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CLINICAL SIGNIFICANCE

High-resolution CBCT showed that roughly 1 in 10
MFMs harbor a middle mesial canal that is most often
confluent and joins the MB and ML canals with equal
frequency, supporting cautious troughing to reduce
missed canals.

Objective: Middle mesial canals (MMCs) are clinically relevant anatomical variants in mandibular first molars
(MFMs) and may be overlooked during treatment. This study estimated MMC prevalence on cone-beam computed
tomography (CBCT), characterized MMC morphology using the Pomeranz classification, and evaluated confluence
patterns with the main mesial canals.

Materials and Methods: This retrospective cross-sectional archive review included CBCT examinations acquired at
Akdeniz University Faculty of Dentistry (2020-2025) with a standardized limited—field-of-view protocol. MFMs (FDI
36 and 46) with complete root development and diagnostic image quality were included; previously treated teeth or
scans with anatomy-distorting pathology/artifacts were excluded. Two endodontists and one radiology specialist
assessed MMC presence (interobserver k = 0.892), Pomeranz type (P1 independent, P2 confluent, P3 fin), and, for
P2/P3, the confluence site [mesiobuccal (MB) vs mesiolingual (ML)]. Prevalence was reported with 95% confidence
intervals; comparisons used chi-square tests and logistic regression.

Results: A total of 1175 MFMs were analyzed (36: n = 617; 46: n = 558). MMCs were identified in 118 teeth, yielding
an overall prevalence of 10.04% (95% CI 8.45-11.89). Prevalence did not differ by sex (male 11.09% vs female
8.90%; p = 0.211). Tooth 46 showed higher prevalence than tooth 36 (12.19% vs 8.10%), but this difference did not
remain significant after Bonferroni adjustment. In multivariable analysis, tooth 46 was associated with higher odds of
MMC presence (OR 1.58; 95% CI 1.07-2.31; p = 0.021). Pomeranz types were P2 46.6%, P3 29.7%, and P1 23.7%. In
P2/P3 cases, confluence was equally distributed between ML and MB (50% each).

Conclusion: On high-resolution CBCT, MMCs were present in approximately 1 in 10 MFMs and were predominantly
confluent, supporting systematic evaluation of the MB-ML developmental groove during endodontic treatment.

1. Introduction

The biological success of root canal treatment (RCT) depends not only
on effective chemomechanical shaping and disinfection, but also on
accurate identification and treatment of the entire root canal system.! In
mandibular molars, the complex anatomy of the mesial root,
characterized by accessory canals, intercanal communications, and
narrow fin/isthmus structures, creates a morphological spectrum that is
particularly prone to being overlooked during diagnosis and
treatment.>* In this context, evidence indicating that untreated or
missed canals may be associated with post-treatment apical pathology
further underscores the clinical importance of comprehensive canal
anatomy assessment.

Although the mesial root of the mandibular first molar (MFM)
classically contains 2 main canals, the mesiobuccal (MB) and
mesiolingual (ML) canals, additional canal lumens or intercanal
communication variants may occur between them. This anatomical
structure has been described in the literature as the middle mesial canal
(MMC) and has been emphasized as a clinically relevant variation that
warrants particular attention during treatment of the mesial root.# One
key aspect underlying the clinical significance of the MMC is that it
does not invariably present as a fully independent third canal; instead, it
may appear as a pathway that merges with or communicates with the
main canals, or as fin-like morphologies.2# Therefore, MMC detection
should not be approached solely as a search for an additional orifice,
but rather requires an assessment strategy that accounts for the 3D canal
architecture of the mesial root.’

MMC prevalence has been reported across a wide range in the
literature, largely depending on the detection method employed and on
how broadly the term “MMC” is defined.® Clinically, higher detection

rates have been demonstrated when MMCs are actively sought under a
dental operating microscope using targeted exploration and troughing
procedures, indicating that identification is highly sensitive to the
quality of visualization and exploration.” Conversely, pCT-based
morphological investigations have enabled detailed characterization of
fine intercanal communications and confluent configurations within the
mesial root, providing high-resolution data on both prevalence and
morphology. Indeed, pCT studies conducted across different
populations have described the anatomical diversity of MMCs in
considerable detail.2

Recent CBCT-based evidence indicates that reported MMC
prevalence is shaped by both geographic variation and methodological
heterogeneity. A systematic review and meta-analysis® estimated a
pooled global MMC prevalence of approximately 4.4% in MFMs. A
multinational CBCT study with meta-analysis further demonstrated
between-country/ethnicity differences.® In addition, individual CBCT
studies'™!" have reported substantially higher prevalences in Turkish
populations, such as 15.58%° and 24.5%, highlighting the impact of
population-specific factors and protocol-related differences including
voxel size and field of view. While CBCT enables three-dimensional
assessment of complex canal anatomy, its diagnostic yield in
morphological studies is directly dependent on acquisition protocol
standardization and image-quality criteria, including voxel size and
field of view.!?

Although literature has established the presence and morphological
diversity of MMCs, CBCT-derived prevalence estimates can vary
across populations and imaging protocols, and morphological data
describing MMC relationships with the main canals remain clinically
relevant for decision-making. In this context, evaluating CBCT archives
acquired with standardized protocols in populations such as Tiirkiye
may improve prediction of expected MMC frequency and facilitate
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Figure 1. Representative horizontal (axial) CBCT slices and
corresponding three-dimensional segmentations of the mesial root of a
mandibular first molar without MMC (left panels, A and B) and with an
MMC (right panels, C and D). Axial slices (A, C) were obtained at the
level of the canal orifices and demonstrate the MB—ML intercanal
region. Three-dimensional segmentations (B, D) were generated using
3D Slicer software and visualized with a consistent color scheme
throughout: red = mesiolingual (ML) canal; yellow = mesiobuccal
(MB) canal; blue = common apical canal segment at the point of MB—
ML convergence; green = middle mesial canal (MMC), indicated by a
red arrow in panel C. CBCT images were acquired with an isotropic
voxel size of 0.08 mm (Veraview X800, J. Morita, Kyoto, Japan).

clinically meaningful interpretation of MMC configurations.
Accordingly, this study aimed to determine MMC prevalence in MFMs
using CBCT archive data, classify MMC configurations according to
the Pomeranz system, and characterize confluence/communication
patterns with the main mesial canals. A secondary aim was to assess
associations with sex and tooth side to support clinical interpretation
and inform future hypothesis-driven research.

2. Materials and Methods

2.1. Study Design and Data Source

The study was approved by the Institutional Ethics Committee of
Akdeniz University Faculty of Dentistry (Protocol No: TBAEK-829,
Date: August 28, 2025) and conducted in accordance with the
Declaration of Helsinki. The requirement for informed consent was
waived due to the retrospective nature of the study. This retrospective
cross-sectional study was based on an archive review of CBCT
examinations acquired at Akdeniz University Faculty of Dentistry
between February 3, 2020, and December 5, 2025, using routine
clinical protocols. For case identification, the institutional CBCT
archive was first filtered to examinations in which the mandibular
molar region was included within the field of view (FOV); within this
subset, scans were subsequently screened for eligibility according to
prespecified inclusion and exclusion criteria. The unit of analysis was
the tooth, and mandibular first molars (FDI 36 and 46) were evaluated
on a tooth-based basis. Because the CBCT protocol employed a limited
field of view of 40.08 x 40.08 x 40.32 mm centered on a single
mandibular molar, each examination volume contained only one
eligible tooth. Consequently, each tooth in the dataset corresponds to a
unique patient, and intra-patient clustering does not apply to this study.

2.2. Sample Size Calculation

Sample size was estimated a priori using a one-sample proportion
formula. Based on Turkish-population estimates from pCT? (14.8%),
Solakoglu & Kurt’s CBCT-based study!!' (24.5%), and considering that
West Asian populations show higher MMC prevalence than the global
CBCT-pooled® estimate of 4.15%, an expected prevalence of 15% was
adopted as a conservative planning estimate. A minimum sample of
1.110 MFMs was required to estimate prevalence within +2.1
percentage points with 95% confidence (two-sided a = 0.05). The final
sample of 1.175 MFMs exceeded this threshold.

Figure 2. Schematic representations of MMC morphological
configurations according to the Pomeranz classification in the mesial
root of a mandibular first molar. (A) P1 — Independent type: the MMC
originates from a distinct orifice and extends to the apex without
communicating with the MB or ML canal. (B) P2 — Confluent type
merging with the MB canal: the MMC joins the mesiobuccal canal
along its course. (C) P2 — Confluent type merging with the ML canal:
the MMC joins the mesiolingual canal along its course. (D) P3 —
Fin/isthmus type: a broad intercanal communication exists between the
MB and ML canals along the mesial root without a discrete MMC
orifice. MB, mesiobuccal; ML, mesiolingual; MMC, middle mesial
canal.

2.3. CBCT Acquisition Parameters

All CBCT scans were acquired by the same radiographic technician
using a Veraview X800 unit (J. Morita, Kyoto, Japan) with a limited
field-of-view protocol (FOV: 40.08 x 40.08 x 40.32 mm) and an
isotropic voxel size of 0.08 mm. Exposure parameters were
standardized at 100 kV and 4.8 mA with a scan time of 17.9 s (360°
rotation; 27), using a 0.2-mm copper filter.

2.4. Inclusion and Exclusion Criteria

Eligibility was determined by using prespecified inclusion and
exclusion criteria. CBCT volumes were included if they contained
MFMs with complete root development and provided diagnostic
resolution sufficient for assessment of canal anatomy, with adequate
image quality and minimal motion or metal artifacts. Scans were
excluded when motion or metal artifacts compromised diagnostic
interpretation, or when root fracture, advanced root resorption, or
extensive periapical lesions distorted normal canal anatomy. Teeth with
evidence of previous RCT were also excluded, as were images of
insufficient quality to allow reliable anatomical assessment.

2.5. MMC Definition and Classification

The presence of an MMC was defined as visualization of an additional
canal lumen on CBCT slices located between the MB and ML canals
within the mesial root (Fig. 1). In teeth with an identified MMC, canal
configuration was recorded according to the Pomeranz classification* as
P1 independent, P2 confluent, or P3 fin. For P2 and P3 cases, the side
of MMC confluence or communication with either the MB or ML canal
was additionally recorded as the confluence site (Fig. 2).

2.6. Image Assessment and Data Collection

Before image review, a structured data collection table was created to
standardize variable recording. For each eligible CBCT examination, a
unique study identifier was assigned, and the tooth number (FDI 36 or
46) and patient sex were recorded from the institutional archive.

CBCT volumes were analyzed using One Volume Viewer software
(J. Morita, Kyoto, Japan) for multiplanar reconstruction and 3D Slicer
(version 5.10, open-source; https://www.slicer.org) for three-
dimensional rendering and supplementary spatial orientation. Images
were reviewed simultaneously in axial, coronal, and sagittal planes at
the native isotropic voxel resolution of 0.08 mm, without additional
interpolation or slice-thickness modification. Assessment was
conducted primarily in the axial (horizontal) plane, with systematic
slice-by-slice navigation from the pulp chamber floor in an apical
direction through the full length of the mesial root. Coronal and sagittal
reconstructions were used as complementary views to confirm canal
position and spatial relationships when needed.

Prevalence and Complexity of MMCs
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Table 1. MMC prevalence: overall and subgroup comparisons.

Group n (teeth) MMC (+) n MMC (-)n Prevalence 95% CI Ve P p (Bonf)} OR 95% CI
(%) % (OR)

Overall 1175 118 (10.04) 1057 10.04 8.45-11.89 — — — — —

By sex

Male 613 68 (11.09) 545 11.09 8.85-13.83 1.565 0.211 1.000 1.28 0.87-1.88

Female (ref) 562 50 (8.90) 512 8.90 6.81-11.54 — — — — —

By tooth

Tooth 46 558 68 (12.19) 490 12.19 9.73-15.16 5.406 0.020 0.120 1.57 1.07-2.31

Tooth 36 (ref) 617 50 (8.10) 567 8.10 6.20-10.53 — — — — —

Note. Pearson’s chi-square test was used; because all expected cell frequencies were >5, no continuity correction was applied. Bonferroni correction
was applied for six simultaneous comparisons (adjusted o = 0.0083). OR, odds ratio; ref, reference category. Effect sizes: MMC X sex ¢=0.037; MMC x

tooth side ¢=0.068 (both negligible to small).

Image assessment comprised two independent readings. Two
endodontists, each with at least 5 years of clinical experience, jointly
reviewed all CBCT volumes and recorded a single consensus reading
per tooth. Independently and blinded to this reading, an oral and
maxillofacial radiologist evaluated all volumes in a separate session.
Both readings recorded MMC presence/absence and, when present, the
Pomeranz configuration and the MB/ML confluence site. Agreement
between the endodontic consensus reading and the independent
radiologic reading was quantified with Cohen's k. Discrepancies
between the two readings were resolved by a senior endodontist
(professorial rank, 27 years of clinical experience) to establish the final
dataset.

2.7. Statistical Analysis

Data was analyzed using SPSS version 27.0 (IBM Corp., Armonk, NY,
USA). Categorical variables were summarized as counts and
percentages, and MMC prevalence was reported with 95% confidence
intervals (Wilson score method). Group comparisons used the Pearson
chi-square test; all expected cell frequencies exceeded 5, so no
continuity correction was applied. Effect sizes for 2x2 comparisons
were expressed as odds ratios (OR) with 95% CIs (Woolf method). The
association between MMC presence and sex and tooth side was further
examined by binary logistic regression; model fit was assessed using
the likelihood-ratio chi-square, McFadden pseudo-R?, and Nagelkerke
R2. To control the familywise Type I error rate, Bonferroni correction
was applied across six pre-specified simultaneous comparisons
(adjusted o = 0.0083). These six comparisons comprised: (1) MMC
prevalence by sex, (2) MMC prevalence by tooth side, (3) Pomeranz-
type distribution by sex, (4) Pomeranz-type distribution by tooth side,
(5) confluence site by sex, and (6) confluence site by tooth side. All six
tests addressed the same overarching research question regarding the
influence of patient sex and tooth side on MMC-related outcomes and
were therefore treated as a single family of comparisons for correction
purposes; both uncorrected and Bonferroni-adjusted p-values are
reported. Post-hoc power for the two primary comparisons was
calculated using the two-proportion z-test with Cohen's h (small: <0.20,
medium: 0.20-0.50, large: >0.50). Statistical significance was set at
p<0.05.

3. Results

A total of 1175 MFMs were evaluated (tooth 36: n = 617; tooth 46: n =
558). Of these, 613 teeth (52.2%) belonged to male patients and 562
(47.8%) to female patients (Table 1). Agreement between the
endodontists' consensus reading and the independent radiologic reading
was excellent (Cohen's k = 0.892; 96.9% agreement; 95% CI 0.862—
0.922); discrepant cases were adjudicated by a senior endodontist.
Cases in which the 2 primary observers disagreed were resolved by a
third senior endodontist with professorial rank.

An MMC was identified in 118 of 1.175 teeth, yielding an overall
prevalence of 10.04% (95% CI: 8.45-11.89). By sex, MMC prevalence
was 11.09% in males (68/613; 95% CI: 8.85-13.83) and 8.90% in
females (50/562; 95% CI: 6.81-11.54), with no statistically significant
difference (y*>=1.565, p = 0.211; OR = 1.28, 95% CI: 0.87-1.88). On a
tooth-based comparison, MMC prevalence was 8.10% for tooth 36

(50/617; 95% CI: 6.20-10.53) and 12.19% for tooth 46 (68/558; 95%
CI: 9.73-15.16). Tooth 46 showed a nominally higher MMC prevalence
than tooth 36 (¥*=5.406, p=0.020; OR=1.57, 95% CI: 1.07-2.31);
however, this difference did not meet the adjusted significance
threshold after Bonferroni correction for 6 concurrent comparisons
(p_adjusted = 0.120; . Bonferroni=0.0083) (Table 1).

Among the 118 MMC-positive teeth, the most frequent
configuration was P2 (confluent) (55/118, 46.6%), followed by P3 (fin)
(35/118, 29.7%) and Pl (independent) (28/118, 23.7%). The
distribution of Pomeranz types did not differ significantly by sex (y* =
0.276, df = 2, p = 0.871) or by tooth side (3> = 0.875, df = 2, p = 0.646),
and these findings remained unchanged after Bonferroni correction
(Table 2).

In the subset of 90 cases comprising P2 and P3 types, the confluence
site of the MMC with the main canals was evaluated. Confluence with
the ML and MB canals occurred at identical rates (ML: 45/90, 50%;
MB: 45/90, 50%). The distribution of confluence site did not differ
significantly by sex (y* = 1.131, p = 0.288) or by tooth side (y*> = 0.741,
p = 0.389), and these results also remained unchanged after Bonferroni
correction (Table 2).

In the logistic regression model including sex and tooth type
simultaneously, tooth 46 was associated with 1.58-fold higher odds of
MMC presence compared with tooth 36 (OR = 1.58, 95% CI: 1.07-
2.31; p=0.021). Sex did not reach statistical significance (OR = 1.28,
95% CI: 0.87-1.88; p = 0.210). Although the overall model was
statistically significant, the explained variance was low (Nagelkerke R?
= 0.012), suggesting that MMC presence may be influenced by factors
beyond tooth type and sex (Table 3).

4. Discussion

The overall MMC prevalence of 10.04% observed in this high-
resolution CBCT cohort indicates that approximately 1 in 10 MFMs
harbor a MMC, a frequency with direct clinical relevance during RCT
planning. No significant sex-related difference was detected. Tooth 46
showed nominally higher prevalence than tooth 36, though this did not
survive Bonferroni correction. The predominant morphology was
confluent (P2, 46.6%), and confluence with the MB and ML canals was
equally distributed (50% each). Collectively, these findings suggest that
MMCs in mandibular molars most often occur as variants connected to
the main canals and may be readily overlooked in clinical practice.

Although CBCT-adapted systems have been proposed to further
distinguish MB-confluent from ML-confluent configurations', the
Pomeranz classification was retained to maximize comparability with
the broader MMC literature, in which this system remains most widely
applied. The directional confluence site was recorded as a separate
variable, thereby capturing the clinically relevant distinction provided
by CBCT-specific systems without departing from the established
classification framework.

Our findings show both concordance and divergence with MMC
prevalence rates reported in the literature. Overall, CBCT-based studies
tend to report lower MMC prevalence. For example, prevalences in the
range of approximately 1-5% have been reported in Chinese!'* (2.7%),
Korean’® (0.35%), Iranian'® (3.1%), and Saudi Arabian'’ (1.3%)
populations. In contrast, studies using clinical exploration or pCT have

Prevalence and Complexity of MMCs
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Table 2. MMC morphology: Pomeranz classification and confluence site distribution.

35

Total Male Female Tooth 36 Tooth 46 » df P p (Bonf)t
(n=68) (n=50) (n=50) (n=68)
A. Pomeranz type (n = 118)
P1 — Independent 28 (23.7%) 17 (25.0%) 11 (22.0%) 14 (28.0%) 14 (20.6%)
P2 — Confluent 55 (46.6%) 32 (47.1%) 23 (46.0%) 22 (44.0%) 33 (48.5%)
P3 - Fin 35(29.7%) 19 (27.9%) 16 (32.0%) 14 (28.0%) 21 (30.9%)
Sex comparison — — — — — 0.276 2 0.871 1.000
Tooth comparison — — — — — 0.875 2 0.646 1.000
B. Confluence site (P2+P3, n = 90) Male (n =51) Female (n= Tooth 36 (n = Tooth 46 (n=
39) 36) 54)
Mesiolingual (ML) 45 (50.0%) 23 (45.1%) 22 (56.4%) 20 (55.6%) 25 (46.3%)
Mesiobuccal (MB) 45 (50.0%) 28 (54.9%) 17 (43.6%) 16 (44.4%) 29 (53.7%)
Sex comparison — — — — — 1.131 1 0.288 1.000
Tooth comparison — — — — — 0.741 1 0.389 1.000

Note. All comparisons were performed using Pearson’s chi-square test; because all expected cell frequencies were >5, no continuity correction was
applied. Because no canal confluence is present in P1 cases by definition, confluence-site analysis was restricted to P2 and P3 cases. tBonferroni

correction was applied for six simultaneous tests (adjusted a = 0.0083). Effect sizes were as follows: Pomeranz type x sex, Cramér’s V = 0.048;
Pomeranz type % tooth side, Cramér’s V = 0.086; confluence site x sex, ¢ = 0.112; and confluence site x tooth side, ¢ = 0.091. These effect sizes were

negligible to small.

reported substantially higher MMC frequencies. For instance, Nosrat et
al.” observed MMCs in approximately one-fifth of mandibular first and
second molars. Likewise, Azim et al.'® reported an even higher
incidence in mandibular molars when MMCs were actively searched
for after troughing under a dental operating microscope, highlighting
how detection rates increase with enhanced visualization and targeted
exploration. Recent meta-analyses restricted to MFMs have estimated a
global MMC prevalence of approximately 4.15% and have further
indicated that geographic variability may be an important determinant.
Taken together, the approximately 10% prevalence observed in the
present study — higher than the pooled global CBCT estimate of
~4.15% — likely reflects a confluence of factors rather than any single
determinant, including the high spatial resolution of our 0.08-mm voxel
protocol, which may have enhanced detectability of small canal lumens.
Beyond imaging protocol, differences in MMC case definitions,
inconsistencies in observer training and classification criteria, and
variation in inclusion and exclusion criteria across study populations
may each independently influence reported prevalence estimates.
Population-specific anatomical characteristics may also contribute, but
their independent effect cannot be reliably disentangled from these
methodological sources of heterogeneity in the existing literature.
Accordingly, cross-study prevalence comparisons should be interpreted
with caution, and the approximately 10% prevalence observed in the
present study should be contextualized within the specific
methodological framework employed rather than treated as a definitive
population-level estimate.'?

Of particular relevance is the comparison with Solakoglu & Kurt!!
who reported a substantially higher MMC prevalence of 24.5% in a
Turkish population using a larger sample (n = 2.999). The discrepancy
between their findings and ours likely reflects methodological
differences rather than true population heterogeneity. Paradoxically,
higher-resolution imaging may yield more conservative prevalence
estimates when stricter visualization criteria are applied to borderline
canal configurations; the voxel size in that study was 0.20 mm
compared with 0.08 mm in the present study. Additionally, differences
in MMC case definition and classification systems between studies may

Table 3. Logistic regression analysis predicting MMC presence.

Variable B SE Wald * p OR 95% CI
Intercept —2.563 0.186 190.5 <0.001 — —
Male sex (ref: 0.246 0.197 1.570 0.210 1.28 0.87—
Female) 1.88
Tooth 46 (ref: 0.454 0.196 5.350 0.021 1.58 1.07-
Tooth 36) 2.31

Note. Model fit statistics: LR y*(2) = 6.99, p = 0.030; McFadden
pseudo-R? = 0.009; Nagelkerke R?=0.012. n = 1175.

contribute to this divergence. Taken together, these observations
underscore that even within the same geographic population, MMC
prevalence estimates are sensitive to imaging protocol and definitional
criteria.

The absence of a significant sex-related difference suggests that
MMC morphology may be driven more by genetic and structural
determinants than by biological sex. Consistent with this interpretation,
the literature has not demonstrated a reproducible association between
MMC presence and sex. However, our post hoc power analysis
indicated limited power for the sex comparison (24.1%), which
constrains the statistical certainty of this null finding.

With respect to side, MMC prevalence was nominally higher in
tooth 46, with an odds ratio of approximately 1.6 and a p value of
0.021, but this association did not remain significant after Bonferroni
adjustment. In the multivariable model, tooth 46 remained associated
with higher odds of MMC presence (58% increased odds; p = 0.021),
yet the model's explained variance was low, as discussed below.
Overall, the influence of sex and side on MMC presence appears
clinically modest in our dataset, as reflected by the negligible to small
effect sizes across all comparisons (¢=0.037-0.068). The lack of robust
statistical significance after correction, together with limited power for
the sex comparison, warrants cautious interpretation. The very low
explained variance of the logistic regression model (Nagelkerke R? =
0.012) reflects the inherent complexity of MMC occurrence and should
be interpreted in the context of the model's deliberately restricted scope.
The model was designed as a descriptive tool to quantify the
independent associations of sex and tooth side -two routinely available
clinical variables- rather than as a predictive instrument intended to
explain the full variability in MMC presence. As such, the low R? value
is not unexpected and does not invalidate the reported associations;
rather, it underscores that sex and tooth side alone are insufficient
predictors of MMC occurrence. Candidate determinants of the
unexplained variability include root morphological features such as root
curvature, mesiodistal root width, and inter-orifice distance, as well as
patient-level factors including age and genetic background, none of
which were captured in the present retrospective dataset. Future studies
incorporating these variables in multivariable models are needed to
develop a more comprehensive explanatory framework for MMC
occurrence.

In teeth in which an MMC was detected, canal morphology was
predominantly confluent. The P2 configuration (46.6%) was markedly
more common than the Pl independent configuration (23.7%),
suggesting that the MMC often does not present as a clearly separate
orifice coronally but rather represents a canal pathway that merges with
the MB or ML canal in the apical portion of the root. This pattern is
consistent with pCT evidence. Versiani et al.? reported that confluent
configurations accounted for 83.3% of MMCs in Brazilian and Turkish
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samples, whereas truly independent MMCs were uncommon at 6.3%.
In our cohort, the P3 fin type was also frequent, occurring in
approximately 30% of MMC-positive teeth.

The absence of differences in Pomeranz-type distribution by sex or
tooth side further suggests that MMC morphology reflects a tooth-
specific anatomical pattern rather than patient-related factors.
Clinically, these findings underscore that MMC detection should not
rely solely on the expectation of an independent third canal. Instead, the
MB-ML intercanal region should be systematically evaluated for fin-
like and fusion-related variants, with active consideration of intercanal
communications during exploration and cleaning.

We observed a perfectly symmetric distribution of MMC confluence
with the main canals, with equal rates of merging into the ML and MB
canals (50% vs 50%). Many previous reports have suggested a
tendency for MMCs to join the MB canal more frequently; for example,
Versiani et al.? found that most confluent MMCs terminated in the MB
canal. In contrast, our data indicate no preferential confluence pathway
along the MB-ML continuum. From a clinical perspective, this finding
highlights that canal exploration should not be biased toward a single
direction. During troughing and inspection of the developmental
groove, both the MB and ML aspects should be evaluated with equal
attention, as unilateral expectations such as assuming that MMCs
typically join the MB canal may increase the risk of missing relevant
anatomy. Overall, our results encourage clinicians to anticipate
potential MMC communications with either main canal. The
discrepancy between our findings and previous reports may partly
reflect methodological differences. In the present study, confluence site
was recorded as a supplementary binary variable rather than as the
primary classification criterion, and the relatively modest number of
eligible cases (» = 90) limits the precision of this estimate. Furthermore,
the Pomeranz system does not distinguish MB-confluent from ML-
confluent subtypes as its primary output; studies employing the Barros-
Costa classification, which is specifically designed for this distinction,
have reported MB-confluent predominance more consistently.'* This
finding warrants replication in larger samples using CBCT-based
classification systems in which confluence direction is treated as a
primary outcome variable.

Missing an MMC may contribute to endodontic failure.?’
Accordingly, during access cavity preparation in MFMs, the
developmental groove between the MB and ML canals should be
carefully explored, and visualization should be optimized using
adjuncts such as a dental operating microscope and ultrasonic tips to
enhance illumination and troughing control.?! The detection of fine
canal anatomy may be further supported by the use of dyes or sodium
hypochlorite bubbling “champagne” tests.”> However, because the
MMC is frequently confluent with the main canals, excessive dentin
removal should be avoided to minimize the risk of strip perforation
along the mesial wall. In practical terms, the MMC should be
approached with the same level of meticulousness typically applied
when searching for a second MB canal in maxillary molars.® The
approximately 10% prevalence observed in our study implies that an
MMC may be present in roughly one out of every ten MFMs,
underscoring the importance of routinely considering this anatomy
during clinical assessment and treatment.

The present study did not incorporate inter-orifice distance (IOD)
measurements between the MB and ML canal orifices, nor was patient
age recorded as a study variable. Emerging evidence suggests that
wider MB-ML IOD may be associated with a higher likelihood of
MMC occurrence, with independent-type (P1) MMCs showing larger
IOD values compared with confluent and fin configurations, and that
secondary dentin deposition related to advancing age may progressively
reduce canal lumen detectability, particularly for fine or confluent
variants. Consistent with this, younger patients have been reported to
show higher rates of confluent and fin MMC configurations.
Accordingly, future studies should prospectively incorporate 10D
measurements stratified by Pomeranz type and account for patient age,
as these parameters may serve as clinically useful predictors and help
explain residual variability not captured in prevalence-focused
retrospective designs such as the present one.??

Key strengths of this study include the large sample size (n = 1.175)
and the use of a single CBCT unit with a standardized acquisition

protocol for all examinations. The single-center, single-device design
and the small isotropic voxel size (0.08 mm) enhanced data
homogeneity and supported detailed anatomical assessment. Image
interpretation was performed independently by 2 endodontists with at
least 5-year of clinical experience and an experienced radiology
specialist, and discrepancies were resolved through a structured
consensus procedure, thereby strengthening the reliability of data
collection. In addition, the systematic documentation of Pomeranz
configurations and MMC confluence patterns provided a
comprehensive morphological profile of MMC anatomy.

This study has limitations inherent to its retrospective, single-center
design, which may restrict generalizability. Although high-resolution
CBCT was used, CBCT remains less sensitive than uCT, and very fine
canal structures may still be missed. Several potentially relevant
variables were not captured in the present retrospective dataset, which
limits the interpretability of the findings. Patient age was not recorded,
precluding assessment of age-related secondary dentin deposition and
its potential effect on canal lumen detectability. Root morphological
characteristics — including root curvature, mesiodistal root width,
inter-orifice distance between the MB and ML canals, and root rotation
— were not evaluated, despite emerging evidence that these parameters
may be associated with MMC occurrence. Tooth developmental stage
beyond the criterion of complete root formation was also not assessed.
The absence of these variables should be considered when interpreting
the low explained variance of the logistic regression model and when
extrapolating the findings to broader clinical or research contexts. The
application of Bonferroni correction for multiple comparisons may
have reduced statistical power and increased the likelihood of
overlooking true differences.

5. Conclusion

In this large retrospective CBCT-based study of MFMs, the prevalence
of a MMC was 10.04%. MMC occurrence did not differ significantly
by sex, and although tooth 46 showed a nominally higher prevalence
than tooth 36, this association was not robust after adjustment for
multiple comparisons and explained only a small proportion of
variability in multivariable analysis. Morphologically, in our study,
MMCs were predominantly confluent, with P2 as the most frequent
Pomeranz type, and confluence to the MB and ML canals occurred at
equal rates. Collectively, these findings indicate that MMCs in MFMs
are not rare and are most often connected to the main mesial canals,
underscoring the need for systematic evaluation of the MB-ML
developmental groove during RCT. Future prospective, multicenter
studies incorporating additional anatomical and demographic predictors
and, where feasible, clinical or uCT validation are warranted to further
clarify determinants of MMC presence and morphology.
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CLINICAL SIGNIFICANCE

Videos uploaded by healthcare professionals provided
more reliable information on artificial intelligence in
endodontics, although the amount of explicitly
labelled YouTube™ content was limited.

ABSTRACT

Objective: This study aimed to evaluate the quality and reliability of YouTube™ videos related to artificial
intelligence in endodontics.

”

Methods: YouTube™ was searched using the search terms “artificial intelligence in endodontics,” “machine learning

in endodontics,” “deep learning in endodontics,”
filter. 13 videos meeting the eligibility criteria were included in the analysis. Video usefulness was assessed using the
modified Global Quality Scale (mGQS), while reliability was evaluated using a modified DISCERN (mDISCERN)

instrument. Interaction metrics, including views, likes, and comments, were also recorded.

and “neural network in endodontics,” with the default relevance

Results: Among the included videos, 69.2% were uploaded by healthcare professionals and 30.8% by other sources.
The mean video duration was 1917.1 seconds, with 687.9 views, 17.1 likes, 0.08 comments, and 967.2 days since
upload. A strong, positive, and statistically significant correlation was found between mDISCERN and mGQS scores
(Spearman’s tho = 0.756). Videos uploaded by healthcare professionals had significantly higher mDISCERN scores
than those uploaded by other sources (p=0.034). However, no significant differences were found between uploader
groups in terms of mGQS scores, views, likes, comments, or time since upload (p>0.05). Videos uploaded by
healthcare professionals were also significantly longer in duration (p=0.004).

Conclusion: Within the limits of this keyword-based search strategy, YouTube™ content explicitly addressing
artificial intelligence in endodontics appears limited. Among the available videos, those uploaded by healthcare
professionals tended to show higher reliability scores; however, this finding should be interpreted with caution due to
the limited sample size. Broader search strategies and further studies are needed to better characterize the overall
presence and educational quality of Al-related endodontic content on YouTube™.

1. Introduction

The digital age has transformed the production, dissemination, and
consumption of information, with YouTube™ emerging as one of the
most widely used platforms for online video sharing.'? It enables users
to upload, view, and share diverse content, providing rapid access to
information worldwide.>* However, the absence of strict regulation,
formal verification, and peer-review processes raises concerns
regarding the reliability and quality of the information presented.’®
Despite this, the platform’s global reach—characterized by over 500
hours of video uploaded per minute and more than one billion hours
viewed daily—has made it a major source of health-related
information.®

In recent years, artificial intelligence (AI) has shown significant
potential in dentistry, particularly in diagnosis, treatment planning, and
clinical decision-making.” These developments have gained increasing
attention in endodontics and are becoming more visible on digital
platforms such as YouTube™. Although Al applications in endodontics
have primarily focused on radiological diagnosis, their use in clinical
treatment processes and outcome prediction is also expanding.?
Artificial intelligence models have many promising application areas,
such as the detection of periapical pathologies, identification of root
fractures, and determination of working length.”® The internet,
particularly social media platforms such as YouTube™, hosts a wide
range of content, including education, entertainment, and advertising.
Increasing use of these platforms by dental and medical professionals to
inform patients and the public has led to a rise in both educational and
promotional content.’ This facilitates the dissemination of emerging
topics such as artificial intelligence, which are not yet widely
incorporated into formal education.!' However, the absence of scientific

evaluation allows low-quality or outdated information to be easily
uploaded, viewed, and shared."?

Previous studies have evaluated the quality, reliability, and
educational value of health- and dentistry-related videos on
YouTube™."3"1¢ These studies have shown that the accuracy and quality
of information vary considerably across different dental topics. In
addition, some studies have assessed YouTube™ content related to
artificial intelligence in dentistry.?,'! However, to date, no study has
specifically examined the content characteristics and information
quality of YouTube™ videos addressing artificial intelligence in
endodontics. The main research question was whether YouTube™
videos specifically addressing artificial intelligence in endodontics
provide reliable and educationally useful information, and whether
these characteristics differ according to the source of upload. Therefore,
this study aimed to evaluate the content characteristics, educational
quality, and reliability of YouTube™ videos related to artificial
intelligence in endodontics.

2. Materials and Methods

2.1. Ethical Considerations

Because this study analyzed only publicly available YouTube™ videos
and did not involve human participants, patient data, or animals, ethics
committee approval was not required. The video selection process was
illustrated using a PRISMA-style flow diagram to ensure a structured
and transparent selection procedure (Figure 1).

2.2. Search Strategy

YouTube™ was searched between 10 and 12 March 2026. To reduce
the effect of day-to-day fluctuations in search results, searches were
performed on each day between 10:00 and 12:00 local time in Tiirkiye.
The platform was accessed from Tiirkiye via Google Chrome. All
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Videos included in the qualitative synthesis
n=13

Figure 1. PRISMA-style flow diagram showing the selection process of
YouTube™ videos included in the final analysis.

searches were conducted in incognito mode and without logging into a
Google or YouTube™ account in order to minimize personalization
bias.

The search terms were “artificial intelligence in endodontics,”
“machine learning in endodontics,” “deep learning in endodontics,” and
“neural network in endodontics,” and the default “sort by relevance”
filter was applied. These terms were intentionally selected to identify
videos explicitly labeled as being related to artificial intelligence in
endodontics. Accordingly, the search strategy was designed to capture
directly indexed content rather than all potentially relevant videos on
broader endodontic or dental artificial intelligence applications.

2.3. Eligibility Criteria

Videos were included if they were: (1) in English, (2) publicly
accessible on YouTube™, and (3) directly related to artificial
intelligence in endodontics. Videos were excluded if they were
duplicate records, non-English, irrelevant to the search topic,
YouTube™ Shorts, advertisements, reuploaded content, or videos with
insufficient educational or scientific content, as well as those with poor
audio and/or visual quality. Videos were considered to have insufficient
educational or scientific content if they mentioned artificial intelligence
only superficially, lacked explanatory information relevant to
endodontics, or did not provide scientifically interpretable information
about Al-related endodontic applications.

2.4. Screening and Selection Process

A total of 101 records were initially identified across the four
predefined YouTube™ search queries: 48 using “artificial intelligence
in endodontics,” 23 using “machine learning in endodontics,” 16 using
“deep learning in endodontics,” and 14 using “neural network in
endodontics.” The results from all searches were pooled prior to
screening, and 18 duplicate videos were removed. The remaining 83
videos were screened by title and description. At this stage, 44 videos
were excluded because they were not related to endodontics, not related
to artificial intelligence, non-English videos, YouTube™ Shorts,
advertisements, or irrelevant content. Subsequently, 39 full-length
videos were assessed for eligibility. Of these, 26 videos were excluded

Table 1. Five-item mDISCERN criteria used for evaluating the
reliability of YouTube™ videos

Item Evaluation criterion Scoring

1 Are the aims clear and have they Yes=1/No=0

been achieved?

2 Are reliable sources of Yes=1/No=0

information used?

3 Is the information presented in a Yes=1/No=0
balanced and unbiased manner?
Is reference made to other

treatment options?

4 Are additional sources of Yes=1/No=0
information provided for patient

reference?

5 Are areas of uncertainty Yes=1/No=0

mentioned?

because they had insufficient educational or scientific content, were
reuploaded videos, had inadequate audio or video quality, or were not
directly focused on artificial intelligence in endodontics. Finally, 13
videos met the eligibility criteria and were included in the qualitative
synthesis. Video screening and scoring were performed independently
by two evaluators with expertise in endodontics. Disagreements were
resolved through discussion and consensus. The selection process is
presented in the PRISMA-style flow diagram in Figure 1.

2.5. Data Collection

The demographic information (URL and title), duration (sec), number
of views, number of likes, number of comments, and time since upload
(days) of each video were evaluated. Duplicate videos were identified
and removed by comparing their URLs prior to the final analysis. The
source of the videos was initially classified as healthcare professionals,
commercial companies, or others. Because no meaningful standalone
analysis could be performed for commercial companies due to the small
number of videos, non-healthcare sources were combined under the
category “other” for statistical comparisons. The “other” category
included non-healthcare individual content creators, general educational
channels, and non-specialized sources that did not represent formal
healthcare professionals.

The reliability of the content in the videos was evaluated using a
modified 5-item DISCERN (mDISCERN) instrument. The original
DISCERN instrument was adapted into a simplified 5-item version,
focusing on key aspects of reliability such as clarity of aims, use of
reliable sources, balance of information, and acknowledgment of
uncertainty. Each item was evaluated using a dichotomous scoring
system (yes = 1, no = 0), resulting in a total score ranging from 0 to 5.
This modification was applied to improve feasibility and consistency
when assessing short and heterogeneous video content, in line with
previous studies evaluating online health information (Table 1). The
quality of the video information was evaluated using the modified
Global Quality Scale (mGQS), with scores ranging from 1 to 5 (Table
2). Inter-rater agreement between the two evaluators was assessed using
kappa statistics. The kappa values were 0.866 for mDISCERN and
0.743 for mGQS.

Although these tools were originally designed for patient-oriented
content, they have been widely used in studies evaluating online health
information and were therefore adopted to enable comparison with
existing literature.

2.6. Statistical Analyses

All statistical analyses were performed at a 95% confidence level using
the IBM SPSS Statistics version 21.0 (IBM Corp., Armonk, NY, USA).
Descriptive statistics were presented as mean, standard deviation,
median, minimum, and maximum. The Shapiro-Wilk test was used to
test the normality of the distribution of continuous quantitative data.
Independent Samples T-test was used to detect the difference between
parametric data, and the Mann-Whitney U test was used to detect the
difference between nonparametric data. The association between
mDISCERN and mGQS scores was assessed using Spearman’s rank
correlation analysis, as both variables were ordinal in nature.
Correlation coefficient (rho) and two-tailed p values were calculated.

Table 2. mGQS scale used in evaluating video quality

mGQS Score

Low quality: The flow of the site is poor, most 1
information is missing, not useful for patients at
all.

Generally low quality: Flow is poor, some 2
information is listed but many important topics
are missing, very limited use for patients.

Moderate quality: Flow is not ideal, some 3
important information is sufficiently discussed

but others are inadequately addressed, partially

useful for patients.

Good quality: Generally has a good flow, most 4
of the relevant information is listed but some
topics are left out of scope, useful for patients.

Excellent quality: Excellent flow and excellent 5
quality, very useful for patients.
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3. Results

Inter-rater agreement was substantial for both evaluation tools, with
kappa values of 0.866 for mDISCERN and 0.743 for mGQS. Of the
included videos, 69.2% were uploaded by healthcare professionals and
30.8% by other sources.

Across all included videos, the mean duration was 1917.1 seconds,
the mean number of views was 687.9, the mean number of likes was
17.1, the mean number of comments was 0.08, and the mean time since
upload was 967.2 days.

mDISCERN scores were significantly higher in videos uploaded by
healthcare professionals than in those uploaded by other sources
(p=0.034). No significant differences were found between uploader
groups in terms of mGQS scores, views, likes, comments, or time since
upload (p>0.05). Videos uploaded by healthcare professionals were also
significantly longer in duration (p=0.004) (Table 3).

A strong, positive, and statistically significant correlation was found
between mDISCERN and mGQS scores (Spearman’s rho = 0.756, p =
0.003).

4. Discussion

In this study, the content characteristics and information quality of
YouTube™ videos related to artificial intelligence in endodontics were
evaluated. Although previous studies have examined YouTube™
content on artificial intelligence and dentistry,,"* to the best of our
knowledge, no study has specifically assessed videos addressing
artificial intelligence in endodontics. Therefore, the present study
contributes to filling this gap in the literature.

The relatively small number of eligible videos may suggest that
artificial intelligence in endodontics remains underrepresented on
YouTube™. However, this finding should be interpreted with caution,
as relevant content may also be indexed under broader or application-
specific terms. Accordingly, the results likely reflect the visibility of
explicitly labelled content rather than the total volume of relevant
material.

Most of the included videos were uploaded by healthcare
professionals (69.2%), supporting previous reports that professional
sources contribute substantially to dental YouTube™ content.!”-20 This
finding suggests that healthcare professionals may play a key role in
disseminating information on emerging topics such as artificial
intelligence in endodontics.

Additionally, it was determined that the mDISCERN scores of the
videos uploaded by healthcare professionals were significantly higher
compared to other uploaders. This finding is consistent with previous
studies indicating that professionally produced YouTube™ content
tends to demonstrate higher reliability and educational value.?'*? These
findings suggest that greater involvement of healthcare professionals
may contribute to improving the reliability of educational content on
emerging topics such as artificial intelligence in endodontics.

Although videos uploaded by healthcare professionals showed
higher mDISCERN scores, no significant difference was observed
between uploader groups in terms of mGQS. This discrepancy may
reflect that mDISCERN and mGQS assess related but distinct
constructs, with mDISCERN focusing on reliability and mGQS on
overall educational quality. In addition, the small sample size may have
limited the statistical power to detect differences in mGQS. While the
positive correlation between mDISCERN and mGQS suggests that
more reliable videos may also have higher overall quality, this
relationship did not translate into significant differences between
uploader groups.

It should also be noted that both mGQS and mDISCERN-based
instruments were originally developed to assess patient-oriented health
information. However, the topic of artificial intelligence in endodontics
is relatively technical and may be more directly relevant to clinicians,
dental students, researchers, and educators. Therefore, the present study
primarily reflects the general educational quality and reliability of the
videos rather than strictly patient-oriented usefulness. This potential

Table 3. Comparison of healthcare professionals and other uploaders in
terms of measured parameters

Parameter Healthcare Other uploaders p value
professionals

mDISCERN 4(3-4) 3(2-3) 0.034*

median (min—-max)

mGQS 4(3-5) 3034 0.148%

median (min—max)

Number of likes 9 (0-105) 4(1-15) 0.414#

median (min—max)

Number of comments 0(0-1) 0(0-0) 0.825%

median (min—max)

Number of views 589 (110-2959) 339 (59-575) 0.330%

median (min—max)

Time since upload 750 + 638 1456 + 985 0.145%

(days)

mean £ SD

Video duration (sec) 2708 + 1893 139 + 80 0.004*

mean = SD

Note. Data are presented as median (minimum—maximum) or mean +
standard deviation, as appropriate.
*Independent-samples T test; #Mann Whitney U test

mismatch between the evaluation tools and the subject matter should be
considered when interpreting the findings. Accordingly, the findings
should be interpreted within the context of professional and general
educational value.

On the other hand, no significant difference was found among the
uploaders in terms of mGQS score, number of views, number of likes,
number of comments, and time since upload. This lack of statistically
significant differences may reflect limited statistical power rather than
true equivalence between groups. Accordingly, video popularity or user
interaction may not necessarily reflect content quality or scientific
accuracy. In other words, high viewing and interaction rates do not
always indicate high information quality; similarly, low interaction
levels do not mean that the content quality is low. Similar
inconsistencies have been reported in previous studies, which may be
attributed to methodological differences such as sample size, topic, and
evaluation criteria.!**

It should also be noted that the “other” category included a limited
number of videos, which may have reduced the statistical power of
comparisons between uploader groups. Therefore, the observed
differences between healthcare professionals and other uploaders
should be interpreted with caution. The small size of the “other” group
may limit the reliability and generalizability of these findings.

Videos uploaded by healthcare professionals were also significantly
longer in duration, which may reflect a more detailed presentation of
artificial intelligence applications in endodontic diagnosis and treatment
planning.

This study has several limitations. YouTube™ is a dynamic
platform, and video characteristics may change over time; therefore, the
findings reflect only the data at the time of collection. In addition, the
analysis was limited to publicly available videos identified through
specific keywords and did not include other digital platforms. The use
of standardized evaluation tools may not fully capture the technical
accuracy or clinical applicability of rapidly evolving artificial
intelligence applications, and the simplified mDISCERN instrument
may reduce the multidimensional assessment of reliability.
Furthermore, the keyword-based search strategy may not represent all
relevant content, and the relatively small number of videos reflects the
emerging nature of this topic. Despite these limitations, the study
provides an initial overview of the reliability and educational quality of
YouTube™ content related to artificial intelligence in endodontics.

5. Conclusion

Within the limits of the present keyword-based search strategy,
YouTube™ content explicitly addressing artificial intelligence in
endodontics appears to be limited in number. Among the available
videos, those uploaded by healthcare professionals tended to show
higher reliability scores; however, this observation should be
interpreted cautiously due to the limited sample size. Nevertheless,
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broader search strategies and future studies with expanded screening
methods are needed to better characterize the overall presence and
educational quality of Al-related endodontic content on YouTube™.
These findings suggest the importance of critically evaluating
YouTube™ content and may indicate the potential benefit of greater
involvement of healthcare professionals in producing accurate and
reliable educational materials on emerging topics such as artificial
intelligence in endodontics.
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CLINICAL SIGNIFICANCE

The marked reduction in fracture resistance of

Objective: The aim of this in vitro study was to evaluate the fracture resistance of teeth filled with bioceramic-based
root canal sealers (BioRoot Flow and TotalFill BC Sealer) following chelation with EDTA or citric acid, and to assess
the influence of different storage periods (1 and 3 months) on this outcome.

Materials and Methods: A total of 200 extracted single-rooted mandibular-premolars were used in the study. The
samples were divided into 8 experimental-groups (n = 20) and 2 control-groups (n = 20). No procedure was performed
in the negative control-group, whereas in the positive control-group, root canal preparation was performed but no
obturation was applied. The experimental groups were established according to the type of chelating agent and sealer
used, and after obturation, the specimens were stored for either 1 or 3 months. Fracture resistance testing was carried
out using a universal-testing-machine. The data were statistically analysed.

Results: The highest fracture resistance was observed in the negative control-group, while the lowest value was
obtained in the positive control-group. No statistically significant differences were found among the experimental-
groups in terms of sealer-type, chelating-agent, or storage period (p > 0.05).

Conclusion: Prepared but unobturated teeth showed the lowest fracture resistance. This finding indicates that teeth
may be more susceptible to fracture during the interappointment period in multi-visit endodontic treatments. In
addition, although bioceramic-based sealers increased fracture resistance, they did not restore it to the level of intact
teeth.

prepared but unobturated teeth highlights the clinical
importance of the interappointment period in multi-
visit endodontic treatments. Although bioceramic-
based sealers may contribute to fracture resistance,
preservation of tooth structure remains essential for
maintaining durability.

1. Introduction

Vertical root fractures are among the most serious complications
encountered after endodontic treatment. The prognosis is generally
poor, particularly in single-rooted teeth, and often results in tooth
extraction.! Factors affecting root fracture following endodontic
treatment  include  excessive  instrumentation,  post-treatment
dehydration of dentin, and uncontrolled pressure applied during
obturation. All of these factors may cumulatively increase the risk of
root fracture when combined with occlusal loading. In addition, the
synergistic effects of intracanal irrigants and medicaments may alter the
physical and mechanical properties of root dentin, potentially leading to
failure or fracture of endodontically treated teeth.2? Therefore, the
development of strategies aimed at enhancing tooth strength during root
canal treatment is of great importance.

Root canal irrigation solutions play a supportive role in mechanical
instrumentation by facilitating the removal of pulp remnants and the
smear layer formed after preparation. Elimination of the smear layer
allows the opening of dentinal tubules, thereby increasing the contact of
root canal filling materials and sealers with the canal walls and
improving their penetration into the dentinal tubules.*’ Chelating agents
are widely used solutions for smear layer removal. Among these agents,
17% EDTA and citric acid (CA) are frequently preferred due to their
high effectiveness in removing the smear layer. EDTA is a strong
chelating agent capable of dissolving the inorganic components of the
smear layer and opening dentinal tubules.® CA, on the other hand,
reduces the calcium content of dentin, increases permeability, and
demonstrates a smear layer removal efficacy comparable to that of
EDTA.”® However, the demineralizing effects of chelating agents on

dentin are not limited to smear layer removal; they may also affect the
chemical and mechanical properties of dentin. The removal of inorganic
components from the dentin structure can lead to a decrease in dentin
microhardness and greater exposure of the collagen matrix, which may
influence the fracture resistance of root dentin. Therefore, irrigation
protocols should be carefully balanced to ensure effective smear layer
removal while minimizing adverse effects on the fracture resistance of
root dentin.”®

In recent years, bioceramic-based root canal sealers have gained
prominence due to their high biocompatibility and biological activity.
Clinical studies have confirmed that, following proper root canal
cleaning and shaping, root canal treatment performed with a
bioceramic-based sealer and gutta-percha is a safe and predictable
treatment method with high clinical success rates.’” These sealers
enhance adhesion by forming a chemical bond at the interface between
dentin and the filling material, reduce microleakage, and demonstrate
the potential to reinforce root canal walls. Furthermore, it has been
reported that bioceramic sealers promote hydroxyapatite formation at
the sealer—dentin interface, which may contribute to the mechanical
strength of the root structure.!?

TotalFill BC Sealer (TF; FKG, La Chaux-de-Fonds, Switzerland)
and BioRoot Flow (BRF; Septodont, Saint-Maur-des-Fossés, France)
are among the widely used bioceramic-based sealers in clinical
practice. TF is a premixed, calcium silicate—based root canal sealer that
sets in the presence of moisture. This property allows it to utilize
residual moisture within the canal environment to achieve complete
setting. It contains biocompatible components such as calcium silicates,
calcium phosphate, and zirconium oxide, and exhibits antibacterial
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Figure 1. Figure 1. Sample preparation and fracture resistance testing
procedure. A: Intact tooth sample; B: Tooth sample with Class I cavity
preparation; C: Root canal preparation; D: Root canal irrigation (EDTA
or citric acid); E: Root canal obturation (BioRoot Flow/gutta-percha or
TotalFill BC Sealer/gutta-percha); F: Composite resin restoration; G:
Placement of the sample in an acrylic block and simulation of the
periodontal ligament space; H: Fracture resistance testing of the
sample. (This figure is a representative illustration prepared to
schematically demonstrate the experimental procedure steps.)

activity by generating a high pH during the setting reaction. TF has
been reported to provide deep penetration into dentinal tubules,
demonstrate volumetric stability, and ensure long-term sealing ability
due to the absence of shrinkage after setting.!! In addition, its premixed
formulation provides a standardized consistency, eliminating mixing
errors and offering ease of use in clinical applications.'> BRF is the
premixed formulation of BioRoot RCS (BR; Septodont, Saint-Maur-
des-Fossés, France), recently introduced to the market by the
manufacturer. According to the manufacturer, BRF retains all the
desirable physicochemical properties of BR, including high
biocompatibility, bioactivity, and immunomodulatory potential.!?
Owing to its lower viscosity and non—water-based carrier system, BRF
—similar to many premixed bioceramic sealers—can be used with both
cold and warm obturation techniques.'*

A review of the literature reveals that several studies have
investigated the effects of storage period, final irrigation solution, and
obturation technique on the fracture resistance of teeth filled with
different bioceramic-based root canal sealers.>!5-17 Considering the
combined influence of different storage periods of bioceramic sealers
and the effects of chelating agents used in root canal irrigation on
dentin structure, the interaction of these variables may have clinically
relevant implications for root fracture resistance. However, studies
evaluating these factors together remain limited, and this topic has not
yet been sufficiently investigated within a comprehensive experimental
design including storage period, type of chelating agent, and type of
sealer. Moreover, to the best of our knowledge, evidence regarding the
effect of BioRoot Flow (BRF), a recently introduced bioceramic-based
sealer, on the fracture resistance of teeth is still limited. Therefore,
further investigation of BRF in this context may provide valuable
insight into its potential contribution to the reinforcement of
endodontically treated teeth. Therefore, the aim of this in vitro study
was to evaluate the fracture resistance of teeth filled with bioceramic-
based root canal sealers (BioRoot Flow and TotalFill BC Sealer)
following chelation with EDTA or citric acid, and to assess the
influence of different storage periods (1 and 3 months) on this outcome.
The null hypotheses of this study were that: the type of bioceramic root
canal sealer (BioRoot Flow vs. TotalFill BC Sealer), the type of
chelating agent used for final irrigation (17% EDTA vs. 10% citric
acid), and the storage period (1 month vs. 3 months) would have no
statistically significant effect on the fracture resistance of

Table 1. Endodontic study groups table

Study groups Sealer Type Chelating Storage n
Agent period
Negative Control — — — 20
Positive Control — — — 20
BRF / CA/ 1 month BioRoot Flow CA 1 month 20
BRF / CA /3 months BioRoot Flow CA 3 months 20
BRF / EDTA/ 1 month BioRoot Flow EDTA 1 month 20
BRF / EDTA / 3 months BioRoot Flow EDTA 3 months 20
TF / CA/ 1 month TotalFill BC Sealer CA 1 month 20
TF / CA /3 months TotalFill BC Sealer CA 3 months 20
TF /EDTA/ 1 month TotalFill BC Sealer EDTA 1 month 20
TF / EDTA / 3 months TotalFill BC Sealer EDTA 3 months 20

Note. BRF: BioRoot Flow, TF: TotalFill BC Sealer, CA: Citric Acid,
EDTA: Ethylenediaminetetraacetic Acid, n: Number of specimens

endodontically treated teeth, either individually or through their mutual
interactions.

2. Materials and Methods

2.1. Ethical Approval and Sample Size Calculation

This study was approved by the Mersin University Clinical Research
Ethics Committee (protocol no. 2026/08, dated 07.01.2026). According
to the power analysis performed using the GPower program (GPower
3.1 software; Heinrich Heine University, Diisseldorf, Germany), for a
study design including 10 groups and analyzed with F test: ANOVA
(fixed effects, special, main effects and interactions), with a
significance level (a) of 0.05, an effect size (w) of 0.33, and a statistical
power (1-B) of 0.95, it was determined that a minimum total sample
size of 200 specimens was required, corresponding to 20 specimens per
group.'$

2.2. Selection and Preparation of Teeth

In this study, a total of 200 permanent single-rooted and single-canaled
mandibular premolar teeth, extracted for orthodontic and periodontal
reasons, were used to evaluate the effect of different calcium silicate-
based repair materials on the fracture resistance of teeth. The teeth were
disinfected with 2.5% sodium hypochlorite (NaOCl) (Wizard, NaOCl,
Rehber Kimya, Istanbul, Tiirkiye) solution and stored in distilled water.
Periapical radiographs were taken in both buccolingual and mesiodistal
directions to evaluate the presence of calcification, internal resorption,
or additional root canals. Teeth found to have caries, calcified canals,
root resorption, fractures, or cracks on radiographic examination were
excluded from the study. To standardize the samples, the mesiodistal
and buccolingual diameters at the cementoenamel junction (CEJ) were
measured using a digital caliper, and teeth exhibiting marked
morphological differences were excluded from the study. Teeth with a
root length of 15 + 1 mm were included in the study. Then, an
endodontic access cavity was prepared in each tooth included in the
study. A #15 K-type stainless steel hand file (Mani Inc., Tochigi-Ken,
Japonya) was inserted into the root canals to check the canal patency.
Teeth with straight, single canals that could be negotiated to the apex
were included in the study. Teeth with multiple canals, calsified canals,
or previous root canal treatment were excluded.

The root canals were instrumented using a nickel-titanium rotary
file system (Smart Gold, Endoart, inci Dental, Istanbul, Tiirkiye) in
accordance with the manufacturer’s instructions. Canal preparation was
performed to the working length using 15/.04, 20/.04, and 25/.04 files
sequentially. During preparation, irrigation was performed with 2 mL of
2.5% sodium hypochlorite (NaOCl) (Wizard NaOCl, Rehber Kimya,
Istanbul, Tiirkiye) using a 30-G side-vented needle (Cerkamed, Poland)
after each file change. After completion of root canal preparation, each
tooth was assigned a unique identification number to ensure tracking
throughout the study. The numbered specimens were then randomly
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Table 2. Comparison of fracture resistance values according to the study groups

n Mean Standard Median Min Max F P
Deviation (SD)
Negative Control ® 20 1085.84 248.85 1162.96 586.58 1446.25 13.052 <0.001*
Positive Control ¢ 20 237.02 106.99 246.54 94.25 468.98
BRF / EDTA / 1 month® 20 783.76 267.75 795.13 255.62 1216.39
BRF / EDTA / 3 months® 20 759.46 273.35 695.73 374.54 1270.42
BRF / CA/ 1 month? 20 824.98 286.03 878.25 302.82 1427.44
BRF / CA /3 months® 20 764.96 2453 803.17 354.33 1155.44
TF /EDTA/ 1 month* 20 795.31 280.48 794.21 255.03 1306.09
TF / EDTA / 3 months® 20 851.66 168.73 810.35 584.03 1136.58
TF /CA/ 1 month* 20 737.25 225.01 729.8 246.02 1248.04
TF / CA /3 months® 20 745.79 390.82 663.29 250.22 1969.29

Note. n: Number of samples, Mean: Mean value, SD: Standard Deviation, Min.: Minimum, Max.: Maximum, F: Anova value, p: significance level.
Different superscript lowercase letters indicate statistically significant differences among the groups (p < 0.05). Groups sharing the same superscript

letter are not significantly different from each other.

allocated to the positive control group and to the experimental groups
formed according to the chelating agent used (EDTA or citric acid), the
bioceramic-based sealer type (BioRoot Flow or TotalFill BC Sealer),
and the storage period (1 month or 3 months). After group allocation,
the final irrigation protocol was performed in the experimental groups
according to the assigned chelating agent as follows:

6 mL of 2.5% NaOCI (Wizard NaOCl, Rehber Kimya, Istanbul,
Tiurkiye),

Followed by 6 mL of either 17% EDTA (Cerkamed, Poland) or 10%
citric acid solution (Sigma-Aldrich, St. Louis, MO, USA), according to
the respective experimental group, for 1 minute to ensure smear layer
removal.®’

Finally, 5 mL of distilled water (Bufarma Distile Su, Bufarma
Biyomedikal, Ankara, Tirkiye) was applied to remove residual
irrigants.

Following irrigation, the root canals were completely dried with
paper points (Pearl Endo Paper Points, Vietnam). The canals of the
teeth assigned to the experimental groups were obturated using the
designated bioceramic-based sealer (TF or BRF) in combination with
gutta-percha cones (25/.04) (Pearl Endo Gutta Percha, Vietnam)
employing the single-cone technique. The quality of the root canal
filling was verified radiographically in both buccolingual and
mesiodistal directions to confirm adequate filling length, homogeneity,
and the absence of voids or overextension. Specimens with inadequate
obturation quality were excluded and replaced. After completion of the
root canal filling, the access cavities were restored with a composite
resin restorative material (Charisma Smart, Heraecus Kulzer GmbH,
Hanau, Germany). Prior to fracture resistance testing, all experimental
groups were stored in an incubator at 37 °C and 100% humidity
according to their designated storage periods (1 month and 3 months).

2.3. Study Groups

The teeth were randomly assigned into two main experimental groups
(n = 80 each) according to the material used, and two control groups (n
= 20 each). Each main experimental group was further subdivided into
four subgroups (n = 20) based on storage periods (I month and 3
months) and type of chelating agent (EDTA and CA). The control
groups were designated as a positive control group (n = 20) and a
negative control group (n = 20) (Table 1).

Control Groups

Negative Control (n = 20): Intact teeth with no root canal procedures
performed.

Positive Control (n = 20): Teeth in which the access cavity was
prepared and root canal instrumentation was completed, but no root
canal filling was performed.

Experimental Groups

BRF / CA / 1 month (n = 20): Following root canal preparation,
citric acid was used as the chelating agent; canals were filled with
BioRoot Flow and specimens were allowed to set for 1 month.

BRF / CA / 3 months (n = 20): After root canal preparation,
irrigation with citric acid was performed; canals were filled with
BioRoot Flow and specimens were allowed to set for 3 months.

BRF / EDTA / 1 month (n = 20): Following root canal preparation,
irrigation with EDTA was performed; canals were filled with BioRoot
Flow and specimens were allowed to set for 1 month.

BRF / EDTA / 3 months (n = 20): After root canal preparation,
EDTA irrigation was applied; canals were filled with BioRoot Flow and
specimens were allowed to set for 3 months.

TF / CA / 1 month (n = 20): Following root canal preparation,
irrigation with citric acid was performed; canals were filled with
TotalFill BC Sealer and specimens were allowed to set for 1 month.

TF / CA/ 3 months (n = 20): After root canal preparation, citric acid
irrigation was performed; canals were filled with TotalFill BC Sealer
and specimens were allowed to set for 3 months.

TF / EDTA / 1 month (n = 20): Following root canal preparation,
irrigation with EDTA was performed; canals were filled with TotalFill
BC Sealer and specimens were allowed to set for 1 month.

TF / EDTA / 3 months (n = 20): After root canal preparation, EDTA
irrigation was applied; canals were filled with TotalFill BC Sealer and
specimens were allowed to set for 3 months.

2.4. Periodontal Ligament Simulation

To simulate the periodontal ligament space, each tooth root was
immersed into warm wax starting 1 mm below the CEJ until a wax
thickness of 0.3 mm was achieved. Once the desired thickness was
obtained, the teeth were vertically embedded into self-curing acrylic
resin blocks, with 14 mm of the root remaining in the resin, positioned
1 mm below the CEJ to simulate biological width. The wax was then
melted to create a 0.3 mm thick negative space between the root surface
and the acrylic resin block. This space was then filled with silicone
impression material, starting | mm below the CEJ and covering the
entire root surface, to simulate the periodontal ligament.

2.5. Fracture Resistance Testing

The fracture resistance test was performed using a universal testing
machine (Besmak, Ankara, Turkey) at a loading speed of 1 mm/min.
Before testing, the universal testing machine was calibrated according
to the manufacturer’s instructions, and the testing parameters were
verified. A stainless-steel tip (tip diameter = 3 mm) was positioned
perpendicular to the long axis of the tooth, and a compressive load was
applied vertically along the long axis of the tooth at a rate of | mm/min
until fracture occurred. All fracture resistance tests were performed by a
single trained operator using the same device settings, loading speed,
stainless-steel tip, and specimen positioning protocol. The operator
performing the fracture resistance test was blinded to the allocation of
the experimental subgroups, including the chelating agent, bioceramic-
based sealer type, and storage period. Although the negative and
positive control groups were identifiable due to the nature of the
methodology, the operator was not informed about the specific
allocation of the experimental specimens. The experimental workflow
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Figure 2. Fracture resistance mean values

for specimen preparation and fracture resistance testing is illustrated in
Figure 1. The maximum force required to fracture each tooth was
automatically recorded in Newtons (N) by the testing software and
subsequently transferred to a Microsoft Excel (Microsoft Corporation,
Redmond, Washington, USA) file to minimize manual recording errors.

2.6. Statistical Analysis

All statistical analyses were performed using IBM SPSS Statistics
version 27 (IBM Corp., Armonk, NY, USA). The normality of the data
distribution was assessed using the Shapiro—Wilk test. Independent
samples t-test and one-way ANOVA were used to compare fracture
resistance values. When significant differences were detected, pairwise
comparisons were performed using the Bonferroni post hoc test. The
Fisher—Freeman—Halton Exact test was used to compare the distribution
of fracture modes among the groups. The level of statistical
significance was set at p < 0.05.

3. Results

A statistically significant difference was found among the groups in
terms of fracture resistance values (F = 13.052; p < 0.001). The
negative control group demonstrated significantly higher fracture
resistance compared to all other groups (p < 0.05), whereas the positive
control group showed significantly lower values than all other groups
(p < 0.05). The highest mean fracture resistance was observed in the
negative control group (1085.84 + 248.85 N), while the lowest mean
value was obtained in the positive control group (237.02 + 106.99 N).

When evaluated according to sealer type, no statistically significant
difference was found between the BRF and TF groups (p > 0.05). In the
BREF groups, the mean fracture resistance values ranged from 759.46 to
824.98 N, whereas in the TF groups, the values ranged from 737.25 to
851.66 N. Among the experimental groups, the highest mean fracture
resistance was observed in the TF / EDTA / 3 months group (851.66 +
168.73 N), while the lowest mean value was recorded in the TF / CA/ 1
month group (737.25 £ 225.01 N). However, no statistically significant
difference was detected based on sealer type (p=0.446).

When evaluated in terms of chelating agent type, no statistically
significant difference was found between the EDTA and CA groups
with respect to fracture resistance values (p > 0.05). Although the mean
fracture resistance values were generally higher in the EDTA-treated
groups compared to the CA groups, this increase did not reach
statistical significance.

Regarding storage period (1 month vs. 3 months), no statistically
significant differences were observed between identical combinations
of sealer type and chelating agent (p > 0.05). When the subgroups were
evaluated separately in terms of storage period, a decrease in fracture
resistance was observed in the BRF / EDTA group at 3 months (759.46
N) compared to 1 month (783.76 N). Similarly, in the BRF / CA group,
fracture resistance decreased at 3 months (764.96 N) compared to 1
month (824.98 N). In contrast, the TF / EDTA group demonstrated an
increase in fracture resistance at 3 months (851.66 N) compared to 1
month (795.31 N). A slight increase was also observed in the TF / CA
group at 3 months (745.79 N) compared to 1 month (737.25 N).

Figure 3. Mode of fracture. Restorable fracture mode (a), Non-
restorable fracture mode (b)

However, none of these changes were statistically significant (p > 0.05)
(Table 2) (Fig. 2).

3.1. Modes of fracture

Fractures were classified as “restorable” when the fracture line was
located above the acrylic resin level, and as “unrestorable” when the
fracture extended below the cementoenamel junction (CEJ) (Fig. 3,
Table 3).'° When all groups were evaluated collectively, 47 out of 200
specimens (23.5%) exhibited restorable fractures, whereas 153
specimens (76.5%) demonstrated unrestorable fractures. A statistically
significant difference was found among the groups in terms of fracture
mode distribution (Fisher—Freeman—Halton Exact Test = 21.494; p =
0.007). This significance was attributed to the absence of restorable
fractures in the positive control group (n = 0). No statistically
significant difference was detected among the percentage distributions
of the remaining groups (p > 0.05). In the negative control group, the
rate of restorable fractures was 35% (n = 7), whereas in the positive
control group, all specimens (100%, n = 20) exhibited unrestorable
fractures. Among the experimental groups, the highest rates of
restorable fractures were observed in the TF / CA / 1 month (45%, n =
9) and TF / CA / 3 months (40%, n = 8) groups. The lowest rates were
recorded in the BRF / EDTA / 1 month (10%, n =2) and TF / EDTA /3
months (10%, n = 2) groups.

4. Discussion

The present study aimed to evaluate the effects of different chelating
agents, bioceramic-based root canal sealers, and storage periods on the
fracture resistance of endodontically treated teeth. According to the
study findings, only the negative control group exhibited significantly
higher fracture resistance compared with the other groups (p < 0.05).
Among all groups, the lowest fracture resistance values were observed
in the positive control group. When the experimental groups were
compared with each other, no statistically significant differences were
found in terms of storage period, sealer type, or chelating agent used (p
>0.05). These findings support the null hypothesis of the present study.

Fracture resistance is a fundamental parameter for evaluating the
mechanical behavior of teeth under functional loads following
endodontic and restorative treatments. Irrigation protocols applied
during root canal treatment and the filling materials used may affect the
structural integrity of dentin; in particular, reductions in dentin
thickness and chemically induced alterations can render the tooth more
susceptible to fracture.!® Therefore, fracture resistance tests are widely
employed to objectively assess the effects of different materials and
treatment protocols on the mechanical performance of teeth.

Although in vitro fracture tests do not fully replicate clinical
conditions, they provide an important experimental model by allowing
comparisons between groups under standardized and controlled
conditions. In fracture resistance studies, the type of tooth selected and
the direction of the applied force are critical factors that directly
influence the results.20 In the present study, mandibular premolar teeth
were preferred due to their anatomical characteristics, which make
them more suitable for vertical loading. The load was applied
perpendicular to the long axis of the tooth (vertical loading). This
approach facilitated the standardization of the applied force and
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Restorable n% Non-restorable n% Total n% Fisher-Freeman-Halton Exact Test P
Negative Control 735% 13 65% 20 100%
Positive Control 00% 20 100% 20 100%
BRF /EDTA/ 1 month 210% 18 90% 20 100%
BRF / EDTA / 3 months 525% 15 75% 20 100%
BRF / CA/ 1 month 420% 16 80% 20 100%
BRF / CA /3 months 630% 14 70% 20 100% 21.494 0.007*
TF /EDTA/ 1 month 420% 16 80% 20 100%
TF / EDTA / 3 months 210% 18 90% 20 100%
TF /CA/ 1 month 9 45% 11 55% 20 100%
TF /CA /3 months 840% 12 60% 20 100%

Note. n: Number of samples, p: <0.05

contributed to achieving a similar stress distribution among all
specimens. Thus, it was intended to obtain more reliable and
comparable results.

When the results of the present study are considered, the
significantly higher fracture resistance observed in the intact tooth
group (negative control group) compared with all other groups is
clinically important. This finding highlights the critical role of
preserving tooth structural integrity and demonstrates the weakening
effect of access cavity preparation and canal instrumentation on root
dentin. In agreement with the present findings, Alkahtany et al. reported
that the group consisting of intact teeth showed the highest fracture
resistance values (946.61 + 166.465 N), whereas the instrumented but
unfilled group exhibited the lowest fracture resistance values (433.31 +
129.350 N).2! These findings support the interpretation that tooth
structure loss and reduced internal dentinal support following
endodontic access cavity preparation and canal instrumentation may
increase susceptibility to fracture. Therefore, the lowest fracture
resistance values observed in the prepared but unobturated tooth group
(positive control group) in the present study may be attributed to the
absence of internal support that could be provided by root canal filling
materials. This finding suggests that teeth may be more vulnerable to
fracture during the interappointment period, particularly in multi-visit
endodontic treatments. Therefore, in multi-visit endodontic treatments,
the temporary coronal restoration should be carefully placed to ensure
adequate sealing and mechanical stability during the interappointment
period. Patients should also be advised to avoid excessive occlusal
loading on the treated tooth during this period.

Chelating agents are widely used in root canal irrigation protocols to
enhance the removal of the smear layer and to reduce the potential
cytotoxic effects of sodium hypochlorite (NaOCl). In the present study,
17% EDTA and 10% citric acid were selected as final irrigation
solutions, and their effects on tooth fracture resistance were evaluated.
According to the results, the type of chelating agent used did not
produce a statistically significant difference in fracture resistance (p >
0.05). This finding is consistent with a previous study that investigated
the effect of chelating agents on fracture resistance and reported similar
results.'® However, a recent study reported that 10% citric acid showed
the lowest fracture resistance values, whereas EDTA exhibited the
highest values.?? The discrepancy between these findings may mainly
be attributed to methodological differences in study design. Factors
such as the concentration of irrigation agents, duration of application,
total contact time, and irrigation protocol (e.g., sequential use,
activation method) can directly influence the mechanical properties of
dentin.

In the present study, when the effect of storage period (1 month and
3 months) on fracture resistance was evaluated, the time factor did not
produce a statistically significant difference in fracture resistance (p >
0.05). When the subgroups were analyzed separately, a decrease in
mean fracture resistance at 3 months compared to 1 month was
observed in the BRF / EDTA and BRF / CA groups. In contrast, a slight
increase at 3 months was detected in the TF / EDTA and TF / CA
groups. However, none of these changes were statistically significant (p
> (0.05). These results indicate that the minor fluctuations observed over
time may be related to ongoing biological and chemical interactions,

but they do not result in clinically meaningful mechanical differences.
The hydration and biomineralization reactions of calcium silicate—based
materials may continue over time, strengthening the material-dentin
interface and thereby contributing to an increase in tooth fracture
resistance.”® However, the findings of the present study showed that
these reactions did not result in a statistically significant increase in
fracture resistance within the 1-3 month period. The present findings
are consistent with the study by Ozyiirek and Tiirker, who evaluated the
effect of 1-week and 1-month storage periods on the fracture resistance
of roots filled with AH 26, MTA Plus Sealer, and BioRoot RCS. They
reported that storage time did not significantly affect fracture resistance
values, supporting the view that short-term storage periods may not
produce meaningful mechanical changes in root-filled teeth.2* Similarly,
Elfaramawy and Abdelrahman evaluated the fracture resistance of
endodontically treated teeth filled with different root canal sealers after
1 week, 2 weeks, and 1 month of storage and reported that elapsed time
did not significantly influence fracture resistance.” These findings are
consistent with and support the results of the present study. However,
conflicting findings have also been reported in the literature. Smran et
al. evaluated the effect of thermomechanical cyclic aging on the
fracture resistance of premolars obturated with AH Plus and BioRoot
RCS.2% In their study, the specimens were subjected to thermal cycling
and dynamic loading protocols simulating approximately 1.5 and 3
years of clinical function. The authors reported that fracture resistance
significantly decreased in both the AH Plus and BioRoot RCS groups as
the thermomechanical aging period increased. This difference from the
present study may be attributed to the use of thermomechanical cycling,
dynamic loading simulating masticatory forces, longer-term clinical
aging protocols, and differences in experimental conditions.

When the findings of the present study were evaluated in terms of
root canal sealer type, no statistically significant difference was found
in fracture resistance between the BRF and TF BC Sealer groups (p >
0.05). This finding suggests that, under standardized experimental
conditions, the two different bioceramic-based root canal sealers
exhibited similar mechanical behavior and that sealer type alone did not
have a decisive effect on fracture resistance. Similar to the findings of
the present study, Ismail et al. evaluated the effects of BioRoot RCS,
TotalFill BC, and AH Plus root canal sealers on the fracture resistance
of root dentin under different irrigation protocols and reported no
statistically significant difference among the tested sealers.’” This
finding supports the view that calcium silicate/bioceramic-based sealers
such as BioRoot and TotalFill may exhibit comparable mechanical
performance in terms of fracture resistance. In contrast, Muraleedhar et
al. compared the effects of AH Plus, BioRoot RCS, and MTA Fillapex
root canal sealers on the fracture resistance of root dentin. In their
study, the highest fracture resistance was reported in the resin-based AH
Plus group, followed by BioRoot RCS and MTA Fillapex. Furthermore,
when the bioceramic/calcium silicate—based sealers were evaluated
separately, BioRoot RCS showed significantly higher fracture
resistance than MTA Fillapex.?® These differences among studies may
be attributed to variations in the physicochemical properties, material
compositions, bonding mechanisms to dentin, and setting behaviors of
the tested sealers. In addition, methodological differences such as tooth
type, specimen preparation protocol, irrigation procedure, obturation
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technique, storage period, and loading conditions may have directly
influenced the fracture resistance outcomes.

In the present study, the most frequently observed fracture pattern
was an unrestorable fracture occurring in the buccolingual direction.
This finding is consistent with a previous fracture resistance study.'®
The predominance of unrestorable vertical fractures may be explained
by the transmission of the applied load parallel to the long axis of the
tooth, resulting in stress accumulation along the root. The prognosis of
such fractures is generally poor and, in most cases, extraction of the
tooth is required.?’ In contrast, another study reported that the majority
of fractures were classified as “restorable”.3% The differences in fracture
patterns and rates observed among studies are most likely attributable
to variations in experimental methodologies, specimen preparation
procedures, and the types of teeth evaluated. Since loading protocols,
material selection, and simulated clinical conditions may differ across
studies, variations in outcomes are expected.

Although the findings of the present study provide valuable insights,
several limitations should be considered. First, the study was conducted
under in vitro conditions; therefore, intraoral factors such as dynamic
masticatory forces, temperature fluctuations, moisture balance, and
biological influences could not be fully simulated. This limits the direct
generalization of the results to clinical practice. Second, the study
evaluated short-term fracture resistance (1 month and 3 months) and
did not provide information regarding long-term biomechanical
durability or material-dentin interactions. In particular, potential
material degradation over time and structural changes in dentin were
not assessed. Third, vertical loading was applied during the fracture
resistance test. However, under clinical conditions, traumatic forces are
often oblique rather than parallel to the long axis of the tooth.
Therefore, the use of only vertical loading may not fully reflect the
direction of traumatic forces encountered -clinically, representing
another limitation of the study. Fourth, only single-rooted mandibular
premolar teeth were included. Teeth with different anatomical
exhibit different
Variations in root number, root morphology, canal width, dentin
thickness, and root cross-sectional shape among different tooth types
may influence fracture resistance outcomes. Accordingly, the findings
of this study are applicable only to single-rooted premolars, and caution
should be exercised when extrapolating the results to teeth with
different anatomical features. For these reasons, further long-term and
clinical studies are needed to support and validate the generalizability
of the present findings.

characteristics may biomechanical behaviors.

5. Conclusion

Within the limitations of this in vitro study, prepared but unobturated
teeth were found to be more susceptible to fracture, highlighting the
clinical importance of the interappointment period in multi-visit
endodontic treatments. Bioceramic-based root canal sealers contributed
to increased fracture resistance compared with prepared but
unobturated teeth; however, they did not restore resistance to the level
of intact teeth. The comparable performance of the tested sealers,
chelating agents, and storage periods suggests that fracture resistance is
not determined solely by these factors. Therefore, preservation of tooth
structure as much as possible, ensuring adequate sealing and
mechanical stability of temporary restorations in multi-visit treatments,
and planning an appropriate coronal restoration after treatment are
essential for improving the biomechanical prognosis of endodontically
treated teeth.
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CLINICAL SIGNIFICANCE

Objective: To evaluate root canal isthmuses in maxillary and mandibular first molars of Black South Africans using
micro-computed tomography.

Methods: The prevalence, location (root third) and type of isthmuses were recorded on 93 maxillary and 84
mandibular first molars from 116 skeletonized individuals. Associations with arch side, sex and age were examined by
chi-squared test, with strength of association given as the bias-adjusted Cramér’s V and 95% confidence interval (CI).
Reliability used percentage agreement and Cohen’s kappa (x) coefficient.

Results: Intra- and inter-observer agreement were excellent: 96.73% (x = 0.90) and 97.78% (x = 0.95) for the
maxillary teeth and 94.12% (x = 0.75) and 96.08% (x = 0.94) for the mandibular teeth. Apical isthmuses in the
mandibular mesial root were more common in males (95.35%) compared to females (78.05%) (p = 0.003; adjusted
Cramér’s V = 0.351, 95% CI 0.151-1.000) Overall (p = 0.004) and apically (p = 0.027) distal root isthmuses appeared
to increase with age. In the maxilla, isthmuses were more prevalent in the mesio-buccal root of combined sexes. A
higher prevalence was noted in the disto-buccal root of males (p = 0.047). Generally, Fan Type III isthmuses and the
apical third region were more common.

Conclusion: These findings could strengthen endodontic treatment planning and diagnosis. Significant differences
should be interpreted cautiously given the exploratory, ex vivo design.

As isthmuses were commonly present throughout but
especially apically, it should be considered for
disinfection and case-selection purposes to prevent
persistent infection and endodontic failure.

1. Introduction

One possible common explanation for endodontic treatment failure is
the complexity of the root canal anatomy.! One such a feature that
increases this complexity is the presence of an isthmus within the root
canal complex. Observation of literature especially micro-computed
tomography (micro-CT)-focused studies has shown that even accessory
root canal features such as isthmuses differ between population groups,
which is not unexpected as human dental morphology reflects
underlying genetic structure.>* The high heterogeneity observed
suggests that population/ethnicity, together with differences in sample
selection and methodology, may contribute to the reported variability.
Evidence regarding intrigate root canal morphology (such as accessory
canals and complex configurations) in African populations remained
limited until the publication of the first Black South African micro-CT
study in 2024.°

An isthmus can be defined as a portal of communication connecting
two root canals and has also been described as a corridor or transverse
anastomosis.® These communicating portals may contain infected
pulpal tissue with causative microbes as long as ten years after
treatment in failed endodontic cases.” Because of their thin, often flat
appearance, isthmuses are among the most difficult areas to clean and
shape with current instruments. Mechanical preparation causes debris to
accumulate within them often rendering contemporary irrigation
regimes incomplete.'®

Conventional two-dimensional (2D) radiographs allow only a
limited view of canal complexity. As a result, fine details frequently
remain undetected. High resolution imaging such as micro-CT
enables a detailed, non-destructive investigation of complex internal
morphology. This modality is often regarded as the reference standard
for describing integrate root canal anatomy.>>%%10

The aim of this study is to evaluate root canal isthmuses considering
arch side, sex and age within the root canal system of Black South
African first molars.

2. Materials and Methods

2.1. Study design

Permission to conduct the study was granted by the Research Ethics
Committee of the Faculty of Health Sciences, University of Pretoria
(298/2020). The study followed a quantitative, descriptive, cross-
sectional and observational design, and the report followed the
Strengthening the Reporting of Observational studies in Epidemiology
(STROBE) guidelines'' (Figure 1).

2.2. Origin of scans

Human skulls were selected only where the age, sex and population
affinity of the individual were known. Individuals were sourced from
the Human Osteological Research Collection (HORC) at the Sefako
Makgatho Health Sciences University (SMU) and the Pretoria Bone
Collection (PBC) at the University of Pretoria (UP).!? Population
affinity in both collections is documented through self-identified
ancestry supplied with each donation. Only individuals documented as
Black South African were included. Family members consented to
research use of the remains, after which the bodies formed part of the
whole-body donation programme; where a third party donated, the
Director-General granted approval. All bodies are protected by the
National Health Act 61 of 2003.13

Scanning was completed at the South African Nuclear Energy
Corporation (Necsa, Pelindaba, South Africa) using a Nikon XTH 225L
industrial micro-focus X-ray CT system (Nikon Metrology, Leuven,
Belgium). The settings used were 100 kV voltage, 100 pA current and a
2.0 s exposure time per projection. The X-ray spot size ranged between
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Identification Scans excluded according to the exclusion
Scans examined for eligibility: n = 151 criteria: n =35

Non-black South African individuals: n =5
No first molars: n =25
Suboptimal quality: n=5

Exclusion Scans included: n =116 ‘

iy o

Analysis

‘ Scans Analysed: n=116 ‘

Figure 1. STROBE flow diagram showing the identification of eligible
maxillary and mandibular scans.

0.001 and 0.003 mm (1-3 um). The translation table has a rotational
accuracy of 1/1000™ of a degree and a pixel-size capability of 200 pm %
200 pm. The PerkinElmer detector field of view was 400 mm x 400
mm; approximately 200 mm X 200 mm was used per maxilla or
mandible. !

The 2D projections were reconstructed into three-dimensional (3D)
volumes using Nikon CT Pro version 4.4.3 (Nikon Metrology).
Isotropic voxel size ranged between 40.3 pm and 74.2 pm. Volumes
were imported into Avizo 2019 (Thermo Fisher Scientific, Waltham,
MA, USA) for post-acquisition processing.'®

2.3. Segmentation, alignment and image acquisition

Each scan was opened in 3D in Avizo 2019 using the isosurface module
within the software, and first molars were isolated through cropping
and segmentation. Landmarks were placed on each tooth using the
cemento-enamel junction (CEJ). The CEJ has been confirmed as a
readily identifiable point of reference.'® A single landmark was placed
at the highest occlusal point of each root on the buccal and palatal
surfaces by following the CEJ, so that each molar carried three or four
landmarks across the buccal and palatal/lingual surfaces.

The Avizo 2019 software was then able to compute a best-fit plane at
the CEJ from these landmarks and used it to re-align the image stacks:
applying identical steps to each scan minimised bias and oblique
sectioning. Enamel, dentine and pulp were differentiated by using
different colors within the watershed method (region-based semi-
automatic segmentation).!” A procedure known as Masking or multi-
slice editing’® corrected slices where minor dentinal cracks were noted
or where the pulpal space extended beyond the roots.

2.4. Scan analysis

A format like that described by Jonker et al.>!%!® was followed during
observation. Isthmus data were first collected by the main researcher,
experienced in Avizo and endodontics. Each scan was allocated a
unique code and data was captured anonymously, without knowledge of
sex, arch side or age. The pulp of each scan was isolated, magnified and
rotated for the best possible view of the pulpal complex. Brightness,
contrast and sharpness were fixed at predefined calibration values, and
the same parameters were used for every scan to allow standardisation.
Capturing of data included the number and location of isthmuses by
root third (coronal, midroot or apical) and isthmus type according to
Fan et al."” (Figure 2).

Table 1. Observer reliability expressed as percentage agreement and
Cohen’s kappa (k).

Arch and assessment Agreement (%) *K Strength
Maxilla: intra-observer 96.73 0.90 Almost perfect
Maxilla: inter-observer 97.78 0.95 Almost perfect
Mandible: intra-observer 94.12%* 0.75 Substantial
Mandible: inter-observer 96.08 0.94 Almost perfect

Note. *k interpretation according to Landis and Koch20: 0.61-0.80
substantial, 0.81-1.00 almost perfect. **The M-root isthmus item
(mandibula: 94.12% agreement, k = 0.00) was omitted from the mean
kappa due to a chance-correction artefact associated with its near-
universal presence.

Figure 2. Micro-computed tomographic illustrations of isthmus types
described by Fan et al.'” A: Type I (sheet-type connection); B: Type II
(separate connection); C: Type III (mixed connections); D: Type [V
(cannular connection).

After data capturing was completed by the main researcher, a second
researcher (a specialist in prosthodontics with endodontic experience)
participated in the inter-observer reliability test. Before the main test,
both researchers were calibrated on two micro-CT scans, unrelated to
the reliability sample, by jointly reviewing images against the Fan et
al.! criteria; during calibration, explicit diagnostic thresholds (what
constitutes as an isthmus, its region and its type) were agreed for a
positive finding and each isthmus type. Any disagreements during
calibration were resolved until a shared decision solution was
established. During the main test the researchers recorded results
independently. When results differed, the images of the tooth in
question were re-evaluated and discussed until consensus was reached.
The main researcher re-examined the same scans after approximately
one week for the intra-observer assessment. !>

2.5. Inclusion criteria

Only high-resolution scans (no blurring or double imaging) of teeth
from Black South Africans, with intact, fully developed roots and
where the pulpal space could be accurately isolated, were selected.

2.6. Exclusion criteria

Three-rooted mandibular and fused-rooted maxillary teeth, immature
apices (incomplete root formation), root fractures, coronal or radicular
resorption, existing root canal treatments, extensive decay obscuring
any root canal, metallic restorations, suboptimal-quality scans, and
population groups other than Black South Africans were not
considered.

2.7. Sample size

All available scans (n = 151) formed a convenience sample (Figure 1).
From these scans, a total of 93 maxillary and 84 mandibular first molars
(n =177 total) from 87 individuals (n = 48 males; n = 39 females) were
included after consideration of the inclusion and exclusion criteria.
Both antimeres were eligible and therefore analysed separately: some
individuals contributed only a single molar (» = 32) whilst the rest
contributed more than one (n = 84). The sample had more teeth on the
right side (n = 48 maxilla; n = 43 mandibula) compared to the left (n =
45 maxilla; » = 41 mandibula). More male molars (n = 47 maxillary; n
= 46 mandibula) than female ones (n = 46 maxilla; n = 37 mandibula)
were identified. The age of individuals ranged between 20 and 89 years.

2.8. Statistical analysis

Analysis was performed in R version 4.1.1 (R Core Team, Vienna,
Austria). Associations between arch side, sex, age and isthmus type and
the presence of isthmuses were tested with the chi-squared test of
association, with significance set at p < 0.05. Because several
subgroups, particularly the older age groups and rarer types such as
Type IV, contained low or zero counts, the expected-frequency
assumption was not met in every cell. As a result, the relevant p-values
are reported for completeness but should be interpreted with caution.

To convey practical importance rather than relying on the p-value
alone, the bias-adjusted Cramér’s V and its 95% confidence interval
were calculated for every comparison. Given the many subgroup
analyses across sex, age, arch side, root third and isthmus type, no
formal multiple-comparison correction was applied. Instead, isolated
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Table 2. Evaluation of isthmuses between sexes and arch sides in mandibular first molars (including chi-squared significance, bias-adjusted Cramér’s V

and its 95% confidence interval).

Root Parameter Male (n=  Female (n p-value Adjusted L95CI U95CI Right (n = Left (n = p-value Adjusted L95CI U95CI
47) =37) Cramér’s 43) 41) Cramér’s
v v
M root Teeth with 47 (100%) 34 0.094 0.188 0.000 1.000 42 39 0.625 0.000 0.000 1.000
isthmus — (91.89%) (97.67%) (95.12%)
Total
Region — 42 31 0.503 0.000 0.000 1.000 41 32 0.027 0.233 0.000 1.000
Coronal (89.36%) (83.78%) (95.35%) (78.05%)
Region — 36 25 0.479 0.000 0.000 1.000 32 29 0.785 0.000 0.000 1.000
Midroot (76.60%) (67.57%) (74.42%) (70.73%)
Region — 47 29 0.003 0.351 0.151 1.000 38 38 0.718 0.000 0.000 1.000
Apical (100.00%) (78.38%) (88.37%) (92.68%)
Type I 6(8.00%)  5(13.72%) 1.000 0.000 0.000 1.000 6(13.95%) 5 (12.20%) 1.000 0.000 0.000 1.000
Type I 7 (14.89%) 10 0.186 0.103 0.000 1.000 5(11.63%) 12 0.061 0.191 0.000 1.000
(27.03%) (29.27%)
Type 111 29 16 0.133 0.148 0.000 1.000 27 18 0.134 0.155 0.000 1.000
(61.70%) (47.06%) (62.79%) (43.90%)
Type IV 3(6.38%) 1(2.70%) 0.641 0.000 0.000 1.000 3(6.98%) 1 (2.44%) 0.628 0.000 0.000 1.000
D root Teeth with 36 26 0.602 0.000 0.000 1.000 30 32 0.479 0.000 0.000 1.000
isthmus — (76.60%) (70.27%) (69.77%) (78.05%)
Total
Region — 13 11 1.000 0.000 0.000 1.000 11 13 0.642 0.000 0.000 1.000
Coronal (27.66%) (29.73%) (25.58%) (31.71%)
Region — 13 10 1.000 0.000 0.000 1.000 10 13 0.484 0.000 0.000 1.000
Midroot (27.66%) (27.03%) (23.26%) (31.71%)
Region — 35 25 0.616 0.000 0.000 1.000 28 32 0.235 0.092 0.000 1.000
Apical (74.47%) (67.57%) (65.17%) (78.05%)
Type I 1(2.13%) 4 (10.81%) 1.000 0.146 0.000 1.000 1(2.33%)  4(9.76%) 0.197 0.113 0.000 1.000
Type IT - 2(5.41%) 1.000 0.138 0.000 1.000 1(2.33%) 1(2.44%) 1.000 0.000 0.000 1.000
Type 11T 13 5(13.51%) 1.000 0.132 0.000 1.000 9(20.93%) 9 (21.95%) 1.000 0.000 0.000 1.000
(27.66%)
Type IV - - - - - - - - 0.897 - - -

Note. V (adjusted) = bias-adjusted Cramér’s V; a confidence interval that includes zero indicates an association not distinguishable from none.
Significant p-values (< 0.05) are shown for the coronal third of the M root side comparison and the apical third for the M root for sex comparison.

significant p-values accompanied by small effect sizes and confidence
intervals spanning zero were considered for the purpose of generating
hypothesis. Reliability was calculated using percentage agreement and
Cohen’s kappa on approximately 20% of the sample (n = 20 randomly
selected scans).!%!8 Random selection ensured that the chosen reliability
sample reflected the anatomical variability present in the complete
dataset.

3. Results

3.1. Sample characteristics and examiner agreement

Of the 177 first molars studied, 91 were from the right side of the
mandible or maxilla (n = 91/177, 51.4%) and 86 from the left (n =
86/177, 48.6%). Ninety-four teeth belonged to males (n = 94/177,
53.1%) and 83 to females (n = 83/177, 46.9%). Ages ranged between
20 and 89 years. Intra- and inter-observer percentage agreement was
calculated as 96.73% and 97.78% respectively for maxillary teeth and
94.12% and 96.08% respectively for mandibular teeth. When chance
agreement was considered using Cohen’s kappa, the corresponding
overall values were ¥ = 0.90 and x = 0.95 for the maxillary teeth and x
=0.75 and x = 0.94 for the mandibular teeth, indicating substantial to
almost perfect agreement according to the Landis and Koch
classification2 (Table 1).

One item namely the mandibular mesial-root isthmus returned as x =
0.00 despite 94.12% agreement (a recognised kappa artefact arising
when a finding is almost universally present). As a result, the item was
excluded from the mean kappa. Importantly, the near-universal mesial-
root prevalence should be interpreted with this limitation in mind:
chance agreement is therefore a possibility rather than an observed
agreement.

3.2. Mandibular first molars

3.2.1. Sex, arch side and age

Isthmuses were more commonly found in the mesial (M) root than in
the distal (D) root. In the M root they were relatively evenly distributed
by arch side, being present in 97.67% of teeth on the right (n = 42/43)
and 95.12% on the left (n = 39/41). In the D root they were less
common, at 69.77% on the right (n = 30/43) and 78.05% on the left (n
= 32/41). By sex, M-root isthmuses were present in all male teeth (n =
47/47, 100%) and in most female teeth (n = 34/37, 91.89%), and Type
III was the most common type in both arches and both sexes (Table 2).
A similar pattern was seen in the D root (males n = 36/47, 76.60%;
females n = 26/37, 70.27%). The apical region was the most common
root third for isthmuses in both roots (Table 2).

Two statistically significant associations emerged for the M root, but
their effect sizes and confidence intervals qualify how they should be
interpreted. Coronal isthmuses in the M root were more prevalent on
the right (100.00%) than on the left (78.38%) (p = 0.027), although the
bias-adjusted Cramér’s V of 0.233 (95% CI 0.000—-1.000) indicates only
a small association (confidence interval includes zero). Apical
isthmuses in the M root were more prevalent in males (95.35%) than in
females (78.05%) (p = 0.003); this was the single most robust
association in the study, with an adjusted V of 0.351 (95% CI 0.151-
1.000) whose lower bound excluded zero, denoting a small-to-moderate
and reasonably stable effect. No statistically significant relationship
was noted for the D root by sex or side.

Across age groups, the total number of teeth with isthmuses, and
particularly apical isthmuses, tended to increase with age in both roots,
reaching significance in the D root. The overall presence of D-root
isthmuses differed significantly across age (p = 0.004; adjusted V =
0.390, 95% CI 0.000-1.000), as did the apical D-root subgroup (p =
0.027; adjusted V = 0.298, 95% CI 0.000—1.000). In the coronal region
of the M root the prevalence was more stable, at roughly 83-90% of
teeth across the age range.
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Table 3. Evaluation of isthmuses across age groups in mandibular first molars (group sizes in parentheses), with chi-squared significance and bias-

adjusted Cramér’s V (95% confidence interval).

52

Age distribution of molars considered 20-29(n= 30-39(n= 40-49(n= 50-59 (n= 60-69 (n= 70+ (n = p-value Cramers
15) 19) 24) 16) 7 3) v
M root Adjusted L95CI U95CI
Teeth with isthmus Total 14 19 23 15 7 3 0.850 0.000 0.000 1.000
(93.33%)  (100.00%)  (95.83%) (93.75%)  (100.00%)  (100.00%)
Region. Coronal 13 17 20 14 6 (85.71%) 3 0.994 0.000 0.000 1.000
(86.67%) (89.47%) (83.33%) (87.50%) (100.00%)
Midroot 13 9 (47.37%) 18 13 5(71.43%) 3 0.098 0.228 0.000 1.000
(86.67%) (75.00%) (81.25%) (100.00%)
Apical 12 18 21 15 7 3 0.588 0.000 0.000 1.000
(80.00%) (94.74%) (87.50%) (93.75%)  (100.00%)  (100.00%)
Type Type I 2(13.33%) 2(10.53%) 5(20.83%) 2 (12.50%) - 0.757 0.000 0.000 1.000
Type IT 5(33.33%) 5(26.32%) 4(16.67%) 3 (3.57%) - 0.453 0.000 0.000 1.000
Type III 6(40.00%) 8 (42.11%) 13 10 6(85.71%) 2 (66.67%) 0.359 0.091 0.000 1.000
(54.17%) (62.50%)
Type IV 1(6.67%) 2(10.53%) 1(33.33%) 0.113 0.225 0.000 1.000
D root
Teeth with isthmus Total 6 (40.00%) 19 18 12 4 (57.14%) 3 0.004 0.390 0.000 1.000
(100.00%)  (75.00%) (75.00%) (100.00%)
Region. Coronal 4(26.67%) 6(31.58%) 9(37.50%) 2(12.50%) 2(28.57%) 1(33.33%) 0.694 0.000 0.000 1.000
Midroot 4(26.67%) 5(26.32%) 9(37.50%) 2(12.50%) 2(28.57%) 1(33.33%) 0.686 0.000 0.000 1.000
Apical 6 (40.00%) 17 18 12 4 (57.14%) 3 0.027 0.298 0.000 1.000
(89.47%) (75.00%) (75.00%) (100.00%)
Type Type I 2(13.33%) - 2(8.33%) 1(14.29%) - 0.424 0.000 1.000 0.000
Type I - 2(10.53%) - 0.184 0.000 1.000 0.153
Type I1I 2(13.33%) 4(21.05%) 8(33.33%) 2(12.50%) 1(14.29%) 1(33.33%) 0.576 0.000 1.000 0.000
Type IV - - - 0.002 - -

Note. The D root age associations (overall p = 0.004; apical p = 0.027) were significant but had small effect sizes with confidence intervals reaching

zero. The Type IV (p = 0.002) is a statistical artefact of a zero-count table. Older group samples (60-69, 70+) are small and their comparisons are

exploratory.

Considering isthmus type, Type 11l became increasingly more prevalent
with age with the highest incidence in the 60—69-year group for the M
root and in the 40-49-year group for the D root. Also, Type II isthmuses
declined, and Type I disappeared in the older M-root groups. Both these
types were rarely found in the D root. Type IV was rare throughout both
roots. A statistically significance of p = 0.002 for Type IV in the D root
was noted (Table 3). However, this finding arises from a table in which
every cell count is zero. It can be speculated that this might be a
statistical artefact rather than a meaningful difference. Finally, it is
important to note that the older age groups (especially the 70+ group, n
= 3) contained very few teeth, all age-related comparisons should be
regarded as exploratory rather than statistical impact.

3.3. Maxillary first molars

3.3.1. Sex, arch side, root thirds and age

The highest prevalence of isthmuses was found in the mesio-buccal
(MB) root. By sex, MB-root findings were similar between males (n =
41/47, 87.23%) and females (n = 41/46, 89.13%), whereas the DB and
P roots showed a higher prevalence in males (DB: n = 29/47, 61.70%;
P: n =22/47, 46.80%) than in females (DB: n = 18/46, 39.13%; P: n =
15/46, 32.61%) (Table 4). As in the mandible, the most common type
was Type III in both arches and both sexes, and the apical region was
found to be the most common root third.

The prevalence was similar for both arches (right: n = 43/48,
89.58%; left: n = 39/45, 86.67%). In contrast, in the disto-buccal (DB)
root, isthmuses were more commonly found on the right (n = 28/48,
58.33%) than on the left (n = 19/45, 42.22%), with an overall
prevalence of 50.54% (47/93) for the DB root. The palatal (P) root
showed a higher prevalence on the left (n = 22/45, 48.89%) than on the
right (n = 15/48, 31.25%).

No statistically significant difference was noted between arch sides
in the maxilla. Considering the effect of sex, a significant difference
was found in the DB root. Isthmuses were more prevalent in males (p =
0.047). However, the adjusted Cramér’s V of 0.201 (95% CI 0.000—
1.000) indicates a small association whose confidence interval includes

zero. As a result, this finding could perhaps be considered suggestive at
most.

Within age groups, the midroot region of the DB root was more
likely to contain an isthmus in the 40-49-year range (p = 0.015;
adjusted V = 0.334, 95% CI 0.000-1.000), and a Type IV isthmus in the
MB root also reached significance across age (p = 0.026; adjusted V =
0.271, 95% CI 0.000—1.000). Same as before, the tables had several
empty or single-observation cells possibly impacting the analysis
outcome (Table 5). For the maxillary roots (Table 5), isthmus
prevalence in the apical region tended to increase slightly in older
individuals in particular 50-59 years of age, while coronal and midroot
isthmuses were comparatively uncommon and, in the MB root,
decreased with age.

4. Discussion

Without adequate knowledge of the root canal complex, clinical
outcomes and long-term tooth survival may be jeopardised,' and the
root canal isthmus is among the factors contributing to endodontic
failure. Over the years, researchers have investigated root and canal
morphology using either conventional 2D radiographs,?' in vitro
macroscopic and clinical investigations,”> clearing and staining
techniques,” and 3D modalities such as cone-beam computed
tomography (CBCT)?** and micro-CT,*!* the last often considered by
many as the gold standard because of its high ex vivo resolution.256.
As no previous study on root canal isthmuses in the first molars of
Black South Africans was identified, the present study aimed to address
this gap and contribute towards the limited micro-CT literature pool
describing isthmus morphology across populations.

Reported isthmus prevalences vary widely between populations
ranging between approximately 10%2° to 100%?2°. For mandibular first
molars, the present study calculated values between 91.89% and 100%
in the M root and 70.27% to 76.60% in the D root. These values are
within range, they are on the higher end of the scale. The near-universal
occurrence of mesial-root isthmuses compared with the considerably
lower prevalence in distal roots represents one of the principal
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Table 4. Evaluation of isthmuses between sexes and arch sides in maxillary first molars (with chi-squared significance, bias-adjusted Cramér’s V and its

95% confidence interval).

Root Parameter Male (n=  Female (n p-value Adjusted LI95CI U95CI Right (n = Left (n= p-value Adjusted L95CI1 U95CI
47) =46) Cramér’s 48) 45) Cramér’s
v v
MB root Teeth with 41 41 1.000 0.000 0.000 1.000 43 39 0.746 0.000 0.000 1.000
isthmus — (87.23%) (89.13%) (89.58%) (86.67%)
Total
Region — 23 27 0.410 0.000 0.000 1.000 27 23 0.689 0.000 0.000 1.000
Coronal (48.94%) (58.69%) (56.25%) (51.11%)
Region — 25 26 0.810 0.000 0.000 1.000 28 23 0.548 0.000 0.000 1.000
Midroot (53.19%) (56.21%) (58.33%) (51.11%)
Region — 39 38 1.000 0.000 0.000 1.000 42 35 0.280 0.076 0.000 1.000
Apical (82.98%) (82.61%) (87.50%) (77.78%)
Type I 5(10.64%) 5 (10.87%) 1.000 0.000 0.000 1.000 6(12.50%) 4 (8.89%) 0.735 0.000 0.000 1.000
Type II 4(8.51%) - 0.127 0.183 0.000 1.000 2 (4.17%) 2 (4.44%) 1.000 0.000 0.000 1.000
Type III 15 19 0.393 0.000 0.000 1.000 19 15 0.678 0.000 0.000 1.000
(31.91%) (41.30%) (39.58%) (33.33%)
Type IV 2 (4.26%) 3(6.52%) 0.687 0.000 0.000 1.000 2 (4.17%) 3 (6.67%) 0.681 0.000 0.000 1.000
DB root Teeth with 29 18 0.047 0.201 0.000 1.000 28 19 0.156 0.123 0.000 1.000
isthmus — (61.70%) (39.13%) (58.33%) (42.22%)
Total
Region — 3(6.38%) 1(2.17%) 0.629 0.000 0.000 1.000 2 (4.17%) 2 (4.44%) 1.000 0.000 0.000 1.000
Coronal
Region — 4(8.51%) - 0.127 0.183 0.000 1.000 2 (4.17%) 2 (4.44%) 1.000 0.000 0.000 1.000
Midroot
Region — 28 18 0.067 0.177 0.000 1.000 18 28 0.109 0.152 0.000 1.000
Apical (59.57%) (39.13%) (37.50%) (62.22%)
Type - - 1.000 - - - - - 0.823 - - -
Type I - - 1.000 - - - - - 0.823 - - -
Type 111 3(6.38%) - 0.251 0.148 0.000 1.000 3 (6.25%) - 0.245 0.144 0.000 1.000
Type IV 1(2.13%) - 1.000 0.000 0.000 1.000 1(2.08%) - 0.500 0.027 0.000 1.000
P root Teeth with 22 15 0.215 0.101 0.000 1.000 15 22 0.092 0.148 0.000 1.000
isthmus — (46.81%) (32.61%) (31.25%) (48.89%)
Total
Region — 2 (4.26%) - 0.507 0.104 0.000 1.000 1 (2.08%) 1(2.22%) 1.000 0.000 0.000 1.000
Coronal
Region — 3(6.38%) - 0.251 0.148 0.000 1.000 2 (4.17%) 1(2.22%) 0.621 0.000 0.000 1.000
Midroot
Region — 21 15 0.295 0.067 0.000 1.000 15 21 0.149 0.120 0.000 1.000
Apical (44.68%) (32.61%) (31.25%) (46.67%)
Type I 2 (4.26%) - 0.507 0.104 0.000 1.000 1(2.08%) 1(2.22%) 1.000 0.000 0.000 1.000
Type IT - - 1.000 - - - - - 0.823 - - -
Type 111 1(2.13%) - 1.000 0.000 0.000 1.000 1(2.08%) - 1.000 0.000 0.000 1.000
Type IV - - 1.000 - - - - - 0.823 - - -

Note. The DB root sex comparison reached significance (p = 0.047) but with a small effect size (V = 0.201) whose confidence interval included zero.

anatomical findings of this study and highlights the substantially greater
complexity of the mesial root canal system. In comparison, Estrela et
al.”’ reported 87.9% in Brazilians but arch side or sex were not
investigated. Also, the investigators used CBCT whose lower resolution
may hamper the identification of finer communications.’ This could in
part explain the slightly lower value reported by these authors.
Importantly, a methodological rather than purely population-based
explanation is plausible.

In the current study, isthmus prevalence was found to be generally
higher in males compared to females and higher on the right arch than
the left. Shakeri et al.,”® using CBCT to investigate mandibular first
molars of Iranians also found a higher prevalence in males, though their
comparisons were not statistically significant and not specified by root
region. In contrast, male predominance of isthmuses in the apical third
of the M root reached significance (p = 0.003) in the present study. The
effect-size confidence interval excluded zero (adjusted V = 0.351, 95%
CI 0.151-1.000) illustrating higher significance compared to other
findings. A functional explanation has been proposed: greater
masticatory forces in males, and on the preferred (often right) chewing
side, might result in higher rates of adaptive dentine deposition and root
canal structural change.”*** However, this reasoning remains
speculative, as no biomechanical measurements were made and a
hypothesis was suggested for future research.

M-root isthmuses in the mandibular sample of teeth of the current
study were most prevalent apically (males n = 47/47, 100.00%; females
n=129/37, 78.38%; right n = 38/43, 88.37%; left n = 38/41, 92.68%). A
similar finding was reported by Fan et al.!” in the same root of Chinese
individuals (86%; n = 60/70). However, an accurate comparison cannot
be made as these authors did not report on sex or arch side.

Findings from the current investigation would suggest that isthmuses
can be present in any root and at any level. Looking at maxillary first
molars, the MB root had the highest prevalence (88.13%) which is
comparable to the findings of Estrela et al.2’ (93.5% reported in the
same teeth of Brazilians) where the authors also used micro-CT. In
contrast, a lower prevalence of 68.18% was reported by Spagnuolo and
co-workers?! in an Italian sample but this finding should be interpreted
with caution due to small sample size (n = 22).%2

The markedly higher DB- and P-root prevalences found in the
present investigation (approximately 50.5% and 39.7% respectively)
compared to some earlier reports deserve further comment. In
particular, the relatively high prevalence of palatal-root isthmuses
deserves attention because the palatal root has traditionally been
regarded as anatomically less complex than the buccal roots. Findings
from available literature on the prevalence of isthmuses in the DB and
P roots of maxillary first molars are scarce but in one Japanese study,
the authors recorded only 6-10% (DB root) and 3-6% (P root).3?
Importantly, these Japanese investigators only evaluated the apical 6
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Table 5. Evaluation of isthmuses across age groups in maxillary first molars (group sizes in parentheses; no teeth were available in the 70+ group), with
chi-squared significance and bias-adjusted Cramér’s V (95% confidence interval). Only rows with recorded findings are shown.

Age distribution of molars considered 20-29(n= 30-39(n= 40-49(n= 50-59(n= 60-69 (n= 70+ p-value Cramers
21) 22) 21) 18) 11) v
Mesio-buccal root Adjusted L95CI U95CI
Teeth with isthmus Total: 17 20 18 17 10 - 0.746 0.000 0.000 1.000
(80.95%)  (90.91%)  (85.71%)  (94.44%)  (90.91%)
Region. Coronal 11 15 13 7 4 - 0.271 0.120 0.000 1.000
(52.38%)  (68.18%)  (61.90%)  (38.89%)  (36.36%)
Midroot 10 15 13 8 5 - 0.480 0.000 0.000 1.000
(47.62%)  (68.18%)  (61.90%)  (44.44%)  (45.45%)
Apical 16 16 18 17 10 - 0.356 0.075 0.000 1.000
(76.19%)  (72.73%)  (85.71%)  (94.44%)  (90.91%)
Type Type I 2(9.52%) 3 3 1(5.56%) 1(9.09%) - 0.933 0.000 0.000 1.000
(13.64%)  (14.29%)
Type II - 2(9.09%)  2(9.52%) - - - 0.296 0.095 0.000 1.000
Type III 9 10 5 7 3 - 0.585 0.000 0.000 1.000
(42.86%)  (45.45%)  (23.81%)  (38.89%)  (27.27%)
Type IV - - 4 1(5.56%) - - 0.026 0.271 0.000 1.000
(19.05%)
Disto-buccal.root
Teeth with isthmus Total: 7 12 10 13 5 - 0.203 0.153 0.000 1.000
(33.33%)  (54.55%)  (47.62%)  (72.22%)  (45.45%)
Region. Coronal - - 2(9.52%) 2 - - 0.232 0.140 0.000 1.000
(11.11%)
Midroot - - 4 - - - 0.015 0.334 0.000 1.000
(19.05%)
Apical 7 12 9 13 5 - 0.165 0.166 0.000 1.000
(33.33%)  (54.55%)  (42.86%)  (72.22%)  (45.45%)
Type Type I - - - - - - 0.364 - - -
Type II - - - - - - 0.364 -- - -
Type 111 1(4.76%) - 1(4.76%) 1(5.56%) - - 0.797 0.000 0.000 1.000
Type IV - - 1(4.76%) - - - 0.749 0.000 0.000 1.000
Palatal.root
Teeth with isthmus Total: 8 10 4 10 5 - 0.196 0.150 0.000 1.000
(38.10%)  (45.45%)  (19.05%)  (55.56%)  (45.45%)
Region. Coronal - - - 2 - - 0.051 0.221 0.000 1.000
(11.11%)
Midroot - - 1(4.76%) 2 - - 0.200 0.128 0.000 1.000
(11.11%)
Apical 8 10 3 10 5 - 0.090 0.209 0.000 1.000
(38.10%)  (45.45%)  (14.29%)  (55.56%)  (45.45%)
Type Type I - - - 2 - - 0.051 0.221 0.000 1.000
(11.11%)
Type 11 - - - - - - 0.364 -- - -
Type III - - - 1(5.56%) - - 0.316 0.043 0.000 1.000
Type IV - - - - - - 0.364 -- - -

Note. The DB root midroot region of the 40—49 years group (p = 0.015) and the MB root Type IV (p = 0.026) associations were significant but rested on

small sample sizes with confidence intervals reaching zero.

mm in comparison to the present study where the entire root was
assessed. This important difference in root lengths that were examined
between the two studies highlight the difference between
methodologies rather than a true population difference. Also, isthmuses
are not distributed uniformly along the root, restricting observations to
the apical portion inevitably excludes coronal and mid-root
communications, particularly in the DB and palatal roots where
isthmuses may occur at multiple levels. Consequently, whole-root
analysis is expected to produce higher overall prevalence estimates.

The consistent dominance of the Type III (mixed) isthmus
configuration across nearly all categories and roots was seen in the
present study. This type of isthmus is one where separate and partial
communications co-exist along the root (Figure 2). The predominance
supports the view this type of isthmus is not a single discrete structure
but rather a longitudinally variable web of connections whose
completeness changes along the length of the root. Naturally, such a
configuration would become more common when, for example, two
main root canals in a root converge apically. This phenomenon would
explain the higher observed apical concentration of Type III isthmuses.
Similarly, earlier work found a similarly high Type III prevalence.>* The

Type II isthmus was also relatively common in mesial roots of the
current investigation in comparison to other work, a difference that may
again reflect classification thresholds and root length examined rather
than true biological divergence.

The age-related increase in D-root isthmuses (p = 0.004 overall; p =
0.027 apically) is biologically plausible but should be interpreted with
care. Continued secondary dentine deposition and canal narrowing with
age can alter internal morphology.?® Therefore, classifying an isthmus
in older individuals may reflect age-related remodelling rather than a
genuinely higher developmental prevalence. Also, a cross-sectional
sample derived from skeletal remains cannot clearly separate a true
cohort difference from this remodelling effect. In addition, the modest
statistically significant effect sizes (adjusted V 0.29-0.39, both with
confidence intervals reaching zero) and small older-age subgroups
reinforce the fact that results should be interpreted with caution. The
age-related finding of this paper should be best framed as a suggested
hypothesis about age-related morphological changes to be further
explored in longitudinal or larger samples.

The current study revealed several results that reached nominal
significance while carrying only small effect sizes, and no multiple-
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comparison correction was applied across the many subgroup analyses.
In incidences where the adjusted Cramér’s V confidence interval
spanned zero (for all apart from the male apical M-root association) the
difference should be treated as exploratory considering the ex vivo
design, a single population group and sparse cells in several tables. In
summary, the data formulated from this investigation support an
interpretation centred on anatomical awareness and treatment planning
rather than direct, quantified improvements in outcome.

Accurate comparison with some earlier studies proved difficult. For
example, in one Brazilian sample the canal’s exact point of origin for
evaluating isthmuses was not specified, allowing the possibility of
subjectivity during assessment, whereas the present study used defined
landmarks as described by Jonker et al.5 Other variation stems from
methodology, geographical setting and population.'82328 Micro-CT
literature on isthmus prevalence across adult age groups is particularly
scarce. Liu et al.’ studied maxillary first molars in nine- to twelve-
year-old individuals and, similar to the present study, the highest
prevalence was noted in the MB root. These authors used CBCT, a
younger age range of individuals and only the MB root was considered.
Once again, these variables make accurate comparison challenging.

The present study has several limitations. Firstly, dried skulls were
used, and the presence of micro-cracks though preservation-related
change could potentially interfere with observations. However, accurate
identification of isthmuses was maximised using multi-slice editing.®
Secondly whole skeletonised maxillae and mandibulae were scanned to
preserve the natural anatomical relationships and avoid extraction-
induced damage to the roots, thereby providing a more representative
assessment of root canal anatomy for instance to allow inter-arch
comparison. However, scanning intact jaws may require a larger field
of view than isolated teeth, which can influence achievable image
resolution (40-74 pum voxel size) and the detection of very fine
anatomical structures. Although even 75-80 pum is reported to give
sufficient diagnostic accuracy,’’ individually extracted teeth can be
scanned at much smaller voxel sizes (<10-30 um).” These
methodological differences should be considered when comparing the
present findings with studies based on individually scanned extracted
teeth. It is also important to note that because of the relatively wide
range of voxel sizes used in the current investigation, its influence on
detection was examined by comparing the highest- against the lowest-
resolution scans. No systematic difference was noted. Thirdly, potential
clustering is possible where one individual contributed teeth to more
than one subgroup. Also, the fact that within each arch most individuals
contributed a single molar of the relevant type can limit but not entirely
remove statistical non-independence. By analysing arches separately
and unanimously the effect of clustering was reduced to a minimum.
Finally, as a convenience sampling method was used on a single South
African population without direct comparison to others, this sample
may not fully represent the wider population. Black South Africans are
a heterogeneous group consisting of several ethnic groups and where
admixture may be present but is not recorded in the metadata.® Caution
should therefore be exercised when generalising the reported
prevalence estimates beyond the sampled collections, despite similar or
smaller samples having been used elsewhere.*’

5. Conclusion

Root canal isthmuses were found in all roots of the mandibular and
maxillary first molars examined in this Black South African sample.
Prevalence varied between teeth and roots, but isthmuses occurred in
every region (coronal, midroot and apical), most commonly apically.
Prevalence was higher in males in the mandibular molars, whereas the
maxillary distribution between sexes was more even except in the DB
root. The Type III isthmus was the most common type across arch side,
sex and age, and prevalence showed a variable, generally increasing
trend with age. Except for the male apical M-root association, the
significant differences were of small magnitude and should be regarded
as a calculated hypothesis for future investigations.

Rather than claiming a direct outcome improvement when these
individuals are endodontically treated, the findings of this study serve
as anatomical evidence that may support case assessment, disinfection
strategies and endodontic education within the South African context.

Black South Africans is the largest population group in South Africa
(approximately 79%).%° The findings can, although more cautiously,
contribute towards a wider global context given increasing population
mobility.* As micro-CT studies across populations remain scarce and
few report prevalence separately by arch, sex and age, future work
might include multicentre studies comparing matched samples using a
common protocol and root length; longitudinal or age-related designs
distinguishing developmental prevalence from age-related remodelling;
scanning of individually extracted teeth at the highest possible
resolution and studies linking isthmus presence to measurable treatment
outcomes.
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CLINICAL SIGNIFICANCE

Coronal restoration strategy may influence outcomes
after vital pulp therapy. Careful selection of
restorative materials, techniques, and timing, together

ABSTRACT

Background: Vital pulp therapy (VPT) aims to preserve pulp vitality, but long-term success may also depend on the
definitive coronal restoration. The influence of restorative strategy on VPT outcomes remains unclear. This scoping
review aimed to map randomized controlled clinical evidence on coronal restorative strategies used with VPT,
focusing on restoration performance and its relationship with VPT success.

Methods: The final searches of PubMed/MEDLINE, Scopus, and the Web of Science Core Collection were completed
on 1 August 2026. Randomized controlled clinical trials involving primary or permanent teeth treated with VPT and
reporting at least one coronal restoration-related clinical outcome were included. The review was reported in
accordance with the PRISMA Extension for Scoping Reviews (PRISMA-ScR); study selection and data extraction
were performed by a single reviewer, and findings were synthesized descriptively.

Results: Thirteen randomized clinical studies met the eligibility criteria. Restorative approaches included stainless
steel crowns (SSCs), glass-ionomer-based restorations, composite resin, Cention-N, amalgam, modified open-
sandwich restorations, 3D-printed resin crowns, zirconia crowns, and lithium-disilicate endocrowns. SSCs showed
favorable restorative performance in several primary molar studies, and some trials reported higher treatment survival
or pulpotomy success compared with glass ionomer or amalgam. However, other studies found no significant
differences in VPT success between restorative strategies. In several trials, restoration deterioration did not correspond
with biological VPT failure, or the relationship was not directly analyzed.

Conclusion: Coronal restoration is an important component of VPT, but restorative performance and biological VPT
success are distinct outcomes. Current evidence does not support a universally superior restorative strategy after VPT.
Future trials should evaluate both outcomes separately using standardized criteria and longer follow-up.

with an effective coronal seal, may help support long-
term tooth survival and clinical success

1. Introduction

Vital pulp therapy (VPT) aims to preserve the vitality and function of
the dental pulp while avoiding more invasive endodontic treatment.
Depending on the clinical condition of the pulp, VPT may include
indirect pulp treatment, direct pulp capping, partial pulpotomy, or
full/coronal pulpotomy. Contemporary evidence supports favorable
outcomes for these procedures in appropriately selected primary and
permanent teeth, particularly with the use of calcium silicate-based
materials.!2 Current evidence-based guidelines have therefore expanded
the role of VPT in the management of deep caries and pulp exposure.
The 2024 American Academy of Pediatric Dentistry (AAPD) guideline
supports indirect pulp treatment and calcium silicate cement pulpotomy
for vital primary teeth with deep caries,! while the more recent
guideline for permanent teeth also recognizes several VPT procedures
as treatment options according to pulpal diagnosis and clinical
conditions.2 Recent network meta-regression of randomized clinical
trials in mature permanent teeth found higher clinical success with
Biodentine and MTA than with calcium hydroxide for direct pulp
capping, although substantial heterogeneity and low certainty of
evidence precluded definitive claims of material superiority.’ Clinical
decision-making for direct pulp capping is also multifactorial; national
and multinational surveys have shown that treatment choices vary
according to exposure characteristics, patient age, caries-removal
approach, and the preferred pulp-capping material

Successful VPT, however, depends on more than preservation and
management of the pulp tissue itself. Following treatment, the
remaining pulp must be protected from oral contamination by an
adequate coronal restoration. The American Association of
Endodontists includes restoration among the relevant clinical

considerations for VPT, together with diagnosis, caries management,
pulp management, and biomaterial placement.5 The importance of the
coronal restoration is biologically plausible, as deterioration of the
restorative seal may permit bacterial penetration and potentially
compromise the treated pulp.

Despite this rationale, the clinical influence of the definitive
restoration on VPT outcome remains unclear. An umbrella review
evaluating VPT in carious pulp-exposed permanent teeth reported that
restorative material did not appear to have a significant influence on
treatment outcome.’” Similarly, a systematic review and meta-analysis of
mature permanent molars found no statistically significant effect of
different restorative materials on the success of coronal pulpotomy.® In
primary teeth, VPT generally shows favorable outcomes, although
success may also vary according to the VPT procedure, pulp treatment
material, and other clinical factors.?

Randomized clinical trials also suggest that restoration performance
and biological VPT success may not always follow the same pattern.
Some studies have reported higher treatment survival with full-
coverage restorations such as stainless steel crowns,!®!! whereas others
have shown similar clinical or radiographic VPT outcomes despite
differences in marginal integrity, restoration deterioration, or restoration
type.'>!34  For example, marginal deterioration of composite
restorations has been reported without corresponding pulpotomy
failure,'> while other trials have demonstrated higher treatment failure
with less durable restorative approaches.'® This variability makes it
difficult to determine the extent to which the definitive restoration itself
contributes to VPT success and whether restorative performance and
biological pulp survival should be considered separate outcomes.
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Figure 1. Flow diagram

Although prior umbrella reviews and meta-analyses provide higher-
level syntheses of VPT success, they do not specifically map
randomized trials in which coronal restoration performance is reported
separately from biological pulp outcomes.”® The present scoping
review therefore addresses a complementary evidence-mapping
question: which coronal restorative strategies have been evaluated in
randomized clinical trials, how their clinical performance has been
measured, and whether restoration-related findings have been directly
linked to clinical or radiographic VPT success. By distinguishing these
outcome domains across primary and permanent teeth, the review
identifies reporting gaps and priorities for future restorative-VPT trials.

2. Materials and Methods

This scoping review was conducted and reported in accordance with the
PRISMA Extension for Scoping Reviews (PRISMA-ScR).!S It
evaluated randomized controlled clinical trials reporting coronal
restoration-related outcomes in teeth undergoing VPT. The review
focused on the restorative approaches used in association with VPT,
their clinical performance, and their relationship with clinical or
radiographic VPT outcomes. The study-selection process was
summarized in a PRISMA flow diagram.

2.1. Search strategy and study selection

The final electronic literature searches were completed on 1 August
2026 in PubMed/MEDLINE, Scopus, and the Web of Science Core
Collection. The search strategy combined terms related to vital pulp
therapy and pulp treatment procedures with terms related to coronal
restorations, restorative materials, and restoration performance. Terms
identifying randomized clinical trials were also included. The search
syntax was adapted according to the requirements of each database.
Only articles published in English were considered. The complete
search strategies for all databases are provided in Table 1.

All records retrieved from the three databases were imported into
EndNote X7.7. Duplicate records identified by EndNote X7.7 were
removed first. The remaining records were then checked manually, and
additional duplicates were removed when identified.

Study selection was performed by a single reviewer. Titles and
abstracts were initially screened to identify randomized controlled
clinical trials relevant to VPT. Full texts of potentially eligible studies
were subsequently assessed according to the predefined eligibility
criteria. During full-text assessment, particular attention was given to
whether the studies reported clinical outcomes related to the coronal
restoration. The study selection process is presented in Figure 1.

2.2. Eligibility criteria

Randomized controlled clinical trials conducted in human primary or
permanent teeth were eligible for inclusion. Studies were included
when VPT was performed in the entire study population or in at least
one study group or subgroup and a coronal restoration was placed
following treatment. Eligible VPT procedures included direct pulp
capping, indirect pulp capping or indirect pulp treatment, partial
pulpotomy, and coronal pulpotomy.

Studies were required to report at least one clinical outcome related
to the coronal restoration, such as restoration survival or failure,
retention, marginal integrity or adaptation, proximal contact, gingival
health, secondary caries, discoloration, or restoration quality. Studies
reporting clinical or radiographic VPT success in relation to the
restorative approach were also eligible. No restrictions were applied
regarding tooth type, VPT material, restorative material, or follow-up
duration.

Only English-language articles were included. Non-randomized
studies, in vitro or ex vivo studies, animal studies, reviews, meta-
analyses, and studies that did not report coronal restoration-related
outcomes were excluded.

2.3. Data extraction process

Data extraction was performed by a single reviewer using a data
extraction table prepared in Microsoft Excel. For each included study,
the following information was recorded: author and year of publication,
study design and sample size, tooth type and VPT procedure, coronal
restorative strategy, follow-up period, method used for restoration
assessment, restoration-related results, and the reported effect of the
restorative strategy on VPT success.

Restoration-related outcomes and VPT outcomes were recorded
separately. Restoration-related outcomes included restoration survival
or failure, retention, marginal integrity or adaptation, proximal contact,
gingival health, secondary caries, discoloration, and overall restoration
quality, when reported.

The effect on VPT success was recorded only when clinical or
radiographic VPT outcomes were directly reported or analyzed in
relation to the restorative strategy. When this relationship was not
directly assessed in the original study, no association was inferred from
restoration performance alone.

2.4. Data synthesis

Because the included studies differed in terms of tooth type, VPT
procedure, pulp treatment material, restorative strategy, follow-up
period, and outcome assessment methods, the findings were
synthesized descriptively.

Restoration-related findings and VPT outcomes were summarized
separately. Numerical data, including restoration or treatment success
rates, survival rates, hazard ratios, confidence intervals, and p values,
were reported as presented in the original studies when available. No
meta-analysis was performed.

3. Results

3.1. Study selection

The database search identified a total of 615 records: 176 from
PubMed, 273 from Scopus, and 166 from Web of Science. After
removal of 295 duplicate records, 320 records remained for title and
abstract screening. Of these, 85 non-randomized studies were excluded,
and 235 reports were sought for full-text retrieval. Forty reports could
not be retrieved, leaving 195 full-text articles for eligibility assessment.
A further 182 reports were excluded because they did not evaluate
coronal restoration-related outcomes. Finally, 13 randomized controlled
clinical studies fulfilled the eligibility criteria and were included in the
review (Figure 1).

3.2. Characteristics of the included studies

The 13 included randomized clinical studies were published between
2007 and 2026. Most studies involved primary molars, while a smaller
number evaluated permanent teeth. The VPT procedures included direct
and indirect pulp capping, indirect pulp treatment, partial pulpotomy,
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