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Abstract

The introduction of calcium-silicate-based sealers has renewed interest in simplified obtu-
ration protocols such as the single-cone technique, although warm techniques, including
carrier-based obturation, are still considered the gold standard. The aim of this in vitro
study was to compare the quality of root canal obturation achieved with single-cone and
carrier-based techniques when used with the same calcium-silicate-based sealer. Thirty
extracted mandibular molars were prepared using a standardized rotary instrumentation
protocol and randomly assigned to two groups (n = 15 each): Group A was obturated
using a carrier-based technique (Soft-Core obturators), while Group B was obturated with
the single-cone technique. All canals were filled with the same calcium-silicate-based
sealer (NeoSEALER Flo). Micro–computed tomography was used to evaluate the num-
ber and volume of voids of the obturation. Quantitative analysis showed that Group A
exhibited a significantly lower number of voids (9.0 ± 5.0) and reduced total void volume
(2.58 ± 0.8 mm3) compared with Group B (22.0 ± 10.1 voids; 4.71 ± 1.1 mm3; p = 0.00002
and p = 0.0026, respectively). Qualitative analysis confirmed that carrier-based obturation
achieved a denser and more homogeneous filling, while the single-cone technique showed
larger voids mainly in the coronal and middle thirds. Both techniques provided a reliable
apical seal. Within the limitations of this in vitro study, carrier-based obturation demon-
strated superior overall filling quality compared with the single-cone technique when used
with a calcium-silicate-based sealer, particularly in the middle and coronal regions of the
root canal.

Keywords: endodontics; root canal obturation; calcium-silicate-based sealers; micro-
computed tomography; carrier-based obturation; single-cone technique

1. Introduction
The long-term success of endodontic therapy relies on the thorough elimination of

infection and the three-dimensional sealing of the root canal system. Despite advances in
instrumentation and irrigation, the quality of obturation remains a critical determinant of
prognosis. Inadequate sealing, particularly at the apical third, is strongly associated with
bacterial reinfection and the persistence of periapical lesions [1,2]. Clinical data suggest
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that a substantial proportion of endodontic failures are directly linked to incomplete or
defective root canal filling [3].

While cold lateral condensation represents the traditional obturation technique, warm
vertical compaction has been extensively described as a benchmark method for achieving
three-dimensional filling of the root canal system due to its improved adaptation and homo-
geneity [4,5]. Its ability to plasticize gutta-percha allows dense fillings and better adaptation
to irregularities, isthmuses, and lateral canals [6]. However, this technique presents some
limitations, including shrinkage of gutta-percha upon cooling, technical sensitivity, and the
potential for sealer extrusion [7]. These drawbacks, combined with the increasing demand
for simplified protocols, have driven research into alternative approaches.

The introduction of calcium-silicate-based sealers (CSSs) has significantly changed the
clinical scenario [8]. These materials, often vaguely referred to as bioceramic sealers [9],
are biocompatible, bioactive, dimensionally stable, and capable of setting in the presence
of moisture and blood [10]. Their bioactivity promotes the release of calcium ions and the
nucleation of apatite, potentially improving the sealer–dentin interface and supporting
periapical healing [11]. These properties support the use of the single-cone (SC) technique,
where gutta-percha functions mainly as a carrier for the sealer. The SC approach simplifies
the clinical procedure, is less operator-dependent, and reduces the risk of heat-related stress
to periodontal tissues [12,13]. Nevertheless, concerns remain regarding excessive reliance
on sealer, difficulties in retreatment, void formation and the risk of underfilling [14].

Recently, new formulations of CSS have been designed to tolerate moderate heat,
enabling their use not only with cold SC obturation but also in combination with ther-
moplasticized and carrier-based techniques [15]. Warm vertical compaction combined
with CSS may offer greater adaptation in complex anatomies [16], yet the potential risk of
shrinkage and extrusion persists. Conversely, SC obturation simplifies the procedure and
reduces operator variability but may increase the risk of sealer-rich fillings with interfacial
voids [17,18]. NeoSealer Flo is a premixed CSS that sets through a moisture-dependent
hydration reaction. Its formulation, which includes calcium silicate and calcium aluminate
phases combined with radiopacifiers, confers high flowability and a hydraulic setting
mechanism [14]. These physicochemical properties may influence sealer thickness, spatial
distribution, and void formation within the root canal system, depending on the obturation
technique applied.

Several recent studies, including systematic reviews, have compared these techniques;
however, results remain inconsistent [19–21]. Some investigations report comparable heal-
ing and sealing outcomes between SC and traditional warm obturations techniques [17,22],
whereas others emphasize higher apical gaps or increased voids when the SC method is
used [13,18]. Moreover, most available evidence evaluates different sealers across tech-
niques, leaving limited data on the direct comparison of the same CSS applied with both
approaches and rarely investigating the newer formulations specifically designed to toler-
ate heat.

Therefore, the present study aimed to evaluate and compare the quality and quantity
of obturation using a CSS applied with the SC technique and with the warm carrier-based
(WCB) technique, analyzed through high-resolution micro-computed tomography (µ-CT).
The null hypothesis was that there would be no significant differences in obturation quality,
assessed by three-dimensional void distribution and volume, between the two obturation
techniques when using a last-generation CSS.
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2. Materials and Methods
2.1. Specimen Collection

Thirty extracted human mandibular molars were selected from a pool of teeth re-
moved for periodontal or orthodontic reasons from subjects aged between 18 and 30 years.
According to the Local Ethic Committee guidelines and WMA Declaration of Helsinki
(2013) [23], informed consent was obtained from the subjects that were aware that their
hard-dental tissues, as a byproduct of the surgical procedures would be used for research
purposes. Inclusion criteria were intact coronal surfaces, absence of caries, two separate
roots with two mesial canals and one distal canal with fully formed apices, and a root
angulation between 10◦ and 30◦. Exclusion criteria, including root resorption, immature
apices, fractures, previous root canal fillings, and significant calcifications, were detected
using a ×10 objective (Eclipse Ni, Nikon, Amstelveen, The Netherlands). Mandibular
molars were selected to provide a standardized and anatomically complex root canal sys-
tem, allowing a reliable evaluation of obturation quality. In selected teeth, remnants and
connective tissue debris were removed with manual and ultrasonic scaling. Therefore,
the teeth were decoronated to obtain a standardized root length of approximately 15 mm,
which was used as a reference to define three virtual regions of interest (coronal, middle,
and apical thirds), each measuring 5 mm, for micro-computed tomography (µ-CT) analysis.
Samples were stored throughout the study in 0.5% (wt/wt) chloramine (NH2Cl) solution
at room temperature (27 ◦C), which was refreshed every two weeks.

Each tooth was scanned with µ-CT both before and after root canal obturation in
order to establish baseline anatomical parameters and to allow a precise comparative
evaluation of voids. Indeed, based on root canal system volume and comparable anatomical
features, samples with similar morphology were selected for inclusion in the study, ensuring
uniformity and minimizing potential bias related to anatomical variability. Scans were
performed using a Bruker SkyScan 1174 system (Skyscan, Kartuizersweg, Kontich, Antwerp,
Belgium) installed at the Laboratories of the Center for Nanostructure Microscopy Research
and Service (CISMiN), Università Politecnica delle Marche. Acquisition parameters were
standardized and conserved identical for both pre- and post-obturation scans: 50 kV X-ray
source voltage, 800 µA current, and a 1 mm aluminum filter to minimize beam hardening.
Pixel size was set to 11.5 µm, with 0.4◦ rotational steps over 180◦, and an exposure time of
10 s per projection. To cover the entire specimen in the z-axis, two consecutive acquisitions
were performed for each tooth. The average scanning time was approximately 4 h per
sample, yielding about 950 projections.

Reconstruction of cross-sectional images was performed with NRecon software (ver-
sion 1.6.10.2, Bruker, Billerica, MA, USA), applying consistent correction parameters for all
acquisitions: ring artifact reduction (4.0), smoothing (5.0), beam hardening correction (35%),
and individualized misalignment compensation. The reconstructed datasets were then
analyzed using Dragonfly 2022.2 software (Comet Technologies Canada Inc., Montreal, QC,
Canada) to perform three-dimensional (3D) evaluations, ensuring that identical measure-
ment protocols were applied to pre- and post-obturation scans for accurate quantification
of filling material and voids [24].

2.2. Root Canal Instrumentation and Obturation

All root canal preparation and filling procedures were carried out by a single operator,
an endodontic specialist, to ensure standardization. After access cavity preparation, canal
patency was confirmed using a size 10 K file (Zarc4Endo, Gijón, Spain), and the working
length was established 0.5 mm shorter than the apical foramen using an electronic apex
locator (Root ZX, Morita Europe, Dietzenbach, Germany) [17,25]. A glide path was prepared
up to a size 15 K file.
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Instrumentation was performed with BlueShaper Pro rotary files (Zarc4Endo, Gijón,
Spain) in the sequence recommended by the manufacturer (Z1, Z2, Z3, and Z4) at 500 rpm
and 4 Ncm torque. Irrigation was carried out at each step of instrumentation for 1 min with
2.5% sodium hypochlorite and 17% EDTA, using an IrriFlex 30-gauge needle (Produits
Dentaires SA, Veyvey, Switzerland) introduced 2 mm short of the WL [26]. At the end of
instrumentation, the canals received a final irrigation with the same protocol and were
dried with paper points calibrated with the last shaping file (Z4).

After instrumentation, specimens were randomly assigned into two experimental
groups according to the obturation technique:

Group A (n = 15): WCB obturation with Soft-Core obturator (CMS Dental, Glyn-
gore, Roslev, Denmark) in combination with CSS NeoSEALER Flo (Avalon Biomed, NuS-
mile, Ltd., Houston, TX, USA). Soft-Core obturators were selected according to verifiers.
NeoSEALER Flo was placed on the canal walls. Obturators were heated in a Soft-Core
oven (CMS Dental) following manufacturer instructions and then inserted slowly to full
working length. Excess material protruding coronally was removed with a Therma-Cut
bur (Maillefer Dentsply Sirona, Charlotte, NC, USA).

Group B (n = 15): SC obturation with a gutta-percha master cone coated with the
CSS NeoSEALER Flo (Avalon Biomed, NuSmile, Ltd., Houston, TX, USA). Calibrated
gutta-percha master cone (Z4 Gutta-percha points, Zarc4Endo) was used. NeoSEALER
Flo was delivered into the coronal half of the canal using a premixed syringe with a
25-gauge disposable needle (NeoSEALER Flo tips, Avalon Biomed, NuSmile, Ltd., Houston,
TX, USA). The master cone was coated with sealer and inserted to full working length
without pumping or rotation. Excess gutta-percha was removed at the canal orifice with a
heated plugger.

After obturation, periapical radiographs were taken immediately to verify the quality
of the filling procedures. Subsequently, all specimens were stored at 37 ◦C and 100% hu-
midity for 14 days to allow complete setting of CSS, in accordance with previous µ-CT
studies [27,28]. Prior to micro-CT scanning, specimens were anonymized and assigned a
coded identification number to ensure blinding. Specimens were then rescanned using the
same micro-CT parameters described above. The reconstructed datasets were analyzed
with VG Studio MAX (Volume Graphics, vers.1.2.1, Heidelberg, Germany) to calculate the
number and volume of detected voids (mm3).

Three-dimensional void detection and quantification were performed by a single
trained investigator, blinded to the obturation technique, using an automated segmentation
and morphometric analysis workflow. In the three-dimensional reconstructions, voids
and filling materials were highlighted in different colors for improved visualization. In
the present study, obturation quality was assessed by three-dimensional void analysis. In
µ-CT evaluation, interfacial gaps and apical sealing ability are indirectly represented by the
presence, distribution, and volume of voids rather than by separate linear measurements.
For void detection, a minimum detectable void volume (MDVV) was defined based on
the spatial resolution of the µ-CT system (voxel size: 11.5 µm). Objects smaller than
27 voxels (3 × 3 × 3) were excluded to minimize image noise, corresponding to an
MDVV of 4.1 × 10−5 mm3. For descriptive purposes only, voids were further catego-
rized according to their volumetric extent as small, medium, or large, as detailed in
Supplementary Table S1.

2.3. Statistical Analysis

The statistical analysis of the morphometric data obtained from the µ-CT was per-
formed using Prism 9 (GraphPad Software, Inc., San Diego, CA, USA). The normality of the
data distribution was assessed with the Shapiro–Wilk test (p > 0.05), and the homogeneity
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of variances with Levene’s test (p > 0.05). Although the number of voids represents a count
variable, it was treated as a continuous outcome because values were sufficiently large
and approximately normally distributed, allowing parametric comparison of group means.
Since both assumptions were satisfied, comparisons between Group A and Group B were
carried out using independent-samples t-tests on the following parameters: number of
voids and void volume (mm3). All data were expressed as mean ± standard deviation (SD).
Statistical significance was set at p < 0.05. The sample size for each group was determined a
priori using G*Power (version 3.1.9.7, Heinrich-Heine-Universität, Düsseldorf, Germany) to
achieve a statistical power of 0.80 at a significance level of 0.05, which required a minimum
of 13 samples per group. To account for possible specimen loss, 15 samples were included
in each group.

3. Results
µ-CT analysis allowed both a qualitative and quantitative evaluation of the obturation

quality obtained with the two techniques. Representative 3D reconstructions of Group A
and Group B are shown in Figure 1 and Figure 2, respectively.

 

Figure 1. Representative µ-CT images of Group A (carrier-based obturation with calcium-silicate-
based sealer). The figure shows a 3D rendering together with multiplanar axial and sagittal sections
of the root canal system. The obturated material is displayed in blue, while voids are highlighted in
red. Voids were mainly observed in the coronal and middle thirds, while no voids were detected in
the apical third. The apex appeared completely sealed without detectable voids.

The quantitative analysis focused on the overall number and total volume of voids
per root canal, while the regional distribution of voids along the coronal, middle, and
apical thirds was evaluated qualitatively using three-dimensional µ-CT reconstructions.
Qualitatively, voids were detected in different areas of the root canal system, with distinct
distribution patterns between the two groups. In Group A, voids were mainly observed
in the coronal and middle thirds, while the apical third showed a more homogeneous
filling pattern, as illustrated in Figure 1. In contrast, in Group B, voids were larger in
size, with a greater total volume, and were predominantly concentrated in the coronal
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and middle thirds of the root canal. Additional voids were also observed in the apical
third, indicating a less homogeneous filling along the entire root canal length (Figure 2).
Nevertheless, in both groups, the apex appeared completely sealed without detectable
voids. In addition, representative µ-CT images (Figures 3 and 4) were used to further
analyze the obturation techniques by differentiating the filling components. This analysis
enabled a clear distinction between gutta-percha and CSS, allowing assessment of their
spatial distribution within the root canal system and the localization of voids. The WCB
method produced a significantly lower number and volume of voids, resulting in a denser
and more homogeneous filling throughout the root canal system, as shown in Figure 3.

 

Figure 2. Representative µ-CT images of a Group B (single-cone obturation with calcium-silicate-
based sealer). The figure shows a 3D rendering together with multiplanar axial and sagittal sections
of the root canal system. The obturated material is displayed in blue, while voids are highlighted in
red. Larger voids were predominantly located in the coronal and middle thirds, with additional voids
also observed in the apical third. The apex appeared completely sealed without detectable voids.

In contrast, the SC technique, while ensuring apical sealing, exhibited significantly
larger and more frequent voids, predominantly in the coronal and middle thirds, as shown
in Figure 4.

The quantitative analysis confirmed these observations, as reported in Table 1.

Table 1. Comparison of the number and volume of voids between Group A (carrier-based obturation)
and Group B (single-cone obturation). Values are expressed as mean ± standard deviation (SD).

Outcome Group A Group B p-Value

Number of voids 9 ± 5.0 22 ± 10.1 0.00002 *
Void volume (mm3) 2.58 ± 0.8 4.71 ± 1.1 0.0026 *

* Statistically significant at p < 0.001.
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Figure 3. Representative µ-CT images of Group A (carrier-based obturation technique). Three-dim-
ensional reconstruction was used to isolate the filling materials from the dental root system. This
approach highlights the distinction between gutta-percha (displayed in green) and calcium-silicate-
based sealer (displayed in yellow).

Figure 4. Representative µ-CT images of Group B (the single cone obturation technique). Three-dim-
ensional reconstruction was used to isolate the filling materials from the dental root system. This
approach highlights the distinction between gutta-percha (displayed in green) and calcium-silicate-
based sealer (displayed in yellow).

Group A showed a significantly lower number of voids (p = 0.00002) and void volume
(p = 0.0026) compared with Group B. In particular, the number of voids was significantly
lower in Group A (9 ± 5.0) compared with Group B (22 ± 10.1, p = 0.0002), as reported in
Figure 5.
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Figure 5. Box plot illustrating the distribution of the number of voids in Group A (carrier-based
obturation) and Group B (single-cone obturation). The green triangle indicates the mean value, the
horizontal line represents the median, and the box shows the interquartile range; whiskers indicate
data dispersion. The empty circle indicates an outlier. Each data point represents one root canal
system (one tooth). The sample size was n = 15 for each group.

Similarly, the total void volume was significantly reduced in Group A (2.58 ± 0.8 mm3)
compared to Group B (4.71 ± 1.1 mm3, p = 0.0026), as reported in Figure 6.

 
Figure 6. Box plot illustrating the distribution of void volume (mm3) in Group A (carrier-based
obturation) and Group B (single-cone obturation). The green triangle indicates the mean value, the
horizontal line represents the median, and the box shows the interquartile range; whiskers indicate
data dispersion. The empty circle indicates an outlier. Each data point represents one root canal
system (one tooth). The sample size was n = 15 for each group.

Overall, both the qualitative and quantitative analyses revealed statistically significant
differences between the two obturation techniques (p < 0.001).
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4. Discussion
A three-dimensional seal of the root canal system is essential for the long-term success

of endodontic therapy. CSSs are increasingly used as biomimetic obturation materials, as
their ion release and bioactivity promote a mineralizing seal within dentin and support
a favorable biological response [29]. Nevertheless, the optimal obturation technique for
achieving a predictable hermetic seal with these materials remains controversial. In recent
years, the SC technique combined with CSS has regained popularity due to its simplicity, re-
duced operative time, and lower costs compared with warm obturation techniques [30,31].
However, WCB techniques are still widely regarded as the gold standard, as thermoplasti-
cized gutta-percha can better adapt to canal irregularities and reduce interfacial gaps [32,33].
In the present study, both qualitative and quantitative µ-CT analyses revealed statistically
significant differences between the two obturation techniques performed with the same CSS.
Therefore, the null hypothesis was rejected, as the obturation technique significantly influ-
enced three-dimensional filling quality when a CSS was used. Although both techniques
achieved a consistent apical seal, significant differences were observed in void number
and void volume, which were used as three-dimensional surrogate parameters to infer
filling homogeneity, particularly in the middle and coronal thirds of the canal. Specifically,
CSS tended to completely fill the apical region, where the canal lumen is narrower, result-
ing in an effective seal regardless of the obturation technique. In contrast, in the middle
and coronal thirds, characterized by wider and more complex anatomy, CSS distribution
was less homogeneous, and voids were more frequently detected. In these regions, the
WCB technique provided a denser and more homogeneous filling compared with the SC
approach, confirming that the obturation technique plays a relevant role in determining
filling quality when CSS are employed. Beyond void detection, µ-CT enabled discrimina-
tion among gutta-percha and sealer components, allowing a detailed three-dimensional
assessment of material distribution within the root canal system. The novelty of the present
study lies in the methodological approach based on three-dimensional µ-CT analysis with
digital segmentation of the obturation materials, which allowed CSS to be isolated from
gutta-percha. This approach enabled a precise visualization and assessment of the spatial
distribution and behavior of the sealer within the root canal system, independently of the
obturation technique used. These findings highlight the limitations of sealer-dependent
techniques in wider canal areas and underscore the importance of obturation methods ca-
pable of enhancing material compaction and adaptation. Consistent with previous reports,
the SC technique has been shown to be less effective than warm obturation approaches,
mainly due to limited adaptation of standardized gutta-percha cones to canal walls and
inadequate filling of isthmuses and lateral canals [34–36]. Conversely, warm obturation
techniques, including carrier-based and continuous-wave approaches, have been associated
with denser fillings and reduced gap formation, as thermoplasticized gutta-percha can
flow into canal irregularities and improve interfacial adaptation [37]. The use of warm
obturation techniques in combination with CSS remains debated, primarily due to con-
cerns derived from in vitro studies suggesting that elevated temperatures may interfere
with setting kinetics, hydration reactions, and physicochemical stability [38]. Excessive
heat may induce partial dehydration of the sealer, potentially affecting flowability, film
thickness, and sealing ability [39]. However, such effects have largely been reported under
experimental conditions that do not accurately reproduce the clinical thermal environ-
ment. Available evidence indicates that carrier-based obturation systems do not sustain
high intraradicular temperatures, as thermal energy is rapidly dissipated following car-
rier insertion, resulting in temperature levels well below those reported to negatively
influence CSS [40–42]. Consequently, thermal exposure during clinical warm obturation
procedures appears transient and limited [42]. The present findings support the feasibility
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of combining WCB techniques with NeoSEALER Flo, as temperature-related alterations
described in laboratory settings may be clinically negligible when appropriate protocols
are applied. When considered alongside the favorable biological properties and bioactivity
of CSS, these results suggest that warm obturation techniques can be safely employed with
NeoSEALER Flo in routine clinical practice [17]. Moreover, the setting characteristics of CSS
may have influenced the outcomes observed in the present study. As hydraulic materials,
CSS undergo a moisture-dependent setting reaction that progresses over time, leading
to dimensional stability and slight expansion [10]. In simplified obturation approaches
such as the SC, where the sealer constitutes a substantial portion of the filling mass, these
setting dynamics play a critical role in determining final filling quality. In wider or irregular
canal regions, limited compaction may increase the likelihood of void formation during the
setting phase. Conversely, in WCB, the use of thermoplasticized gutta-percha enhances
material compaction and adaptation, reducing sealer thickness and consequently limiting
the impact of sealer setting behavior on the final obturation outcome. This interaction be-
tween obturation technique and sealer setting dynamics is consistent with the present µ-CT
findings, which demonstrated comparable apical sealing but improved filling homogeneity
in the middle and coronal thirds when warm obturation was applied. Clinically, the present
data indicate that the choice of obturation technique significantly influences filling quality
when CSSs are used. While the apical region appears consistently well sealed, differences
emerge in the middle and coronal thirds, where canal morphology is more complex and
space-dependent. In such cases, WCB techniques may be preferable to enhance material
compaction and adaptation, potentially improving long-term sealing performance. Con-
versely, the SC technique combined with CSS may represent a clinically acceptable and
time-efficient option in teeth with narrow, minimally flared canals and relatively simple
anatomy, where adequate adaptation of the gutta-percha cone and sealer can be achieved.
This study has some limitations. Anatomical variability of the root canal system may
have influenced obturation outcomes and limits generalizability. Although µ-CT provides
accurate three-dimensional evaluation of voids and material distribution, it does not allow
direct assessment of their clinical relevance. Accordingly, longitudinal clinical studies are
needed to determine whether void characteristics influence long-term treatment success.
Finally, the long-term behavior of CSSs exposed to thermal stress during warm obturation
remains unclear, and future investigations should evaluate different formulations to clarify
potential heat-related effects over time.

5. Conclusions
Within the limitations of this in vitro µ-CT study, the obturation technique significantly

influenced 3D filling quality when a CSS was used. Although both techniques achieved a
consistent apical seal, WCB resulted in a denser and more homogeneous filling, with fewer
voids in the middle and coronal thirds compared with the SC. These findings highlight the
influence of obturation technique on material distribution and void formation when CSSs
are employed, particularly beyond the apical region. Further studies are needed to deter-
mine the clinical implications of these differences under varying anatomical conditions.
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