping the apical region. PTU exhibited the most ex-
tensive preparation among the three groups, reflecting
its large taper design. EndoRoad showed relatively lim-
ited apical preparation compared to the other systems;
however, its low standard deviation indicated a consis-
tent preparation trend across specimens [8,9].

Schilder [16] proposed that the final preparation
should have a continuous taper with the smallest possi-
ble apical foramen. Similarly, Buchanan [17] suggested
that apical preparation should be performed to the
minimum size possible. However, current instrumen-
tation and irrigation techniques remain insufficient for
the complete elimination of debris and bacteria in the
apical third [18]. The challenge of removing bacterial
debris from this region is attributed to the narrow canal
space, complex canal morphology, inadequate irrigant
flushing, and variations in the diameter of the root ca-
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nal [6]. Thus, the debate regarding the optimal extent of
apical enlargement for successful endodontic treatment
remains unresolved. Although randomized controlled
trials are considered the gold standard in clinical re-
search, no such study has been conducted in this regard
to date.

The concept of significant apical enlargement is
based on the premise that increasing the apical diam-
eter enhances canal debridement [19]. This is justified
by evidence that microorganisms can penetrate den-
tinal tubules to depths of 200-300 um, where they are
difficult to eliminate using conventional methods [20].
Studies by Falk and Sedgley [21] have demonstrated
that larger apical preparation improves the efficacy of
irrigation solutions and reduces bacterial growth in the
apical region. Similarly, Brunson et al. [22] reported that
larger apical preparation increases the volume of irri-
gation solution reaching the apical third, enhancing the
removal of tissue debris.

Additionally, Fornari et al. [23] and Plotino et al. [24]
observed that apical enlargement reduces the non-in-
strumented areas within the root canal, potentially
improving overall cleanliness. Conversely, a study by
Coldero et al. [25] found no significant difference in
intracanal bacterial reduction with or without apical
enlargement preparation. It concluded that removing
additional dentine from the apical region is unneces-
sary when an adequate coronal taper is achieved, as this
facilitates effective irrigation throughout the root canal
system. Thus, apical enlargement remains controversial
to date, and no study has ever shown a direct relation-
ship between apical enlargement and clinical success or
failure in endodontic treatment. Additionally, apical en-
largement carries several drawbacks, including the risk
of canal transportation, weakening of the root structure,
and potential over-preparation of the canal [26].

Transportation is defined as the removal of the canal
wall structure on the outer curve of the apical half of
the canal. This occurs due to the natural tendency of
files to return to their original linear shape during canal
preparation, potentially resulting in ledge formation or
even perforation [2]. Therefore, a more comprehensive
definition of root canal transportation describes it as the
deviation of the post-instrumentation canal center from
its original position compared to the pre-instrumenta-
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tion canal center.

Canal transportation during instrumentation most
commonly occurs at different levels depending on the
degree of root canal curvature. As a deviation of the pre-
pared canal from its original path, root canal transpor-
tation is a critical factor influencing treatment outcomes
[2,27]. Consequently, evaluating the ability of endodon-
tic instruments to remain centered within the canal
while minimizing iatrogenic defects is essential.

While small-tapered instruments are commonly be-
lieved to possess greater flexibility, allowing them to
maintain the original axial direction of the root canal
more effectively, recent studies using proper 3D analysis
with micro-CT technology have demonstrated compa-
rable canal transportation levels between the XP-endo
Shaper (FKG Dentaire) and other systems in mesial ca-
nals of mandibular molars [27]. Previous meta-analysis
research on the centering ability of NiTi instruments has
identified the shaft taper as a significant factor influenc-
ing canal transportation, emphasizing the importance
of taper selection in minimizing this issue during canal
preparation [28].

This study utilized resin blocks simulating root canals
as experimental samples, providing advantages and lim-
itations. Using simulated root canals with standardized
shapes and dimensions, such as round cross-sections,
continuous tapers, and uniform sizes, allows for high re-
producibility and a controlled environment to evaluate
various instrumentation techniques. One of the primary
benefits of using simulated resin blocks is the ability to
visualize how canal preparation progresses during in-
strumentation. This feature is particularly valuable for
assessing shaping outcomes, including apical stop for-
mation, taper consistency, and the presence of aberra-
tions such as zips, elbows, or perforations. Additionally,
the high degree of standardization in simulated canal
block anatomy eliminates anatomical variability, en-
abling researchers to focus solely on the performance of
the instruments under investigation. Such evaluations
provide insights into the efficacy and safety of different
file systems under controlled conditions [29,30].

Despite their advantages, simulated resin block
models have several significant limitations. One ma-
jor drawback is their inability to evaluate root canal
cleanliness, as the resin material does not replicate the
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biological presence of pulp tissue, debris, or microbial
contamination. Moreover, the mechanical properties of
resin differ substantially from those of human dentin,
requiring lower forces for instrumentation and poten-
tially underestimating straightening and the incidence
of preparation errors, such as ledging or outer widening
[30-32]. This discrepancy leads to differences in the
forces required for instrumentation, with human dentin
requiring approximately twice the force for preparation
compared to resin blocks. While resin block models of-
fer valuable insights into instrumentation performance,
the results must be interpreted cautiously when extrap-
olating findings to clinical practice. The simplified anat-
omy and reduced hardness of resin blocks may under-
estimate the challenges of preparing natural root canals.
Therefore, the findings of this study should be regarded
as comparative data obtained under highly standard-
ized in vitro conditions rather than as direct predictors
of clinical outcomes.

In the present study, the primary objective was to
compare subtle differences in shaping behavior and ca-
nal geometry among three NiTi file systems designed for
MIE. To achieve this aim, it was essential to minimize
anatomical variability and confounding factors. Sim-
ulated canals in resin blocks with identical curvature,
length, and canal diameter were therefore selected, as
they provide a highly standardized experimental envi-
ronment in which the effects of the instruments them-
selves can be isolated more reliably. While this choice
inevitably limits the direct clinical extrapolation of our
results, it strengthens the internal validity of the com-
parison among the three systems.

This study used micro-CT technology, and this imag-
ing technique enables noninvasive, nondestructive, and
high-resolution 3D assessments, offering unparalleled
insights into various aspects of canal instrumentation.
Micro-CT provides the ability to precisely analyze the
changes in root canal volume, monitoring changes in
the structural integrity of the canal walls [7,32]. Espe-
cially in this study, the assessment of shaping perfor-
mance and maintaining the original anatomy would be
effective. As a result, micro-CT findings are reliable only
within experiments conducted under identical condi-
tions and parameter settings.
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CONCLUSIONS

Based on the results from the present study, PTU may
be an ideal option when extensive canal preparation
is needed to create sufficient space for irrigation and
intracanal medication, with a low tendency for ca-
nal transportation under the conditions of this study.
TruNatomy seems proper for maintaining canal cen-
tering, particularly in severely curved canals, with com-
parable apical preparation to that of PTU. EndoRoad is
a reliable choice for negotiating highly calcified canals,
enabling minimal preparation and glide path establish-
ment with reduced risk of procedural accidents.
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Endodontic treatment of a molar-incisor malformation of the

maxillary first molar: a case report

Woo-Lim Kim *, Se-Hee Park *“, Kyung-Mo Cho ", Jin-Woo Kim’

Department of Conservative Dentistry, College of Dentistry, Kangwon National University, Gangneung, Korea

ABSTRACT

Molar-incisor malformation (MIM) is a developmental dental anomaly primarily affecting permanent first molars, often
accompanied by structural irregularities such as cervical mineralized diaphragms (CMDs) and furcal channels. These
anatomical complexities present significant challenges for endodontic treatment. This case report presents the endodon-
tic management of a maxillary first molar diagnosed with MIM—a condition for which root canal treatment has rarely
been reported. The affected tooth exhibited characteristic features of MIM, including underdeveloped roots, CMD, and
an open furcal channel. Initial canal negotiation revealed four buccal canals, but the palatal canal could not be located
via conventional access. A separate access approach enabled successful identification, disinfection, and obturation of the
palatal canal. Follow-up imaging showed healing of the periapical lesion and favorable clinical outcomes. This case high-
lights the diagnostic and technical challenges in managing MIM-affected teeth and underscores the importance of ad-
vanced imaging, tailored access strategies, and careful material selection to achieve successful endodontic outcomes.

Keywords: Cone-beam computed tomography; Molar-incisor malformation; Root canal therapy; Tooth abnormalities

INTRODUCTION

Molar-incisor malformation (MIM), also known as mo-
lar-root incisor malformation, is a developmental dental
anomaly affecting the permanent first molars, maxillary
central incisors, and second primary molars. In most
reported cases, the first permanent molars are predom-
inantly involved, exhibiting normal crown morphology
but short, thin roots with atypical pulp chamber struc-
tures, constricted into straight form. This condition was

first reported in 2014 [1,2].

Although the precise etiology of MIM remains un-
clear, many cases have been associated with significant
systemic medical events during early childhood, poten-
tially disrupting normal root development [3,4].

MIM-affected teeth often present with clinical com-
plications, including periodontal bone loss (52.6%),
endodontic lesions (50.0%), and combined endodon-
tic-periodontal lesions (28.9%) [5]. Endodontic treat-
ment can be particularly challenging due to structural
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Root canal treatment of molar-incisor malformation

anomalies such as the cervical mineralized diaphragm
(CMD) [2,3,6] and furcal communication [3,7], which
may obscure canal pathways or provide alternative
routes for bacterial ingress.

The prevalence of MIM remains uncertain; the litera-
ture still lacks robust population-level data. However, a
recent study conducted in an Australian pediatric den-
tal unit reported a prevalence of 0.47% (5 out of 1,054
children), suggesting that MIM, while rare, may be more
common than previously assumed [8].

This report presents the endodontic management of
a maxillary first molar diagnosed with MIM, providing
new clinical insight into this rare condition.

CASE REPORT

A 17-year-old male patient presented with a chief
complaint of noticing a lesion on the gingiva without
experiencing any associated pain (Figure 1A). Clinical
examination revealed a sinus tract on the palatal gingiva
of the maxillary right first molar (#16) (Figure 1B). The
tooth exhibited pain to palpation, while percussion and
mobility tests were normal.

The patient’s medical history was significant for bilat-

eral arteriovenous malformations diagnosed around the
age of one. He underwent endovascular stent implan-
tation under general anesthesia at that time. Since the
procedure, he has been undergoing routine follow-up
with magnetic resonance imaging every 2 or 3 years.
There was no significant dental history related to tooth
#16, and the patient had not undergone any prior dental
treatment involving the tooth.

Although the coronal morphology of all four first mo-
lars was normal (Figure 1C and D), all exhibited root
malformations (Figure 1E), leading to a diagnosis of
MIM. Based on clinical and radiographic findings, the
maxillary right first molar (#16) was diagnosed with
pulp necrosis and chronic apical abscess, and nonsurgi-
cal root canal treatment was planned.

To obtain a more accurate assessment of the root
canal morphology, cone-beam computed tomography
(CBCT) was performed. The palatal canal was found to
be separated from the main pulp chamber (Figure 1F).
Three canals were identified in the mesiobuccal root,
and one canal each in the distobuccal and palatal roots,
totaling five canals (Figure 1G).

At the first visit, following conventional access cavity
preparation, pulp extirpation and working length deter-

Figure 1. Diagnostic evaluation of maxillary right first molar and overall dentition. (A) Periapical radiograph showing an ill-defined radiolucency
associated with tooth #16. (B) Radiograph confirming communication of the sinus tract with the periapical area. (C, D) Intraoral photographs
showing normal coronal morphology of all first molars. (E) Panoramic radiograph revealing that all first molars have shortened, tapered roots.
Yellow dashed boxes highlight the affected maxillary and mandibular first molars on both sides. (F) Cone-beam computed tomography (CBCT)
axial view demonstrating that the palatal canal (yellow arrow) is not in continuity with the pulp chamber. (G) CBCT showing five root canals:
three in the mesiobuccal root, and one each in the distobuccal (four white arrows) and palatal roots (yellow arrow).
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mination were performed for four buccal canals—three
within the mesiobuccal root and one within the distob-
uccal root (Figure 2A-C). A glide path was established
using a HyFlex EDM 10/.05 glide path file (Coltene/
Whaledent, Altstétten, Switzerland). Canal shaping was
subsequently carried out with a HyFlex EDM 20/.05
taper preparation file, followed by enlargement using
a 25/~ HyFlex One File and final finishing using the
40/.04 HyFlex EDM finishing file. Irrigation was per-
formed using 2.5% sodium hypochlorite (NaOCl). For
intracanal medication, a calcium hydroxide-based paste
(Metapaste Plus; Meta Biomed, Cheongju, Korea) was
placed into the canals. The access cavity was temporari-
ly sealed with a temporary restorative material (Caviton;
GC Corp., Tokyo, Japan).

As the palatal canal was not connected to the main
pulp chamber (Figure 1F), a separate access cavity was
planned to locate the palatal canal. An attempt was
made to access the canal via a cervical approach, which
was deemed appropriate given the canal morpholo-

gy (Figure 2D). However, the palatal canal could not
be identified during the procedure, and a perforation
occurred (Figure 2E). The perforation site was subse-
quently repaired using Biodentine (Septodont, Saint-
Maur-des-Fossés, France) and resin-modified glass
ionomer (Fuji II LC, GC).

At the second visit, intercommunication among the
three mesiobuccal canals was confirmed by observing
the flow of 2.5% NaOCl during irrigation. After removing
the temporary restoration and intracanal medicament,
canal patency was reestablished, and the canals were
prepared for obturation. Final irrigation was performed
using 2.5% NaOCl, followed by passive ultrasonic irri-
gation (Endosonic Blue 2; Maruchi, Wonju, Korea). Ob-
turation was performed using a sealer-based technique
with a calcium silicate sealer (CeraSeal; Meta Biomed).
Following master cone fitting in all four buccal canals,
root canal obturation was completed (Figure 2F-H).

At the third visit, to find the palatal canal, a second
CBCT scan was obtained. The canal was found to be

Figure 2. Endodontic management of maxillary right first molar (#16). (A) Working length radiograph taken after conventional access cavity
preparation, showing four files in the buccal canals. (B, C) Clinical photographs of the pulp chamber floor showing three canal orifices in the me-
siobuccal root and one in the distobuccal root. (D) Cone-beam computed tomography sagittal view showing the cervical access route chosen
based on presumed palatal canal location. The black curved line indicates the presumed path for cervical access to the palatal canal. (E) Clinical
image showing the perforation area after failed palatal canal identification. (F) Post-obturation radiograph confirming canal filling in three
mesiobuccal and one distobuccal canal. (G) Clinical image showing obturation of the distobuccal canal with gutta-percha. (H) Clinical image
showing well-condensed gutta-percha filling in the mesiobuccal canals.
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located in a more mesio-palatal position than initially
anticipated (Figure 3A and B). Working length deter-
mination, canal instrumentation, and irrigation were
subsequently performed using the same protocol and
instruments as those employed for the buccal canals.

At the following visit, obturation of the palatal canal
was performed using the same technique and materials
as used for the buccal canals using a sealer-based tech-
nique. Core buildup was then completed using bonding
(Scotchbond Universal Adhesive; 3M ESPE, St. Paul,
MN, USA) and resin core (Filtek Fill and Core, 3M ESPE)
(Figure 3C-E).

Serial follow-up evaluations revealed progressive
healing, as the periapical lesion showed a gradual re-
duction in size—initially evident at 1 month (Figure 3F)
and continuing to further resolution by 5 months (Figure
3G). The patient is scheduled for continued follow-up
evaluations.

DISCUSSION

MIM was reported independently by researchers from
Korea and Switzerland in the same year, 2014 [1,2].
Over the past 10 years, since 2014, a total of 24 reports
on MIM have been published, with half of them (12 re-

ports) originating from Korean researchers [3]. Howev-
er, the potential association between MIM and regional
or ethnic factors remains unclear and warrants further
investigation. Furthermore, although numerous reports
have documented the clinical presentation of MIM,
only three have described its endodontic management:
one involving a maxillary incisor [9] and two involving
mandibular first molars [7,10], with no cases reported in
maxillary molars.

The first permanent molars are the most commonly
affected teeth in MIM. Significant medical events occur-
ring within the first 4 years of life—such as neurological
conditions, prematurity, low birth weight, surgical in-
terventions, and medication use—have been frequently
associated with this condition. These findings support
the hypothesis that early childhood medical history may
contribute to the development of this dental anomaly
(3,4].

This hypothesis is further supported by the devel-
opmental timeline of the first permanent molars. The
mineralization of the permanent first molars begins
around birth, with crown completion occurring at ap-
proximately 3 years of age and root initiation commenc-
ing at about 4 years [11]. This period of active dental
development overlaps with the time during which many

Figure 3. Identification and treatment of the palatal canal through buccal access in maxillary right first molar (#16). (A, B) Retaken cone-beam
computed tomography axial views showing the palatal canal located more mesially than initially anticipated. (C) Radiograph taken after obtu-
ration of the palatal canal. (D) Clinical view of the completed obturation including the palatal canal. (E) Clinical view of the core buildup, demon-
strating proper occlusal contacts. (F) One-month follow-up radiographs demonstrating reduction of the periapical radiolucency. (G) Five-month
follow-up radiographs showing a further reduction of the periapical radiolucency.
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systemic medical events tend to occur, potentially in-
creasing the susceptibility of these teeth to developmen-
tal disturbances such as MIM. MIM can manifest with
considerable morphological variability, ranging from
severely underdeveloped roots to relatively well-formed
ones. The present case represents a variant of MIM in
which the roots were distinctly separated, highlighting
the heterogeneity of this condition and the importance
of recognizing its diverse clinical presentations.

One of the common features, and now considered a
typical structural anomaly of MIM, is the presence of a
CMD—a dense mineralized structure located at the ce-
mentoenamel junction [2,3]. Histologically, CMD con-
sists of irregular dentin, osteodentin, or cementum-like
tissue, forming a calcified barrier at the cervical region.
This structure can obscure the canal pathway or com-
plicate its identification during endodontic treatment.
Clinically, CMD hinders access to the root canal sys-
tem and may lead to misidentification of canal orifices,
thereby increasing the risk of iatrogenic errors. Further-
more, numerous microporosities observed within CMD
may serve as potential pathways for bacterial ingress
and contribute to persistent infection within the pulp
chamber, even after treatment [2,3,6].

Another notable feature of MIM is the presence of an
open channel in the furcation area. This structure pro-
vides direct communication between the external fur-
cation region and the pulp chamber, potentially serving
as a pathway for bacterial ingress. Such an anatomical
anomaly may increase the risk of persistent infection
or reinfection, even after endodontic treatment [3,7].
In addition, the presence of this open communication
raises the possibility that immature accessory furcal ca-
nals may form at the pulpal floor, further complicating
disinfection. These findings highlight the need for care-
ful evaluation of MIM cases when radiolucent lesions
persist or recur.

In the present case, both a CMD and an open chan-
nel were identified, consistent with previously reported
anatomical features of MIM (Figure 4A-C). A periapical
lesion developed despite the absence of caries or visible
fractures, which are typically associated with pulpal in-
fection. This unusual clinical finding may be explained
by the presence of structural anomalies commonly seen
in MIM, specifically microporosities within the CMD

https://doi.org/10.5395/rde.2026.51.e27

and an open furcal channel. The CMD-associated mi-
croporosities could have acted as microchannels for
bacterial ingress, promoting chronic intrapulpal infec-
tion. Additionally, the open channel observed in the
furcation area may have established a direct connection
between the oral environment and the pulp chamber,
serving as a potential route for bacterial contamination.
Together, these features likely contributed to pulpal pa-
thology and the development of the periapical lesion in
the absence of conventional etiological factors.

In the present case, negotiation of the palatal canal
was particularly challenging due to the localized pres-
ence of a CMD near the palatal region (Figure 5A and

Figure 4. Cone-beam computed tomography images revealing
characteristic anatomical features of molar-incisor malformation. (A,
B) A dense mineralized structure consistent with a cervical mineral-
ized diaphragm (yellow arrows). (C) An open channel (yellow arrow)
connecting the furcation region to the pulp chamber.
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Figure 5. Difficulty in identifying the palatal canal due to the pres-
ence of a localized cervical mineralized diaphragm (CMD) near the
palatal region. (A) Clinical view showing a mineralized barrier (yellow
arrow) obstructing access to the palatal canal. (B) Cone-beam com-
puted tomography image revealing CMD in the palatal area (high-
lighted with a yellow circle).

B). The mineralized barrier, with microporosity, likely
obscured the true canal orifice, leading to an initial file
path error. During the initial attempt, the file may have
entered an area presumed to be a microporous structure
rather than the true canal pathway, resulting in failure
to find the true palatal canal. Although alternative strat-
egies such as guided endodontics or three-dimension-
al-printed guides could have been considered, these
technologies were not available in Korea at the time.
We contacted international providers, but confirmed
that such services were not accessible locally; thus, they
could not be applied in this case.

While we recognize that continuous wave compaction
(CWC) may achieve superior sealing ability compared to
sealer-based techniques [12], the clinical circumstances
in our case justified a different approach. Specifically,
the patient’s young age, the presence of a relatively wide
apical foramen at the initiation of root canal treatment,
and the need to avoid undue apical pressure all neces-
sitated a more conservative strategy. Therefore, a seal-
er-based obturation technique with a bioceramic sealer
(CeraSeal) was deliberately chosen. Importantly, even if
a small amount of sealer extrudes beyond the apex, the
favorable biocompatibility of bioceramic sealers min-
imizes the likelihood of adverse periapical reactions.

6/8

Moreover, bioceramic sealers exert less apical pressure
during obturation, making them particularly advanta-
geous in such cases. This approach not only provided
effective sealing in the atypical canal morphology but
also leveraged the biological advantages of bioceramic
materials in the periapical environment.

Interestingly, the palatal canal was found to be an-
atomically separated from the main pulp chamber,
necessitating access through the palatal cervical region
(Figure 2D). Such a configuration, in which the palatal
canal is anatomically separated from the main pulp
chamber, has not been previously reported in the lit-
erature. Therefore, the present case highlights a novel
anatomical variation associated with MIM that has not
been documented in the existing literature.

Mineral trioxide aggregate (MTA) and Biodentine are
widely used for the repair of root perforations due to
their biocompatibility and ability to induce hard tissue
formation. Compared with MTA, Biodentine has been
shown to induce greater RUNX2 (Runt-related tran-
scription factor 2) expression, a key marker of osteoblas-
tic differentiation [13]. It also promotes enhanced hy-
droxyapatite formation upon contact with tissue fluids,
which contributes to improved biological integration
and long-term sealing efficacy [13,14]. Clinically, Bio-
dentine offers practical advantages, including a signifi-
cantly shorter setting time (approximately 12 minutes),
higher Vickers microhardness, and superior handling
characteristics that improve efficiency and facilitate
dentin-like substitution [15,16]. In recent years, pre-
mixed MTA putty materials such as EndoSequence Root
Repair Material (RRM) Putty (Brasseler USA, Savannah,
GA, USA), TotalFill BC RRM Putty (FKG Dentaire Sarl,
Le Crét-du-Locle, Switzerland), Well-Root PT Putty
(VERICOM Co., Ltd., Chuncheon, Korea), and One-Fil
PT Putty (MEDICLUS Co., Ltd., Cheongju, Korea) have
also been introduced. These newer materials are sy-
ringe- or putty-based, user-friendly, set rapidly, and do
not induce discoloration. Nevertheless, in the present
case, Biodentine was deliberately selected because it is
a well-validated material with longstanding clinical val-
idation, offering both favorable handling and biological
properties while avoiding tooth discoloration.
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CONCLUSIONS

To the best of our knowledge, this is the first document-
ed case reporting endodontic treatment in a maxillary
first molar affected by MIM. The tooth exhibited charac-
teristic features of MIM, including a CMD and an open
furcal channel, which posed significant challenges to
canal identification and disinfection. The palatal canal
was found to be separated from the main pulp chamber.
Early recognition of CMD, cervical constrictions, abnor-
mal pulp chamber morphology, or root developmental
disturbances on radiographs is essential for diagnosing
MIM. In treatment planning, obtaining a CBCT scan
should be prioritized to accurately assess the complex
cervical and furcal anatomy, as CMD and furcal chan-
nels can obscure canal pathways or allow bacterial
ingress. Careful disinfection and the use of bioceramic
sealers and calcium silicate-based materials such as
Biodentine are recommended. Long-term follow-up
remains critical, and overall, MIM-affected teeth require
individualized strategies beyond standard endodontic
protocols and, when available, guided endodontic tech-
niques to improve outcomes. This report highlights the
anatomical complexity and therapeutic challenges as-
sociated with MIM-affected teeth, particularly maxillary
molars, and emphasizes the importance of advanced
imaging and careful canal-negotiation strategies to
achieve favorable clinical outcomes.
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