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Abstract: The present study evaluated the effect of ultrasonic agitation on the porosity distribution
of BioRoot RCS/single gutta-percha cone (BR/SC) and MTA Flow (MF) root canals fillings used
as apical plugs in moderately curved and apically perforated roots. Eighty mesial root canals of
mandibular first molars were enlarged up to ProTaper NEXT X5 rotary instrument 2 mm beyond
the apical foramen, simulating apical perforations. Specimens were randomly divided into four
experimental groups (20 canals per group) according to the material and technique used for root
canal obturation: BR/SC, BR/SC with ultrasonic agitation (BR/SC-UA), MF and MF with ultrasonic
agitation (MF-UA). The ultrasonic tip was passively inserted into the root canal after the injection
of flowable cement and activated for 10 s. The specimens were scanned before and after obturation
with a high-resolution micro-computed tomography scanner, and the porosity of the apical plugs
was assessed. The differences between groups were analyzed using the Kruskal-Wallis and Mann-
Whitney tests, with the significance level set at 5%. None of the obturation materials and techniques
used in this study was able to provide a pore-free root canal filling in the apical 5 mm. Considerably
higher percentages of open and closed pores were observed in the MF and MF-UA groups, with
the highest porosity being in the MF-UA group (p < 0.05). No significant differences were observed
between the BR/SC and BR/SC-UA groups, where the quantity of open and closed pores remained
similar (p > 0.05).

Keywords: apical plug; BioRoot RCS; micro-computed tomography; MTA Flow; porosity; root
perforation; single cone; ultrasonic

1. Introduction

Root perforation is characterized as a communication between the root canal system
and the surrounding periodontal tissues [1]. Perforations occurring due to dental caries or
resorption are commonly defined as pathologic in nature [2], while iatrogenic perforations
are usually related to inappropriate prosthodontic or endodontic treatment [3]. Up to 20% of
endodontically treated teeth are diagnosed with root perforations, of which the majority are
caused by various iatrogenic errors [4]. The most severe complication of root perforations
is a persistent inflammation, breakdown of periodontal tissues and subsequent loss of
bone attachment, ultimately leading to a tooth extraction [5]. Therefore, early diagnosis
and appropriate perforation repair have a major influence on the long-term prognosis and
survival of the affected tooth [4]. It is generally assumed that apical root perforation, which
usually occurs because of endodontic instrumentation during the root canal preparation,
has a good prognosis [6]. However, the management of apical root perforations frequently
poses a challenge even for experienced endodontists, as visualization and direct access
to the perforation site, especially in moderately or severely curved root canals, can be
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remarkably complicated, with a significant risk of collateral treatment mishaps, errors and
complications [2].

The main goal of apical root perforation repair is to obtain a persistent bacteria-tight
apical seal to prevent the percolation of fluids, microorganisms and their byproducts in the
periapical tissues, allowing the healing and reorganization of damaged tissues [7]. Before
the introduction of mineral trioxide aggregate (MTA), various dental materials, such as
amalgam or glass ionomer cement, were used to repair root perforations. However, MTA
instantly gained popularity due to its favorable biological, physical and chemical prop-
erties, which ensured an overall success rate of perforation repair of more than 80% [3,7].
Nevertheless, modifications of the original MTA formulation have been recently made
to overcome its poor handling characteristics and long setting time [8]. MTA Flow (MF)
(Ultradent Products Inc., South Jordan, UT, USA) is a relatively new MTA-based repair
material, consisting of a di- and tri-calcium silicate grey powder and a water-soluble
silicone-based gel [9]. MF was developed to give the clinician a variety of mixing options
and consistencies, facilitating the manipulation and delivery of the material into the root
canal [10]. Due to the extremely small particle size of less than 10µm, MF can be prepared
in a thin consistency and delivered to the perforation site using a 29-G needle [11].

Although MTA-based materials have been widely used for root perforation repair
since their first introduction [12], various investigations of hydraulic calcium silicate-based
cements (HCSC) have shown that BioRoot RCS (Septodont, Saint-Maur-des-Fosses, France)
could be effectively used as a filler and seal the apical root perforation as well [13]. BioRoot
RCS possesses all the necessary antibacterial, biocompatible and bioactive properties, which
promote the regeneration of periapical tissues and contribute to the recruitment of osteo-
odontogenic stem cells within the apical environment [14]. Moreover, this material has the
desirable dimensional stability and low solubility and provides high clinical success rates
when used in conjunction with a single gutta-percha cone (SC) obturation technique [15–17].
In contrast to cold lateral compaction or various thermoplastic methods, the BioRoot
RCS/single gutta-percha cone (BR/SC) obturation technique is clinically appealing due to
its simplicity, as no superior clinical skills or any additional armamentarium and devices
are needed [18]. However, the available data on the performance of the BR/SC technique
used for an apical plug in apically perforated roots are still limited. There is only one
study demonstrating the sealability of apical perforations using the BR/SC technique and
porosity distribution in these fillings [19].

Ultrasonic devices have been successfully used in endodontics over the years for a
wide range of clinical procedures, including root canal obturation [20,21]. It has been
reported that ultrasonication of the sealers during the root canal filling procedure may
increase their penetrability into the dentinal tubules and improve the interfacial adaptation
between the filling material and the root canal wall [22,23]. Additionally, ultrasonic energy
is capable of rearranging the material particles and removing the entrapped air and thus
reducing the porosity [24,25]. Therefore, ultrasonic agitation has been recommended in
order to improve the quality and homogeneity of root canal fillings [25,26]. However, most
of the previous research has investigated the effect of ultrasonic agitation, applied to the
sealers indirectly, and there are still no data available on the porosity distribution within
the BR/SC and MF root canal fillings after the use of direct ultrasonication.

Micro-computed tomography (micro-CT) is a widely accepted non-destructive method
to perform two-dimensional (2D) and three-dimensional (3D) assessments of root canal
fillings using high-resolution images [27]. Micro-CT analysis, due to its high accuracy,
can be used to determine the overall porosity of the fillings as well as to identify and
quantify open and closed pores separately [28]. Therefore, the present study aimed to
evaluate, by means of micro-CT analysis, the effect of direct ultrasonic agitation on the
porosity distribution in BR/SC and MF root canal fillings used as apical plugs in artificially
perforated and moderately curved roots of mandibular molars. The null hypothesis tested
was that direct ultrasonic agitation significantly impacts the quality and homogeneity of
BR/SC and MF apical plugs, decreasing their porosity.
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2. Materials and Methods
2.1. Specimen Selection and Preparation

A total of 40 human mandibular first molars were selected for this study, under the
approval of the local ethics committee (protocol no. EK-2). The minimum sample size
was calculated using G*Power 3.1.9.7 software (Heinrich Heine, Iniversität Düsseldorf,
Düsseldorf, Germany) followed by t-test family, α error probability of 0.05 and 1-β error
probability of 0.95. Therefore, the requirement of 16 root canals per group was determined.
Teeth were extracted for medical reasons unrelated to the present study and were stored
in a saline solution at room temperature until use. Only molars with two separate mesial
root canals, fully developed root apices and moderately curved roots (10◦–20◦) were
selected. The root curvature was determined on preoperative radiographs using Shilder’s
method [29].

The orifices of root canals were accessed conventionally by preparing endodontic
cavities with high-speed Endo Access burs (Dentsply Sirona, Ballaigues, Switzerland)
under copious water-cooling. The presence of two separate mesial root canals was con-
firmed radiographically using the size 10 K-file (Dentsply Sirona, Ballaigues, Switzerland)
inserted to the full working length (WL). The WL of both mesial canals was determined
by inserting a size 10 K-file into the root canal until the tip approached the apical foramen
and was visible under 10× magnification (OPMI Pico, Carl Zeiss, Oberkochen, Germany).
Afterwards, the WL was increased by 2 mm to over-instrument the root canal and simulate
apical perforation. All mesial canals were enlarged beyond the apical foramen. The glide
path was created using size 15 and 20 K-Flexofiles (Dentsply Sirona, Ballaigues, Switzer-
land), and the root canal shaping was performed with ProTaper NEXT (Dentsply Sirona,
Ballaigues, Switzerland) nickel-titanium rotary instruments at the established WL in the
following sequence: X1 (17/0.04), X2 (25/0.06), X3 (30/0.07), X4 (40/0.06) and X5 (50/0.06).
Instruments were driven using an X-Smart (Dentsply Sirona, Ballaigues, Switzerland)
endodontic motor at the rotation speed of 300 rpm and the torque of 1 Ncm.

After the use of each instrument, root canals were repeatedly irrigated with 5 mL 3%
sodium hypochlorite (Ultradent Products Inc., South Jordan, UT, USA), while 5 mL of 18%
ethylenediaminetetraacetic acid (Ultradent Products Inc., South Jordan, UT, USA) followed
by 5 mL of distilled water was used for the final flush at the end of instrumentation. The
irrigants were delivered using 29-G NaviTip needles (Ultradent Products Inc., South Jordan,
UT, USA) attached to disposable syringes. Afterwards, the root canals were dried with
paper points.

The imitation of surrounding periodontal tissues and the alveolar bone was achieved
using prefabricated A-silicone (3M ESPE, Seefeld, Germany) blocks. Specimens were
fixed in these blocks up to the cement-enamel junction after the coverage of apices with a
polytetrafluoroethylene tape (Tesa SE, Norderstedt, Germany).

2.2. Root Canal Obturation

A true randomness generator (www.random.org, accessed on 25 October 2021) was used
for random allocation of the samples into four equal experimental groups (10 teeth/20 canals
per group), according to the material and technique selected and used for root canal obturation:

• BR/SC group—the root canals were filled with BioRoot RCS sealer and single Pro-
Taper NEXT size X5 gutta-percha point (Dentsply Sirona, Ballaigues, Switzerland).
The apical 4 mm of the gutta-percha point was cut with a sterile scalpel to fit the
gutta-percha with a tug-back effect at a length 2 mm shorter than the perforated
apical foramen. The sealer was mixed according to the manufacturer’s instructions,
inserted into the Skini syringe (Ultradent Products Inc., South Jordan, UT, USA) and
subsequently delivered into the root canal via attached plastic Capillary Tip cannula
(Ultradent Products Inc., South Jordan, UT, USA). The tip was inserted approximately
2 mm shorter than the perforation site, and the plunger of the syringe was gently
pressed while withdrawing the plastic cannula until reaching the orifice level. After
the injection of BioRoot RCS, the pre-fitted gutta-percha point was coated with a
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thin amount of the sealer and gently inserted into the root canal 2 mm short of the
perforated apex.

• BR/SC-UA group—the root canals were filled with BioRoot RCS sealer and single
ProTaper NEXT size X5 gutta-percha point using ultrasonic agitation. The selection
and adaptation of the gutta-percha point and the injection of the sealer were accom-
plished identically to the BR/SC group. After delivering the sealer into the root canal,
an Ultrawave ET25 ultrasonic tip (Ultradent Products Inc., South Jordan, UT, USA)
attached to an Ultrawave XS ultrasonic device (Ultradent Products Inc., South Jordan,
UT, USA) was directly inserted into the root canal and BioRoot RCS sealer 2 mm
short of the WL. The ultrasonic tip was activated for 10 s at the medium power using
Reflex technology (Ultradent Products Inc.), capable of automatic real-time frequency
adjustment of 28–36 kHz. The pre-fitted gutta-percha point was subsequently coated
with a small amount of the sealer and slowly inserted into the root canal 2 mm shorter
than the apical foramen.

• MF group—the root canals were filled with MTA Flow cement. A total of 0.19 g of
powder and 3 drops of liquid were mixed according to the manufacturer’s recommen-
dations to get a thin consistency of the cement. The mixed material was inserted into
the clear Skini syringe, and the flowability of the material was checked by extruding
the small amount of the cement through the attached 29-G NaviTip needle. The filling
material was delivered into the root canal by slowly pressing the plunger of the syringe
and withdrawing the tip, which was inserted 2 mm short of the perforated apex.

• MF-UA group—the root canals were filled with MTA Flow cement using ultrasonic
agitation. The filling material was prepared and injected into the root canal in the
same manner as in the MF group. Afterwards, the Ultrawave ET25 ultrasonic tip
was directly inserted into the root canal and MTA Flow cement 2 mm short of the
perforation site and activated for 10 s at the 28–36 kHz frequency and the power
described previously.

Postoperative radiographs were made immediately after the obturation of the root
canals to evaluate the filling quality. The obturation procedure was repeated when a lack
of homogeneity or inadequate filling length was observed. New radiographs were taken
to confirm the quality of the root canal fillings afterwards. The heat carrier was used to
cut the gutta-percha point at the orifice level in the BR/SC and BR/SC-UA groups. The
endodontic access cavities of all specimens were sealed with temporary filling material
Cavit™-W (3M ESPE, Seefeld, Germany), and the teeth were stored at 37 ◦C and 100%
humidity for 7 days to allow the filling materials to set completely.

All specimens were prepared and obturated by a single operator: an experienced
endodontist.

2.3. Micro-CT Analysis

Teeth were scanned before and after root canal obturation with a high-resolution
micro-CT scanner SkyScan 1272 (Bruker, Kontich, Belgium). The scanning parameters were
set at 100 kV source voltage, 100 µA beam current, 9.9 µm isotropic resolution, 0.11 mm
copper filter, 1073 ms exposure time, 0.4◦ rotation step and 360◦ rotation angle. The
obtained images were reconstructed using NRecon v.1.6.9.18 software (Bruker, Kontich,
Belgium) under a beam hardening correction of 20% and a ring artefact reduction factor
of 6.

The CTAn v.1.14.4.1 software (Bruker, Kontich, Belgium) was used to analyze the
quality of root canal fillings in the apical 5 mm. All grayscale images from the selected
region of interest were converted to binary images using a global threshold method in
a density histogram. The original and segmented scans were thoroughly compared to
confirm the segmentation accuracy before further analysis with a custom-processing tool.
Images obtained from pre-obturation scans were used for quantification of the root canal
volume (CVol), while post-obturation images were used to determine volumes of filling
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material (FVol) and closed pores (CPVol). The total volume of pores (VVol) and volume of
open pores (OPVol) were calculated using the following formulas, respectively:

VVol = CVol − FVol,

OPVol = VVol − CPVol.

Afterwards, the percentage volume of open (%OPVol) and closed (%CPVol) pores was
determined as follows:

%OPVol = OPVol/CVol × 100,

%CPVol = CPVol/CVol × 100

The evaluation of micro-CT images was performed by a single person who was
blinded to data regarding the root canal filling material and technique.

2.4. Statistical Analysis

The porosity distribution between experimental groups was compared using a non-
parametric Kruskal-Wallis test followed by the Mann-Whitney test due to a non-normal
distribution of the data and validated with the Shapiro-Wilk test. All comparisons were
performed using SPSS 25.0 software (SPSS Inc., Chicago, USA), with the significance level
set at p < 0.05.

3. Results

None of the techniques used was able to provide a pore-free root canal filling in the
apical 5 mm pores; size and shape diversity were observed in all apical plugs, with open
pores being the dominant type of porosity. The results of quantitative volumetric analysis
of open and closed pores are summarized in Table 1. The micro-CT assessment revealed
that volumes of prepared root canals had no considerable volumetric variances before the
root obturation procedure (p = 0.34), indicating the initial equality among all experimental
groups. However, the porosity distribution in root canal fillings was significantly different
between all experimental groups evaluated (p < 0.05).

Table 1. Mean values (%) and standard deviations (SD) of open and closed pores in the respec-
tive groups.

Group N Open Pores Closed Pores

BR/SC 20 3.374 ± 2.751 A 0.061 ± 0.080 A

BR/SC-UA 20 3.390 ± 3.428 A 0.066 ± 0.070 A

MF 20 18.832 ± 3.334 B 0.292 ± 0.226 B

MF-UA 20 29.075 ± 9.440 C 0.923 ± 0.684 C

Different superscript letters in the same column indicate significant differences between groups (pairwise Mann-
Whitney test; p < 0.05).

A considerably higher quantity of open and closed pores was observed in both MF
groups (with/without ultrasonic agitation), when compared to the fillings of BR/SC and
BR/SC-UA (p < 0.05). The interaction between the MF and MF-UA groups was detected to
be statistically significant (p < 0.05), with the highest porosity being in the MF-UA group
(Figure 1).
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Figure 1. Representative cross-sections of random samples at the level of 5 mm, 3 mm and 1 mm from the apex (A) and
longitudinal sections (B), demonstrating the porosity distribution within the fillings of MF (MTA Flow) and MF-UA (MTA
Flow with ultrasonic agitation) groups.

However, no significant differences were observed between the specimens of the
BR/SC and BR/SC-UA groups, where the quantity of open and closed pores within the
fillings remained similar (p = 0.82 and p = 0.57, respectively) regardless of a lower mean
porosity determined in the BR/SC group (Figure 2).
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4. Discussion

Root perforations are one of the most common complications observed in modern
endodontology [4]. Regardless of recent advances in the field of endodontic instruments
and devices, the mechanical preparation of curved root canals still remains a significant
challenge, even for experienced clinicians [30]. It has been reported that the risk of root
perforation occurring strongly correlates with the degree of root canal curvature, and the
prevalence of apical root perforations is significantly higher in molars as compared to other
teeth [2,31]. Therefore, mandibular first molars with a moderate curvature of mesial roots
were selected in the present study to maximize its clinical relevance.

The management of root perforation is a time-dependent procedure, where hermetic
physical seal is crucial to improve the prognosis and survival of the affected tooth [32]. It
has been reported that up to 52–79% of the root canal may remain unprepared, regardless
of the instruments or instrumentation technique used [33], and no currently available
irrigation protocol is capable of completely disinfecting the entire root canal system [34].
Therefore, the obturation phase of the endodontic treatment has undeniable importance
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in order to create an unfavorable environment for the microorganisms left inside the root
canal system after the preparation and to prevent their penetration into periapical tis-
sues [4,35]. The homogeneity of root canal obturation highly depends on the porosity of
the fillings [25], as open pores communicating with dentinal walls may create an excellent
pathway for microleakage and eventually decrease the success rate and outcome of en-
dodontic treatment [28,36]. Closed pores are considered to be less clinically relevant, as they
represent empty spaces completely surrounded by filling material [37]. Nevertheless, it
has been shown that this type of porosity may negatively affect the physical properties of
the material, such as hardness and strength [36,38]. Therefore, the quantification of both
open and closed pores is necessary to evaluate the quality of root canal fillings properly.
Previously, various porosity and leakage measuring approaches, such as dye staining,
glucose or radioactive isotope penetration, protein loss, scanning electron microscopy,
mercury and capillary flow porometry, were applied to assess the sealing feature of the
material used [39]. However, the significant limitations of these methods, e.g., the need to
section the samples and hence the creation of artifacts, led to micro-CT being the technique
of choice for accurate 3D evaluation of root canal fillings [20]. Therefore, micro-CT analysis
was used in the present study to quantify and qualify the pores within the apical plugs.
The isotropic resolution was set at 9.9 µm, as it has been shown that a voxel size of 11.2 µm
or less is a reliable cutoff value to assess the filling porosity [36,40], even though there
is always a risk of tiny pores left undetected due to a high radiopacity of the material
used [18].

Techniques and materials applied for root perforation repair have not been standard-
ized. However, MTA is generally assumed to be a benchmark for sealing various types
of root perforations [32]. MF is one of the newest MTA-based repair materials, which
surpasses traditional MTA in terms of clinical applicability due to its superior handling
and delivery characteristics as well as faster setting time and thus increased washout
resistance [10,19]. Moreover, MF retains all desirable biological properties of the original
MTA, such as biocompatibility and bioactivity, which are the crucial requirements for
perforation repair material exposed to periodontal tissues [41]. The biocompatibility and
bioactivity are attributed mainly to the continuous calcium ion release and the formation
of calcium phosphate apatite crystals, which induce the regeneration and remineralization
of adjacent hard tissues while also reducing the porosity of filling material [28,41]. Never-
theless, a previous study has shown that, despite all the improvements and advantageous
characteristics, MF results in highly porous apical plugs [19]. These results are in accor-
dance with the present study, in which both MF groups (with/without ultrasonic agitation)
exhibited a high porosity. The incidence of pores within MF fillings can be attributed
to the increased water-to-cement ratio used during the mixing procedure to achieve a
highly flowable consistency of the cement. It has been reported that excess water in the
mixture eventually dries off and leaves pores that are not filled by hydration products [42].
Additionally, bismuth oxide, which is added to the MF composition as a radiopacifier,
can negatively affect the sealing features by interfering with the hydration reaction and
leaving more unreacted water within the filling [43]. Instead of bismuth oxide, some HCSC
formulations, e.g., BioRoot RCS, contain zirconium oxide, which appears to have no impact
on the material porosity [44]. These findings may correlate with the results of the present
study, where significantly more homogeneous apical plugs were observed in both BR/SC
groups than the MF groups.

Sealing apical root perforations with BioRoot RCS, together with a modified SC obtu-
ration technique, was proposed mainly due to the simplicity and effectiveness previously
reported in in vitro and in vivo studies [16,17,19]. The concept of the SC obturation tech-
nique refers to the desirable physico-chemical properties of BioRoot RCS [14,15], which
was designed as a biological filler [45], and to the tapered gutta-percha cone, acting as
a piston on the flowable sealer [46]. As reported previously, the insertion of the tapered
gutta-percha cone creates hydraulic pressure, which improves the material distribution
throughout the root canal [47]. Therefore, the gutta-percha cone may be considered as the
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main factor leading to the significant differences between the BR/SC and MF groups. No
porosity associated with gutta-percha cones was observed in the present study through
micro-CT analysis. Therefore, the superior overall homogeneity of BR/SC apical plugs can
be attributed to the use of solid gutta-percha cones.

Attempts to minimize the occurrence of pores within BR/SC and MF fillings by using
ultrasonic agitation were made in our previous study, which demonstrated that neither of
these techniques was able to produce pore-free apical plugs [19]. The effect of ultrasonic ap-
plication mainly refers to the acoustic energy transmission and the formation of cavitation
bubbles, which eventually implode, increasing the temperature and the pressure inside the
root canal [21]. According to previous investigations, which have reported significantly
better results in terms of porosity after the use of indirect ultrasonication, the increased
pressure may remove the entrapped air, disperse agglomerated particles, reduce their
surface friction and provide a more efficient incorporation of filler particles into the organic
matrix, with no changes in particle size or material composition [23,25,48]. Additionally,
the pressure generated during ultrasonic agitation may lead to superior interfacial adapta-
tion between the filling material and the root canal wall, with better tubular penetration as
well [21,22]. However, these advantageous effects of ultrasonic application did not provide
more homogeneous apical plugs in the present study; the increased percentages of open
and closed pores were observed in both BR/SC-UA and MF-UA groups. Therefore, the
null hypothesis was rejected.

The lower overall homogeneity of ultrasonicated apical plugs could be attributed
to the direct ultrasonic agitation, resulting in excessive vibratory forces. It has been
reported that excessive ultrasonic energy potentially can lead to air incorporation into the
filling material and thus contribute to the higher porosity [26,49]. However, the use of
direct ultrasonic agitation should not be directly associated with less homogenous root
canal fillings, since it has been reported that indirect ultrasonication may also increase
the porosity [20]. Instead of ultrasonication type, more attention should be paid to the
agitation time, which is potentially directly related to both the rearrangement of cement
particles and the heat generation [20,50]. The ultrasonic agitation of 10 s was selected in
the present study in accordance with Sisli et al. [8], who agitated 5 mm apical plugs for
10 s and afterwards reported a lower incidence of pores. It has been reported that a short
agitation time may create a shock-like effect, and the duration of 5 to 10 s is necessary
to rearrange the cement particles and decrease the porosity [20]. On the other hand, the
prolonged agitation time may be responsible for the increase in temperature, ultimately
leading to water loss from HCSC [22,49]. Even though the number of published studies
evaluating the temperature changes in filling materials is still limited, there are few reports
in the literature indicating that ultrasonic agitation is capable of raising the temperature
inside the root canal by 2 ◦C [7], which can be sufficient to increase the water desorption
occurring at temperatures as low as 20 ◦C [51]. The water loss may alter the rheological
properties of the material and increase the porosity [7,51], which is considered the result
of spaces between unhydrated cement particles [42]. Nevertheless, it can be speculated
that indirect ultrasonic application is not prone to these adverse effects of temperature
changes, as ultrasonic energy is transmitted to the material through the gutta-percha
cone, plugger or another instrument. This would explain the contradictory findings in
terms of porosity obtained between the present study and previous investigations [8,24],
which also performed ultrasonic agitation for 10 s. However, it is difficult to directly
compare the present study results with the available literature, as they differ in too many
aspects, including the type and properties of filling material, the application technique,
ultrasonication type and duration, assessment method, etc.

The present study suggests that all apical plugs, regardless of the obturation technique
used, may potentially lead to microleakage, as none of the fillings was pore-free, and
the percentages of open pores surpassed the closed porosity in all experimental groups.
Nevertheless, MF apical plugs (with/without ultrasonic agitation) demonstrated signifi-
cantly higher percentages of open and closed pores as compared to the BR/SC obturation
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technique. Therefore, reinforcing the findings of Benavides-García et al. [52], it can be
concluded that MF prepared in a thin consistency should not be the material of choice for
apical root perforation repair. Even though there is still no clear evidence what porosity
level is critical, the significantly higher amount of pores observed in both MF groups may
theoretically contribute to a worse outcome of endodontic treatment [27,28]. On the other
hand, it has been shown that HCSC reduces their porosity with time in the presence of
tissue fluids [42]. Therefore, the results of the present study should be evaluated with
caution, as it is impossible to fully reproduce the clinical conditions using in vitro models.
Further studies are needed to determine the clinical efficacy of BR/SC and MF obturation
techniques in apically perforated and moderately curved roots and to confirm the adverse
impact of direct ultrasonic agitation on the quality and homogeneity of root canal fillings.

5. Conclusions

Within the limitations of this in vitro study, it can be concluded that none of the
obturation techniques was able to provide pore-free root canal fillings in the apical 5 mm.
Significantly higher porosity was observed in the MF and MF-UA groups as compared to
the BR/SC and BR/SC-UA groups. The direct ultrasonic agitation had no considerable
impact on the porosity distribution in BR/SC fillings, while MF fillings demonstrated
significantly higher overall porosity after ultrasonic agitation.
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