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Abstract: The present study evaluated the obturation quality of root canals filled with BioRoot RCS
sealer and single gutta-percha point by undergraduate student (US), postgraduate student (PS) and
endodontist (ED). Twenty-one plastic models of upper premolars were enlarged with HyFlex EDM
instruments to a size 40/0.04 taper and randomly divided into three groups (7 teeth/14 canals per
group): US, PS and ED. After the obturation of root canals with BioRoot RCS and one HyFlex EDM
size 40 gutta-percha point, plastic models were scanned using micro-computed tomography scan-
ner (UCT) SkyScan 1272 at isotropic resolution of 10 um. The porosity distribution was evaluated
separately for the apical, middle and coronal thirds. The Kruskal-Wallis, Mann-Whitney, Friedman
and Wilcoxon tests with the significance level set at 5% were used for data analysis. The uCT eval-
uation revealed open pores being the dominant type of porosity in all experimental groups and root
canal thirds, with the highest percentage of pores in the apical third of root canal fillings. The quality
and homogeneity of single cone root canals fillings remained similar between the groups in the
apical and middle thirds (p > 0.05). Significant differences were observed only in the coronal third
(p <0.05).

Keywords: single cone; BioRoot RCS; micro-computed tomography; undergraduate student; post-
graduate student; endodontist; porosity

1. Introduction

The quality of root canal obturation plays an essential role to ensure the successful
long term outcome of endodontic treatment [1]. Studies show that approximately 60% of
endodontic treatment failures can be associated with a poor root canal obturation [2]. Root
canals are considered properly obturated if the filling material is uniformly homogeneous
over the entire root canal working length (WL) and has appropriate conical taper resem-
bling the root canal’s internal shape after preparation [3]. High-quality hermetical sealing
of the root canal system prevents the obturated root canals from recontamination and
penetration of microorganisms and their metabolites into periapical tissues [4]. It has been
shown that the homogeneity of the filling is directly related to the voids and pores inside
the material [5]. Therefore, the porosity of the material can be used as one of the objective
criteria for assessing the quality of the root canal obturation. There are two types of pores
identified in root canal fillings: closed (internal) or open (external) pores [6]. Closed pores
are surrounded by the filling material and have no contact with the root canal walls, mak-
ing them clinically less significant for endodontic treatment outcomes [7]. Meanwhile, the
open pores formed between the filler material and the canal walls can have a substantial

J. Clin. Med. 2021, 10, 1080. https://doi.org/10.3390/jcm10051080

www.mdpi.com/journal/jem



J. Clin. Med. 2021, 10, 1080

2 of 11

clinical impact [8]. The network of open pores can be an excellent pathway for microleak-
age and possible worse clinical outcome [9].

Various materials and filling techniques were suggested for the root canal obturation
to achieve hermetic, voids free fillings and prevent possible microleakage [10]. However,
it has been demonstrated that there is no technique for root canal obturation, which can
ensure the impeccable three-dimensional sealability of the root canal system [11,12]. It has
been shown that the highest percentages of voids as well as poorer adaptation of the ma-
terial to the root canal walls and irregularities are detected in the fillings when the cold
lateral compaction technique was used for obturation [11,13]. One of the main reasons for
the high porosity of the laterally compacted gutta-percha/sealer fillings may be the insuf-
ficiently deep insertion of the auxiliary gutta-percha points into space previously made
by the spreader [14]. Some studies demonstrated no advantages of the thermoplastic
gutta-percha obturation techniques over cold lateral compaction in terms of porosity of
the fillings, while the other studies claim that thermoplastic techniques ensure less porous
fillings [15,16]. However, one of the main reasons that can lead to the formation of pores
and voids in the mass of the softened gutta-percha is shrinking of the material when it
cools down [17]. Besides, it should be highlighted that the lateral compaction technique is
quite complicated for operator and time-consuming, while the thermoplastic obturation
techniques additionally require expensive armamentarium and devices for obturation
[2,10].

The simplified single cone (SC) root canal obturation technique, when a single gutta-
percha point in conjunction with hydraulic calcium silicate-based sealer is used to fill the
root canals, is rapidly gaining popularity among the clinicians [18]. These sealers are
highly biocompatible and bioactive, possess antibacterial activity, low solubility, shrink-
age and long-term dimensional stability, enabling to use of a higher volume of the sealer
in conjunction with tapered gutta-percha points [7,8,14]. In contrast to the previously dis-
cussed obturation methods, the SC obturation technique is simple to use, does not require
a long learning curve, is clinically appealing and does not require any additional arma-
mentarium or devices. During the obturation, no lateral or vertical compaction is used,
therefore minimizing the risks to provoke dentinal defects or cracks [19]. Numerous stud-
ies have demonstrated that the amount of the overall porosity of the SC fillings is compa-
rable to other techniques or even less [12,20,21]. Moreover, the hydraulic calcium silicate-
based sealers used with a SC technique have enhanced adhesion to the root canal dentin
in comparison to other types of the sealers and ensure a dimensionally stable, more tight
and hermetic seal [22,23]. Additionally, due to the superior flowability, hydrophilicity and
the small particle size of the material, the excellent penetrability of the sealers can be
achieved even without any condensation pressure [19]. Recent clinical studies demon-
strated the high clinical success rates when the SC technique was used for root canal ob-
turation in cases of primary endodontic treatment or endodontic retreatment [24,25].

It has been concluded that the success rates of endodontic treatment highly depend
on the quality of root canal shaping, cleaning and eradication of the microorganisms
[1,2,14]. Moreover, the impact of the quality of the root canal obturation and the clinical
experience of the operator has also been demonstrated [9,10,25]. The clinical success rates
when treatment procedures are performed by a specialist endodontist can reach more
than 90% or 95%, whereas in cases where general practitioners perform root canal treat-
ment, the probability of the clinical success can decrease even to 40-65% [26-29]. Moreo-
ver, even lower success rate is observed when endodontic treatment is completed by un-
dergraduate students [30]. Eskandarloo et al. (2017) demonstrated that the quality of root
canal obturation, detected on the periapical radiographs, performed by dental students is
commonly poor and unacceptable [31]. Other investigations revealed that only 30.1-47%
of the root canals obturated by undergraduate dental students are under acceptable qual-
ity standards [27,32]. Therefore, the better obturation quality was achieved by students in
a postgraduate endodontic program in comparison to undergraduates [27]. However, it
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has been claimed that the recently introduced a simplified single cone root canal obtura-
tion technique potentially can be less related to the clinical experience of the operator
[12,33].

Microcomputed tomography (uCT) is a widely accepted, non-destructive method for
the two-dimensional (2D) and three-dimensional (3D) assessment of the root canal fillings
[12,33]. uCT imaging enables to assess the overall porosity of the material, porosity distri-
bution, identify the type of the pores and using the specific software calculate volumetric
values and parameters or visualize in 3D [8,15,17]. Despite the simplicity and clinical ap-
peal of the SC obturation technique, there is no information on how the clinical experience
of the operator can determine the root canal obturation quality and porosity of these fill-
ings. Therefore, the aim of this study was, by means of pCT analysis, to assess and com-
pare the porosity distribution in the single gutta-percha cone/hydraulic calcium silicate-
based sealer fillings performed by under- and postgraduate students and specialist endo-
dontist. The null hypothesis tested was that the clinical experience of the operator does
not have any impact on the quality of the root canal obturation.

2. Materials and Methods
2.1. Specimen Preparation

Twenty-one standardized 3D plastic models of upper premolars (DRSK, Hassleholm,
Sweden) with pre-opened endodontic accesses were used for this study. The plastic teeth
had two separate roots and Type I canal configuration according to the Weine’s classifi-
cation. The working length (WL) was determined by inserting a size 10 K-file (Dentsply
Maillefer, Ballaiques, Switzerland) into the root canal until the tip of the instrument was
visible at the apical foramen. The WL was established 1 mm short of the apex. Root canals
were subsequently shaped with HyFlex EDM (Coltene, Langenau, Germany) rotary NiTi
endodontic files at the rotation speed of 400 rpm and the torque of 2.5 Ncm, powered by
X-Smart (Dentsply Sirona, Ballaiques, Switzerland) endodontic motor. Instruments were
used to the full working length in the following sequence: Glide-path file (size 10/0.05
taper), Preparation file (size 20/0.05 taper), OneFile (size 25/~taper) and Finishing file (size
40/0.04 taper).

The root canals were repeatedly irrigated with 5 mL 3% sodium hypochlorite (Ultra-
dent Products Inc., South Jordan, UT, USA) after each instrument. At the end of prepara-
tion, 5 mL of 17% ethylenediaminetetraacetic acid (Ultradent Products Inc., South Jordan,
UT, USA) was used for 2 min. 5 mL of sterile distilled water was used as a final flush.
Irrigation was performed using disposable syringes and 29-G NaviTip needles (Ultradent
Products Inc., South Jordan, UT, USA). After irrigation, root canals were dried with size
40/0.04 taper paper points (Coltene, Langenau, Germany). All specimens were prepared
by a single operator-specialist endodontist.

2.2. Root Canal Obturation

The sample size of experimental groups was calculated using G*Power 3.1 software
(Heinrich Heine, Iniversitat Diisseldorf, Diisseldorf, Germany) following t-test family and
the difference of two independent means with alpha error probability of 0.05, and a power
(1-beta error probability) of 0.95. Therefore, a total of 12 root canals was indicated as the
minimum required sample size. After preparation plastic models were fixed into prefab-
ricated A-silicone (3M Express, 3M ESPE, Seefeld, Germany) blocks up to the cemento-
enamel junction to ensure the blindness of the root canal filling procedure. Specimens
were randomly divided into three experimental groups (7 teeth per group), according to
the operator performing root canal obturation: undergraduate student (US), postgraduate
student (PS) and endodontist (ED). The SC obturation technique was theoretically intro-
duced to the fourth-year undergraduate student by experienced academician and special-
ist endodontist before root canal obturation by giving a 1-h presentation, following the 2
h hands-on practical training. The third-year postgraduate student in the endodontology
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program was already familiar with SC obturation technique and has been used in daily
clinical practice for three years. Finally, the root canals in the ED group were obturated by
endodontist with an over fifteen years of clinical experience.

A total of 14 canals in each group were filled with BioRoot RCS (Septodont, Saint-
Maur-des-Fosses, France) and one HyFlex EDM size 40.04 gutta-percha point (Coltene,
Langenau, Germany). The pre-fitted gutta-percha point was inserted into the root canal
with a tug-back effect at the WL. The cone was coated with a small amount of the sealer
mixed according to the manufacturer’s instructions and slowly inserted into the root canal
to coat the root canal walls. The procedure was repeated twice to deliver the required
amount of the sealer into the root canal. Finally, the last third time gutta-percha cone was
recoated with the sealer and gently inserted to the full working length. The gutta-percha
cone was subsequently cut with a heat carrier at the level of the orifice. The endodontic
accesses were filled with temporary filling material (Cavit™-W; 3M ESPE, Seefeld, Ger-
many) and submerged into the thermal bath (Thermo Scientific™ Precision™; Fisher Sci-
entific; Vantaa, Finland) containing 37 °C water for 1 week to allow the filling material set
completely before further analysis.

2.3. Micro-CT Scanning and Analysis

A high-resolution micro-CT scanner SkyScan 1272 (Bruker, Kontich, Belgium) was
used to scan the specimens. All scans were performed using a 90 kV source voltage, 111
HA beam current, 10 um isotropic resolution, 0.2° rotation step and 1350 ms exposure
time. A 0.5 mm aluminum and 0.038 mm copper filter was used for artefact reduction.
Images obtained from the scan were reconstructed using NRecon v.1.7.1.0 software
(Bruker, Kontich, Belgium) with a ring artefact reduction factor of 3 and beam hardening
correction of 20%.

The reconstructed images were analyzed using CTAn v.1.14.4.1 software (Bruker,
Kontich, Belgium). After the selection of root canal contours, the gray scale range required
to recognize the filling materials and voids was determined in a density histogram by
using a global threshold method. Comparisons between the original and segmented scans
were performed to ensure segmentation accuracy. The volume of root canal was selected
as the volume of interest (VOI) and subsequently the voids (VVol), filling material (FVol),
open pores (OPVol) and closed pores (CPVol) was determined by processing the seg-
mented images with a custom-processing tool. The percentage volume of open pores
(%OPVol) and closed pores (%CPVol) was calculated using the following formulas:

% OPVol = OPVol/(VVol + FVol) x 100

%CPVol = CPVol/(VVol + FVol) x 100

All images were examined by a single evaluator who was blinded to data regarding
experimental groups and their specimens. The percentage volume of open and closed
pores was calculated separately for the apical, middle and coronal thirds at intervals of 3
mm of each third, and a total VOI of 9 mm was selected for assessment. The last apical 1
mm of the root was not included in the analysis. The CTVol v.2.2.3.0 software (Bruker,
Kontich, Belgium) was used for 3D volumetric visualization and qualitative evaluation of
the fillings.

2.4. Statistical Analysis

Statistical analysis was performed using SPSS 25.0 software (SPSS Inc., Chicago, IL,
USA). The Shapiro-Wilk test revealed a non-normal distribution of the data. Therefore,
the differences among experimental groups were compared using a non-parametric Krus-
kal-Wallis test. When statistically significant p-values were found, the Mann-Whitney test
was applied for pairwise comparisons. The differences between the root canal thirds in
the same group were determined using a non-parametric Friedman test followed by the
Wilcoxon test for pairwise comparisons. The significance level was set at p <0.05.
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3. Results

The micro-CT evaluation revealed pores of various diameter and shape inside the
mass of the hydraulic calcium silicate-based sealer as well as in the interface of the sealer
and root canal walls, while the open pores were predominant type of porosity in all
groups and thirds evaluated (Figure 1). No pores inside the gutta-percha points were de-
tected as might have been expected.
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Figure 1. Three-dimensional reconstructions of the single cone root canal fillings of different ex-
perimental groups, demonstrating distribution of open (blue) and closed (red) pores.

The results of the volumetric analysis of the porosity of root canal fillings are detailed
in Table 1. The distribution of open and closed pores demonstrated statistically significant
differences among all groups in the coronal third (p = 0.017 and p = 0.02, respectively).
Regarding the results of pairwise comparisons, the percentage of open pores did not differ
significantly only between PS and ED groups, closed pores—between US and PS groups
(p>0.05). In the middle third all groups exhibited similar amount of open pores (p = 0.06),
however, the distribution of closed pores remained significantly different (p = 0.014). Pair-
wise comparisons revealed that the percentage of closed pores did not differ significantly
only between US and PS groups (p > 0.05). The apical third of root canal fillings had no
statistically significant differences by comparing the amount of both open (p = 0.56) and
closed (p =0.12) pores.

Table 1. Mean values (%) and standard deviations (SD) of open and closed pores in the coronal, middle and apical thirds.

Group n Coronal Third Middle Third Apical Third
Open Pores Closed Pores Open Pores Closed Pores Open Pores Closed Pores
Us 14  2415+3.0714 0.032 +0.029 A 2970 +3.361 0.001 +0.003 8.140 + 6.602 0.208 +0.191 B
PS 14  3.567+2.181°% 0.026 +0.030 ~ 5.389 +3.158 A 0.003 +0.008 A 9.778 + 6.324 A 0.261 +0.509 B
ED 14  3.535+3.088 B 0.090 + 0.094 B 2.592 +1.755 A 0.019 +0.029 B 10.861 +7.716 A 0.344 + 0378 B

Groups marked with the same superscript letter in the same column do not differ significantly (pairwise Mann-Whitney

test; p > 0.05).

The cross-sectional 2D images of the three experimental groups at the different root
canal thirds are shown in Figure 2. The micro-CT analysis revealed that all groups exhib-
ited the highest percentage of open and closed pores in the apical third of root canal fill-
ings. Furthermore, statistically significant differences were observed in the distribution of
open and closed pores within the same group when comparing all root canal thirds (p <
0.05).
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Figure 2. 2D cross-sectional images at the different thirds of the obturated root canals of random samples of US, PS and
ED groups, demonstrating various porosity inside the fillings.

Regarding the results of pairwise comparisons, which are summarized in Table 2, no
statistically significant differences were detected only between coronal and middle thirds,
where the percentage of open pores remained similar in all experimental groups (p > 0.05).

Table 2. p-Values from pairwise comparisons of the root canal thirds in the respective group.

Group Thirds Open Pores Closed Pores
Coronal-Middle 0.363 * 0.001
us Coronal-Apical 0.001 0.004
Middle-Apical 0.001 0.001
Coronal-Middle 0.056 * 0.007
PS Coronal-Apical 0.001 0.024
Middle-Apical 0.006 0.002
Coronal-Middle 0.197 * 0.005
ED Coronal-Apical 0.002 0.001
Middle-Apical 0.001 0.001

* Indicates a non-significant difference (pairwise Wilcoxon test; p > 0.05).

4. Discussion

It has been demonstrated that the porosity of root canal fillings is directly associated
with an unfavourable endodontic treatment outcome [34]. The pores inside the mass of
the materials can adversely affect their physical properties and create favourable condi-
tions for the microleakage [35]. For these reasons, porosity is considered to be one of the
main criteria for assessing the quality of root canal fillings [11,36]. Therefore, in our study,
the porosity of the fillings was assessed and compared to determine the quality of root
canal obturation using the SC technique performed by the operators with a different clin-
ical experience.

Different methods to evaluate the porosity and microleakage of the fillings, such as
bacterial, glucose, radioactive isotope, or dye penetration tests, have been used with their
significant limitations [37]. Recently, the microcomputed tomography was considered as
the optimal, non-destructive method allowing quantify and qualify the high-resolution
images in 2D and 3D [8,12,33]. Therefore, in our study, the assessment of the porosity of
the SC fillings was performed using uCT imaging. However, it should be mentioned that
some drawbacks of the technique should be considered. Despite the high accuracy of uCT,
tiny pores may still be undetectable due to the radiopacity of the materials and possible
limitations of the thresholding procedure [12,15]. Moreover, Gandolfi at al. (2013) has
demonstrated that the pixel size of the scanning can have an impact on the accuracy of the
results, affecting the possible exclusion of the smallest pores if lower resolutions are se-
lected [38]. However, it should be mentioned that there is no single protocol in which
scanning resolution is optimal, and there is no reliable scientific background if the pores
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of the size of 4 um would have a different impact on the microleakage and outcome of
endodontic treatment comparing to the pores with a diameter of 10 um. Therefore, the
less time consuming, but still accurate and high resolution of the 9.99 pm were used in
this study, as suggested by previously published reports [7,8,12,15]. The standardized
plastic 3D models were used in this study to optimize the homogeneity of the sample and
ensure identical internal anatomy of the root canals and volumetric parameters in all three
groups. However, plastic models cannot create a clinically identical environment and pro-
vide sufficient moisture needed for hydration and setting of the flowable hydraulic cal-
cium silicate-based sealer. Therefore, the lack of hydration products, which can fill the
gaps between non-hydrated cement particles and reduce filler porosity, may adversely
affect the overall porosity [39]. On the other hand, if the same models are used under the
same conditions, the assessment results are still comparable among the experimental
groups.

The data concerning the porosity distribution in SC fillings is still controversial. Pre-
vious investigations have found lower porosity of the SC fillings in the coronal and middle
thirds of root canal in comparison to laterally compacted gutta-percha or hybrid thermo-
plastic gutta-percha condensation [12,34]. However, other studies claimed that the SC fill-
ings were more porous in comparison to hybrid thermoplastic gutta-percha condensation
[40]. Nevertheless, a significant number of studies demonstrate comparable and similar
porosity of SC fillings comparing to other obturation techniques [41,42]. The controversy
of the results may be related to root canal morphology, chemomechanical preparation or
physical properties of the filling materials, to the lack of standardisation of in vitro test
models, data processing and interpretation protocols. However, according to the recent
research data, there is no doubt that no obturation technique can ensure complete and
voids free sealing of the root canal system [43,44].

To achieve a high-quality and tight root canal obturation, the root canal fillings
should be non-porous and voids free in all root canal thirds [3]. However, it has been
demonstrated that the special focus should be paid on the apical third of the root canal, as
the quality of its obturation may become a crucial factor in the outcome of endodontic
treatment [2,8]. Therefore, in this study, the porosity distribution in SC fillings was as-
sessed in all three root canal thirds separately. The results of this investigation have
showed that the highest porosity was detected in the apical third of the root canal fillings,
including both, open and closed pores, in all experimental groups. The detected differ-
ences in the amount of the porosity did not differ significantly (p > 0.05), indicating the
same quality of obturation among US, PS and ED operators in the apical third. Our results
are in concordance with previous reports, demonstrating the highest volume of the pores
in the apical third of SC fillings, in comparison to middle and coronal thirds [34]. It has
been shown that the higher porosity in the apical third can be related to the numerous
factors, such as irregular cross-sectional shape of the root canal, anatomical features, flow-
ability of the sealer, which can be affected by inaccurate powder/liquid ratio, etc. [20,45].
Meanwhile, in the middle third, a statistically significant difference was found only be-
tween the number of closed pores (p < 0.05). Previous reports have shown that only
through-and-through voids (continuous or open pores) have clinical significance, as they
create the network of the pores and are related to an increased possibility of microleakage
and worse clinical outcome of endodontic treatment [8,38]. It has been demonstrated that
regardless of the sealer type, interconnected or open voids can create an entire helicoidal
or spiral-shaped space along with the fillings and act as a pathway for the diffusion of the
fluids and microorganisms [38]. Whereas the cul-de-sac-type voids (closed or blind pores)
are entrapped inside the material and can only affect the mechanical properties of the filler
with no biologically substantial impact [8,12,15,38]. Therefore, from the clinical point of
view, our findings demonstrate that clinically significant porosity distribution in apical
and middle thirds of SC fillings was comparable between US, PS and ED groups. How-
ever, in this study, a significant difference in the amount of open and closed pores were
observed only in the coronal third (p < 0.05). Surprisingly, the porosity of the SC fillings
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in this root canal third was higher in the ED and PS groups, comparing to the undergrad-
uate students. It is difficult to explain this “phenomenon”, however hypothetically, it
could be related to the more accurate, gentle and slower insertion of the gutta-percha point
performed by the less experienced operator. It has been demonstrated, that the slow in-
sertion of the tapered gutta-percha cone ensure better sealer distribution and possibly less
porosity of the material [8,20,39]. The porosity of the filler in the coronal third of the canal
could be related to the higher volume of the root canal and the subsequent increase in the
volume of BioRoot RCS paste. Previous investigations revealed that the porosity of the
fillings could be related to the type and the physical properties of the sealer [8,35,42]. It
has been demonstrated that hydraulic calcium silicate-based sealers possess higher poros-
ity immediately after obturation, with a substantial reduction in the pores volume within
long term observations, in comparison to resin-based sealers [8]. To reduce the porosity
of the SC fillings in the bigger and wider root canals, the use of additional auxiliary gutta-
percha points passively inserted along the master gutta-percha point was recommended
[14]. Hereby, the higher hydraulic pressure is created in the root canal, which improves
the distribution of the sealer in the root canal and reduces the amount of paste and pores
subsequently.

The quality of root canal obturation using SC technique with hydraulic calcium sili-
cate-based sealer and porosity distribution in these fillings performed by the operators
with different clinical experience has not been previously evaluated. Therefore, our results
cannot be directly compared to the findings of the previous investigations. It has been
demonstrated, that the quality of root canal obturation using conventional obturation
techniques is related to the experience of the operator. According to Kharouf et al. (2019),
the quality of root canal obturation performed by undergraduate students using lateral
compaction of the gutta-percha varies from 46.6% to 58.8% [46]. Other studies reported
similar or even worse results, indicating that only 25.2-66% of the fillings were homoge-
neous and with acceptable quality [47-49]. On the other hand, when the same students
were using SC obturation technique instead of lateral compaction, the porosity of the fill-
ings significantly decreased, and acceptable homogeneity has been reached in 84.1-90.9%
of cases [46]. However, if the root canals using lateral compaction technique were obtu-
rated by specialists endodontists, the homogeneous fillings were detected in 86.1-88.6%
of cases [50]. These findings demonstrate the direct impact of the experience of the oper-
ator on the obturation quality of the root canals when lateral or vertical compaction of the
gutta-percha is used. Meanwhile, it should be highlighted that in all these studies, the
quality of root canal fillings was assessed on the basis of dental X-rays, which cannot pro-
vide accurate information on the 3D homogeneity of the fillings.

The data on the clinical outcomes of the use of SC technique with a hydraulic calcium
silicate-based sealer is still limited. Previous clinical studies revealed high success rates of
endodontic treatment when root canals were obturated by specialists endodontists using
SC technique with a hydraulic calcium silicate-based sealer: Chybowski et al. (2018) re-
ported the success rate up to 90.9% after an average follow-up of 30.1 months [24], while
the study conducted by Zavattini et al. (2020) demonstrated success rates varying from
84% to 90% [25]. A slightly lower success rates were revealed in a clinical study by Bardini
and co-authors in which all treatment procedures, including root canal obturation using
SC technique, were performed by postgraduate students in endodontology program: the
complete healing rates over a 12-month period has reached 76.92% [51]. However, more
clinical studies are needed to confirm the impact of the operators experience on the long-
term clinical results, when SC root canal obturation technique is used.

5. Conclusions

Within the limitations of this in vitro pCT evaluation it can be concluded that no
operator was able to ensure voids free root canal filling, when SC obturation technique in
conjunction with hydraulic calcium silicate-based sealer was used. The open pores were
the dominant type of the porosity in all experimental groups and thirds, with the highest
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percentage of pores in the apical third of root canal fillings. The quality and homogeneity
of single cone root canals fillings remained similar between US, PS and ED groups in the
apical and middle thirds (p > 0.05), while the only significant differences were observed
in the coronal third.

Author Contributions: Conceptualization, S.D. and H.S.; methodology, S.D.; software, P.T.; vali-
dation, S.D., G.B. and H.S.; formal analysis, V.P.; investigation, S.D. and G.B.; resources, H.S.; data
curation, G.B.; writing —original draft preparation, G.B. and S.D.; writing—review and editing,
P.T., H.S. and V.P.; visualization, S.D.; supervision, H.S.; project administration, S.D. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Acknowledgments: The authors would like to thank Leo ]. van Ruijven for his help in operating
the SkySkan 1272 micro-CT scanner and Septodont representative in Lithuania for the donation of
the materials.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

Goldberg, F.; Cantarini, C.; Alfie, D.; Macchi, R.L.; Arias, A. Relationship between unintentional canal overfilling and the long-
term outcome of primary root canal treatments and nonsurgical retreatments: A retrospective radiographic assessment. Int.
Endod. ]. 2019, 53, 19-26, doi:10.1111/iej.13209.

Demirci, G.K.; Caligkan, M.K. A Prospective Randomized Comparative Study of Cold Lateral Condensation Versus Core/Gutta-
percha in Teeth with Periapical Lesions. J. Endod. 2016, 42, 206-210, d0i:10.1016/j.joen.2015.10.022.

Quality guidelines for endodontic treatment: Consensus report of the European Society of Endodontology. Int Endod. ]. 2006,
39, 921-930.

Selem, L.C.; Li, G.-H.; Niu, L.-N.; Bergeron, B.E.; Bortoluzzi, E.A.; Chen, J.-H.; Pashley, D.H.; Tay, F.R. Quality of Obturation
Achieved by a Non-gutta-percha-based Root Filling System in Single-rooted Canals. ]. Endod. 2014, 40, 2003-2008,
doi:10.1016/j.joen.2014.07.032.

Singla, S.; Kulkarni, S; Sijeria, P.; Bhartia, R.; Kv, N.S. Evaluation of Root Canal Filling in Primary Teeth by Volumetric Analysis:
In Vitro Study. Int. |. Clin. Pediatr. Dent. 2018, 11, 386-392, doi:10.5005/jp-journals-10005-1545.

Lee, L.-W.; Hsiao, S.-H.; Lin, Y.-H.; Chen, P.-Y.; Lee, Y.-L.; Hung, W.-C. Outcomes of necrotic immature open-apex central
incisors treated by MTA apexification using poly(e-caprolactone) fiber mesh as an apical barrier. J. Formos. Med. Assoc. 2019,
118, 362-370, doi:10.1016/j.jfma.2018.06.008.

Torres, F.F.E.; Guerreiro-Tanomaru, J.M.; Bosso-Martelo, R.; Espir, C.G.; Camilleri, J.; Tanomaru-Filho, M. Solubility, Porosity,
Dimensional and Volumetric Change of Endodontic Sealers. Braz. Dent. ]. 2019, 30, 368-373, doi:10.1590/0103-6440201902607.
Milanovic, I.; Milovanovic, P.; Antonijevic, D.; Dzeletovic, B.; Djuric, M.; Miletic, V. Immediate and Long-Term Porosity of
Calcium Silicate-Based Sealers. |. Endod. 2020, 46, 515-523, d0i:10.1016/j.joen.2020.01.007.

Bouillaguet, S.; Shaw, L.; Barthelemy, J.; Krejci, I.; Wataha, ].C. Long-term sealing ability of Pulp Canal Sealer, AH-Plus, Gut-
taFlow and Epiphany. Int. Endod. ]. 2008, 41, 219-226, doi:10.1111/j.1365-2591.2007.01343.x.

Whitworth, J. Methods of filling root canals: Principles and practices. Endod. Top. 2005, 12, 2-24, doi:10.1111/j.1601-
1546.2005.00198.x.

Gupta, R.; Dhingra, A.; Panwar, N.R. Comparative Evaluation of Three Different Obturating Techniques Lateral Compaction,
Thermafil and Calamus for Filling Area and Voids Using Cone Beam Computed Tomography: An Invitro study. J. Clin. Diagn.
Res. 2015, 9, ZC15-ZC17, d0i:10.7860/JCDR/2015/12218.6279.

Kim, S.; Kim, S.; Park, J.-W_; Jung, 1.-Y.; Shin, S.-J. Comparison of the Percentage of Voids in the Canal Filling of a Calcium
Silicate-Based Sealer and Gutta Percha Cones Using Two Obturation Techniques. Materials 2017, 10, 1170,
d0i:10.3390/ma10101170.

Keles, A.; Alcin, H.; Kamalak, A.; Versiani, M.A. Micro-CT evaluation of root filling quality in oval-shaped canals. Int. Endod. ].
2014, 47, 1177-1184, doi:10.1111/iej.12269.

Krug, R.; Krastl, G.; Jahreis, M. Technical quality of a matching-taper single-cone filling technique following rotary instrumen-
tation compared with lateral compaction after manual preparation: A retrospective study. Clin. Oral Investig. 2017, 21, 643-652,
doi:10.1007/s00784-016-1931-z.



J. Clin. Med. 2021, 10, 1080 10 of 11

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Iglecias, E.F.; Freire, L.G.; Candeiro, G.T.D.M.; Dos Santos, M.; Antoniazzi, ].H.; Gavini, G. Presence of Voids after Continuous
Wave of Condensation and Single-cone Obturation in Mandibular Molars: A Micro-computed Tomography Analysis. J. Endod.
2017, 43, 638-642, doi:10.1016/j.joen.2016.11.027.

Gok, T.; Capar, LD.; Akcay, L; Keles, A. Evaluation of Different Techniques for Filling Simulated C-shaped Canals of 3-dimen-
sional Printed Resin Teeth. J. Endod. 2017, 43, 1559-1564, doi:10.1016/j.joen.2017.04.029.

Kiigiikkaya Eren, S.; Askerbeyli Ors, S.; Yilmaz, Z. Effect of Post Space Preparation on Apical Obturation Quality of Teeth
Obturated with Different Techniques: A Micro-computed Tomographic Study. J. Endod. 2017, 43, 1152-1156.

Guivarc’H, M.; Jeanneau, C.; Giraud, T.; Pommel, L.; About, I.; Azim, A.; Bukiet, F. An international survey on the use of calcium
silicate-based sealers in non-surgical endodontic treatment. Clin. Oral Investig. 2020, 24, 417-424, doi:10.1007/s00784-019-02920-
1.

Jeong, ].W.; DeGraft-Johnson, A.; Dorn, S.0.; Di Fiore, P.M. Dentinal Tubule Penetration of a Calcium Silicate-based Root Canal
Sealer with Different Obturation Methods. J. Endod. 2017, 43, 633-637, d0i:10.1016/j.joen.2016.11.023.

Celikten, B.; Uzuntas, C.F.; Orhan, A.L; Orhan, K.; Tufenkci, P.; Kursun, S.; Demiralp, K. Ozgiir Evaluation of root canal sealer
filling quality using a single-cone technique in oval shaped canals: An In vitro Micro-CT study. Scanning 2016, 38, 133-140,
doi:10.1002/sca.21249.

Celikten, B.; Uzuntas, C.F.; Orhan, A.L; Tufenkci, P.; Misirli, M.; Demiralp, K.O.; Orhan, K. Micro-CT assessment of the sealing
ability of three root canal filling techniques. J. Oral Sci. 2015, 57, 361-366, d0i:10.2334/josnusd.57.361.

Al-Hiyasat, A.S.; Alfirjani, S.A. The effect of obturation techniques on the push-out bond strength of a premixed bioceramic
root canal sealer. J. Dent. 2019, 89, 103169, doi:10.1016/j.jdent.2019.07.007.

Kim, H.; Kim, E.; Lee, S.-].; Shin, S.-]. Comparisons of the Retreatment Efficacy of Calcium Silicate and Epoxy Resin-based
Sealers and Residual Sealer in Dentinal Tubules. J. Endod. 2015, 41, 2025-2030, doi:10.1016/j.joen.2015.08.030.

Chybowski, E.A.; Glickman, G.N.; Patel, Y.; Fleury, A.; Solomon, E.; He, ]J. Clinical Outcome of Non-Surgical Root Canal Treat-
ment Using a Single-cone Technique with Endosequence Bioceramic Sealer: A Retrospective Analysis. ]. Endod. 2018, 44, 941—
945, d0i:10.1016/j.joen.2018.02.019.

Zavattini, A.; Knight, A.; Foschi, F.; Mannocci, F. Outcome of Root Canal Treatments Using a New Calcium Silicate Root Canal
Sealer: A Non-Randomized Clinical Trial. . Clin. Med. 2020, 9, 782, doi:10.3390/jcm9030782.

Bajawi, A.M.; Al-Sagoor, S.A.; Alhadi, A.A,; Alhadi, M.A.; Almasrahi, M.Y.; Al-Ghazali, N.; Al-Moaleem, M.M. Radiographic
Assessment of the Quality of Root Canal Treatments Performed by Practitioners with Different Levels of Experience. Biomed.
Pharmacol. ]. 2018, 11, 1609-1616, d0i:10.13005/bpj/1528.

Santos, S.M.C.; Soares, J.A.; César, C.A.S.; Brito-Janior, M.; Moreira, A.N.; de Magalhaes, C.S. Radiographic quality of root canal
fillings performed in a postgraduate program in endodontics. Braz. Dent. . 2010, 21, 315-321.

Molander, A.; Caplan, D.; Bergenholtz, G.; Reit, C. Improved quality of root fillings provided by general dental practitioners
educated in nickel?titanium rotary instrumentation. Int. Endod. ]. 2007, 40, 254-260, doi:10.1111/j.0143-2885.2007.01208.x.
Tavares, P.B.; Bonte, E.; Boukpessi, T.; Siqueira, ].F.; Lasfargues, J.-]. Prevalence of Apical Periodontitis in Root Canal-Treated
Teeth From an Urban French Population: Influence of the Quality of Root Canal Fillings and Coronal Restorations. J. Endod.
2009, 35, 810-813, doi:10.1016/j.joen.2009.03.048.

Awooda, E.M.; Siddig, R.I; Alturki, R.S.; Sanhouri, N.M. Radiographic technical quality of root canal treatment performed by
undergraduate dental students at the Academy Dental Teaching Hospital, UMST, Sudan. |. Int. Soc. Prev. Community Dent. 2016,
6, 554-558, d0i:10.4103/2231-0762.195515.

Eskandarloo, A.; Karkehabadi, H.; Hashemi, S.Z.H.; Ahmadi, M.; Hendi, S.S. Radiographic Quality of Root Canal Obturation
Performed By Fifth Year Students of Hamadan Dental School. Iran. Endod. ]. 2017, 12, 236-241.

Er, O.; Sagsen, B.; Maden, M.; Cinar, S.; Kahraman, Y. Radiographic technical quality of root fillings performed by dental stu-
dents in Turkey. Int. Endod. ]. 2006, 39, 867-872, d0i:10.1111/j.1365-2591.2006.01158 x.

Angerame, D.; De Biasi, M.; Pecci, R.; Bedini, R. Filling ability of three variants of the single-cone technique with bioceramic
sealer: A micro-computed tomography study. J. Mater. Sci. Mater. Med. 2020, 31, 1-8, doi:10.1007/s10856-020-06443-0.
Moinzadeh, A.T.; Zerbst, W.; Boutsioukis, C.; Shemesh, H.; Zaslansky, P. Porosity distribution in root canals filled with gutta
percha and calcium silicate cement. Dent. Mater. 2015, 31, 1100-1108, doi:10.1016/j.dental.2015.06.009.

Marciano, M.A.; Duarte, M.A.H.; Camilleri, J. Calcium silicate-based sealers: Assessment of physicochemical properties, poros-
ity and hydration. Dent. Mater. 2016, 32, e30—e40, doi:10.1016/j.dental.2015.11.008.

Liang, Y.-H,; Li, G.; Shemesh, H.; Wesselink, P.R.; Wu, M.-K. The association between complete absence of post-treatment per-
iapical lesion and quality of root canal filling. Clin. Oral Investig. 2012, 16, 1619-1626, doi:10.1007/s00784-011-0671-3.

Jafari, F.; Jafari, S. Importance and methodologies of endodontic microleakage studies: A systematic review. J. Clin. Exp. Dent.
2017, 9, e812—e819, doi:10.4317/jced.53604.

Gandolfi, M.G,; Parrilli, A.P.; Fini, M.; Prati, C.; Dummer, P.M.H. 3D micro-CT analysis of the interface voids associated with
Thermafil root fillings used with AHPlus or a flowable MTA sealer. Int. Endod. . 2013, 46, 253-263.

Formosa, L.; Damidot, D.; Camilleri, J]. Mercury Intrusion Porosimetry and Assessment of Cement-dentin Interface of Anti-
washout-type Mineral Trioxide Aggregate. . Endod. 2014, 40, 958-963, d0i:10.1016/j.joen.2013.11.015.

Ko, S.-Y.; Choi, HW.; Jeong, E.-D.; Rosa, V.; Hwang, Y.-C.; Yu, M.-K.; Min, K.-S. Main and Accessory Canal Filling Quality of a
Premixed Calcium Silicate Endodontic Sealer According to Different Obturation Techniques. Materials 2020, 13, 4389,
do0i:10.3390/ma13194389.



J. Clin. Med. 2021, 10, 1080 11 of 11

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Kim, S.R.; Kwak, SW.; Lee, ].-K.; Goo, H.-].; Ha, J.-H.; Kim, H.-C. Efficacy and retrievability of root canal filling using calcium
silicate-based and epoxy resin-based root canal sealers with matched obturation techniques. Aust. Endod. ]. 2019, 45, 337-345,
doi:10.1111/aej.12323.

Wang, Y.; Liu, S.; Dong, Y. In vitro study of dentinal tubule penetration and filling quality of bioceramic sealer. PLoS ONE 2018,
13, 0192248, d0i:10.1371/journal.pone.0192248.

Roizenblit, R.N.; Soares, F.O.; Lopes, R.T.; Dos Santos, B.C.; Gusman, H. Root canal filling quality of mandibular molars with
EndoSequence BC and AH Plus sealers: A micro-CT study. Aust. Endod. ]. 2020, 46, 82-87, doi:10.1111/aej.12373.

Pedulla, E.; Abiad, R.S.; Conte, G.; La Rosa, G.R.M.; Rapisarda, E.; Neelakantan, P. Root fillings with a matched-taper single
cone and two calcium silicate-based sealers: An analysis of voids using micro-computed tomography. Clin. Oral Investig. 2020,
24, 4487-4492, doi:10.1007/s00784-020-03313-5.

Le, P.; Fratini, E.; Chen, S.-H. Hydration-dependent dynamics of water in calcium-silicate-hydrate: A QENS study by global
model. Colloids Surf. B Biointerfaces 2018, 168, 187-192, d0i:10.1016/j.colsurfb.2018.01.039.

Kharouf, N.; Hemmerlé, J.; Haikel, Y.; Mancino, D. Technical Quality of Root Canal Filling in Preclinical Training at Strasbourg
University Using Two Teaching Protocols. Eur. ]. Dent. 2019, 13, 521-526.

Rafeek, R.N.; Smith, W.A.; Mankee, M.S.; Coldero, L.G. Radiographic evaluation of the technical quality of root canal fillings
performed by dental students. Aust. Endod. J. 2012, 38, 64—69, d0i:10.1111/j.1747-4477.2010.00270.x.

Moussa-Badran, S.; Roy, B.; Du Parc, A.S.B.; Bruyant, M.; Lefévre, B.; Maurin, J.C. Technical quality of root fillings performed
by dental students at the dental teaching centre in Reims, France. Int. Endod. ]. 2008, 41, 679-684, doi:10.1111/j.1365-
2591.2008.01417 .x.

Fong, C.; Heidarifar, O.; Killough, S.; Lappin, M.].; El Karim, L A. An audit on technical quality of root fillings performed by
undergraduate students. Int. Endod. . 2017, 51, €197-e203, doi:10.1111/iej.12803.

Bierenkrant, D.E.; Parashos, P.; Messer, H.H. The technical quality of nonsurgical root canal treatment performed by a selected
cohort of Australian endodontists. Int. Endod. |. 2008, 41, 561-570, doi:10.1111/j.1365-2591.2008.01398.x.

Bardini, G.; Casula, L.; Ambu, E.; Musu, D.; Mercade, M.; Cotti, E. A 12-month follow-up of primary and secondary root canal
treatment in teeth obturated with a hydraulic sealer. Clin. Oral Investig. 2020, 1-8, doi:10.1007/s00784-020-03590-0.



