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single rooted teeth were used. Orthograde root canal treatment, root resection 7813

(3mm shorter than the apex) and retrograde cavity preparation with ultrasonic
tips were performed. Teeth were divided into 3 groups (n =10 each) following
a stratified randomization according to the initial volume of the root-end
cavity. After retrofilling, samples were stored for 7 days. Then, two rounds of
micro-CT scans were performed: soon after root-end preparation (with the
cavity still empty) and 7 days after root-end filling. Marginal gaps, internal

voids volume (mm? and %), as well as, the overall defects (sum of gaps and Key Words: calcium silicate-
voids) were evaluated. Statistics compared the three groups in relation to those based materials, micro—

defects. There was not statistical difference between groups regarding the computed tomography, root-end
marginal gaps (P> 0.05), the internal voids (P> 0.05), and the overall defects cavity, root-end filling.

(P>0.05). Median (mm?) and % of overall air-entrapment defects (gaps and/or
voids) was: 0.004mm? and 1.749% for MTA Angelus, 0.018mm?3and 6.660%
for Biodentine, and 0.012mm?3 and 4.079% for Neo MTA Plus. All materials
had gaps and/or voids. No differences were found between MTA Angelus,
Biodentine and Neo MTA Plus.

Introduction

An appropriate root-end filling during apical surgery is important to reach a positive outcome
when treating apical periodontitis that affects root-filled teeth (‘post-treatment disease’ or ‘non-healing
cases’) (1). In these cases, apical periodontitis is caused primarily by residual or subsequent infection
after previous treatment (2). Therefore, a root-end filling material, apart from many other ideal
features, should be easily placed in the root-end cavity and set without voids/gaps; preventing
percolation of fluids, microorganisms and disintegration of the filling (washout) (3).

Since the 90’s, previous studies that aimed to assess the appropriateness of the retro filling
materials have used different techniques (such as, dye penetration and bacterial leakage) to show the
sealing ability and marginal adaptation on the interface material-canal wall (4-11). Many materials
were used (amalgam, IRM, super-EBA, composites and, calcium silicate-based cements) and primarily
assessed by in vitro methods (4-11). These studies were characterized by inconsistency in their results
(4-11). Some of the causes for the contradicting results were the different materials tested, the type of
dye used, the pH of the dye and the storage medium for the tooth specimens in dye penetration
experiments (8,12); the lack of using microorganisms organized in biofilms, and the relatively long
time needed to acquire consistent results in the bacterial leakage studies (4-8,12-14). Other limitation
of the past studies was the use of destructive techniques (tooth sectioning, photography, scanning
electron microscopy, etc.), which did not allow the use of the same sample for long time evaluations
and did not provide a 3D viewing of the material (15).

Currently, micro-computed tomography (micro-CT) analysis may provide clear in vitro results
on the quality of root-end fillings, since it is possible to evaluate the volume of the root-end filling
material, the gaps between filling material and tooth structure, and the voids inside the material (16).
The gaps on the interface material-canal wall might be related to the sealing/adhesive ability of root-
end fillings (17), and the voids into the material may demonstrate the efficiency of the filling technique
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and the desired morphologic characteristics of the material (18). One micro-CT study found larger
marginal gaps volume for ProRoot MTA® compared to two newly developed cements: Endo CEM
MTA® and Retro MTA®(16). The larger marginal gap volumes were related to the material
characteristics and/or consistency of ProRoot MTA®, which was less sticky than the others, resulting
in more difficult handling (16). Recently, researchers suggested that calcium silicate—based sealers
could be used in retrograde filling for clinical convenience without harmful effects on the quality of
filling (18). They found no difference in air-entrapments defects (marginal gaps and internal voids)
between the retrograde fillings performed with a combination of calcium silicate cement plus calcium
silicate—based sealer and with calcium silicate cement only, showing that both materials exhibited good
adaptation to the retrograde cavity wall (18).

Considering the relevance of having an appropriate root-end filling, this study used three
calcium silicate-based materials to investigate the quality of root-end filling: i) MTA Angelus (Angelus
Solucoes Odontologicas, Londrina, PR, Brazil), which is one of the materials that still maintains the
original formulation of MTA with bismuth oxide as radiopacifier (19); ii) Biodentine (Septodont Ltd.,
Saint Maur-des-Faussés, France), a material consisting of a powder component containing silicates, a
liquid component contains calcium chloride and zirconium oxide as radiopacifier (20); and iii) Neo
MTA Plus (Avalon Biomed Inc., Bradenton, Florida, US) that has similar composition to the original
MTA, but it presents tantalum oxide instead of bismuth oxide as radiopacifier (21). Therefore, the aim
of this in vitro study was to evaluate the quality of 3D root-end filling, assessing the presence (volume
and percentage) of marginal gaps, internal voids and overall defects (gaps + voids) formed after
retrofilling with three different calcium silicate-based materials (MTA Angelus, Biodentine and Neo
MTA Plus). The null hypothesis of this study was that no difference in presence (volume and
percentage) of marginal gaps and internal voids and overall defects would occur in root-end fillings
performed with the three materials.

Materials and methods

The study protocol was approved by the Federal University of Rio Grande do Sul institutional
review board (CAAE 87648618.6.0000.5347). The sample size was calculated with OpenEpi software
(https://www.openepi.com), using two-by-two comparisons regardless the total number of groups
studied (22). To detect a difference of at least 1.0 standard deviation units between the group means,
and to reach a 90% statistical power with o=5%, the sample size needed was 10 units per group. Thirty
human, single rooted mandibular pre-molars, extracted for different reasons were used in this study.
Teeth came from patients aged between 18 — 40 years who signed a consent form and donated one
tooth each. Teeth were included in the experiment if they had absence of root resorption, root caries,
root canal treatment, and canal curvature.

All teeth were disinfected by immersion in 10% formaldehyde for 6 hours, then cleaned and
sterilized in autoclave. Teeth were sectioned at the cement-enamel junction using a cutting machine
(ISOMET Low Speed Saw Buehler Lltd., Lake Bluff, IL, EUA) and were stored in saline solution
until used.

Pulp and root canal remains were removed with a #15 K-flex file. Working length was visually
determined 1 mm shorter from the apical foramen. The canals were prepared with #15 and #20 K-flex
files and Wave One Gold reciprocating file size large #45.05 (Dentsply Sirona, York, Pennsylvania
US). Irrigation was performed with 30 mL of 2.5% sodium hypochlorite as the main irrigant, followed
by 2 mL of 17% EDTA + 2 mL of saline solution as final flush. Canals were dried with absorbent
paper points. Root canals were filled with #40.05 WaveOne gutta-percha point + AH Plus sealer
(Dentsply Sirona, York, Pennsylvania US) and were placed in an incubator under moisture. After 7
days, the roots were resected 3 mm from the apex at 90° inclination in relation to the long axis of the
root. Resection was performed in the cutting machine under irrigation. Retrograde preparations (3-mm
deep, 3-mm wide) were designed with ultrasonic tip (P1M — Surgical, Helse Dental Technology, Santa
Rosa de Viterbo, Brazi). The cavity remained surrounded by parallel dentin walls and a flat floor of
filling material (gutta-percha and sealer).

Then, soon after root-end cavity preparation (with the cavity still empty), individual molds of
irreversible hydrocolloid polyvinyl siloxane were constructed to hold the roots and the set was scanned
by a micro-computed tomography (uCT) scanner (SkyScan 1176, SKYSCAN, Kontich, Belgium)
operated at 80KV and 100 mA with an isotropic resolution of 18 um, and field of view of 20.0 x 9.2
mm. The whole root was scanned.



Aiming to obtain the absolute volume values [in mm?] of the empty cavity, the marginal gaps
and the internal voids, the micro-CT images were imported to Image J software (National Institutes of
Health, USA). The analysis was performed in the final millimeters of the root apical third, considering
the extension of the retrograde preparations (3 mm). The first selected apical root canal cross-section
slice was the one in which the root canal opening was visible. From that point, the slices were run 3
mm to the cervical direction. The volume of the empty cavity was calculated using the images from
the micro-CT scanning by selecting the marginal cavity area in the first and in the final stacks, with
the ‘freehand tool’. After that, the ‘review areas’ tool was used to confirm the region that would be
analyzed. Then, the empty cavity volume was calculated with the ‘set measurements’ tool.

Next, teeth were divided into 3 groups (n =10 each) following a stratified randomization
according to the initial volume of the root-end cavity, and the root-end cavities were filled with 1)
MTA Angelus, 2) Biodentine or 3) Neo MTA Plus (Table 1). Materials were manipulated according
to the manufacturers™ instructions and root-end filling was performed. Material insertion and vertical
condensation was made using n.1 Thimon + n.1 and n.2 Bernabé instruments (Trinks, Sdo Paulo, SP,
Brazil). The roots were immediately radiographed to verify the appropriate quality of root-end filling.
A single operator performed all procedures wearing 3.5 magnification loupes (Head spot I,
MMOptics, Sdo Paulo, SP, Brazil). Samples were maintained at 37° C, 100% humidity for 7 days.

Table 1 - Calcium silicate-based materials used as root-end filling.

: Batch .
Material (Manufacturer) number Composition
MTA Angelus (Angelus Powder: Tricalcium silicate, dicalcium silicate, tricalcium aluminate,
Solugoes Odontologicas, 36495 calcium oxide, bismuth oxide
Londrina, PR, Brazil), Liquid: Distilled water
Biodentine (Septodont Ltd., Powder: Tri-calcium silicate, di-calcium silicate, calcium carbonate
Saint Maur-des-Fausseés, B10982 and oxide, iron oxide, zirconium
France) Liquid: Oxide Calcium chloride and hydrosoluble polymer
Neo MTA Plus (Avalon Powder: Tricalcium Silicate, Tantalite , Dicalcium Silicate , calcium
Biomed Inc., Bradenton, 2014090301  sulfate, Silica
FL, USA) Liquid/Gel: water-based

After this period, the roots were repositioned at the corresponding siloxane mold and scanned
again following the same parameters of the first micro-CT acquisition. The images were imported to
Image J and the analysis, for each sample, was performed in the same position of the first acquisition
(before retrofilling).

The volume of the internal voids was calculated using the images from the second micro-CT
scanning by selecting the borders of the filling material inside the cavity in the first and in the final
stacks, with the ‘freehand tool’. After that, the ‘review areas’ tool was used to confirm the region that
would be analyzed. Then, the volume of the voids located into the filling material was calculated with
the ‘set measurements’ tool. The volume of marginal gaps was calculated using the images obtained
from the second micro-CT scanning by selecting the marginal area of the cavity in the first and in the
final stacks, using the “freehand tool”. After that, the ‘review areas’ tool was used to confirm the region
that would be analyzed. At last, the volume of overall defects inside the cavity (marginal gaps +
internal voids) was calculated using the “set measurements” tool.

Aiming to obtain the volume of marginal gaps, the volume of internal voids was subtracted of
the overall defects inside the cavity. The percentages (%) of marginal gaps, internal voids and overall
defects volumes were obtained in relation to the initial volume of the empty root-end cavity.

Absolute values (in mm?®) and percentages (%) of marginal gaps, internal voids volumes and
Overall defects (gaps + voids), were compared between groups. Kolmogorov-Smirnov test rejected
the data normality, and inter-group comparison was made using Kruskal-Wallis test. Statistical
analysis was performed using IBM SPSS v.20.0 (SPSS, Chicago, IL, US). Significance was set at 5%.



Results

All groups had marginal gaps and/or internal voids after root-end filling (see an example in
Figure 1). Table 2 shows that there was not significant difference between the three groups (MTA
Angelus, Biodentine and Neo MTA Plus) in relation to the marginal gaps volume; the internal voids
volume; and the overall defects (gaps + voids) (mm?and %).

Table 2 — Median and interquartile range of the volume (mm?2) and of the percentage (%) of marginal gaps, internal voids, and overall defects
in retro-filled cavities with MTA Angelus, Biodentine and Neo MTA Plus (n=10 each).

MTA Angelus Biodentine Neo MTA Plus
mm3 % mm3 % mm3 %

Marginal Gaps 0.001 0.408 0.002 0.616 0.003 0.888
(0-0.003) (0-1.059) (0-0.019) (0-9.994) (0-0.018) (0.191 - 7.564)

Internal voids 0.003 1.532 0.006 3.642 0.004 2.253
(0.001 - 0.011) (0.792 - 7.399) (0.001 - 0.020) (0.737 - 6.365) (0.002 - 0.015) (0.556 - 5.730)

Overall 0.004 1.749 0.018 6.660 0.012 4.079
defects (0.002-0.016)  (1.034—7.989) (0.003 - 0.029) (0.879 - 11.380) (0.002 - 0.029) (1.599 - 12.030)

*Kruskal Wallis, o = 5%

Discussion

This in vitro study used micro-CT analysis to assess the presence (measuring the volume and
percentages) of marginal gaps and internal voids formed after root-end filling in extracted human teeth.
Findings showed that all the tested calcium silicate-based materials (MTA Angelus, Biodentine and
Neo MTA Plus) originated defects after setting. The air-entrapment defects occurred not only in the
interface cement-canal wall, but also inside the material (see an example in Figure 1). There was not
statistical difference amongst the materials in relation to the amount/percentage of defects formation,
confirming the null hypothesis (see Table 2). The three different materials showed a small absolute
value of defects (gaps and/or voids), ranging from 0.004 to 0.018 mm?. Although this absolute number
seems small, it means that it can reach sometimes 12% or more of air-entrapment defects on the root-
end filling. It is worth highlighting that one of the common bacteria found in the post treatment apical
periodontitis, the Enterococcus faecalis (23) is smaller than those air-entrapment defects, having a
micrometer-size of approximately 2.0 um-diameter (24).

Figure 1 — Representative longitudinal (A) and cross-sectional (B and C) views of root-end fillings (images acquired from
Image J). Only the apical third is visible on this image, it is not possible to see the part of the root canal that was orthograde-
filled with sealer + gutta-percha. In the cross-sectional view it is possible to see one slice with internal voids (B, black
arrow); and another slice with a combination of internal voids (C, black arrow) and marginal gaps (C, white arrow).



The statistical analysis found relatively large interquartile ranges (for percentages of defects)
for the three groups, even though one single trained operator retro-filled all the samples and careful
procedures aiming standardization were performed. This reflects the possibility of some variation in
the quality of 3D filling, either having almost no defects or having more than 12% of overall defects
after root-end filling (see these results in Table 2). Certainly, these air defects are not proof that
percolation of fluids/microorganism will happen, since material-voids are not the only etiological
factor for a good root-end quality (also, the study of micro infiltration was outside the scope of this
present work). But, as already stated in the literature, care should be taken during the insertion and
compaction of calcium silicate-based materials into the root-end cavity, mainly paying attention to the
interface material-canal wall, because a smooth, flat and coherent filling is expected to assure good
sealing (25,26). In this regard, this study employed and highlighted the use of ultrasonic tips to improve
the mixing and accommodation of the materials into the root-end cavity (25,26).

Regarding the defects that were formed inside the material (internal voids), they could act as
microsites to shelter healing tissue and allow periapical revascularization, similarly to a scaffold (27),
contributing to a better integration between material and periapical tissues. Therefore, we assume that
a small amount of intra-material voids would not be totally disadvantageous. One of our previous
studies have already shown that MTA Angelus, Biodentine and Neo MTA Plus (the same materials
used in this current study) similarly induced repair and produced good healing features when applied
directly onto bone tissue of rats (28).

Albeit the literature have showed that those three materials have different powder/liquid-gel
composition, different setting times (Neo MTA Plus > MTA Angelus > Biodentine) and different
particles sizes (28,29); in this study, the materials had similar statistical results regarding volume of
overall defects formation after root-end filling. One reason for the absence of difference between the
materials certainly is the comparability of the experimental groups and the consistent baseline:
randomized and morphologically (volume of the cavity) paired. It is important to bear in mind that,
although this present study did not used a pre-operative micro-CT to match the whole tooth root canal
anatomy (as recommended in the literature) (26) - we did paired the empty root-end cavities; which
was the target of our analysis. Another strength of this current methodology is the use of micro-CT as
a tool that enables both, 2D and 3D analyses. Therefore, this study is strong in showing a reliable
methodology to evaluate marginal gaps and internal voids after root-end filling and to evaluate, both,
established and contemporary root-repair materials.

Limitations of this study are the narrow possibility to extrapolate the findings for patients, like
any other in vitro experiment (30), and the impossibility to know how much is the ‘acceptable’ (or
appropriate) clinical amount of air-defects into the root-end filling material and/or between the cement-
canal wall interfaces (26). Biological research to investigate the interconnection of healing tissue in
the innermost of the material-voids is needed.

This in vitro study found material air-defects formation after root-end filling with MTA
Angelus, Biodentine and Neo MTA Plus. The three calcium silicate-based materials had no difference
in the volume of defects formation either inside the material (internal voids) or in the interface material-
canal wall (marginal gaps).

Acknowledgement
No funding for this research. Authors deny any conflict of interest.

Resumo

Este estudo avaliou a qualidade 3D de retro-obturacfes, avaliando a presenca (volume e
percentagem) de “gaps” marginais ¢ “voids” internos formados a partir da retro-obturacdo com trés
materiais & base de silicato de calcio: MTA Angelus (Angelus Solu¢bes Odontoldgicas, Londrina, PR,
Brasil), Biodentine (Septodont Ltd., Saint Maur-des-Faussés, Franca) and Neo MTA Plus (Avalon
Biomed Inc., Bradenton, Flérida, US). Trinta dentes humanos unirradiculares extraidos foram usados.
Apobs tratamento de canal ortrégrado, resecgdo radicular (3 mm apicais), o prepare da cavidade
retrograda com pontas ultrassdnicas foi realizado. Os dentes foram divididos em trés grupos (n= 10
cada) seguindo uma randomizacdo estratificada, de acordo com o volume inicial da cavidade
retrograda. Depois da retro-obturagdo as amostras foram armazenadas por 7 dias. Duas rodadas de
escaneamento de micro-CT foram realizadas: logo ap6s o preparo retrogrado (com a cavidade ainda
vazia) e 7 dias ap0s a retro-obturacéo. O volume de “gaps” marginais ¢ de “voids” internos (mm?® e
%), bem como, os defeitos totais (soma de “gaps” e “voids”) foram avaliados. Nao houve diferenca
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estatistica entre os grupos em relagdo aos “gaps” marginais (P> 0,05), “voids” internos (P> 0,05), e
aos defeitos totais (P> 0,05). A mediana (mm?®) e porcentagem dos defeitos totais de aprisionamento
de ar foi 0,004mm?® e 1,749% para 0 MTA Angelus, 0,018mm? e 6,660% para o Biodentine, e
0,012mm? e 4,079% para 0 Neo MTA Plus. Todos os materiais tiveram defeitos (“gaps”e/ou “voids”™).
Né&o houve diferenga entre MTA Angelus, Biodentine e Neo MTA Plus.
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