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Abstract

Objectives This study aims to assess the obturation efficacy of sealers placed with different techniques using microcomputed
tomography (uCT) and assess the influence of pCT testing parameters on the obturation data obtained.

Materials and methods Incisors and mesial roots of lower molars with standardized root length were scanned using uCT,
and one tooth of each type was 3D printed in acrylic. Two obturation techniques (warm vertical and single cone) and 4
sealer types (AH Plus, BioRoot RCS, Totalfill BC, and Bio-C Sealers) were assessed following storage in Hank’s balanced
salt solution for 3 and 6 months by assessing gap and void volume percentages on both natural and replica incisor and molar
roots. The storage solution was analysed to assess calcium ion leaching. The influence of temperature, tooth positioning,
and moisture content of the teeth while uCT scanning was also investigated.

Results The obturation quality in the incisor group was the same using both natural teeth and replicas (p > 0.05). No changes
in void volume were identified when comparing the same sealer using different obturation techniques. The premixed seal-
ers used in single-cone obturation exhibited high void volume in the 3D printed replicas in the long term. The temperature,
positioning, and moisture content of the teeth did not affect the outcome of uCT testing.

Conclusions BioRoot RCS, Totalfill BC, and Bio-C Sealers are suitable for obturation of both complex and simple root canal
systems using different obturation techniques with BioRoot RCS exhibiting the highest calcium ion release. 3D printed acrylic
teeth can be used to assess the obturation quality in uncomplicated root canal systems. uCT parameters had no significant
effect on the uCT measurement.

Clinical relevance The single-cone obturation technique with hydraulic sealer is a simple technique that can be used for
obturation of all root canal systems.

Keywords Root canal filling quality - Microcomputed tomography - Calcium silicate-based sealer - Obturation technique -
3D printing

Introduction Tulsa, OK, USA) is most commonly used in both techniques due
to its low shrinkage (1.76%), low solubility compared with other

Root canal obturation is necessary to prevent reinfection of the  resin-based sealers, and low film thickness complying with the

root canal space in the long term. Warm vertically compacted
and laterally condensed gutta-percha techniques have been used
to hermetically fill the root canal using a combination of gutta-
percha and root canal sealant. AH Plus (Dentsply Maillefer,
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ISO requirement for root canal sealing materials [1]. However,
AH Plus does not fulfil Grossman’s ideal root canal sealer prop-
erties [2] as it has no bactericidal effect and shrinks when set [3].

More recently, the single cone/sealer-based technique has
become more popular among clinicians due to its simplicity
and not requiring specific armamentarium [4]. This technique
is used with hydraulic calcium silicate cements (HCSCs) as
these sealers have shown antimicrobial characteristics [5—8]
and generation of an appropriate seal [3], thus indicating
suitability for sealer-based techniques. There are a number
of hydraulic cement sealers available clinically which have
similar chemistries but different modes of presentation. These
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sealants are all primarily composed of tricalcium silicate with
a radiopacifier and additives to enhance the material properties
[9]. These sealers exhibit higher release of calcium ions and
demonstrate higher flow rates, higher pH, and lower cytotox-
icity than AH Plus [10-12]. Chemical and micromechanical
bonds have also been identified with the dentine [1, 13]. The
hydrophilicity of the hydraulic sealers has led to some con-
cerns regarding adhesion to the gutta-percha cones. A biocer-
amic coated gutta-percha (GP) cone (BC cone) was introduced
(Brassler, Georgia, USA) to address this issue where the GP
was coated and impregnated with calcium silicate nanopar-
ticles aiming to cause interaction with a hydraulic calcium
silicate sealer and form an actual gap-free seal (monoblock
system). To date, relatively few studies have evaluated this type
of GP in terms of filling quality and ion leaching.

Although no link has been definitively demonstrated
between root canal obturation quality and clinical success
rates, sealing ability has always been used to assess and
compare obturation techniques as a surrogate marker. Dyes,
glucose, protein, or bacterial penetration from coronal to
apical through the obturated root canal and the time taken
has several limitations in assessment of sealing ability. Dyes
and bacterial penetration vary according to the type of dye
and bacteria species [14]. Another method for determining
obturation quality is the use of microcomputed tomography
(LCT) to assess percentage of gaps and voids (%V,,). uCT
can be used to scan and reconstruct the sample in 3-dime-
sions at pm resolution in a non-invasive manner without
causing sample damage [15-17]. It also shows the volume,
location, and size of gaps (space between the material and
root) and voids (space inside the material). Comparison of
data is still challenging since the natural teeth used for these
measurements have variable anatomy and shapes. Such vari-
ations could be overcome by using standardised 3D printed
teeth with the morphology copied from natural teeth.

The objectives of this study were to assess the obtura-
tion quality of sealers used with different techniques and the
validity of using 3D printed teeth for assessment, determined
using WCT. Furthermore, the influence of varying the uCT
testing parameters on the data generated were also examined.

Materials and methods

The following sealers were used with two obturation meth-
ods and tested in human teeth and in replicas.

e AH Plus (Dentsply DeTrey, Konstanz, Germany)

e BioRoot RCS (Septodont, Saint-Maur-des-Fosses,
France)

e Totalfill BC Sealer (FKG, Chaux de Fonds, Switzerland)

e Bio-C Sealer (Angelus, Londrina, Brazil)
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Sealer characterisation

All sealers were characterised to assess the material micro-
structure and elemental composition using scanning electron
microscopy (SEM; EVO MA10, Carl Zeiss, Cambridge, UK)
and energy-dispersive X-ray spectroscopy (EDS; EVO MA10,
Carl Zeiss, Cambridge, UK). Sealers were injected into cir-
cular rubber moulds 10 mm internal diameter and 2 mm high
and placed on a glass mixing slab kept at 37 °C and 100%
humidity until the surface was resistant to indentation.

After setting, each sealer was removed from the rubber
mould and embedded in epoxy resin (EpoFix, Struers, Ballerup,
Denmark). Resin blocks were placed in a fume cupboard at
room temperature for 1 day to allow complete polymerisation.
After setting, the sample surfaces were ground using 220, 500,
and 1200 grit diamond discs (MD-Piano, Struers ApS, Den-
mark) with water coolant for 1 min each, using an automatic
grinding and polishing machine (Phoenix Beta, Buehler, Lake
Bluff, IL, USA). Polishing was completed with cloth discs (MD
Largo, Dac, Nap, Struers Aps, Ballerup, Denmark) using 9,
3, and 1 um diamond impregnated polishing liquids (DiaPro,
Struers ApS, Ballerup, Denmark) each for 3 min. All specimens
were mounted on aluminium stubs with double-sided carbon
tape. Each sample was sputter-coated with gold (EMITECH
K550X; Carl Zeiss, UK; needle value adjustment was set to
give 0.1 mbar of argon gas at a nominal 0.3 bar, deposition cur-
rent of 25 mA and 2 min deposition time) before examination
using SEM and EDS for elemental analysis (working distance
8.5 mm, I Probe 1,000 pA and accelerating voltage 20 kV). The
type and weight fraction of the elements present were recorded
from EDS using an area analysis.

Preparation of teeth and resin replicas

The use of human teeth for research was approved by the
Research and Innovation Department, Birmingham Com-
munity Healthcare Trust (14/EM/1128). Teeth with fully
formed apices and root curvatures less than 30° were
included in the study, whilst teeth with root caries or resto-
rations or root fractures were excluded. Remnants of peri-
odontal ligament (PDL) and bone were gently removed
using a Gracey curette (SG11/12, Hu-Friedy, Chicago, IL,
USA). The crowns were removed using a diamond bur,
and the roots of the upper incisors were standardized to 16
mm in length, while the mesio-buccal roots were sectioned
from lower molars and standardized to 12 mm in length.
The root canal therapy was all undertaken by the same
operator, a specialist endodontist. The root canals were
prepared using ProTaper Gold (Dentsply Maillefer, Bal-
laigues, Switzerland) using SX, S1, S2, F1, and F2 series
for the molar roots and to F3 for the incisors and copious
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irrigation with 5.25% sodium hypochlorite (NaOCl; Chlo-
raxid, Cerkamed, Stalowa, Wola, Poland) between each
instrumentation. After completing mechanical instru-
mentation, 3 mL 17% ethylenediamine tetraacetic acid
(EDTA; Cerkamed, Stalowa, Wola, Poland) was used to
rinse the canal for 1 min, followed by 3 mL 5.25% NaOCl
for 1 min.

To make the 3D printed acrylic replicas, a number of
upper incisors and lower molars were scanned using nCT
(Bruker Skyscan MicroCT model 1172, Billerica, MA,
USA) from apex to crown at 11 pum intervals, using an
accelerating voltage of 70 kV at 140 mA and medium
camera pixels (2 K X 1 K). These parameters were used
for all uCT scans throughout the experiment. The scanned
images were reconstructed using the NRecon software
(Bruker, Billerica, MA, USA) and saved in .tiff file for-
mat. An incisor root with a straight circular continuously
tapered canal from the coronal to the apical part of the
root (Fig. 1A) was selected as a simple canal morphol-
ogy tooth. A molar with a mesial root having two con-
tinuously tapered canals from the coronal to the apical
part of the root, two straight separate apical foramina,
and a continuous isthmus along the root length (Fig. 1B)
was selected for complex root canal anatomy. 3D root
canals and dentine images of these teeth were created
using CTAn software (Bruker) and were saved in the .stl
file format. The selected digital files were then printed
in resin (RepliDens®, Smartodont, Zurich, Switzerland),
thus providing one round uncomplicated canal and a com-
plex root canal system for obturation (Fig. 1C and D).

Root canal obturation

The prepared natural roots and the replicas of both the sin-
gle-rooted teeth and the mesial roots of the lower molar were

obturated using either a single cone/sealer-based technique
or warm vertical compaction (WVC) with the test sealers.
Master cones (ProTaper Gold) F3 and F2 were fitted into the
incisors and molar roots respectively. An additional group
was added where Totalfill BC sealer was used. Besides
using the standard gutta-percha master cone, a bioceramic
coated (BC) gutta-percha (Totalfill) was used in conjunc-
tion with the sealer-based technique. For WVC, the down
packing stage was performed using a presized heat carrier
(EQ-V, Meta Biomed, Chungcheongbuk-do, Republic of
Korea) that precisely fitted in the canal at 3—5 mm from WL,
while the back-filling stage was performed using thermo-
plasicized syringeable gutta-percha (EQ-V, Meta Biomed,
Chungcheongbuk-do, Republic of Korea). The coronal ori-
fices were restored with glass ionomer cement (ChemFil®
Superior, Dentsply DeTrey, Konstanz, Germany). Five roots
per technique and tooth type were used. After completion
of obturation, all teeth were immersed in 1.5 mL of HBSS
at 37 °C.

Gap and void volume measurement

In order to establish the correct parameters to test the per-
centage of gaps and voids (%V,,), a preliminary study was
undertaken to establish whether the experimental set-up

influenced the data generated.

Preliminary study

A preliminary study was designed to determine how fluc-
tuations in machine temperature, tooth positioning, and the
moisture conditions of the specimens could have affected the
uCT measurements. The experiments were carried out on
human single-rooted teeth that were prepared as described
above and also on the replicas of the incisor roots.

Fig. 1 Digital and 3D printed acrylic replicas; A digital model of the incisor, B digital model of the molar, C printed incisor, and D printed
molar. Note the similarity of the root canal morphology of polymer teeth compared with digital models

@ Springer
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To test the effect of the uCT temperature on the readings,
the machine was started and was kept on for 3 h. A thermo-
couple device (data logger model TC-08, Pico® technology,
Saint Neots, UK) was used to measure the temperature inside
the uCT machine by continuously recording it every second
for 5 h. The uCT machine was operated in either an inter-
rupted or continuous scan mode. For the interrupted scan
mode, the X-ray beam was stopped every 53 min, rested for
1 min, and restarted with the method repeated five times to
represent the actual working time for tooth scanning. A con-
tinuous scan mode was also employed where the X-ray beam
was used continuously until the scan was completed. The
initial, maximum, and average working temperatures were
recorded by Picolog version 6.1.14 software (Pico® tech-
nology, Saint Neots, UK). The temperature of the machine
chamber when operated in these modes was recorded. Five
single-rooted of replicas were stored at the average operated
machine temperature and were then scanned. Furthermore,
these replicas were stored at room temperature, scanned, and
then placed at 37 °C in an incubator until reaching a stable
temperature and were rescanned. All teeth were scanned five
times for each temperature and scanning mode used. All
the scanned images were reconstructed using the NRecon
software (ring artefact reduction = 13, beam-hardening cor-
rection = 20% and dynamic image range from 0.001 to 0.05)
and saved in.tiff file format. All reconstructed images were
imported into the Dataviewer software (Bruker) to 3D-regis-
ter by overlapping two images from different scans together,
and the root canal volume was then calculated.

To evaluate the effect of tooth positioning within the uCT
chamber on the data generated, replicas were either fixed to
a silicone putty that allowed reorientation after every scan or
were just placed in the pCT machine in random positions. Each
tooth was scanned using the same parameters as for the tem-
perature assessment. All scanned images were reconstructed
using the NRecon software. Tooth position was adjusted with a
3D-segmentation method, where the first scanned tooth image
was imported as a reference, whilst another tooth image was
imported as the target image. The target image was adjusted until
it completely overlapped the reference image before exporting
the adjusted image in a .tiff file format. The root canal volume
of the initial position, altered position, and software-adjusted
position were calculated using ImageJ.

To assess the effect of dehydration, both replicas and
human teeth were used. These were scanned after storage
in water and therefore fully saturated, storage at room tem-
perature and also in a fully dehydrated state by storing in a
desiccator with silica gel.

Measurement of %V, of test specimens

The teeth and replicas for both the incisors and molars were
scanned pre- and post-obturation with pCT using the same
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parameters described for the scans of the teeth used to make
the replicas. %V, were assessed with the CTAn software by
determining the thresholding range for each type of sample
which varied depending on the tooth type and the obturation
method. The region of interest (ROI) was identified, follow-
ing the outline of the gap and void area. The total %V, was
calculated and compared between each group using these
equations:
__ gap volume + void volume

%Vgy = x 100
canal volume

where canal volume = gap volume +void volume + filling volume.

The teeth were assessed immediately after obturation
and again after a further 3 and 6 months. To simulate the
clinical environment, a simulated periodontal ligament was
painted on the natural roots. This consisted of a layer of
0.1-0.4 mm thickness of collagen-agarose gel containing 1
mg/mL of collagen (FibriCol®, Advanced BioMatrix, San
Diego, CA, USA) and 1% w/v agarose (Bioline, London,
UK) made up in HBSS (Sigma-Aldrich, Gillingham, UK)
and the pH adjusted to 7.4. The teeth were then immersed
in 1.5 mL HBSS and stored in an incubator at 37 °C for 3
or 6 months. The replicas were also immersed in HBSS but
without any surface modification. After 3 and 6 months,
the coating was gently removed using wet gauze; the teeth
rescanned, reconstructed, and 3D-segmented using the same
methods as before to enable calculation of %V,,. The tooth
was recoated with collagen/agarose gel and re-immersed in
HBSS in an incubator at 37 °C. The %V,, data obtained
immediately after obturation was compared with 3 and 6
months data.

Leachate analysis

After 3 and 6 months, 1 mL. HBSS were collected and
diluted 10-fold and leachate analysis was performed to
measure calcium ion leaching using inductively coupled
plasma mass spectroscopy (Optima 8000; Perkin Elmer,
Waltham, MA, USA).

Statistical analysis

All statistics were performed using the SPSS software version
23 (IBM, North Castle, NY, USA). A Kolmogorov—Smirnov
test was used to test the normality of the data. Intrarater reli-
ability was calculated by using intraclass correlation coef-
ficient. The Wilcoxon signed-rank test was used to test the
effect of the temperature of the tooth on the precision of uCT.
The Friedman test was used to test the effect of the mois-
ture and the position of the tooth on the precision of uCT.
The mean canal volumes between each group in the same
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tooth type were compared using one-way repeated analysis
of variance (ANOVA) test and post hoc analysis. %V,, at each
period (post-obturation, 3 months, and 6 months) were com-
pared between different sealers using the Kruskal—Wallis test
and Dunn—Bonferroni analysis. %V,, from the same sealer
group at the different periods were compared between each
sealer using the Friedman test and Dunn-Bonferroni analysis.

Results
Sealer characterisation

The microstructure and the mean elemental composition of
each sealer are shown in Fig. 2 and Table 1, respectively.
AH Plus included discrete particles (Fig. 2A) composed of
zirconium and tungsten embedded in a calcium-rich matrix
(calcium tungstate) as indicated in Table 1. All HCSC seal-
ers were composed of numerous calcium-rich particles with
zirconium and silicate particles dispersed within the cement

TS BSD

g
Photo No. = 25551 Time :18:33:08

Date :8 Jul 2018
Time :17:27:16

Table 1 Semi-quantitative elemental composition of the test sealers

Sealer Element (mean % weight fraction)
Ca Si Zr W Al
AH Plus 25+0.5 BDL 108+ 0.5 12.7+24 BDL
BioRoot 238 +29 65+0.7 17.0x+ 1.5 BDL BDL
RCS
Totalfill 95+0.8 29+02 243+2.0 BDL BDL
BC
Bio-C 43+27 12+06 17.3+57 BDL 05+0.2
Sealer

matrix (calcium silicate) (Fig. 2B-D). Particle size varied
with AH Plus and BioRoot RCS having particles 2—10 um.
Totalfill BC particle size was approximately 4—15 um and
Bio-C Sealer appeared the smallest with an average parti-
cle size of 1 um. Among all sealers, BioRoot RCS had the
highest calcium level and AH Plus was the only sealer that
contained tungsten (Table 1).

Signal A = NTS BSD
Photo No. = 25547 Time :18:15:08

Date 8 Jul 2019
Time :17:54:27

A i
Signal A= NTS BSD
Photo No. = 25543

EHT = 20.00 kV
WD = 85mm

Fig. 2 Back scattered scanning electron micrographs of the four test sealers showing their microstructure; A AH Plus, B BioRoot RCS, C Total-

fill BC Sealer, and D Bio-C Sealer
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Gap and void volume measurement
Preliminary study

In the pCT continuous working mode, it took an hour for
the temperature to stabilize, while in the non-continuous
working mode, there were temperature fluctuations with
each scan (Fig. 3a). There was no significant difference
in root canal volume measured at different temperatures,
moisture, or position within the scanner (p > 0.05) as shown
in Fig. 3b.

Measurement of gap and void volume of test specimens

%V,, for each tooth type in both natural teeth and 3D printed
acrylic replicas is shown in Fig. 4. The mean empty root
canal volume was the same for all teeth in a specific tooth
type and also did not vary between the natural teeth and the
3D printed acrylic replicas (p > 0.05). The %V, of obturated
human teeth was the same as that of the replicas in the
incisor group (p = 0.159) but not in the molars (p < 0.001)
indicating that acrylic replicas could be used to investigate
obturation quality in teeth with simple canal anatomy but not
in molar teeth with more complex anatomy.

The quality of obturation in natural teeth was not dependent
on the technique used (p > 0.05) but was affected by the type of
sealer. In both incisors and molar teeth obturated with a single
cone and AH Plus sealer, the %Vg‘, at 6 months were signifi-
cantly decreased compared with post-obturation (Fig. 4A, super-
script A, and Fig. 4B, superscript B; p < 0.05). All the other
sealers and techniques exhibited no significant changes over
the 6-month period. At 3 months, WVC obturations with AH
Plus and Totalfill BC had less voids than were identified with
the BioRoot RCS single cone/sealer-based technique (Fig. 4A,
superscripts a and b; p < 0.05).

In the 3D printed acrylic incisors, the obturation with
Bio-C Sealer and WVC deteriorated significantly over the
6-month period (Fig. 4C, superscript C; p < 0.05). In the
3D printed acrylic molars, the Totalfill BC WVC obturation
deteriorated at 3 months compared with post-obturation
(Fig. 4D, superscript D; p < 0.05). The higher sealer levels
for the premixed sealers (Bio-C Sealer and Totalfill BC
Sealer) used in single-cone obturation technique led to more
gaps and voids at 6 months (Fig. 4D, superscripts c-j; p <
0.05) and 3 months (Fig. 4D, superscript k and I; p < 0.05)
compared with the same sealers used in WVC.

Leachate analysis

The leachate data is shown in Table 2 where BioRoot RCS
exhibited the highest release of calcium. The leaching was
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higher in the single cone/sealer-based technique compared
with the WVC in natural teeth (p < 0.05). This decreased
after 6 months for all HCSC sealers in both natural teeth and
replicas except for BioRoot RCS in the natural teeth where a
higher calcium ion release was noted. Bio-C sealer released
the lowest amount of calcium ions at each time point. The
Totalfill BC sealer used with the BC cone had a higher cal-
cium ion leaching than when used with a standard cone in
the incisor tooth and not in molars and replicas (p < 0.05).
AH Plus released the least amount of calcium ions in every
tooth type (Table 2). This increased after 6 months in the
natural teeth and was reduced in the replicas.

Discussion

The current study investigated the assessment of quality of
obturation using microcomputed tomography to measure
%V,, of complex and simple root canal systems obturated
using either WVC or single-cone/sealer-based techniques
and four different sealers. The sealers investigated in the
current study included AH Plus, an epoxy-resin-based
sealer which was used as the control as it is widely used
and well established. The test sealers included a water-based
hydraulic cement sealer (BioRoot RCS), and two syringe-
able hydraulic cement sealers that were formulated using a
non-aqueous vehicle. These materials were selected to assess
their interaction with the dentine substrate and whether it
was possible to eliminate the voids and gaps within the obtu-
ration. All the sealers used in the study were characterized to
establish their chemistry and microstructure. Material char-
acterization is key to be able to predict and adequately assess
the clinical behaviour of the sealers under investigation.

The advantage of measuring %V,, using uCT allows
longitudinal testing of the obturation as the technique is
non-invasive unlike other techniques [17] that have been
employed to study leakage. In the present study, both natural
teeth and replicas were used as natural teeth are inherently
variable [18-23] making the acquired data difficult to analyse
and interpret. The measurement of %V, of replicas generated
similar data as that from natural teeth in the incisor group but
not for the molars. This indicated the suitability of replicas
for assessment of quality of obturation in uncomplicated
root canal systems only. The use of replicas is a convenient
way to replace natural teeth as each have the same root canal
morphology making it easier to compare the data obtained
for the %V, assessment.

The objectives of obturation materials are to serve as a
barrier to prevent the communication between oral cavity and
periapical area and to entomb any remaining microorganisms
within the root canal [24]. To date, several HCSC sealers have



Clinical Oral Investigations

Fig.3 a The uCT working tem- A
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been introduced which have been claimed to be stable and
do not expand when set [25, 26] but also have bactericidal
properties [5—8]. These materials are thus suggested for use in
sealer-based obturation techniques with a single gutta-percha
point that is used as a pilot to facilitate removal if necessary.
However, the use of high volumes of sealer although having

Modified Adjusted Fully Room Desiccated  Fully  Desiccated Room
hydrated tooth tooth hydrated  replica replica
tooth replica
Positioning Moisture

bactericidal properties, in single matched cone obturation,
may have the disadvantage of less canal space being filled as
less effort is made to compress and manipulate the obturation
material into the complex root canal systems. In the current
study, single-rooted teeth and also mesial roots of lower
molars were used to assess whether the complexity of root
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Fig.4 Mean percentage of gaps and voids of natural and 3D printed
replica teeth from post-obturation, 3 months and 6 months; A natural
incisor group, B natural molar group, C 3D replica incisor group, and
D 3D replica molar group (n = 5) (mean + SD). (A, B, C, and D)

canal system influenced the obturation quality. There was no
significant difference in %V, between simple root canals and
complex root canals, which indicated the complexity of root
canal system was not a factor influencing obturation quality.

Hydraulic cements release calcium ions which in turn
interact with the clinical environment. For sealers, the
interaction is with the root dentine [27] and the sealer
chemistry has been shown to affect the antimicrobial
properties [7]. EDS showed that all hydraulic cement
sealers were composed primarily of calcium and silicon
which is in agreement with previous studies [28-31].
The use of replicas can potentially impede penetration of
environmental moisture into the root canal thus effecting
the interaction of the sealers. The heat from WVC may also
cause evaporation of moisture within the root canal [32]. The
highest calcium ion content identified using EDS was found
in BioRoot RCS followed by Totalfill BC and Bio-C Sealer,
respectively. This reflected the leachate data that identified
BioRoot RCS, and Bio-C Sealer released the highest and the
lowest amount of calcium ions, respectively. The leaching
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Same letter means a significant difference (p < 0.05) between each
period within the same sealer type and technique. (a, b, c, d, e, f, g,
h, i, j, k, and 1) Same letter means a significant difference (p < 0.05)
between each sealer type and obturation technique at the same period

was higher in sealer-based obturation compared with the
WVC in natural teeth. The replicas showed lower calcium
ion leaching than was measured from natural teeth. This may
be explained by the interference of the hydration reaction
that the sealer would have with the dentine substrate. In this
respect, although no variation was found in %V,, when using
resin replicas, clearly, the sealer hydration and interaction
with dentine were affected. The leaching occurred despite
no significant variation in the %V,, clearly showing the
distinction between the solubility which is a physical process
off material loss and ion leaching which is a chemical
process.

The use of warm vertical compaction aims at having an
obturation that is composed primarily of gutta-percha. The
use of heat can negatively affect the sealer properties. AH
Plus can set faster and decompose when heated excessively
[32-34] although it has been shown that the temperature
inside the root canal does not rise to more than 60 °C [35]
and AH Plus will only deteriorate if heated indiscriminately
[36]. In the current study, AH Plus and Totalfill BC sealers



Clinical Oral Investigations

P P o performed well when used with warm vertical obturating
— O o0 o ; O .
Zl¥ad 252 ¢ = technique. Thee Totalfill BC sealer has been shown to be
é 3 [:l By ;l B :J A heat resistant [37], and this could account for the low gap
c|"T2T RS and void volume shown in this study.
5 - " High %V,, was identified in most teeth when using Bio-
3|z sz Root RCS, which may be related to its high viscosity and
Q|5 li' :;' :,' c',';' ;' ::l ;' A manual mixing, where air could be entrapped inside the
2.% E S =S g B material [38]; therefore, the material could contain voids
even before the obturation.
0 . .
z| < < o © Another sealer property that could contribute to higher
ER I H H T_l void volumes is the solubility. Although solubility has
o~ o~ v . .
fb I S AU been reported to be high for HCSC sealers [39, 40], this
2 was sown to depend on the environment the sealers were
I . g
) - a placed in. Thus, solubility was shown to be reduced when
! o . TR . .
ol I :_“l < N :‘l in contact with simulated tissue fluids [41, 42]. The AH
Zz o . . . iy
E18la 4 P o« Plus was not susceptible to the solubility, and it exhibited
E) 2 E Q- S - 3 .= - no voids after 6 months immersion.
b - High void percentage was also found in the BC cone
- v N .
5 z|lH=ZRIGa 82 group. BC cones have a taper of 4% which was smaller
= g :J ;' H ;' ;' H ;' :;' than both the ProTaper Gold F2 and F3 (various taper of
E g CogdFege 8% and 9%, respectively). Hence, the amount of gutta-
s i o percha was insufficient to spread the sealer into voids. This
o 5 S . .
& c% - e = = a3 s =@ finding contrasted with the sealer-based concept, where
% % ‘g l:' HoH :" ("\',' :;" o";" J;' the gutta-percha is used as a carrier and a path for retreat-
Q
S|2|E| & SERSE N ment only.
S|l —
g —~—m o= 39«
B R I RN R T S A N I A I
o S| H+H HHHHHH
= Elem 2 2w aao .
& El2 83w g Conclusions
& ° —
kS wn
218 R B - S A HCSC sealers could be used to obturate both complex and
S g€+ w3 0+ 0+ simple root canals using either WVC or single cone/sealer-
S|IS|E| o 0 0 = < o © P & &
% g2 g 2 2L ST based techniques. BioRoot RCS with sealer-based technique
E Al - o should be used when calcium ion release is clinically useful.
P © a o < ~ o 3D printed acrylic teeth can be used to assess the obturation
2 Z]l 0 = S B — — p Y
§ g HHHHHHHH quality in uncomplicated root canal systems. Temperature,
5 E MDA % e ; o= position, and moisture of the tooth had no significant effect
Qé on the uCT measurement.
o
& " NSO oA
o |5 | E H o+ oH H
§ ; g o o g' :;' n o wn Author contribution CK: experimental work, drafting, and checking
Ll ]l s s~ EREE manuscript; RMS: conceptualization, finalizing, and final checking of
é the manuscript; JC: conceptualization, drafting, finalizing, and final
2“ % checking of the manuscript
= | g
‘% f‘j Data Availability The data sets can be accessed on request to corre-
= g 2 2 2 2 sponding author.
8= 3 3 3 8
= s [} ) © K] .
8|2 S S WY WY Declarations
g | BE BB BE BB
g Ethics approval and consent to participate The work undertaken
?, § 5 § 5 required ethical approval for the use of human teeth. This approval was
= | o S ° ks S sought through the institution BCHC (14/EM/1128). No other ethical
O o, =] g =] g g g o
2 — —_ ‘5 approval or consent to participate was necessary.
S ls s T & 8
213 g 2 & = - T
'.-E 2 2 S 2 2 Competing interests The authors declare no competing interests.

@ Springer



Clinical Oral Investigations

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

10.

11.

12.

14.

15.

Tyagi S, Mishra P, Tyagi P (2013) Evolution of root canal sealers:
an insight story. Eur J Gen Dent. 2:199-218

Grossman LI. Endodontic Practice: Lea & Febiger; 1978.
Hammad M, Qualtrough A, Silikas N (2008) Extended setting
shrinkage behavior of endodontic sealers. J Endod. 34:90-3
Guivarc’h M, Jeanneau C, Giraud T, Pommel L, About I, Azim
AA, Bukiet F (2020) An international survey on the use of cal-
cium silicate-based sealers in non-surgical endodontic treatment.
Clin Oral Investig. 24:417-424

Boseoannidis K, Foschi F, Bakhsh A, Kelly RD, Deb S, Mannocci
F, Niazi SA, R (2020) Antimicrobial effectiveness of calcium sili-
cate sealers against a nutrient-stressed multispecies biofilm. J Clin
Med. 9:2722

Long J, Kreft JU, Camilleri J (2020) Antimicrobial and ultrastruc-
tural properties of root canal filling materials exposed to bacterial
challenge. J Dent. 93:103283

Zancan RF, Di Maio A, A, Tomson PL, Duarte MAH, Camilleri
J, (2021) The presence of smear layer affects the antimicrobial
action of root canal sealers. Int Endod J. 54:1369-1382
Alsubait S, Albader S, Alajlan N, Alkhunaini N, Niazy A,
Almahdy A (2019) Comparison of the antibacterial activity of
calcium silicate- and epoxy resin-based endodontic sealers against
Enterococcus faecalis biofilms: a confocal laser-scanning micros-
copy analysis. Odontology 107:513-520

CamilleriJ (2020) Classification of hydraulic cements. Front Dent Med.
08 September 2020. https://doi.org/10.3389/fdmed.2020.00009
Loushine BA, Bryan TE, Looney SW, Gillen BM, Loushine
RJ, Weller RN et al (2011) Setting properties and cytotoxicity
evaluation of a premixed bioceramic root canal sealer. J Endod.
37:673-7

Candeiro GT, Correia FC, Duarte MAH, Ribeiro-Siqueira DC,
Gavini G (2012) Evaluation of radiopacity, pH, release of cal-
cium ions, and flow of a bioceramic root canal sealer. J Endod.
38:842-5

Scarparo RK, Haddad D, Acasigua GA, Fossati AC, Fachin EV,
Grecca FS (2010) Mineral trioxide aggregate-based sealer: analy-
sis of tissue reactions to a new endodontic material. J Endod.
36:1174-8

. Atmeh AR, Chong EZ, Richard G, Festy F, Watson TF (2012)

Dentin-cement interfacial interaction: calcium silicates and poly-
alkenoates. J Dent Res. 91:454-9

Wu MK, Wesselink PR (1993) Endodontic leakage studies recon-
sidered. Part I. Methodology, application and relevance. Int Endod
J.26:37-43

Briseno-Marroquin B, Paque F, Maier K, Willershausen B, Wolf
TG (2015) Root canal morphology and configuration of 179 max-
illary first molars by means of micro-computed tomography: an
ex vivo study. J Endod. 41:2008-13

@ Springer

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

. Grande NM, Plotino G, Gambarini G, Testarelli L, D’Ambrosio

F, Pecci R et al (2012) Present and future in the use of micro-CT
scanner 3D analysis for the study of dental and root canal mor-
phology. Ann Ist Super Sanita. 48:26-34

Jung M, Lommel D, Klimek J (2005) The imaging of root canal
obturation using micro-CT. Int Endod J. 38:617-26

Gandolfi MG, Parrilli AP, Fini M, Prati C, Dummer PM (2013)
3D micro-CT analysis of the interface voids associated with Ther-
mafil root fillings used with AH Plus or a flowable MTA sealer.
Int Endod J. 46:253-63

Hammad M, Qualtrough A, Silikas N (2009) Evaluation of root
canal obturation: a three-dimensional in vitro study. J Endod.
35:541-4

Kim JA, Hwang YC, Rosa V, Yu MK, Lee KW, Min KS (2018)
Root canal filling quality of a premixed calcium silicate endodon-
tic sealer applied using Gutta-percha cone-mediated ultrasonic
activation. J Endod. 44:133-8

Kim JA, Hwang YC, Rosa V, Yu MK, Lee KW, Min KS (2020) A
micro-computed tomographic evaluation of root canal filling with
a single gutta-percha cone and calcium silicate sealer. Restor Dent
Endod. 45:¢18

Li GH, Niu LN, Selem LC, Eid AA, Bergeron BE, Chen JH et al
(2014) Quality of obturation achieved by an endodontic core-car-
rier system with crosslinked gutta-percha carrier in single-rooted
canals. J Dent. 42:1124-34

Simsek N, Keles A, Ahmetoglu F, Akinci L, Er K (2017) 3D
Micro-CT analysis of void and gap formation in curved root
canals. Eur Endod J. 2:1-5

Saunders WP, Saunders EM (1994) Coronal leakage as a cause
of failure in root-canal therapy: a review. Endod. Dent. Traumat.
10:105-8

Trope M, Bunes A, Debelian G (2015) Root filling materials and
techniques: bioceramics a new hope? Endodontic Topics 32:86-96
Debelian G, Trope M (2016) The use of premixed bioceramic
materials in endodontics. Giornale Italiano di Endodonzia
30:70-80

Kebudi Benezra M, Schembri Wismayer P, Camilleri J (2018)
Interfacial characteristics and cytocompatibility of hydraulic
sealer cements. J Endod. 44:1007-1017

Reszka P, Nowicka A, Dura W, Marek E, Lipski M (2019) SEM
and EDS study of TotalFill BC sealer and GuttaFlow Bioseal root
canal sealers. Dent Med Probl. 56:167-72

Siboni F, Taddei P, Zamparini F, Prati C, Gandolfi MG (2017)
Properties of BioRoot RCS, a tricalcium silicate endodontic
sealer modified with povidone and polycarboxylate. Int Endod J.
50(Suppl 2):e120—36

Reszka P, Nowicka A, Lipski M, Dura W, Drozdzik A, Wozniak
K (2016) Comparative chemical study of calcium silicate-con-
taining and epoxy resin-based root canal sealers. Biomed Res Int.
2016:9808432

Kebudi Benezra M, Schembri Wismayer P, Camilleri J (2017)
Influence of environment on testing of hydraulic sealers. Sci Rep.
7(1):17927

Camilleri J (2015) Sealers and warm gutta-percha obturation tech-
niques. J Endod. 41:72-8

Viapiana R, Baluci CA, Tanomaru-Filho M, Camilleri J (2015)
Investigation of chemical changes in sealers during application of
the warm vertical compaction technique. Int Endod J. 48(1):16-27
Atmeh AR, Hadis M, Camilleri J (2020) Real-time chemical
analysis of root filling materials with heating: guidelines for safe
temperature levels. Int Endod J. 53(5):698-708

Donnermeyer D, Schifer E, Biirklein S (2018) Real-time intra-
canal temperature measurement during different obturation tech-
niques. J. Endod. 44:1832-1836

Donnermeyer D, Urban K, Biirklein S, Schifer E (2020) Physico-
chemical investigation of endodontic sealers exposed to simulated


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fdmed.2020.00009

Clinical Oral Investigations

37.

38.

39.

intracanal heat application: epoxy resins and zinc oxide—eugenols.
Int. Endod. J. 53:690-697

Hadis M, Camilleri J (2020) Characterization of heat resist-
ant hydraulic sealer for warm vertical obturation. Dent Mater.
36(9):1183-1189

Mutal L, Gani O (2005) Presence of pores and vacuoles in set
endodontic sealers. Int Endod J. 38:690-6

Silva EJ et al (2017) Dissolution, dislocation and dimensional
changes of endodontic sealers after a solubility challenge: A
micro-CT approach. Int. Endod. J. 50:407-414

40.

41.

42.

Elyassi Y, Moinzadeh AT, Kleverlaan CJ (2019) Characterization
of leachates from 6 root canal sealers. J. Endod. 45:623-627
Urban K, Neuhaus J, Donnermeyer D, Schifer E, Dammaschke T
(2018) Solubility and PH value of 3 different root canal sealers: a
long-term investigation. J. Endod. 44:1736-1740

Kebudi Benezra M, Schembri Wismayer P, Camilleri J (2017)
Influence of environment on testing of hydraulic sealers. Sci Rep.
20;7(1):17927.

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Comparison of obturation quality in natural and replica teeth root-filled using different sealers and techniques
	Abstract
	Objectives 
	Materials and methods 
	Results 
	Conclusions 
	Clinical relevance 

	Introduction
	Materials and methods
	Sealer characterisation
	Preparation of teeth and resin replicas
	Root canal obturation
	Gap and void volume measurement
	Preliminary study
	Measurement of %Vgv of test specimens

	Leachate analysis
	Statistical analysis

	Results
	Sealer characterisation
	Gap and void volume measurement
	Preliminary study
	Measurement of gap and void volume of test specimens

	Leachate analysis

	Discussion
	Conclusions
	References


