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Agustı́n Galparsoro Catalán, Álvaro Zubizarreta-Macho, Francesc Abella Sans and Sofı́a

Hernández Montero

Influence of Static Navigation Technique on the Accuracy of Autotransplanted Teeth in
Surgically Created Sockets
Reprinted from: J. Clin. Med. 2022, 11, 1012, doi:10.3390/jcm11041012 . . . . . . . . . . . . . . . . 79

Julien Beauquis, Hugo M. Setbon, Charles Dassargues, Pierre Carsin, Sam Aryanpour,

Jean-Pierre Van Nieuwenhuysen and Julian G. Leprince

Short-Term Pain Evolution and Treatment Success of Pulpotomy as Irreversible Pulpitis
Permanent Treatment: A Non-Randomized Clinical Study
Reprinted from: J. Clin. Med. 2022, 11, 787, doi:10.3390/jcm11030787 . . . . . . . . . . . . . . . . 91
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Currently, the term “modern endodontics” is used more often due to contemporary
applied science and original materials that have been developed in recent years. Various
instruments and devices were developed to simplify and improve our endodontic treat-
ments. For instance, these include operating microscopes, ultrasonic devices, different
lasers, modified alloys for rotating NI-Ti files, powerful irrigation strategies, the latest
irrigant solutions, newly developed materials for filling root canals, 3D (three dimensional)
radiography, and several more [1]. Furthermore, difficult root canal treatments can be
performed safely when these advanced techniques are employed, consequently ensuring
adequate therapy for patients and saving teeth that would otherwise be condemned for
extraction. General practitioners and endodontists, who are equally important, should be
aware of and apply these advanced techniques in their daily work.

The current Special Issue, “The State of the Art in Endodontics”, in the Journal of
Clinical Medicine, is dedicated to collecting high-quality scientific contributions that mainly
focus on modern technologies and protocols.

Presently, with the introduction of 3D radiography and CBCT in endodontics, more
precise correct diagnoses can be achieved. For example, it is possible to anticipate complex
anatomies, identify root fractures, make a differential diagnosis between external and
internal resorptions, and identify small periapical lesions that are not perceptible with
traditional radiology [1,2]. All of these aspects can improve the prognosis of the treatment
to be carried out.

After reaching a correct diagnosis, endodontic treatment begins by the preparation of
an access cavity. In recent years, the concept of minimally invasive endodontics has been
advancing progressively. This concept begins with access cavities.

By creating conservative cavities, it is possible to save more dental tissue and avoid
the risk of fracture [3].

Once the access cavity is prepared and all root canals have been identified, the subse-
quent shaping phase can be begun.

Two studies in the current Special Issue studied the shaping phase during endodontic
treatment [4,5]. Nickel–titanium (NiTi) endodontic rotary files allow clinicians to maintain
the original anatomy of root canals, especially in curved canals. Consequently, the possi-
bility of conceivable mishaps during the mechanical preparation of a root canal system is
diminished. The innovation of the heat treatment process during the manufacturing of NI-
Ti files allows for modifications in the physical properties of the NiTi rotating instrument.
For instance, this treatment increases cyclic fatigue resistance and helps the files to conform
to diverse curves and angles in a root canal. Research has illustrated the utilization of a
single rotary instrument in a reciprocation action when treating primary teeth and reported
considerable advantages in pedodontics. For example, the therapy time was reduced, the
liability for iatrogenic mistakes was also diminished, and cross-contamination between
patients was prevented [6,7].
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It has been reported that the shaping phase alone, regardless of the file used, cannot
reach the whole of the complex endodontic space. Manual and rotating files can only be
used in the central portion of the root canal. Files cannot reach lateral anatomies such as
isthmuses, lateral canals, loops, deltas, and similar. For this reason, the cleaning phase is
important and is considered a fundamental step to adequately eliminating bacteria and
necrotic tissue [8].

Furthermore, minimally invasive shaping protocols in the form of using rotary files
that are small in size and taper promote more efficient irrigation protocols and safer, more
conservative endodontic treatments [9].

Sodium hypochlorite (NaOCl) is considered the most common irrigant used during
the cleaning phase owing to its high tissue dissolution ability and prominent antimicrobial
action [10].

Several techniques can be applied to utilize the action and effect of NaoCl. A recently
introduced technique, internal heating, combined with ultrasonic activation, can also
achieve excellent results in the case of conservative shaping [8,11].

Numerous additional antimicrobial solutions were suggested for use in root canal
chemical cleaning, such as benzalkonium chloride (BAK) and chlorhexidine (CHX) [12,13].

In our current Special Issue, new research evaluated the antibacterial effect and depth
of penetration of a chitosan nanodroplet (ND) solution packed with benzalkonium chlo-
ride (BAK) inside dentinal tubules [14]. The study showed that BAK induces structural
disorganization, the loss of cytoplasmic membrane integrity, and has damaging impacts on
microorganisms [15]. Additionally, when BAK is used in solution concentrated up to 5%, it
is believed to offer antibacterial effects and durable outcomes as it inhibits the proteases of
microorganisms [15].

In this research, the NaOCl solution showed the highest antimicrobial efficacy, but
nanodroplets with BAK seemed to have an identical effect to CHX, with a high depth of
efficacy.

After finishing the shaping and cleaning step, the obturation phase occurs next in the
endodontic space.

In recent years, new sealers with excellent properties, such as biosealers, have also
been developed, in addition to the invention of new techniques for use in the obturation
phase [16]. The major features of these new sealers are their increased PH, greater antibac-
terial activity, decreased setting time, biocompatibility, and micro-expansion in the root
canal.

In the current Special Issue [17], a new technique was evaluated that employs ultra-
sonic tips to apply sealer in the root canal.

Ultrasonic devices have been effectively employed in the field of endodontics in recent
decades for most of the endodontic steps, including root canal obturation [18].

Many studies showed that the application of ultrasonic energy on sealers during the
root canal filling procedure can boost the sealer’s penetration inside the dentinal tubules
and enhance the boundary connection between the obturation material and the root canal
wall [17]. In addition, ultrasonic energy can rearrange the sealer particles and eradicate the
trapped air, hence decreasing the porosity.

Utilizing micro-CT analysis, the study evaluated the effect of direct ultrasonic acti-
vation on the porosity diffusion in biosealer in root canal filling. Within the limits of this
in vitro study, they concluded that none of the obturation procedures could offer pore-free
endodontic obturation in the apical 5 mm.

After the completion of the obturation phase, up to 40% of patients may report
postoperative pain [19].

Postoperative pain can remain for some time after the treatment and can be intense
according to multiple prognostic aspects. The factor that corresponds the most to post-
operative pain is the obturation technique; this can be in the form of a cold lateral, single
cone, or warm vertical compaction technique. Moreover, the sealer was found to play an
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important role in postoperative pain, with the most traditionally used being resin-based or
zinc-oxide eugenol sealers [19].

In this Special Issue, using a systematic review and meta-analysis, Mekhdieva et al.
reported the impact of using the biosealer filling technique in comparison to conventional
obturation processes on postoperative pain in adult patients following endodontic treat-
ment [20].

Mekhdieva et al. proposed that the biosealer obturation method may have a positive
effect on postoperative pain. Concurrently, it was reported that many factors affected the
flare-up of pain, for example, if analgesics were administered, the pulp status, and the
number of visits when using biosealer compared with resin-based sealer. Nevertheless,
additional well-designed clinical studies are warranted to augment their results due to
several restrictions in their analyses.

In conclusion, the knowledge and the application of modern technologies and the
continuous search for and development of new techniques and endodontic materials are
crucial to making root canal treatment safer and more efficient.

As the Guest Editors, we would like to sincerely appreciate and thank the reviewers
for their insightful remarks and the JCM team’s support. Ultimately, we heartily thank all
of the contributing authors for their valuable input.
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Abstract: The present study aims to evaluate and contrast the function of the rotational speed of NiTi
alloy endodontic rotary files on how resistant they are to dynamic cyclic fatigue. Methods: A total of
150 NiTi alloy endodontic rotary files with similar geometrical design and metallurgical properties
were randomly divided into study groups: Group A: 200 rpm (n = 30); Group B: 350 rpm (n = 30);
Group C: 500 rpm (n = 30); Group D: reciprocating movement at 350 rpm with 120◦ counterclockwise
and 30◦ clockwise motion (350 rpm+) (n = 30); and Group E: reciprocating movement at 400 rpm
with 120◦ counterclockwise and 30◦ clockwise motion (400 rpm+) (n = 30). A dynamic device was
designed to carry out dynamic cyclic fatigue tests using artificial root canal systems made from
stainless steel with an apical diameter of 250 μm, 5 mm radius of curvature, 60◦ curvature angle, and
6% taper, and 20 mm in length. A Weibull statistical analysis and ANOVA test were used to analyze
the results. Results: The ANOVA analysis showed differences in time to failure among all the study
groups that were of statistical significance (p < 0.001). Conclusions: NiTi alloy endodontic rotary files
using reciprocating movement at 350 rpm with 120◦ counterclockwise and 30◦ clockwise motion
exhibit greater resistance to dynamic cyclic fatigue than files used with a reciprocating movement
at 400 rpm with 120◦ counterclockwise and 30◦ clockwise motion, continuous rotational speed at
200 rpm, continuous rotational speed at 350 rpm, or continuous rotational speed at 500 rpm; it is
therefore advisable to use reciprocating movements at a low speed.

Keywords: continuous rotation; cyclic fatigue; endodontics; endodontic rotary file; reciprocating;
speed; resistance

1. Introduction

Chemical disinfection and mechanical instrumentation of the root canal system are
crucial in the prevention of apical periodontitis that arises due to treatment, or to cure it if
already established [1]. However, the failure of nickel–titanium (NiTi) alloy endodontic
rotatory files remains a major dilemma for endodontists during root canal treatment,
despite the NiTi alloy undergoing continuous chemical and mechanical enhancements by
manufacturers so as to help prevent complications during endodontic therapy [2]. The
fracture of NiTi alloy endodontic rotary files can be caused by torsional fatigue, cyclic
fatigue, or some combination thereof [3]. Torsional failure happens when the end of a NiTi
alloy endodontic rotary file has become trapped on one of the root canal walls while the
instrument is still rotating, causing the file to fracture once the elasticity of the material
has been exceeded [4,5]. Flexural bending fatigue is caused by the repeated application of
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compression and traction cycles that the NiTi alloy endodontic rotary file experiences at
the site of maximum curvature of the root canal; these stresses subsequently lead to plastic
deformation, which can result in unexpected file fracture [3,6].

Several studies have reported that a fractured fragment of the NiTi alloy endodontic
rotary file may block the curved canal, negatively affecting the treatment outcome, as
disinfecting agents can no longer reach the infected root canal areas [1,7,8]. Additionally,
root canal systems that have not been properly disinfected may have a lower likelihood of
healing in teeth with periapical lesions [9].

Several additional factors have been linked to the fracture of NiTi alloy endodontic
rotary files, including instruments with a cross-section design [10], taper and apical diame-
ter [11], flute length, pitch, and helix angle [12]. In addition, the dynamics of the instrument,
such as torque [13] and canal geometry [8], as well as the manufacturing process, whether
electropolishing, heat treatment, or ion implantation [14], can influence the risk of fracture.

It remains unclear whether or not rotational speed affects the resistance to cyclic
fatigue of NiTi alloy endodontic rotary files. Yared et al. and Martín et al. have found that
rotational speed does indeed influence the prevalence of fracture in NiTi alloy endodontic
rotary files [15,16]. However, Pruett et al. showed that rotational speed had no significant
impact on the risk of fracture of NiTi alloy endodontic rotary files [8]. Additionally, some
studies have reported that reciprocating motion may overextend the cyclic fatigue life of
NiTi alloy endodontic files in comparison to continuous motion [17,18].

The present study aims to evaluate and assess the effect of the rotational speed of
NiTi alloy endodontic rotary files on their resistance to dynamic cyclic fatigue, with a null
hypothesis (H0) postulating that rotational speed has no effect on how resistant NiTi alloy
endodontic rotary files are to dynamic cyclic fatigue.

2. Materials and Methods

2.1. Study Design

One hundred and fifty (150) sterile, brand new endodontic rotary files with a paral-
lelogram cross-section design, 6% taper, and 250 μm apical diameter (Ref.: IRE 02506, D,
Endogal, Galician Endodontics Company, Lugo, Spain) were randomly distributed among
different study groups: Group A: continuous rotational speed at 200 rpm (200 rpm) (n = 30);
Group B: continuous rotational speed at 350 rpm (350 rpm) (n = 30); Group C: continuous ro-
tational speed at 500 rpm (500 rpm) (n = 30); Group D: reciprocating movement at 350 rpm
with 120◦ counterclockwise and 30◦ clockwise motion (350 rpm+) (n = 30); and Group E:
reciprocating movement at 400 rpm with 120◦ counterclockwise and 30◦ clockwise motion
(400 rpm+) (n = 30). The final total of experimental units included was 150, with these
being assigned to one of the five study groups in keeping with the proportions determined
by the researchers. The power was set at 80% and testing the null hypothesis H0 resulted
in an effect size of 0.606. A single-factor ANOVA test for independent samples was used to
make equal the mean values of the five groups, and the significance level was set at 5%. A
microscope (OPMI pico, Zeiss, Oberkochen, Germany) was used to examine all NiTi alloy
endodontic rotary files (Ref.: IRE 02506, D, Endogal, Galician Endodontics Company, Lugo,
Spain) prior to use, with no files discarded. Between January and July 2022, this controlled
experiment was conducted at the Department of Stomatology of the Faculty of Medicine
and Dentistry at the University of Valencia (Valencia, Spain).

2.2. Analysis with Scanning Electron Microscopy

A scanning electron microscope (SEM) (HITACHI S-4800, Fukuoka, Japan) was used
at ×30 and ×600 for the initial inspection of the NiTi alloy endodontic rotary files (Ref.:
IRE 02506, D, Endogal, Galician Endodontics Company, Lugo, Spain). This analysis was
conducted at the Central Support Service for Experimental Research of the University of
Valencia in Burjassot, Spain. The analysis was carried out with the following exposure
parameters: 20 kV acceleration voltage; magnification from 100× to 6500×; and resolution
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ranging from −1.0 nm at 15 kV to 2.0 nm at 1 kV. Researchers did this to evaluate the
surface characteristics and ensure there were no manufacturing surface defects.

2.3. Analysis with Energy-Dispersive X-ray Spectroscopy

In addition, energy-dispersive X-ray spectroscopy (EDX) was also used to analyze all
the NiTi alloy endodontic rotary files (Ref.: IRE 02506, D, Endogal, Galician Endodontics
Company, Lugo, Spain). This was conducted at the Central Support Service for Experimen-
tal Research at the University of Valencia in Burjassot, Spain. This inspection used these
exposure parameters: 20 kV acceleration voltage; magnification from 100× to 6500×; and
resolution ranging from −1.0 nm at 15 kV to 2.0 nm at 1 kV. These parameters were used to
assess the elemental makeup of the chemicals in the files used to test their resistance to static
fatigue. The researchers also evaluated the atomic weight percent, taking measurements
from three different sections (apical third, medium third, and coronal third of the NiTi alloy
endodontic files).

2.4. Experimental Model Simulating Dynamic Cyclic Fatigue

The researchers conducted tests of resistance to dynamic cyclic fatigue at room tem-
perature (20 ◦C) to evaluate the mechanical behavior of the instruments, according to
Martins et al. [19], using the aforementioned customized device (Utility Model Patent
No. ES1219520) [20]. CAD/CAE 2D/3D software (Midas FX+®, Brunleys, Milton Keynes,
UK) was used to design the structure of the device, which was subsequently created with
3D-printing software (ProJet® 6000 3D Systems©, Rock Hill, SC, USA) (Figure 1).

 

Figure 1. (A) Front, (B) back, (C) right, and (D) left sides of the dynamic cyclic fatigue device.

The customized artificial root canals were performed using Schneider’s measuring
technique, with a curvature of 60◦ [21] and a 5 mm curvature radius. The inverse engi-
neering software used for this purpose was CAD/CAE 2D/3D. Molybdenum wire-cut
technology (Cocchiola S.A., Buenos Aires, Argentina) was used with electrical discharge
machining (EDM) to create the artificial root canal from stainless steel. Researchers also
ensured that the NiTi files were flush with the walls of the artificial root canal. This newly
created artificial canal was then positioned on its support, and a light-dependent resistor
(LDR) sensor (Ref.: C000025, Arduino LLC®, Ivrea, Italy) placed at the apex of the canal
was used to identify any failures in the endodontic rotary instruments (Ref.: IRE 02506, D,
Endogal, Galician Endodontics Company, Lugo, Spain). This device works by measuring
the light source continuously generated by a very strong white LED (20,000 mcd) (Ref.:
12.675/5/b/c/20k, Batuled, Coslada, Spain). The LED was positioned opposite the artifi-
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cial root canal. An LED LDR sensor (Ref.: C000025, Arduino LLC®) at 50 ms was used to
interpret the LED signals so as to identify the precise time of failure.

A roller bearing system (Ref.: MR104ZZ, FAG, Schaeffler Herzogenaurach, Herzoge-
naurach, Germany) was used to apply the movement direction and speed indicated by
the operator (Ref.: DRV8835, Pololu® Corporation, Las Vegas, NV, USA) and created by
the brushed DC gear motor (Ref.: 1589, Pololu® Corporation, Las Vegas, NV, USA) to the
artificial support. The support was maneuvered in an exclusively axial motion with the help
of a linear guide (Ref.: HGH35C 10249-1 001 MA, HIWIN Technologies Corp. Taichung,
Taiwan). A torque-controlled motor and 6:1 reduction handpiece (X-Smart plus, Dentsply
Maillefer, Baillagues, Switzerland) were used in conjunction with the NiTi endodontic
rotary files.

A frequency of 60 pecks per minute was used for the NiTi endodontic files within the
dynamic cyclic fatigue device, following the parameters of a prior study [19]. Researchers
also applied a high-flow synthetic oil (Singer All-Purpose Oil; Singer Corp., Barcelona,
Spain) to help prevent friction between the NiTi endodontic files and the walls of the
artificial root canal; this oil is specifically formulated for the lubrication of mechanical parts.

The files were all used until failure. The researchers recorded and evaluated both the
length of time and the number of cycles the files took to fracture.

2.5. Statistical Tests

Statistical analysis of all variables was performed using SAS 9.4 (SAS Institute Inc.,
Cary, NC, USA). The mean value and SD were used to express the descriptive statistics
of the quantitative variables. The researchers then used an ANOVA test to perform a
comparative analysis of the number of cycles to failure and the time to failure (in seconds).
In 2-to-2 comparisons, the Tukey method was used to determine the p-values and correct
any Type I errors. The researchers also calculated the Weibull modulus and Weibull
characteristic strength. Statistical significance was defined as p < 0.05.

3. Results

Scanning electron microscopy (SEM) analysis of the NiTi alloy endodontic rotary files
did not detect any structural alterations or accumulated organic matter. Additionally, due
to the laser machining process used to make them, the manufacturing lines were parallel
to each other and perpendicular to the longitudinal axis of the files. The distance and
width between these manufacturing lines were indicators of the precision and intensity of
the laser machining manufacturing process. The laser machining process also resulted in
tubular porosity that was observed in the files. Additionally, tubular porosity was visible in
all of the NiTi alloy endodontic rotary files as a result of the combination of other chemical
elements with the Ti alloys (Figure 2).

 

Figure 2. (A) SEM images of the full-length NiTi alloy endodontic rotary files (Ref.: IRE 02506, D,
Endogal, Galician Endodontics Company, Lugo, Spain) at ×30, (B) and specifically of the end of the
file at ×600 and (C) the surface of the file at ×600.

EDX micro-analysis of the NiTi alloy endodontic rotary files was performed at three
different locations at 20 kV, enabling a thorough and precise analysis of the composi-

8



J. Clin. Med. 2022, 11, 3143

tion of the NiTi alloy endodontic rotary files. Through EDX micro-analysis at 20 kV, the
NiTi alloy endodontic rotary files were found to comprise Ti (37.59–34.52 wt.%) and Ni
(34.19–38.81 wt.%), although O and C were also observed (Figure 3).

 

Figure 3. EDX micro-analysis of the NiTi alloy endodontic rotary files at locations (A) 1, (B) 2, and
(C) 3.

Table 1 and Figure 4 show the mean and SD values of the time to failure (in seconds)
across all study groups.

Table 1. Descriptive analysis of time to failure (seconds).

Study Group n Mean SD Minimum Maximum

200 rpm 30 364.30 a 6.71 352.38 375.49
350 rpm 30 282.42 b 7.19 261.90 293.71
500 rpm 30 143.84 c 5.70 132.08 152.39

350 rpm+ 30 590.38 d 11.19 561.37 608.08
400 rpm+ 30 488.44 e 12.93 462.19 512.33

a,b,c,d,e Statistically significant differences among groups (p < 0.05).

The ANOVA analysis found there were differences of statistical significance among all
of the study groups with regard to the time to failure (p < 0.001) (Figure 5). The results of
the time to failure could be applied to the “number of cycles to failure” since all of the NiTi
endodontic files were used at a frequency of 60 pecks per minute within the dynamic cyclic
fatigue device.

The Weibull statistics scale distribution parameter (η) identified differences of sta-
tistical significance among all of the study groups with regard to the time to failure
(p < 0.001) (Table 2, Figure 5). The Weibull statistics shape distribution parameter (β)
revealed differences great enough to be statistically significant with regard to time to failure
between the 200 rpm and 400 rpm+ groups (p = 0.0236), the 500 rpm and 350 rpm+ groups
(p = 0.0003), the 350 rpm+ and 400 rpm+ groups (p = 0.0154), the 350 rpm and 500 rpm
groups (p = 0.0152), and the 200 rpm and 500 rpm groups (p = 0.0005). However, there
were not enough differences observed in the time to failure between the 350 rpm and 400
rpm+ groups (p = 0.2283), the 500 rpm and 400 rpm groups (p = 0.1908), the 200 rpm and
350 rpm+ groups (p = 0.08925), the 350 rpm and 350 rpm+ groups (p = 0.2492), and the 200
rpm and 350 rpm groups (p = 0.3123) to be statistically significant (Table 2, Figure 5). In
short, the NiTi alloy endodontic rotary systems exhibited very predictable behavior, as it
took about the same amount of time for the majority of the endodontic rotary files within
each study group to reach the point of failure. The more gradual slope seen when using
the NiTi endodontic rotary files at 350 rpm+ would indicate that this behavior is easier to
predict than other kinematics. The NiTi alloy endodontic rotary files at 350 rpm+ were
shown to be the most resistant to cyclic fatigue, followed by the NiTi alloy endodontic
rotary files at 400 rpm+, 200 rpm, 350 rpm, and 500 rpm.
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Figure 4. Box plot of time to failure. The median value of the respective study groups is represented
by the horizontal line in each box. ♦—Box plot mean value. O—Extrema value.

Table 2. Weibull statistics for the time to failure across the study groups.

Study
Group

Weibull Shape (β) Weibull Scale (η)

Estimate St Error Lower Upper Estimate St Error Lower Upper

200 rpm 61.9124 8.8223 46.8258 81.8598 367.5283 1.1471 365.2868 369.7836
350 rpm 50.3905 7.3394 37.8766 67.0388 285.6319 1.0898 283.5039 287.7759
500 rpm 30.5162 4.4688 22.9024 40.6611 146.4785 0.9251 144.6765 40.6611

350 rpm+ 63.6086 8.9083 48.3399 83.7000 595.4815 1.8047 591.9549 599.0291
400 rpm+ 39.6357 5.3913 30.3603 51.7449 494.7559 2.4189 490.0376 499.5197
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Figure 5. Weibull probability plot displaying time to failure across study groups.

4. Discussion

The findings of the present study do not accept the null hypothesis (H0), which
postulates that rotational speed does not affect the dynamic fatigue resistance of NiTi alloy
endodontic rotary files.

The present study used the same NiTi alloy endodontic instruments in rotary and
reciprocating kinematic motion since the manufacturer reported that the geometrical design
of the NiTi alloy endodontic files allows for its use in both kinematic movements; there-
fore, manufacturers recommend its use with both continuous and reciprocating rotations.
Furthermore, other instrumentation systems can be used with continuous or reciprocating
rotation, and it is necessary to have a motor in which the angles can be adjusted. Clear
examples can be found in the studies of Yared 2008 [22] and De Deus 2010 [17], where they
used instruments that cut clockwise in a reciprocating mode.

Previous studies have analyzed the effects of rotational speed on the number of cycles
to fracture of rotary NiTi instruments. Lopes et al. subjected ProTaper Universal instru-
ments F3 and F4 to 300 and 600 rpm; however, the speed values selected were too distant, a
cylindrical tube was used as the artificial root canal, and the fracture detection of the NiTi
alloy endodontic rotary files was subjective and therefore imprecise. Furthermore, they did
not carry out any additional measurement methods [23]. Additionally, some reviews have
been conducted with the aim of analyzing the mechanical and metallurgical behavior of
endodontic instruments under different testing conditions and methodologies [24–26].

The results derived from the present study indicate that the resistance of NiTi alloy
endodontic rotary files to cyclic fatigue is inversely proportional to the rotational speed. In
addition, reciprocating movements were shown to be more resistant to cyclic fatigue when
compared with continuous rotational movements. Moreover, the results derived from the
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present study present a direct application to the clinical setting, since the reciprocating sys-
tems provided higher resistance to cyclic fatigue, followed by the lower values of rotational
speed. Therefore, clinicians should choose reciprocating motion systems or reduce the
rotational speed of the endodontic torque-controlled motor if the NiTi endodontic rotary or
reciprocating file is expected to experience high cyclic fatigue, particularly in root canal
systems with a pronounced angle and/or curvature radius.

Specification #28 of the American Dental Association/American National Standards
Institute (ADA/ANSI) outlines tests used to measure how flexible stainless steel hand files
are, as well as their strength under torsion. These same tests were also adopted under ISO
3630/1, which is meant for instruments with a 0.02 ISO taper. Currently, there are still no
specifications or international standards with regard to testing the resistance of endodontic
rotary instruments to cyclic fatigue [27]. The ideal model would entail curved canals being
instrumented in natural teeth. That being said, each tooth can only be used once with
these tests, and instrumentation causes changes to the shape of the root canal, rendering it
impossible to establish standardized experimental conditions. Therefore, various methods
and devices have been used to analyze the in vitro resistance of NiTi rotary endodontic
instruments to cyclic fatigue fractures [28]. Cyclic fatigue is considered a dynamic event
itself since the movement of the NiTi alloy endodontic rotary or reciprocating instruments
inside the root canal system gives it dynamism. Cyclic fatigue tests have been carried out in
a static model under well-controlled experimental conditions; however, the novel pecking
movement of the endodontic handpiece of the present cyclic fatigue device provides an
additional dynamic movement more representative of the in-and-out motion made by
the operator. That being said, studies have shown that the number of cycles to failure
is significantly higher in the dynamic model, regardless of the brand or manufacturing
processes [29–31]. In the static testing model, there is no up-and-down movement applied
to the instrument, causing stresses to accumulate at a fixed point. With the dynamic model,
however, these stresses are spread out along the full length of the instrument, thereby
increasing its cyclic fatigue resistance [23]. Furthermore, researchers have found that the
up-and-down motion should not exceed 1, 2, or 3 mm/s in the dynamic testing model so as
to simulate clinical conditions [24]. An automatic detection system can be used to identify
the precise point of failure of endodontic rotary files [19]. Given this, the present study
used an anatomically based artificial root canal design in accordance with Schneider’s
method [20], using a 60◦ curvature angle and radius of 5 mm, and modifying the geometry
to adapt to the NiTi endodontic rotary files used in this study [11].

The findings of this study corroborate the findings of Kim et al., who found that the
Reciproc R25 and WaveOne Primary heat-treated NiTi alloy endodontic reciprocating files
were more resistant to torsion and cyclic fatigue when compared with ProTaper F2 NiTi
alloy endodontic rotary files used under continuous rotation [32]. Similarly, De Deus et al.
found that the ProTaper F2 NiTi alloy endodontic rotary file also exhibited significantly
greater resistance to cyclic fatigue when employed using reciprocating movement rather
than continuous rotational motion [17]. Furthermore, several other studies have em-
phasized the increase in the lifespan of NiTi alloy endodontic rotary files when using
reciprocating movement as opposed to continuous rotational motion [33,34]. That being
said, there are several studies that have analyzed the impact of rotational speed on how
resistant NiTi alloy endodontic rotary files are to cyclic fatigue, although the findings
remain controversial. Lopes et al. found that the ProFile NiTi alloy endodontic rotary
instrument exhibited greater susceptibility to accidental fracture at higher rotational speeds,
and they found that the total number of cycles to failure was about 30% lower in ProTa-
per instruments when the rotational speed was increased from 300 to 600 rpm [23]. On
the other hand, Martin et al. reported that unexpected fracture of NiTi alloy endodontic
rotary instruments was correlated with the rotational speed, as the ProTaper NiTi alloy
endodontic rotary instrument was more susceptible to fracture at 350 rpm than at 250 or
150 rpm [16]. However, Gao et al. reported no statistically significant differences (p > 0.05)
between files that had similar NiTi alloys and apical diameters when used at different
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rotational speeds [35]. The discrepancies in these findings may be due to differing study
designs, NiTi alloys, or geometrical designs of the instruments under study. Additionally,
not only the asymmetric oscillatory counterclockwise motion (reciprocation motion) but
also the asymmetric oscillatory clockwise motion can be used with any rotary instrument.
Martins et al. evaluated the cyclic fatigue resistance of three replicate rotary instruments
compared with their original brand systems using continuous rotation and optimum torque
reverse kinematics. They reported that reciprocating files showed greater resistance to
cyclic fatigue than continuous rotation files, and the replicas showed higher cyclic fatigue
resistance than the original brand instruments and higher transition temperatures to the
austenitic phase [36].

The results found by Ray et al. were corroborated by those obtained in the present
study using an analysis of dynamic cyclic fatigue when employing a standardized axial
movement, increasing the durability of NiTi alloy endodontic rotary instruments subjected
to cyclic fatigue in comparison with the results observed in static cyclic fatigue devices [37].
Most studies comparing dynamic and static cyclic fatigue appliances have concluded
endodontic rotary instruments exhibited a time to fracture roughly 20–40% longer when
undergoing dynamic cyclic fatigue than the time to fracture found in studies of static cyclic
fatigue, with this also being more similar to the clinical setting [38–40].

The cyclic fatigue testing was performed in a room temperature setting, according
to the results by La Rosa et al., who showed that studies at body temperature impaired
the cyclic fatigue resistance of most files [41]. In addition, Plotino et al. reported that the
surrounding temperature affected the NiTi crystalline phase transformation, significantly
decreasing the cyclic fatigue resistance at body temperature [42].

Regrettably, the limitations of this study precluded analyzing any additional kinematic
movements, under both reciprocating and continuous rotation movements. Future studies
ought to include more NiTi alloys, apical diameters, pitch, helix angles, manufacturing
processes, and tapers. Furthermore, due to difficulties with the standardization of samples,
the present study was not conducted in a clinical setting. However, the present study
provided multimethod research, including SEM, EDX, and an accurate dynamic cyclic
fatigue device, increasing the knowledge of the mechanical behavior of NiTi endodontic
rotary files under different kinematic conditions.

5. Conclusions

NiTi alloy endodontic rotary files used with a reciprocating movement at 350 rpm
with 120◦ counterclockwise and 30◦ clockwise motion were more resistant to dynamic
cyclic fatigue than those used with a reciprocating movement at 400 rpm with 120◦ counter-
clockwise and 30◦ clockwise motion, continuous rotational speed at 200 rpm, continuous
rotational speed at 350 rpm, and continuous rotational speed at 500 rpm. It is therefore
advisable to use reciprocating movements at a low speed.
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Abstract: In this article, the effects of cross-section and pitch on the mechanical response of NiTi
endodontic files is studied by means of finite element analyses. The study was conducted over a set of
eight endodontic rotary files, whose geometry was obtained from combinations of two cross-sections
(square and triangular) and four pitches. Each file was subjected to bending and torsional analyses,
simulating the testing conditions indicated in the ISO 3630 Standard, in order to assess their stiffness
and mechanical strength. The results indicate that endodontic files with a square cross-section have
double the stiffness of those with triangular cross-sections, both in terms of bending and torsion. For
both loading modes, endodontic files with a triangular cross-section can undergo larger deformations
before overload failure than those with a square cross-section: up to 20% more in bending and
40% in torsion. Moreover, under equivalent boundary conditions, endodontic files with triangular
cross-sections present a higher fatigue life than those with square cross-sections: up to more than
300% higher for small pitches. The effect of pitch on the stiffness and strength of the file is smaller
than that of the cross-section shape, but smaller pitches could be beneficial when using a triangular
cross-section, as they increase the bending flexibility, fatigue life, and torsion stiffness. These results
suggest a clinical recommendation for the use of files with a triangular-shaped cross-section and a
small pitch in order to minimize ledging and maximize fatigue life. Finally, in this study, we reveal
the sensitivity of the orientation of files with respect to the bending direction, which must be taken
into account when designing, reporting, and interpreting test results under such loading conditions.

Keywords: endodontic file; cross-section; pitch; flexural bending; torsion; stress distribution; finite
element analysis

1. Introduction

The introduction of nickel–titanium alloy (NiTi) for the manufacturing of root canal
instruments entailed a great revolution in the field of endodontics, as the consequent
endodontic files decreased the incidence of iatrogenic complications [1,2]. However, despite
the continuous mechanical and chemical improvements made by manufacturers, the failure
of endodontic files during root canal treatments remains a concern for clinicians [3], as the
incidence of their fracture still ranges from 0.09% to 5% [4,5].

The fracture of rotary instruments occurs mainly due to two different mechanisms,
usually referred to as torsion overload and flexural fatigue [6,7]. On one hand, the torsion
overload failure mechanism corresponds to a static failure that typically occurs when the
tip of the endodontic file becomes blocked in the root canal whilst the instrument continues
rotating [8]. In static failure, the file fails because the stress value reaches the elastic limit of
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the material, such that the file undergoes permanent deformation and finally fractures. On
the other hand, flexural fatigue is a failure mechanism produced mainly by the alternating
compressive and tensile stresses and strains that appear in any point of a file rotating inside
a curved root canal [8,9]. This type of fatigue failure results in a sudden fracture of the file
after a certain number of rotations, even if the stress levels are far below the elastic limit of
the material, due to the nucleation and progression of small cracks in some stressed sections
of the file. Thus, bending and torsion are essential conditions to evaluate the mechanical
behavior of endodontic instruments [10]. The unexpected failure of NiTi endodontic files
may condition the outcome of the root canal treatment by blocking the advancement of
disinfecting agents beyond the fractured instrument [11–13], which may lead to subsequent
pulp necrosis and the formation of periapical lesions [14], or decrease the success rate
of root canal treatment of teeth with periapical pathology [15]. In addition, extraction of
the fractured NiTi endodontic rotary file from the root canal system requires root dentin
removal to provide access to the fractured instruments [16]. This causes a loss of dentin
tissue, which can negatively affect the structural integrity of the tooth [17]. Furthermore,
it can lead to root perforation and increase the risk of vertical root fracture, especially
in the apical third [16]. For these reasons, a better understanding of the independent
and combined effects of the different parameters that affect these failure mechanisms is
desirable, and additional research must be addressed to this end.

Several works have been conducted to analyze the influence of both the NiTi alloy [18]
and the geometrical parameters on the torsional and bending resistance of endodontic
instruments. Both the chemical composition and crystalline structure of the NiTi alloy
have been studied, and it has been shown that they highly influence the strength of the
endodontic file [19]. In particular, endodontic rotary systems with a higher concentration
of the martensitic phase and manufactured using electropolishing, ion implantation, cryo-
genic treatment, and heat treatments improve the mechanical behavior of NiTi endodontic
rotary files, increasing their cyclic fatigue resistance. The geometric parameters of the
endodontic files have also been reported to influence the instrument’s performance, in-
cluding the taper and apical diameter [20], cross-section design [21,22], flute length, helix
angle, and pitch [23]. The influence of these variables has been analyzed using static and
dynamic custom-made cyclic fatigue testing devices, which have not been submitted to a
standardization normative, and do not allow for independently assessing the influence of
each geometric parameter associated with flexural fatigue or torsional overload. There are
other standardized testing devices, such as those described in ISO 3630-1:2008 [24], which
allow for the independent assessment of both torsional and bending phenomena, although
their capability to reproduce the actual operating conditions of endodontic files has not yet
been verified.

Computer simulation has proven to be an interesting tool for studying the failure of
endodontic rotary files. In the simplest cases, analytical methods can be used for such
a purpose, which are usually based on the small strain theory of elasticity. In this line,
Zhang et al. [25] have analyzed the mechanical behavior of NiTi endodontic files under
torsional and bending loads. Tsao et al. [26] have developed analytical models to study the
flexibility of NiTi instruments subjected to bending loads. These analytical models have the
advantage of being fast and easy to implement, but their capabilities to consider non-linear
behaviors (i.e., material non-linearity) or complex loading scenarios are limited. These
limitations can be overcome by using numerical methods such as the finite element method.

The ability of the finite element method to reproduce the results obtained from experi-
mental tests using endodontic rotary files has been proven in several works [7,10,27–29],
whose main conclusions have been summarized in a recent bibliographical review [30].
This review concluded that the finite element method is a reliable tool for evaluating the
behavior of NiTi rotary instruments, and has the advantage of reducing instrument devel-
opment time and costs. Another important advantage of the finite element method is that
it also allows us to assess aspects of the mechanical behavior of the instruments, such as the
stress distribution, which are difficult to obtain in laboratory tests [10]. The finite element
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method has been previously used to analyze the influence of cross-section design and pitch
on the stiffness and stress distribution under bending and torsional conditions [10,31–37].
Appendix B collects detailed information about these previous studies, including their
main conclusions and limitations. Some of these studies have used proprietary file models,
such as ProTaper, ProFile, Mtwo, and others, which hampers the independent evaluation
of parameters such as cross-section geometry, cross-section area, or pitch [10,32–35]. Other
studies have used theoretical file models to avoid this problem, but with some limitations;
for example, in [36], the authors analyzed four different cross-sections and three pitch
values under torsion, but did not provide detailed information about the material model for
the shape memory alloy (SMA) of the files or about the quality of the finite element mesh.
In another study, Versluis et al. [33] analyzed the effects of pitch and cross-section geometry
on flexural stiffness and stresses using a representative SMA material model. However, the
boundary conditions were specified differently to those in ISO 3630-1:2008 [24] and the
bending applied was low, leading to maximum von Mises stresses below the initial stress
for transformation from austenite to martensite, and, thus, the effect of the super-elasticity
of the files was not analyzed; furthermore, torsion behavior was not included in the study.
In [37], the effect of cross-section geometry and pitch on the ‘screw-in’ tendency of the
files was analyzed, but a linear material model was used for the file. A more recent study
investigated different geometric options for the sides of a triangle-shaped cross-section
(straight, convex, and concave), as well as the use of files with combinations of these
geometries along the file [31], but the pitch effect was not analyzed.

Some of these finite element models are limited in their accuracy, in terms of represent-
ing the correct geometry and boundary conditions of the endodontic files, or use simplified
material models that are incapable of representing their actual mechanical response under
load. In this study, we address all of these partial limitations of previous studies by under-
taking a comprehensive analysis of the effects of pitch and cross-section using an accurate
finite element model that allows us to simulate the testing conditions of the ISO3630 Stan-
dard to the best extent possible. The method used to obtain the parametric geometrical
representation of the endodontic instrument and the corresponding finite element mesh
has been proposed in our previous work [38]. The use of an accurate numerical model
in these tests can foster improvements in new generations of more resistant and flexible
endodontic files, reducing the need for expensive and time-consuming experiments in the
early design stages. From a clinical perspective, these improvements are expected to reduce
the risk of failure of endodontic instruments, thus preventing clinical complications.

The aim of this study was to analyze and compare the effects of the cross-section and
the pitch on the mechanical response (in terms of strength and stiffness) of NiTi endodontic
files under bending and torsional conditions, similar to those indicated in the ISO 3630
Standard [24], using the finite element method. The study was conducted using a set of
eight different endodontic rotary files whose geometries were obtained from combinations
of two cross-sections (triangular and square) and four pitches (1 mm, 2 mm, 4 mm, and
8 mm). Under these conditions, the following individual objectives were pursued: (i) to
develop a finite element model which reproduces the experimental tests conducted in the
ISO 3630 Standard; (ii) to conduct a bending analysis of the selected endodontic rotary
files, in order to predict the stiffness and strength of the files under static and cyclic loading
conditions; and (iii) to conduct a torsional analysis of the selected endodontic rotary files,
in order to predict the stiffness and the strength of the files under static loading conditions.

2. Materials and Methods

For this study, different endodontic instruments were analyzed using numerical
simulation with finite elements. Figure 1 shows the geometries of the eight endodontic files
considered. The different geometries were obtained by varying the cross-section (square
and triangular) and the pitch (pz = {1 mm, 2 mm, 4 mm, 8 mm}) of the files. All of them
had a total length of Ltotal = 25 mm, the length of their active part was La = 16 mm, and
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their tip and shaft diameters were da = 0.25 mm and dsh = 1.20 mm, respectively. The
taper of the endodontic files was 6%.
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Figure 1. Geometries of the analyzed endodontic files: endodontic files with square cross-section (a);
endodontic files with triangular cross-section (b); normalized square cross-section (c); and normalized
triangular cross-section (d).

The material for all the files was considered to be NiTi, which exhibits a super-elastic
stress–strain curve, as shown in Figure 2. Here, EA and EM represent the Young’s moduli
of austenite and martensite, respectively. The beginning and end of the loading phase
transformation are denoted by σS

L and σE
L , respectively, whereas the beginning and the end

of the unloading transformation phase are denoted by σS
U and σE

U . Finally, εL represents the
uni-axial transformation strain, and σE

ME indicates the end of the martensitic elastic regime.
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Figure 2. Sample stress–strain curve for NiTi material.

2.1. Devices for Experimental Bending and Torsion Analysis

Endodontic files are usually tested in terms of bending and torsional loads, and
the typical standardized procedure for these tests has been described in the ISO 3630
Standard [24], as summarized in Figure 3. For the torsion analysis (Figure 3a), the last
3 mm at the tip of the endodontic file are inserted inside a clamping jaw. After checking
that the endodontic file is properly fixed and aligned with the axis of rotation, the top of
the file is rigidly connected to the torsion device. This torsion device is increasingly rotated
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at angle θz, and the torsional moment Mz is measured using a torquemeter attached to
the clamping jaw. The test ends with the failure of the endodontic file. At this point, the
maximum rotated angle θz,max and maximum torsional moment Mz,max are registered.

Mz

θz

Endodontic
rotary file

Endodontic
rotary file

Torquemeter

Torquemeter

Bending deviceTorsion device

(a) (b)

Clamping jaw

Clamping
jaw

x

z

y
θx

Mx

Figure 3. Devices used for torsion (a) and bending (b) analyses.

In a similar way, in the bending analysis (Figure 3b), the last 3 mm at the tip of the
endodontic file are inserted inside a clamping jaw. After checking that the endodontic file is
properly fixed and aligned with the axis of rotation, the bending device is positioned until
it contacts the endodontic file. Then, the bending device is increasingly rotated at angle θx,
and the bending moment Mx is measured using a torquemeter attached to the clamping
jaw. The test ends with the failure of the endodontic file. At this point, the maximum
rotated angle θx,max and maximum bending moment Mx,max are registered.

2.2. Definition of the Finite Element Model for the NiTi Endodontic File

Figure 4 shows an example of the finite element model created for the endodontic
file simulation experiments, as described in Section 2.1. Here, only the portion of the
endodontic file subjected to stresses and strains was considered in the analysis (i.e., the
part of the endodontic file inserted into the clamping jaw was not included in the finite
element model). The geometry of the endodontic file was generated and then discretized
into quadratic finite element tetrahedrons following the meshing procedure developed in
our previous work [38]. Using this procedure, the finite element mesh of a endodontic file
was automatically built from its geometrical parameters (dsh, da, La, Ltotal , and pz, as shown
in Figure 1) and the average element size.

Rigid surface B

Reference
node B

Detail of the
tetrahedral mesh

Reference
node A

R Aigid surface

z

y

x

Figure 4. Definition of the finite element model.

To select the average element size, a mesh sensitivity study was conducted in our
previous work [38] for a finite element model of an endodontic file with similar geometry,
element type, boundary, and loading conditions, as described in Figure 4. In this study, the
variations in the maximum element energy error and energy norm error with respect to the
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average element size were observed, and it was concluded that an average element size
equal to 0.1 mm provided a good compromise between accuracy and computational cost.
For these reasons, this average element size was used to perform this study, resulting in a
finite element model with 89,295 nodes and 58,749 elements.

The super-elastic behavior of the NiTi alloy used to manufacture the endodontic
files was modeled using the material model developed by Auricchio [39]. The material
properties that characterize this material model were extracted from [10], and are shown in
Table 1.

Table 1. Material properties to characterize the super-elastic behavior of NiTi alloy.
Reprinted/adapted with permission from Ref. [10]. 2014, Elsevier.

Parameter Variable Magnitude

Young’s modulus of austenite EA 42,530 MPa
Austenite Poisson’s ratio νA 0.33
Young’s modulus of martensite EM 12,828 MPa
Martensite Poisson’s ratio νM 0.33
Uni-axial transformation strain εL 6%
Slope of the stress–temperature curve for loading (δσ/δT)L 6.7
Start of transformation loading σS

L 492 MPa
End of transformation loading σE

L 630 MPa
Reference temperature T0 22 ◦C
Slope of the stress–temperature curve for unloading (δσ/δT)U 6.7
Start of transformation unloading σS

U 192 MPa
End of transformation unloading σE

U 97 MPa
End of martensitic elastic regime σE

ME 1200 MPa

The surface at the fixed end of the endodontic file was defined as a rigid surface
(denoted as rigid surface A in Figure 4). This rigid surface was rigidly connected to
reference node A, which was used to introduce the boundary conditions for the finite
element model. To simulate the effect of the clamping jaw over the endodontic file, all of
the degrees of freedom of reference node A were restricted. At the other side of the file,
the top surface was also defined as a rigid surface (denoted as rigid surface B in Figure 4).
This rigid surface was rigidly connected to reference node B, which was used to define the
loading conditions of the model. Two different loading conditions were considered in the
analyses, one for the bending analysis and the other for the torsional analysis:

• In the bending analysis, an increasing displacement was imposed at reference node B
in the negative direction of the y-axis, until the maximum von Mises stress along the
endodontic file σmax reached the end of the martensitic elastic regime. As the results of
the bending analyses are sensitive to the orientation of the endodontic file with respect
to the bending direction, the analysis was conducted in 24 different angular positions,
given by a rotation ϕz = {0◦, 15◦, 30◦, . . . , 360◦} of the endodontic file with respect to
the z-axis.

• In the torsional analysis, an increasing rotation was imposed at reference node B
along the positive direction of z-axis, until the maximum von Mises stress along the
endodontic file σmax reached the end of the martensitic elastic regime. Here, the results
of the analysis do not depend on the orientation of the file.

The finite element model was solved through transient analysis using the large dis-
placements formulation, which was conducted using the ABAQUS software. Hence,
material and geometric non-linearities were considered in the study. In each one of these
analyses, the rotation at reference node B (θx for bending analysis and θz for torsional
analysis) and the reaction moment at reference node A (Mx for bending analysis and Mz for
torsional analysis) were registered for each analysis frame. The maximum von Mises stress
and the maximum principal strain were also retrieved for each analysis frame, using the
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method indicated in Appendix A.1, in order to minimize possible numerical singularities in
the model. Finally, the bending fatigue life was estimated following the method described
in Appendix A.2, based on the Coffin–Manson relation, considering the material properties
indicated in Table 2.

Table 2. Material properties used to characterize the fatigue behavior of NiTi alloy [28,40].

Parameter Variable Magnitude

Fatigue ductility coefficient ε
′
F 0.68

Fatigue strength coefficient σ
′
F 705 MPa

Fatigue ductility exponent c −0.6
Fatigue strength exponent b −0.06
Modulus of elasticity E 42.5 GPa

3. Results

3.1. Bending Analysis

Figure 5 shows the von Mises stress plot for the bending analysis of two representative
endodontic files with pitch pz = 4 mm and analysis angular position given by ϕz = 0◦, for
the analysis frame in which the maximum von Mises stress in the model reaches the end
of the loading transformation phase (σmax = σE

L ). Figure 5a shows the von Misses stress
plot over an endodontic file with square cross-section and Figure 5b shows the von Misses
stress plot over an endodontic file with triangular cross-section. The figure shows that,
under these boundary conditions, the highest stresses were located in the apical third of
the file.

Figure 5. The von Mises stress plots for the bending analysis of endodontic files with pz = 4 mm and
ϕ = 0◦.

Figure 6 shows the relationship between the rotation θx and the reaction bending mo-
ment Mx obtained from the bending analysis of the endodontic files with square (Figure 6a)
and triangular (Figure 6b) cross-sections and pitch pz = 4 mm. Here, the abscissa axis
shows the rotation of the reference node B along the x-axis, while the ordinate axis shows
the reaction bending moment at reference node A. The figure also shows the points where
the maximum von Mises stress in the finite element model reaches the start of the phase
transformation, the end of the phase transformation, and the end of the martensitic elastic
regime. The curves in the figure exhibit a significant decrease in the slope for a rotation
close to 20◦, corresponding to a change in the stiffness of the file, as the transformation
from austenite to martensite progresses in part of the file. As the bending response of an
endodontic file is dependent on its orientation (given by the angle ϕz), different curves
were obtained for each cross-section. For clarity, only the lower and upper curves are
shown for each case, along with another intermediate representative curve. The figures
also show the cross-section orientation at the encastré for each case.
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Figure 7 shows the bending overload failure mechanism evaluation, which occurs
when the maximum von Mises stress in the endodontic file reaches the end of the martensitic
elastic regime (σmax = σE

ME). On one hand, Figure 7a shows, for each considered pitch and
cross-section, the rotation that needs to be applied at the free end of the endodontic files
to reach the end of the martensitic elastic regime in the bending analysis. On the other
hand, Figure 7b shows, for each considered pitch and cross-section, the maximum bending
moment that can be applied at the free end of the endodontic files before they reach the
end of the martensitic elastic regime in the bending analysis. As different angular positions
were evaluated for each cross-section and pitch, the results shown are the range between
the minimum and maximum obtained values. The bold lines represent the mean value
within this range.
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Figure 7a shows that the maximum rotation was, on average, quite similar for trian-
gular and square cross-sections when the pitch value was larger than 3 mm. For these
pitch values, it was nearly independent of the pitch, but with a slight tendency to increase
with the pitch when using a square cross-section and to decrease when using a triangular
cross-section. For pitches below 3 mm, files with triangular cross-sections exhibited larger
rotations than files with square cross-sections. From Figure 7b, it can be observed that the
moment required to bend the square cross-section to failure was almost twice that for the
triangular cross-section. The results shown in Figure 7a,b indicate that square cross-sections
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are more sensitive to the orientation of the file (ϕz) than triangular cross-sections, as the
results exhibited larger variability.

Figure 8 shows the bending stiffness of the endodontic rotary files for the austenite
and transformation phases. The stiffness in the austenite phase was calculated as the slope
of the bending moment–rotation curve before σS

L , while that in the transformation phase
was calculated as the slope of the bending moment–rotation curve between σE

L and σE
ME. In

general, it was observed that the stiffness of the endodontic files with square cross-sections
was larger than that of the files with triangular cross-sections, both in the austenite and
transformation phases. Moreover, the sensitivity to the orientation of the files with square
cross-sections was larger than that of those with triangular cross-sections, especially in the
austenite phase. The effect of the pitch on the stiffness was negligible for pitches larger
than 3 mm. With smaller pitches, a reduction in the stiffness was observed, except for the
austenite phase with the square cross-section.
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Figure 8. Bending analysis: bending stiffness of the endodontic rotary files with (a) square and
(b) triangular cross-section.

Finally, Figure 9 shows the evaluation of the expected fatigue life of the endodontic
files when cyclically subjected to a purely reversed bending, which produced a rotation
of θx = 20◦ at the free end of the file. As explained in Appendix A.2, the bending fatigue
life depends on the maximum principal strain in the file. Figure 9a shows the maximum
principal strain predicted by the finite element model as a function of the pitch, for both
square and triangular cross-sections. In both cases, the effect of file orientation with respect
to the bending moment was significant, and the effect of the pitch was noted especially for
pitches smaller than near 3 mm, for which a decrease in the strain was observed. For the
square cross-section, the increase was almost linear; meanwhile, for the triangular cross-
section, this increase approximated a logarithmic function. Figure 9b shows the number of
cycles that the endodontic files could bear before bending fatigue failure, calculated from
the maximum principal strains using the Coffin–Manson relation. It was observed that
endodontic files with triangular cross-sections can withstand a larger number of cycles
than those with square cross-sections, especially for small pitches.
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3.2. Torsional Analysis

Figure 10 shows the von Mises stress plot for the torsional analysis of the endodon-
tic files with square (Figure 10a) and triangular (Figure 10b) cross-sections and pitch
pz = 4 mm, for the analysis frames in which the maximum von Mises stress in the model
reached the end of the loading transformation phase (σmax = σE

L ). As in the case of the
bending analysis, the highest stresses were located near the apical part of the file.

Figure 10. The von Mises stress plots for the torsional analysis of endodontic files with pz = 4 mm.

Figure 11 shows the relationship between the rotation θz and the reaction torque Mz,
obtained from the torsional analysis of the endodontic files with square (Figure 11a) and
triangular (Figure 11b) cross-sections. Here, the abscissa axis shows the rotation of reference
node B along the z-axis, while the ordinate axis shows the reaction torsional moment
measured at reference node A. The figure also shows the points where the maximum von
Mises stress in the finite element model reaches the start of the phase transformation, the
end of the phase transformation, and the end of the martensitic elastic regime.
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Figure 12a shows, for each considered pitch and cross-section, the maximum rotation
that needed to be applied at the free end of the endodontic files so that they reached the
end of the martensitic elastic regime in the torsional analysis. The results show that the
triangular cross-section was able to bear larger rotations before plastic deformation than the
square cross-section. The rotation before failure was nearly independent of the pitch with
the square cross-section, whereas it increased with the pitch for the triangular cross-section
and pitch values between 1 mm and 4 mm. Figure 12b shows, for each considered pitch
and cross-section, the maximum torque that could be applied at the free end of endodontic
files before they reached the end of the martensitic elastic regime in the torsional analysis.
It was observed that a square cross-section was able to bear almost double the torsional
moment of the triangular cross-section. The strength of the files was independent of the
pitch for these loading conditions.
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Figure 12. Torsional analysis: effect of the pitch on the applied torque (a) and rotation (b) when the
end of the martensitic elastic regime is reached.

Finally, Figure 13 shows the torsional stiffness of the endodontic rotary files for the
austenite and transformation phases. The stiffness in the austenite phase was calculated as
the slope of the torque–rotation curve before σS

L , while the stiffness in the transformation
phase was calculated as the slope of the torque–rotation curve between σE

L and σE
ME. In

general, it was observed that the stiffness of the endodontic files with a square cross-section
was larger than that of those with a triangular cross-section, both in the austenite and
transformation phases.
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4. Discussion

In this study, we applied an accurate non-linear finite element model to better under-
stand the effects of the cross-section and pitch of NiTi endodontic files on their mechanical
response under bending and torsion loads, according to the ISO 3630 Standard. Finite
element analysis has been shown to be a good tool for this type of analysis, providing
information about the stress distribution and circumventing experimental variability limi-
tations [24]. Previous research using simulation with the same or similar objectives was
first thoroughly analyzed, and the main conclusions and limitations of these studies are
summarized in Appendix B, as a reference for further research. The importance of this
research is supported by fact that the failure of endodontic files during root canal treatments
remains a serious concern for clinicians.

The results of this study demonstrated that, for equal file diameter and taper, the cross-
section shape, either triangular or square, has a greater effect than the pitch on the flexural
and torsional stiffness of the file. The use of a square cross-section more than doubled
the stiffness, compared to that of the triangular cross-section, as explained by the greater
second moment of the area of the cross-section. The effect of pitch on stiffness was only
appreciable for pitches lower than 3 mm, and was more important for triangular than for
square cross-sections. When a NiTi file is bent or twisted, according to the conditions of ISO
3630, the super-elastic behavior of the material appears—which is evident from a significant
decrease in the stiffness of the file—as a result of the progression of the transformation from
the austenite to martensite phase in the most stressed areas of the file (see Figures 6 and 11).
Our results indicate that, for a file with a shaft diameter of 1.2 mm and 6% taper, this
change in stiffness appears when the rotation of the shank end section, with respect to
the tip end section, is approximately 20◦ in bending or 30◦ in torsion. The stiffness of the
file decreases by a factor greater than 2 after this transformation point (Figures 8 and 13).
The file pitch has the opposite effect on the stiffness for torsion and bending: decreasing
the pitch reduces the flexural stiffness, but increases the torsional stiffness. This effect
is common for triangular and square cross-sections in the austenite phase, but it is less
clear in the transformation phase, where the stiffness is less affected by pitch. This result
is in agreement with those obtained in [33,36] for bending and torsion, respectively. As
indicated in [33], pitch reduction could benefit both cutting efficiency, due to the higher
torsional stiffness, and better adaptation to the canal shape, due to lower bending stiffness.

The obtained stress distributions (Figures 5 and 10) indicate that, for the boundary
conditions imposed by the ISO 3630 Standard, the highest stresses were located near the
tip of the file (where it is clamped), both in terms of bending and torsion and for both
cross-section shapes. The stresses in the proximal part of the file were negligible when
the stress corresponding to the end of the loading transformation phase (σmax = σE

L ) was
reached in the tip of the file. This can be explained by the smaller section at the tip and, in
the case of bending, by the higher bending moment in this area.

Static failure under bending was obtained for comparable rotations—close to 40◦ for
pitch greater than 3 mm and ranging between 40◦ and 60◦, depending on the pitch—for
both triangular and square cross-sections (see Figure 7a). However, the bending moment
necessary to reach this bending (and, thus, the reaction in the clamp) was quite different,
given the difference in stiffness between the cross-section shapes (Figure 7b). This implies
greater reaction forces (close to double) in the root canal with the square cross-section
than with the triangular cross-section, for comparable bending deformations. The effect
of the pitch on bending strength was only significant for pitches below 3 mm, where a
progressive reduction in strain was observed when the pitch decreased (Figure 9a). This
allows for bending of the file to a greater deformation before failure for small pitches, with
a corresponding higher expected fatigue life for the same bending deformation (Figure 9b).
This effect was especially observed for the triangular cross-section and, to a lesser extent,
for the square cross-section. The analysis carried out to estimate the fatigue life also
showed that, for the same pitch, the triangular cross-section had a higher expected life
than the square cross-section, in agreement with [36], the difference being remarkable for
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the smallest pitch analyzed (1 mm), for which the expected life may be more than three
times longer.

Our results showed that the orientation of the bending moment, with respect to the
cross-section, had a significant effect on the results, changing the results by up to 19.1◦
and 0.97 N · mm for the square cross-section and up to 13.0◦ and 0.27 N · mm for the
triangular cross-section. This should be taken into account when designing, reporting, and
interpreting experimental bending tests according to ISO 3630.

On the other hand, for torsion, the triangular cross-section files could be rotated to a
higher angle before failure than those with a square cross-section, as can be observed from
Figure 12. However, due to the difference in stiffness, this failure was reached for a torque
less than half that for the square cross-section. The effect of the pitch was opposite to that
observed in bending, with a reduction in the pitch leading to a lower strength, as shown
by the lower possible rotation before failure, which was also in agreement with the results
in [36].

From a clinical perspective, the results obtained in this study suggest that the use of
a triangular-shaped cross-section with small pitch for endodontic files could be better for
the safe shaping of curved root canals, as its lower stiffness would produce less reaction
forces in the channel, thus reducing the possibility of ledging and canal transportation. At
the same time, files with a triangular cross-section and 1 mm pitch could exhibit a fatigue
life more than double that of files with higher pitches or with a square cross-section. This
is accompanied by a lower rotational stiffness, which could be beneficial for improving
cutting efficiency [36]. The use of a smaller pitch can only partially compensate for this
lower torsional stiffness of the triangular cross-section.

The results obtained in this simulation study refer to the boundary conditions es-
tablished for the tests described in ISO 3630; however, it should be noted that the stress
distribution within the file in these tests is not always comparable to the clinical situation,
as the bending of the file is also constrained by contact with the canal walls, resulting in
a different deformation, depending on the root curvature. As shown in [38], in a curved
canal, the maximum strain is usually located near the highest curvature of the curved root
canal axis and the fatigue life is clearly dependent on the radius of curvature. Under the
conditions of ISO 3630, the highest curvature of the deformed file is close to the tip, so the
conclusions in this study are especially valid for root canals with the highest curvature
located near the apical end.

Finally, this work has certain limitations that deserve to be mentioned. This inves-
tigation was conducted through theoretical studies, by means of finite element analyses
of endodontic rotary files; as such, no experimental tests were conducted. Regarding the
investigated endodontic file geometries, all of them had uniform parameters (pitch and
cross-section) throughout their entire length, even though there exist endodontic instru-
ments in which these parameters vary through their active length. Finally, the bending
fatigue life of the endodontic instruments was assessed considering a fully reversed fatigue
phenomenon corresponding to a continuous rotation motion of the file within the root
canal. The study of the bending fatigue under other types of motion (e.g., reciprocating
and adaptive motions) is left for future research.

5. Conclusions

In this study, we simulated the mechanical response of NiTi rotary endodontic files
with different cross-sections and pitches using an accurate finite element model under
bending and torsion according to the conditions of the ISO 3630 Standard.

From the results obtained, we can conclude that, with equivalent shaft diameter and
taper, endodontic files with a square-shaped cross-section have more than double the
stiffness of those with a triangular-shaped cross-section under both bending and torsion.
The effect of the pitch on stiffness was less significant, but the use of a pitch lower than
3 mm made the files more flexible for bending and stiffer for torsion when using a triangular
cross-section, with beneficial effects seen in clinical use. The phase transformation from
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austenite to martensite led to a significant decrease in file stiffness both in bending and
torsion, which was noticeable in the moment versus deformation curve. When the files
were deformed under bending or torsion up to failure, a higher angle of rotation was
possible before failure for the triangular section, especially in torsion and, for small pitches,
in bending. A higher fatigue life can be expected in clinical use with the triangular-shaped
cross-section than for the square cross-section under equivalent file deformations, especially
with small pitch values. These results suggest a clinical recommendation for the use of files
with triangular-shaped cross-sections and small pitch, in order to minimize ledging and
maximize fatigue life.

Under the conditions of the ISO 3630 standard, the orientation of the bending plane
with respect to the cross-section of the file had a significant effect on the stiffness and the
strength of the file. This effect should be taken into account when designing, reporting, and
interpreting similar test results.

Further works on this topic could be focused on studying the mechanical response
of endodontic instruments with variable parameters (e.g., in terms of pitch and cross-
section) throughout their active length. The bending fatigue life of the endodontic files in
cases where the loading conditions do not represent a fully reversed fatigue phenomenon
(e.g., adaptive or reciprocating motions) also deserves attention in future investigations.
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Appendix A. Post-Processing of the Finite Element Analysis Results

Appendix A.1. Assessment of the Maximum von Mises Stress and Maximum Principal Strain
Values in the Endodontic File

Due to the nature of the finite element method, stress and strain singularities may
appear in the vicinity of those regions of the model where boundary conditions are ap-
plied or in those areas nearby geometric stress increases. These singularities imply that
unrealistically large values of stress–strain are obtained as a consequence of the numerical
treatment used to derive these magnitudes from the nodal displacement results. There
are many researchers who have claimed that the stress–strain results at singularity points
cannot be considered when evaluating the strength of endodontic files [41,42].

Several strategies can be found in the literature to address this issue. Żmudzki [43]
proposed to exclude the stress results at these points, instead extrapolating the extreme
value from the stress values in the surrounding nodes. A different approach has been used
by Baek [36], who determined the maximum stress level as the mean value of the top 1%
von Mises equivalent stress values in the finite element model. In this work, the maximum
von Mises stress σmax at a given analysis frame is defined as the maximum stress level that
is reached by a certain amount λ of the total volume of the file (Vtot). To determine this
magnitude, the steps below were followed:

• Let i ∈ [1, ne] refer to each of the ne tetrahedral finite elements in the model, and
j ∈ [1, 4] refer to the integration points in each tetrahedral element. The von Mises
stress at a given element and integration point is denoted as σij, and the volume
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associated with each integration point is denoted as Vij = Vi/4 (where Vi is the
volume of element i).

• The von Mises stress σij and the volume Vij at each integration point of the model are
retrieved and stored in an array Σ with ni = 4 · ne rows. Each row m in Σ contains
the von Mises stress and the volume associated with a given integration point, with
the shape

Σ[m] = [σij, Vij]. (A1)

• The rows in Σ are rearranged in such a way that the von Mises stresses are sorted in
descending order. Then, the algorithm shown in Figure A1 is applied to determine the
maximum von Mises stress in the analysis frame.

V = 0acum m 1= V =acum V + [m,2]acum Σ V < ·acum totλ V σ Σmax = [m,1]

m m+1=

YES

NO

Start End

Figure A1. Algorithm to search for the maximum von Mises σij stress in the analysis frame after the
array Σ is created.

In this work, the magnitude of λ is set arbitrarily to 0.1‰, which has been shown to
be a good value to avoid stress singularities while maintaining the actual stress level of the
file. The same strategy was applied to determine the maximum principal strain in each
analysis frame.

Appendix A.2. Determination of Bending Fatigue Life of the NiTi Endodontic Files

When the endodontic files are continuously rotated inside the root canal, they are typi-
cally subjected to a purely reversed fatigue phenomenon in which, for each rotation of the
file, the bending strain alternates between nearly equal positive and negative peak values
following a sinusoidal function [44]. The difference between these peak values is called the
bending strain range, which is denoted by Δε. Several studies [45–47] have demonstrated
that the bending strain range and the number of cycles to failure (NCF) are correlated, and
this correlation can be adequately represented by the Coffin–Manson relation:

Δε

2
= ε′F · Nc

f +
σ′

F
E

· Nb
f , (A2)

where Nf is equivalent to the NCF, ε′F is the fatigue ductility coefficient, σ′
F is the fatigue

strength coefficient, c is the fatigue ductility exponent, and b is the fatigue strength exponent.
Two issues arise when applying the Coffin–Manson relation to predict the NCF of the

endodontic files from the strain results obtained from the proposed finite element model:

• On one hand, the Coffin–Manson relation is based on a uni-axial strain, but the strain
results obtained from the finite element model correspond to a multi-axial strain
state. Thus, a criterion to reduce the obtained multi-axial strain state to an equivalent
uni-axial strain condition is required.

• On the other hand, the bending analysis conducted using the proposed finite element
model does not represent the actual strain history of the endodontic file when it
is rotating inside the root canal, as bending is applied in just one direction (uni-
directional fatigue). Thus, a conversion method must be proposed to convert the
obtained strains into a purely reversed fatigue phenomenon.

According to Roda-Casanova et al. [44], and in order to convert the multi-axial strain
state into uni-axial strain, the bending strain range Δεi at node i of the finite element model
can be successfully approximated by:
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Δεi = max
j=1...n f

(εmax
ij )− min

j=1...n f
(εmin

ij ), (A3)

where εmax
ij and εmin

ij are the maximum and the minimum principal strains that take place
at node i at time frame j of the transient analysis, respectively. Considering that the
endodontic file is continuously rotating inside the root canal, it is fair to assume that the
maximum and minimum principal strains that take place at node i have the same modulus
and different sign. Under this assumption, Equation (A3) can be simplified to:

Δεi = 2 · max
j=1...n f

(εmax
ij ). (A4)

Thus, by determining the maximum magnitude of the maximum principal strain
in the finite element model and calculating the strain range Δεi at such a node using
Equation (A4), the NCF for a given specimen can be predicted through Equation (A2).
The material parameters considered for the application of the Coffin–Manson relation are
reflected in Table 2.

Appendix B. Literature Review
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Abstract: This systematic review’s objective was to conduct a complete analysis of the literature
on the root canal morphology using advanced micro-computed tomography. The electronic web
databases PubMed, Scopus, and Cochrane were examined for research papers concerning the chosen
keywords, evaluating the root canal morphology using Micro-CT, published up to 2021. The articles
were searched using MeSH keywords and searched digitally on four specialty journal websites.
DARE2 extended (Database of Attributes of Reviews of Effects) was used to assess bias risk. The
information was gathered from 18 published studies that strictly met the criteria for inclusion. In
the included studies, a total of 6696 samples were studied. The studies were conducted on either
maxillary (n-2222) or mandibular teeth (n-3760), permanent anteriors (n-625), and Third molars
(n-89). To scan samples, a Scanco Medical machine in was used in 10 studies, Bruker Micro-CT in
34, and seven other machines were utilized in the rest. Bruker Micro-CT software from Kontich,
Belgium, VG-Studio Max 2.2 software from Volume Graphics, Heidelberg, Germany, was the most
commonly used software. The minimum Voxel size (resolution) adopted in the included studies was
11.6 μm. However, 60 μm was the maximum. Most studies classified the root canal morphology
using Vertucci’s classification system (n-16) and the four-digit system (n-6).

Keywords: dental anatomy; dental pulp; dental diagnostic imaging; endodontics; morphology;
Micro-CT; root; root canal

1. Introduction

Endodontic therapy aims to thoroughly clean and obturate the whole system of the root
canal. However, to prevent endodontic failure and execute successful root canal therapy,
specific determinants play an essential role [1,2]. Precise shaping, cleaning, and filling
of all spaces previously filled by the radicular pulp tissues or pulp capping/pulpotomy

J. Clin. Med. 2022, 11, 2287. https://doi.org/10.3390/jcm11092287 https://www.mdpi.com/journal/jcm37



J. Clin. Med. 2022, 11, 2287

to maintain healthy dental pulp is required. The morphologic uniqueness of each root
necessitates a comprehensive knowledge of variations in the root canal system, which
should be reflected during the diagnostic and treatment process [3]. Research upon the
root canal morphology in lasting teeth has revealed that the root canal’s amount and
classification can differ by ethnicity, gender, and in different populations, within the same
population, and uniquely in each person [4,5]. Furthermore, it is possible that a variety
of morphologic root canal system configurations exist; as a result, each tooth should be
evaluated separately using a proper classification system [6].

The investigation of external and internal anatomy of different teeth using many
in vitro and in vivo techniques were performed in the beginning of 20th century [7]. Various
in vitro techniques were used to identify root and canal morphology which includes root
sectioning, staining, tooth clearing, microscopic investigation, radiographic investigations
using conventional radiographs, and three-dimensional techniques such as CBCT and
microcomputed tomography (MCT) [8]. The in vivo techniques include conventional
radiographic examinations, retrospective evaluation of patients’ data, clinical evaluation
during root canal treatment, digital radiography, and advanced radiographic techniques
such as CBCT [8]. An investigation showed a technique by using longitudinal sectioning
to produce a sagittal view of pulp space from pulp chamber to the root apex [9]. Opaque
wax was used to fill the exposed canals, but this method showed lateral canals very
rarely [10]. Rosenstiel (1957) introduced a technique using a Radio opaque material to
reproduce the root canals. A study demonstrated a simple in vitro technique to evaluate
both endodontically treated and untreated root canal systems. The following steps were
used in the technique to make teeth transparent. Firstly, teeth were decalcified using nitric
acid, then dehydrated using alcohol, and finally cleared with methyl salicylate [11].

Digital radiography, magnetic resonance imaging (MRI), densitometry, ultrasound,
and computed tomography (CT) are just a few of the noninvasive dental imaging tech-
nologies that have been developed in recent years. However, most of these approaches
are restricted since they only provide a 2-dimensional (2-D) examination of the root canal
system (RCS) and cannot be easily compared subjectively or quantitatively with other sam-
ples [12]. Furthermore, these methods do not allow for synchronized 3-dimensional (3-D)
examination of teeth surface and interior anatomy [13]. In endodontic research, microcom-
puted tomography (Micro-CT) has acquired much interest since it displays high-resolution
(10 μm) tooth morphological structures and has proven to be an essential information
source for dentists, as shown in Figure 1 [14]. Microcomputed tomography is a nondestruc-
tive and reproducible ex vivo research method and is considered as the research method
that offers the foremost possibility for an accurate examination of the morphology of the
root canal system.

Figure 1. Micro-CT in endodontics.

The ex vivo investigation is used in Micro-CT imaging, which is widely accepted
because of its accuracy, repeatability, and noninvasiveness, all of which are superior to
other commonly used research methods [15]. Maxillary central incisors have one root and
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one main canal. Rarely, at a 6% rate, one canal of central maxillary teeth splits into two
parts at the apical foramina which can be classified as Vertucci type V [16]. Apical root
canal morphology should be considered because of its main effect on the success of root
canal treatment. In the study of Adorno et al. [17], accessory canals in the apical 3 mm in
the Japanese population were found among 46% of the specimens. Over the years, different
studies have been conducted to understand the root canal morphology of premolars using
different research methods [18] and different populations [19–21]. The frequency of a single
canal is 54–88.5%. However, multiple canals were reported in 11.5–46% of cases [21,22].
In the study of Pan et al. [23], the prevalence of maxillary first premolar teeth with one
main root canal was 67.8%, with two roots at 31.9%, and with two canals at 88.2%. In
the Malaysian population, according to Vertucci’s classification, the second premolar was
detected as single-root type I with the rate of 58.2% [16]. In posterior teeth, mandibular first
molars are recognized to exhibit various complex and distinct morphological variations
of the root canal system [24,25]. This tooth usually has two roots, but sometimes it has
three, with two or three canals in the mesial root and one, two, or three canals in the distal
root [26,27]. When only one distal root canal is present, it is often buccolingually oval, and
untreated surface areas were shown to be as high as 59–79% when rotary instruments were
used for the shaping procedure [28].

Similarly, a study on the Burmese population showed that the prevalence of two canals
in mesiobuccal roots of the upper first molar teeth decrease gradually towards the upper
third molars. About 85.2% of the 270 roots of the maxillary teeth had one root canal at the
apex, 14% had two apical canals, and 0.8% had three apical canals [25,29]. Moreover, the
morphology of root canals was explored, white spot lesions on enamel were identified, and
enamel demineralization with therapy were assessed using Micro-CT [30,31]. The latest
evidence demonstrated the ability to scan isthmuses successfully, while another claimed to
detect inorganic material within a tooth root [32,33]. The nondestructive Micro-CT imaging
method allows for multiple exposures and data collection. As a result, this imaging method
is beneficial for evaluating experimental endodontics [34]. The goal of this systematic
review was to carry out a thorough examination of the literature on root canal physiology
using sophisticated microcomputed tomography.

2. Methods

2.1. Study Protocol and Registration

The Reporting Items preferred for Meta-Analysis and systematic Review (PRISMA)
procedures (http://www.prisma-statement.org, accessed on 10 April 2022) were respected
in this work. The current systematic review is registered in PROSPERO with the num-
ber CRD42021278968.

2.2. Research Question

Studies about assessment of root canal morphologies through microcomputed tomog-
raphy were selected based on the “PICOS” (PRISMA-P 2016) technique:

• P (population): Extracted teeth models
• I (intervention): Assessment by Micro-CT
• C (comparison): None
• O (result): Root and root canal morphologies
• S (study design): In vitro studies

2.3. Search Strategies

The electronic online databases search was conducted for research papers based on
selected keywords, assessing root canal morphology using Micro-CT, published until
March 2022. The number of studies obtained from each dataset is displayed in Table 1.
The articles were searched using MeSH keywords and searched digitally on four specialty
journal websites. The MeSH keywords were searched in PubMed and Scopus initially, as
per our initial search criteria. Further, to add more scientific evidence related to the topic,
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the search was carried out in Cochrane. Furthermore, to include the latest articles up to
the last search date published in the specialty journals as it may take some time for the
articles to be included in the indexes after they are published, the search on websites of
four endodontic specialty Journals were performed, including the Journal of Endodontics,
the International Endodontic Journal, the Australian Endodontic Journal, and the Iranian
Endodontic Journal.

Table 1. Information of sources and search strategies using MeSH keywords.

Database Search Strategies Results

PubMed

((((((((((((Tooth Root[Title/Abstract]) OR (Tooth anatomy[Title/Abstract]))
OR (Tooth histology[Title/Abstract])) OR (Tooth

diagnosis[Title/Abstract])) OR (Tooth diagnostic imaging[Title/Abstract]))
OR (Root canal morphology[Title/Abstract])) OR (Root canal

configuration[Title/Abstract])) OR (Root canal system[Title/Abstract])) OR
(Dental Pulp Cavity[Title/Abstract])) OR (Dental

anatomy[Title/Abstract])) OR (Dental histology[Title/Abstract])) OR
(Dental diagnosis[Title/Abstract])) OR (Dental diagnostic

imaging[Title/Abstract]) AND (((((((X-ray
Microtomography[Title/Abstract]) OR (X-ray methods[Title/Abstract]))

OR (Micro-CT[Title/Abstract])) OR (micro computed
tomography[Title/Abstract])) OR (microcomputed
tomography[Title/Abstract])) OR (microcomputed

tomography[Title/Abstract])) OR (Micro-CT[Title/Abstract])) OR
(Micro-CT[Title/Abstract])

236

Scopus

Tooth Root OR Tooth anatomy OR Tooth histology OR Tooth diagnosis OR
Tooth diagnostic imaging OR Root canal morphology OR Root canal

configuration OR Root canal system OR Dental Pulp Cavity OR Dental
anatomy OR Dental histology OR Dental diagnosis OR Dental diagnostic
imaging AND X-ray Microtomography OR X-ray methods OR Micro-CT
OR micro computed tomography OR microcomputed tomography OR

microcomputed tomography OR Micro-CT OR Micro-CT

131

Cochrane

Tooth Root OR Tooth anatomy OR Tooth histology OR Tooth diagnosis OR
Tooth diagnostic imaging OR Root canal morphology OR Root canal

configuration OR Root canal system OR Dental Pulp Cavity OR Dental
anatomy OR Dental histology OR Dental diagnosis OR Dental diagnostic
imaging AND X-ray Microtomography OR X-ray methods OR Micro-CT
OR micro computed tomography OR microcomputed tomography OR

microcomputed tomography OR Micro-CT OR Micro-CT

483

ScienceDirect

(Root canal morphology OR Root canal configuration OR Root canal
system OR Dental Pulp Cavity) AND (Micro-CT OR micro computed

tomography OR microcomputed tomography OR Micro-CT OR
Microtomography)

2179

Total 3029

2.4. Data Sources

Two separate researchers (M.I.K and N.A.) performed an electronic literature search
on 20 March 2022, using MeSH terms and keywords, as well as the Boolean operators “OR”
and “AND” to compile relevant material using appropriate filters. The keywords used were
“Tooth Root/anatomy and histology”, “Tooth Root/diagnosis”, “Tooth Root/diagnostic
imaging”, “Tooth root”, “dental pulp cavity”, “Micro-CT”, and “X-ray Microtomogra-
phy/methods”. The required literature was then gathered using proper filters by combin-
ing these key terms with the Boolean operators “OR” and “AND” as shown in Table 1.
Furthermore, a hand search was also conducted by two different reviewers using keywords
such as “Root canal morphology,” “Root canal configuration,” “Root canal system,” “Micro-
computed tomography,” “Micro-computed tomography,” and “Micro-CT” from databases
such as PubMed, Scopus, ScienceDirect, and Cochrane.
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2.5. Eligibility Criteria

A literature search was performed to uncover studies that used Micro-CT to assess root
canal morphology. Two reviewers used the PICOS approach to examine the entire texts of
the remaining papers and set inclusion and exclusion criteria. The year of publication was
not restricted in any way. On 20 March 2021, the final database search was accomplished. A
third reviewer’s decision was used to settle disagreements. Figure 2 illustrates the inclusion
and exclusion criteria.

Figure 2. Inclusion and Exclusion Criteria.

2.6. Study Selection

The studies that examined the assessment of root canal morphology using the Micro-
CT technique, which are published in various medical journals, were found through a
random check of research papers from online sources. Two researchers evaluated relevant
studies against previously defined inclusion and exclusion criteria to substantiate the search
technique, as shown in Figure 2.

2.7. Data Extraction

Two reviewers (M.I.K and S.A.) assessed the titles and abstracts of the publications for
the inclusion/exclusion criteria mentioned above, and “relevant” articles were chosen for a
full-text reading. This procedure was carried out independently, with the help of a third
researcher (NA), in the event of any questions or conflicts. A manual hand search was also
carried out using different keywords, and studies were included based on selected criteria.

2.8. Quality Assessment and Risk of Bias of Research Articles

The papers were selected for inclusion and exclusion based on their titles, abstracts,
and inclusion and exclusion criteria. Following the screening process, full-text articles
were reviewed one by one, and the material’s quality was evaluated. The articles were
rated for allotment biases, preference biases, involvement integrity, allocation concealment,
withdrawals and dropouts, confusion, data collection methods, and statistical analysis
using internal and external validity guidelines. A total of 60 papers were screened for
quality, with nine being rejected due to a lack of information about the processes, teeth,
research nature, and outcomes.

The Joanna Briggs Institute (JBI) critical assessment checklist was used to appraise
the quality of the included studies [35]. This checklist assessed nine items: (i) appropriate
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sampling frame, (ii) proper sampling technique, (iii) adequate sample size, (iv) study
subject and setting description, (v) sufficient data analysis, (vi) use of valid methods for
the identified conditions, (vii) valid measurement for all the participants, (viii) use of
appropriate statistical analysis, and (ix) adequate response rate. Answers such as yes, no,
unclear, or not applicable are assigned to each item. The ‘yes’ response received a 1 score,
whereas the ‘no’ and ‘unclear’ responses received ratings of 0. Finally, the average score for
each item was computed. The quality of studies with scores below and above the mean was
then classified as good or poor quality, respectively. The study was included or excluded
based on the methodological quality assessment. (Supplementary Table S1).

Two researchers (M.I.K. and N.A.) oversaw scoring, and they used the JBI criteria to
base their scores. After comparing the results of their individual questions, they resolved
any discrepancies to arrive at an ‘agreed score’. All of the 51 included studies individually
had a total score of ≥70%. Hence, both the researchers (M.I.K and N.A.) showed agreement
for most of the included studies and were given >70% scores, thus limiting the bias.

3. Results

3.1. Study Selection Results

PubMed yielded a total of 236 research papers using MeSH keywords, 483 from
Cochrane using MeSH keywords, 131 from Scopus using MeSH keywords, and 2179 from
ScienceDirect. Following the removal of duplicate articles (98), a total of 2931 studies were
recognized for further consideration. After reading the titles of the articles, another 2519
were eliminated. In addition, 352 additional articles were eliminated after reading the
abstracts. By reading the full texts of the residual 60 articles, they were evaluated for further
selection; nine more articles were eliminated. The data were extracted from the 51 studies
that strictly met the eligibility criteria. Figure 3 depicts the selection criteria as it follows
the PRISMA guidelines. These 51 articles were examined for the current study based on
the quality of the research studies.

3.2. Study Features

The studies’ basic features included in the systematic review are summarized in Table 2.
The studies were performed in various countries, lasted varying amounts of time, and
were published in various journals. Each included study was published in a good, reputed
journal indexed in Web of Science/PubMed/Scopus. The technical characteristics, such
as sample size, type of teeth, instrument used, resolution, software, classification system,
methods, outcomes, and conclusion, were omitted from the systematic review. Most of the
reports comprised were issued in the Journal of Endodontics (n-13). In contrast, six were
published in the International Endodontic Journal, four in the Clinical Oral Investigations,
two in the Scientific reports, two in the Journal of Conservative Dentistry, two in Oral
Surgery, Oral Medicine, Oral Pathology, Oral Radiology, and Endodontology, two in the
Archives of Oral Biology, two in the Journal of Applied Oral Sciences, two in Clinical
Oral Investigations, two in Clinical Anatomy, one in the Australian Endodontic Journal,
one in the International Journal of Oral Sciences, one in the Swiss Dental Journal, one
in the European Endodontic Journal, one in Acta Odontologica Latinoamericana, one in
the Journal of Dental Sciences, one in the Nigerian Journal of Clinical Practice, one in the
International Medical Journal of Experimental and Clinical Research, one in the British
Journal of Oral and Maxillofacial Surgery, one in The Saudi Dental Journal, one in Imaging
Science in Dentistry, one in Medical Principles and Practice, one in The Bulletin of Tokyo
Dental College, and one in Annals of Anatomy. All the included studies were published
between 2008–2022. The research included was carried out in a variety of nations, including
Brazil (n-16), China (n-7), Egypt (n-5), Germany (n-5), Poland (n-3), the United States (n-2),
Korea (n-2), Turkey (n-2), New Zealand (n-1), Chile (n-1), France (n-1), Myanmar (n-1),
Saudi Arabia (n-1), Italy (n-1), Japan (n-1), and the United Arab Emirates (n-1).
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Figure 3. PRISMA flowchart showing the selection process of articles retrieved from different web sources.

Table 2. Studies included in the systematic review.

No. Study Reference Journal Population Year of Publication

1 [36] Journal of Endodontics Egyptians 2015

2 [37] Journal of Endodontics Germans 2019

3 [3] Journal of Endodontics Swiss Germans 2020

4 [38] Journal of Applied Oral Sciences Brazilians 2019

5 [39] Journal of Endodontics Americans 2013

6 [40] International Endodontic Journal Brazilians 2015

7 [41] Clinical Oral Investigations Koreans 2012

8 [42] Australian Endodontic Journal Brazilians 2018

9 [43] Journal of Endodontics Brazilians 2014

10 [44] Journal of Endodontics Brazilians 2015

11 [45] Journal of Endodontics Brazilians 2016

12 [46] International Endodontic Journal New Zealanders 2011

13 [47] Journal of Endodontics Brazilians 2013
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Table 2. Cont.

No. Study Reference Journal Population Year of Publication

14 [48] International Endodontic Journal Brazilians 2017

15 [49] Journal of Endodontics Egyptians 2016

16 [50] International Journal of Oral science Egyptians 2017

17 [51] Journal of Endodontics Swiss Germans 2020

18 [52] Archives of Oral Biology Chinese 2018

19 [53] Journal of Conservative Dentistry Brazilians 2018

20 [54] Scientific Reports Chilean 2021

21 [55] Journal of Conservative Dentistry Brazilians 2018

22 [56] Swiss Dental Journal Egyptians 2017

23 [57] Journal of Endodontics Americans 2019

24 [58] European Endodontic Journal Brazilians 2020

25 [59] Clinical Anatomy Polandians 2018

26 [60] Acta Odontológica Latinoamericana Brazilians 2020

27 [61] Journal of Dental Sciences Chinese 2022

28 [62] Oral Surgery, Oral Medicine, Oral Pathology,
Oral Radiology, and Endodontology Italians 2008

29 [63] Journal of Endodontics Brazilians 2013

30 [64] Clinical Oral Investigations Chinese 2021

31 [65] Scientific Reports Chinese 2017

32 [66] Nigerian Journal of Clinical Practice Egyptians 2020

33 [67] International Medical Journal of Experimental
and Clinical Research Chinese 2021

34 [68] British Journal of Oral and Maxillofacial
Surgery France 2005

35 [1] International Endodontic Journal Brazilians 2013

36 [69] Clinical Oral Investigations Chinese 2021

37 [70] International Journal of Dentistry Myanmar 2021

38 [71] The Saudi Dental Journal Saudis 2016

39 [72] International Endodontic Journal Brazilians 2012

40 [73] Scientific Reports Swiss Germans 2021

41 [74] Clinical Oral Investigations Chinese 2013

42 [75] Journal of Applied Oral Science Brazilians 2016

43 [76] Journal of Endodontics Swiss Germans 2020

44 [77] Imaging Science in Dentistry Turkish 2021

45 [78] International Endodontic Journal Italians 2009

46 [79] Clinical Anatomy Polish 2018

47 [22] Medical Principles and Practice Emiratis 2017

48 [80] The Bulletin of Tokyo Dental College Japanese 2011

49 [81] Oral Surgery, Oral Medicine, Oral Pathology,
Oral Radiology, and Endodontology Koreans 2009

50 [12] Annals of Anatomy Polish 2018

51 [82] Archives of Oral Biology Turkish 2020
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In the studies included, a total of 6696 samples were studied. The studies were
conducted on either maxillary (n-2222) or mandibular teeth (n-3760), permanent anteriors
(n-625), and third molars (n-89). Of the total maxillary and mandibular teeth, 970 were
maxillary first molars, 262 were maxillary second molars, 659 were both maxillary first and
second molars, 331 were maxillary premolars, 789 were mandibular first molars, 158 were
mandibular second molars, 529 were mandibular first premolars, 1254 were mandibular
incisors, 281 were mandibular canines, and the remaining 1463 were mixed. The authors
used different reagents to store the samples (70% Alcohol, 0.5% sodium azide solution, or
10% formalin). To scan samples, a Scanco Medical machine was used in 10 studies, a Bruker
Micro-CT machine in 34 studies, Micro-CT Inveon, Siemens Medical Solutions, Knoxville
in two studies, VGStudio Max 2.2 in one study, Nikon Metrology Inc, Brighton in one study,
Nanotom S, General Electric in one study, Kodak, Rochester, New York, USA in one study,
and HMX 225-ACTIS 4, Tesco, Inc in one study.

Bruker Micro-CT software from Kontich, Belgium (n-27), software VG-Studio Max
2.2 from Volume Graphics, Germany Heidelberg (n-10), NRecon software (n-5), CTAn
v.1.12 software Mimics 17.01, Materialize, Leuven, Belgium (n-4), MICs 10.01 software
Materialise, Leuven, Belgium (n-1), Image processing language (n-1), On-Demand 3D
software from Cybermed, Seoul, Republic of Korea (n-2), Cobra software Siemens Medical
Solutions, Knoxville (n-1), and MeVisLab v3.2 software (MeVis Medical Solutions AG,
Bremen, Germany) (n-1) was used in the studies to interpret the data about root canal
morphologies. The minimum Voxel size (resolution) adopted in included studies was
11.6 μm. However, 60 μm was the maximum resolution adopted in included studies. Most
studies classified the root canal morphology using Vertucci’s classification system (n-16)
and the four-digit system (n-6). Furthermore, Weine’s classification system (n-3), Pucci &
Reig (1944), a new classification system by Ahmed et al., Pomeranz ‘s classification and
the American Association of Endodontics system for classification were also used. The
technical characteristics of the studies are shown in Table 3.
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4. Discussion

Micro-CT analysis has proven useful in a wide variety of applications in dental re-
search. It can provide high-resolution images, as well as qualitative and quantitative
analysis of teeth [83,84]. To achieve long-term treatment success, endodontic anatom-
ical knowledge is required. As a result, a detailed description of the apical region is
required [85]. Until now, there was a scarcity of detailed information on the anatomy of the
RCS; therefore, 3-D, high-resolution techniques dominated. Compact commercial systems
are now available and are quickly becoming vital in many academic and corporate research
laboratories. It is possible to study a wide range of specimens using Micro-CT to examine
mineralized tissue, teeth, bone, and materials such as ceramics, polymers, and biomaterial
scaffolds [86–89]. Micro-CT provides a repeatable, nondestructive, and noninvasive tech-
nique for nonclinical ex vivo evaluation with this goal in mind, enabling measured values
of the structures investigated and providing critical info regarding minimal structures such
as the end part of the apical portion of teeth [49,50,90,91].

Even though data is challenging to come by, it appears that a large group of researchers
agree that Micro-CT gives more objective information than traditional 2-D optical tech-
niques [92], the clearing procedure, or scanning microscopy [44]. As a result, in the present
study, a substantial number of sufficiently recognized teeth were evaluated using Micro-CT,
allowing for a thorough statistical analysis of the sample. Compared with other investi-
gating techniques, the advantages of Micro-CT produce extraordinary resolution 3-D and
2-D figures, with possibilities of rescanning the sample and volumetric analysis of external
and internal structures. The Micro-CT system using a microfocal spot X-ray source and
a high-resolution detector is projected in several directions to obtain a three-dimensional
reconstructed image of the sample. Since the imaging process is nondestructive, the unique
properties of the same sample can be tested multiple times, and the sample can still be
used after scanning for further biological and mechanical testing [89]. Some of the recent
applications of Micro-CT in dental research includes enamel thickness and tooth measure-
ment [93], analysis of root canal morphology and evaluation of root canal preparation [94],
craniofacial skeletal development and structure [95], biomechanics, tissue engineering,
determination of mineral concentrations of teeth [96], and the measurement of implant
stability and osseointegration [97]. The main disadvantage of Micro-CT is that it cannot
be utilized in medical practices due to elevated radiation heights, the operating cost, time
taken to process data, cost-effectiveness, and safety [98,99].

The current study provides an overview of the Micro-CT studies for root canal mor-
phology. The data included in this systematic review are secondary information collected
from various past research studies. Secondary data are prone to flaws or biases present
in the original data, which might eventually appear in the study’s findings. For example,
it may appear in the analysis technique, or the smallest number of teeth examined in the
research. However, the goal was to give the dentistry and endodontic communities a
Micro-CT-based analysis of the massive data on the root canal morphology.

Endodontic therapy, both nonsurgical and surgical, needs a thorough understanding
of tooth anatomy and morphology [100,101]. Because it is used to instrument and fill root
canals to a considerable extent, the morphological interpretation of the apical region should
be accurate. Understanding the apical region and the configuration of the root canals is an
essential and challenging condition that the clinician must have to make judgments about
during endodontic therapy [102].

Despite the fact that the permanent anterior maxillary and mandibular teeth are typi-
cally single-rooted, studies suggest that an auxiliary root might be present [103]. Earlier
studies in other ethnicities, comprising Turkish, American, Brazilian, and Indian commu-
nities, found that all maxillary incisor teeth were single-rooted [104–106]. This suggests
that the number of roots in maxillary incisors does not differ structurally throughout all
populations. Nevertheless, it is important to note that the presence of a double-rooted
maxillary anterior has only been confirmed in a few case studies [103]. However, studies
revealed a double-rooted mandibular anterior [4]. Numerous root canal morphology dif-
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ferences in mandibular incisors were documented [37,43,47]. The current review showed
that the most common type of root canal morphology classified using the four-digit sys-
tem was 1-1-1, Type I using Vertucci’s classification system, and Type 1-1 using Weine’s
classification. According to previous research, Vertucci type I in mandibular incisors can
range between 55% and 87% [107]. In two earlier investigations of Turkish populations,
type I in the mandibular incisors was lower [108,109]. The most common type of root
canal configuration identified in this study was type I (75 percent), similar to Vertucci’s re-
sults [16]. Both mandibular incisors had 88% of type 1 configuration, according to Madeira
and Hetem [110]. Furthermore, De Almeida, MM et al. revealed that the most common
was type III from the Vertucci classification (16%) [47].

The mandibular first molar is not only the most treated endodontically, but it also
presents several anatomic difficulties. The diversity includes isthmuses, several canals,
apical ramifications, and lateral canals [3]. Additionally, the distal surface of the mesial root
has a thin patch of dentin referred to as a danger zone because there is a higher chance of
perforation of dentin in this region during mechanical instrumentation. Hence, orthograde
and retrograde endodontic treatment in this tooth may be difficult because of its unusual
form [40,102]. The anatomy of the mandibular second molar has been widely investigated,
notably using the cleaning procedure [102]. According to previous research, the frequency
of C-shaped canals is between 31 and 45% (mostly of Asian people) [52,111–113]. Various
classifications of the tridimensional distributions of RCS and the transverse sections have
also been published subsequently [114,115].

The canal shape of posterior maxillary teeth varies significantly between races and ge-
ographical locations. As per Mohara et al., Brazilians have a 64.2 percent frequency of MB2
in the foremost permanent molar and a 33.5 percent incidence in the subsequent permanent
maxillary molar, respectively [116]. In South Africa, type IV root canals are widespread
in maxillary primary molar and type I root canals are the most familiar in a maxillary
second molar, according to the Vertucci classification of the root canal [117]. According to
Li et al., the most common maxillary first premolar anatomy in the Chinese population
is one root with two canals (58.0 percent), and the most common canal morphology is
type IV (42.7 percent) [118]. Guo et al., on the other hand, examined the maxillary first
molars’ morphology amongst the North American population and discovered that Asians
had a higher occurrence of type I (35.0 percent) and type IV (45.0 percent) configurations
than whites (type IV: 36.3 percent, type I: 23.4 percent) [119]. As a result, root canal shape
varies depending on where you live. Relevant studies in native communities can help
dentists better analyze and understand root canal therapy while also adding to the body of
information about root and canal morphology in humans.

The current work uses Micro-CT imaging of many samples to provide a detailed as-
sessment of root canal morphology of the mandibular and maxillary teeth. This knowledge
will help practitioners comprehend and anticipate the challenges of 3-D endodontic therapy,
particularly during root canal shaping and cleaning. This study revealed that the maxillary
first molar and mandibular first premolars had a higher incidence of morphological en-
dodontic variables than the other maxillary and mandibular molars and incisors, indicating
that they are more complicated.

5. Study Limitations

We searched data from a small number of significant websites for our systematic review.
Articles that have appeared in other publications not indexed in the indices searched may
have been ignored. We have also only included items published in English; as a result,
publications in other languages may have been overlooked. A limited number of studies
have been performed using Micro-CT.

6. Conclusions

This review used Micro-CT studies to provide detailed information atop the anatomy
of the root and canal morphology in permanent dentition of various populations. Further,

64



J. Clin. Med. 2022, 11, 2287

it revealed wide disparities concerning root and canal morphology in permanent dentition,
which could perhaps derive from the geographical area studied. In Micro-CT findings, the
mandibular incisors followed by maxillary molars were the most studied teeth. The use
of multiple categorization systems and Micro-CT allowed for a more precise description
of the root canal system and its ramifications, with some inconsistencies noted for molars.
This Micro-CT study adds to the existing categorization methods by providing a detailed
description of the diversity among root canals and their ramifications and clinically relevant
data on the presence and location of lateral canals in all human tooth groups.
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Abstract: The aim was to evaluate the antibacterial efficacy and penetration depth into dentinal
tubules of a solution of chitosan nanodroplets (NDs) loaded with Benzalkonium Chloride (BAK).
Seventy-two human single-root teeth with fully formed apex were used. Cylindrical root dentin
blocks were longitudinally sectioned and enlarged to a size of a Gates Glidden drill #4. After
sterilization, root canals were infected with Enterococcus faecalis ATCC 29212 and further incubated for
three weeks. Specimens were assigned to three experimental groups (n = 20), plus positive (n = 6) and
negative (n = 6) controls. In the first group, irrigation was achieved with 2 mL of NDs solution loaded
with BAK (NDs-BAK), in the second with 2 mL of 5% sodium hypochlorite (NaOCl) and in the last
with 2 mL of 2% chlorhexidine (CHX). Specimens were rinsed and vertically fractured. Confocal laser
scanning microscopy (CLSM) and viability staining were used to analyze the proportions of dead
and live bacteria quantitatively. The volume ratio of red fluorescence (dead) was calculated in 3D
reconstructions. Data were analyzed by one-way ANOVA and post hoc Bonferroni tests (p < 0.05). The
ratio of red fluorescence over the whole green/red fluorescence resulted in a significant comparison
of NDs-BAK with NaOCl (p < 0.01) and NaOCl with CHX (p < 0.01). No differences were found
between NDs-BAK and CHX (p > 0.05). The mean depth of efficacy was, respectively: NDs-BAK
325.25 μm, NaOCl 273.36 μm and CHX 246.78 μm with no statistical differences between groups. The
NaOCl solution showed the highest antimicrobial efficacy, but nanodroplets with BAK seemed to
have the same effect as CHX with a high depth of efficacy.

Keywords: nanodroplets; confocal laser microscope; benzalkonium chloride; chlorhexidine; sodium
hypochlorite; viability staining

1. Introduction

The prevalence of apical periodontitis among adult populations is more than 35–40%
and increases with age [1,2]. Although epidemiological studies reported an elevated
endodontic treatment success rate, many apical periodontal lesions seem to affect previously
root-filled teeth [2,3].

To achieve long-term success, removing the pulp tissue remnants, bacteria and mi-
crobial toxins from the root canal system is essential. However, nickel–titanium (NiTi)
rotary instrumentation only acts on the central root canal volume, leaving lateral canals
and isthmuses untouched after preparation [4,5]. Therefore, microorganisms remaining in
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the root canal system after treatment or re-colonizing the filled canal system are considered
an important cause of endodontic failure [6].

Recent microcomputed tomography (micro-CT) studies have demonstrated that large
areas of the root canal walls remain untouched, emphasizing the importance of chemical
irrigation [5,7,8]. Nevertheless, irrigation is an essential part of root canal debridement
because it allows for cleaning beyond what might be achieved by root canal instrumentation
alone [9,10].

The remarkable reduction in preparation size and taper and treatment time for even
simpler and minimally invasive shaping protocols encourages the development of more
efficient irrigation systems [11]. Sodium hypochlorite (NaOCl) is the most used irrigant
during root canal preparation due to its high capacity for tissue dissolution and a well-
known antimicrobial activity [12]. Surfactants are associated with NaOCl to improve its
properties, such as dissolution of organic tissues, antimicrobial activity and penetration
into the root canal system [13].

Many other antimicrobial agents have been proposed for root canal irrigation, such
as chlorhexidine (CHX) and benzalkonium chloride (BAK) [14,15]. The latter is a cationic
detergent composed of quaternary ammonium. BAK causes structural disorganization,
loss of cytoplasmic membrane integrity and other destructive effects against bacteria [16].
Moreover, in concentrations up to 5%, it is claimed to provide antibacterial properties and
long-lasting effects due to its ability to inhibit proteases [17].

The effectiveness of BAK administration deep into the root canal and tissues, coronal
through the dentinal microtubules, could be augmented using nanodroplets (NDs) [18].
Experimental NDs with chitosan shells have been recently proposed [19]. Chitosan (CS)
is a nontoxic biopolymer derived by the deacetylation of chitin and, due to its catatonic
nature, it has broad antimicrobial activity against bacteria, with a high killing rate through
interaction with the bacterial cell wall [20]. This interaction between chitosan and the
bacterial cell depends on the hydrophilicity of the cell wall, which could explain the lower
toxicity of chitosan to mammalian cells [18–20]. Therefore, NDs with chitosan shells offer
different advantages such as a broad spectrum of antibacterial activity, biocompatibility
and the ability of a long-lasting release of antimicrobial substances [21,22]. However, no
studies are available about the potential in vitro efficacy of a solution of NDs loaded with
BAK for the improvement of the endodontic disinfection.

Recent studies have visualized bacteria in dentinal tubules by confocal laser scanning
microscopy (CLSM), which has been reported to be an appropriate way, not just to visualize
bacteria, but also to identify live and dead bacteria in the infected dentin [23,24].

This study evaluated the antibacterial efficacy and depth of penetration into dentinal
tubules of a solution of NDs loaded with BAK through CLSM images compared with
NaOCl and CHX.

2. Materials and Methods

2.1. Manufacturing of NDs and Characterization

A decafluoropentane nano-emulsion was obtained and stabilized with dipalmitoyl
phosphatidylcholine and palmitic acid (1% w/v). Afterward, a chitosan solution (2.7% w/v)
at pH = 5.5 was added dropwise under stirring. The NDs formulation was sterilized
through ultraviolet (UV)-C ray exposure for 20 min. To evaluate sterilization efficacy,
UV-C-treated NDs were incubated with cell culture Gibco Dulbecco’s Modified Eagle
Medium (DMEM) in a humidified CO2/air incubator at 37 ◦C, up to 72 h. No microbial
contamination was observed when NDs and FITC-labeled NDs were checked by optical
microscopy. Physic-chemical characterization of chitosan-shelled/decafluoropentane-cored
NDs formulation with BAK was performed in vitro to evaluate the size, morphology and
surface charge [19].
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2.2. Antimicrobial Activity of Benzalkonium Chloride against E. faecalis

The antibacterial activity of NDs loaded with BAK was evaluated comparatively with
the free BAK by quantitative analyses. Enterococcus faecalis ATCC 29212 was used as the
model organism. The broth microdilution assay for quantitative analysis was carried out
in accordance with the CLSI M100-S27 to determine the lowest concentration (minimal
inhibitory concentration, MIC) and the minimum bactericidal concentration (MBC) of NDs
loaded with BAK and free BAK, which inhibit the growth of bacteria.

Seventy-two human single-root teeth with fully formed apex were extracted for pe-
riodontal reasons and stored in 4% thymol solution. All samples were collected with
informed consent and the Ethical Committee of the University of Turin approved the study
protocol (Approval code: DS_00052_2021; Approval date: 20 June 2021). A root dentin
block of 4 mm was horizontally sectioned from 1 mm below the cementoenamel junction by
a 0.5 mm-thick diamond saw (Isomet 5000; Buehler Ltd., Lake Bluff, IL, USA) at 1000 rpm
under water cooling. A Gates Glidden drill #4 (1.1 mm in diameter) (Tulsa Dentsply, Tulsa,
OK, USA) at 300 rpm under water cooling was used to enlarge root canals. The smear layer
was removed using EDTA 10% for 5 min. Specimens were then packaged and sterilized.

2.3. Irrigation Protocol

Sixty-six of 72 sterilized specimens were placed in multi-well support under a laminar
flow biohazard cabinet (CLANLAF-VFR 1206, Racine, WI, USA). Six negative controls
(C−) (without bacteria) were used to ensure the efficacy of the sterilization procedures.
The root canals of 66 remaining specimens were infected, with an overnight culture of E.
faecalis ATCC 29212, to match the turbidity of 3 × 108 colony-forming units/mL (CFU/mL)
as confirmed by colony counts in triplicate, in Brain Heart Infusion (BHI; Oxoid, Milan,
Italy) broth. They were further incubated aerobically with 5% CO2 at 37 ◦C for three
weeks to allow penetration of E. faecalis into dentin tubules. The fresh broth was replaced
every fourth day. The purity of the cultures was checked regularly. After three weeks of
infection, a control group with six untreated samples was set up as positive control (C+),
and the remaining specimens were randomly subdivided into three groups to compare the
antimicrobial efficacy of nanodroplets charged with BAK to different types of disinfectants.
In the group NDs-BAK (n = 20), irrigation was performed for 3 min with 2 mL of NDs
solution loaded with BAK; in the group NaOCl (n = 20), irrigation was performed for 3
min with 2 mL of 5% NaOCl; and in the group CHX (n = 20), irrigation was performed for
3 min with 2 mL of 2% chlorhexidine (CHX).

Each cylindrical dentin block was fractured into two semi-cylindrical halves by making
a thin groove in the middle of the specimen, using a low-speed handpiece with a small
round bur (Tulsa Dentsply). The size of the fine specimen was about 4 × 4 × 2 mm, and
the corresponding irrigant in each group was applied on the internal surface [25].

2.4. Confocal Laser Scanning Microscopy Analysis

Specimens’ root canals were accurately rinsed with sterile saline solution, and then
Live/Dead Backlight (L/D) viability testing was used to detect viable and dead bacteria:
Syto 9 (20/1) and PI (120/1) with a 1:1 ratio (20,000:20,000 μL). Specimens were immersed
in the L/D viability test solution, agitated and stocked in a dark container for 30 min;
the excess of L/D was then removed with repeated saline solution rinses. Specimens
were stocked in a microscopy chamber after having positioned 100 μL of saline solution
in the multi-well, and then stocked in a dark room until the CLSM examination. The
specimens were then washed in sterile water for 1 min and vertically fractured through
the root canal into two flat halves to expose a fresh surface of longitudinally visible dentin
canals for CLSM examination [25]. CLSM analysis microscopy imaging was performed
using a confocal Olympus IX70 (Olympus optical co. GMBH. Hamburg, Germany) Fluores-
cence Microscope with illumination by a Krypton/Argon laser (488 nm). Two detection
channels captured Syto9 and PI. Emission wavelengths of 505–550 nm (green, Syto9) and
650–750 nm (red, PI) were collected to visualize Syto 9 and PI, respectively. Six additional
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uninfected samples were stained under the same protocol and used as negative controls to
set channel thresholds and ensure standardization [25]. Images were taken using an HCX
PL APO CS 20×/0.7 NA oil immersion objective with a different zoom of 2. The software
ImageJ (NIH, Bethesda, MD, USA) acquired confocal laser scanning microscopic images at
a 1024 × 1024 pixel scan area. For the tested samples, each group’s mean depth of action
was calculated from ten separate measurements for every single image, adjusted for the
red color channel. The mean ratio of red fluorescence over the whole red/green fluores-
cence (red fluorescence ratio), indicating the proportion of dead cells for each group, was
calculated from merged images and three-dimensional reconstructions. This measurement
was considered a surrogate marker of bactericidal efficacy.

2.5. Statistical Analyses

Mean depths of action were recorded, and differences were analyzed with one-way
ANOVA and post hoc Bonferroni testing (p < 0.05). The Kolmogorov–Smirnov test for
normality was used to analyze the data distribution of the antibacterial effect. The data
were collected, and the differences among groups were analyzed by Kruskal–Wallis and
Dunn’s post hoc test (p < 0.05).

3. Results

The results for MIC and MBC for E. faecalis ATCC 29212 showed that BAK (0.023 μg/mL
and 0.046 μg/mL, respectively), and NDs-BAK (0.046 μg/mL and 0.186 μg/mL, respectively),
were strongly antibacterial. MIC and MBC of CHX were determined as 0.0037 μg/mL and
0.0015 μg/mL, respectively, which resulted in complete inhibition of bacterial growth.

The penetration of E. faecalis from the root canal side into the dentinal tubules was
verified with CLSM. The negative control group showed no bacterial contamination. The
mean depth of action and the mean proportion of dead cells volume (red fluorescence ratio)
for each group are reported in Figure 1 and Tables 1 and 2. The three groups exhibited
similar mean depths of action: NDs-BAK 325.25 μm, NaOCl 273.36 μm and CHX 246.78 μm,
respectively. It was slightly higher in NDs-BAK, but the differences were not statistically
significant (p > 0.05).

Table 1. Mean depth of action and antimicrobial activity (Red Fluorescence Ratio) of NDs-BAK
(nanodroplets with Benzalkonium Chloride), CHX (chlorhexidine), NaOCl (sodium hypochlorite),
C+ (positive controls) and C− (negative controls). Nd: data not determined.

NDs-BAK NaOCl CHX C+ C−
Mean Depth of Action (μm) 325.25 ± 134.52 273.36 ± 181.49 246.78 ± 75.88 0.52 ± 0 Nd
Red Fluorescence Ratio (%) 68.78 ± 0.0956 91.23 ± 0.1066 65.14 ± 0.1362 0.01 ± 0 Nd

Table 2. Comparison among groups of the tested parameters depth of action and antimicrobial effect.
NDs-BAK (nanodroplets with Benzalkonium Chloride), CHX (chlorhexidine) and NaOCl (sodium
hypochlorite). Level of statistical significance (p < 0.05).

Mean Difference (Mean
Depth of Action)

p-Value
Mean Difference (Red

Fluorescence Ratio)
p-Value

NDs-BAK vs. NaOCl 11,493 p > 0.05 −20,131 p < 0.01
NDs-BAK vs. CHX 15,092 p > 0.05 2596 p > 0.05

NaOCl vs. CHX 3599 p > 0.05 22,727 p < 0.001

The mean red fluorescence ratio(s) was higher in NaOCl (91.23%), whereas it was
similar between the NDs-BAK and CHX groups (68.78% and 65.14%, respectively) (Table 1).
The NaOCl solution showed higher antimicrobial efficacy, whereas nanodroplets with BAK
seemed to have the same effect as CHX. There was a statistical difference comparing NDs-
BAK with NaOCl (p < 0.01) and NaOCl with CHX (p < 0.001) related to the antimicrobial
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activity (Table 2). No differences were found between NDs-BAK and CHX (p > 0.05). The
positive controls showed a lower mean fluorescence ratio and negative controls were also
analyzed (Figure 1, Table 1).

 
Figure 1. Confocal laser scanning microscopy of Enterococcus faecalis-infected dentinal tubules after
different irrigation protocols and viability staining. Two-dimensional images of the green channel
(A1–D1); two-dimensional images of the red channel (A2–D2); two-dimensional images of the
composite reconstruction (A3–D3). NDs-BAK group (nanodroplets with Benzalkonium Chloride)
(A1–A3). CHX group (chlorhexidine) (B1–B3). NaOCl group (sodium hypochlorite) (C1–C3). Positive
controls (D1–D3) and negative controls (E1–E3). The pulpal side is represented on the left side for
each image and the scale length is 300 μm.

4. Discussion

The experimental data reported that the innovative solution consisting of NDs loaded
with BAK displayed a high depth of action inside dentinal tubules and an antibacterial
efficacy comparable to CHX.

It has been shown that the success of endodontic treatment depends on two factors:
the eradication of bacteria from the root canal system and the absence of reinfection [26,27].
During endodontic treatment, a central role is played by the irrigants that are used to clean
the root canal and to eliminate the bacterial biofilm [28]. The most common way to eradicate
this infection is to clean the root canal with a dilute solution of sodium hypochlorite [9,10].
Usually, its activity is time-dependent, and several agitation techniques have been proposed
to activate irrigants and optimize root canal disinfection with modern low-tapered and
time-sparing shaping techniques [9–11,29,30]. However, there is not a single irrigating
solution that alone sufficiently covers all the functions required for an ideal root canal
cleaning [9,10].

BAK is often referred to as a synthetic antimicrobial agent with a broad-spectrum
antimicrobial function, and its activity could be increased by a delayed release deep inside
dentinal tubules [15,16,18]. Therefore, this in vitro study evaluated the antibacterial efficacy
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and depth of action of an innovative solution of chitosan NDs loaded with BAK proposed
for endodontic irrigation and with supposed long-lasting antimicrobial activity.

Previous studies reported a high antibacterial activity of BAK against Gram-positive
and Gram-negative bacteria, the latter being slightly less sensitive [16,31]. E. faecalis is
physically and ecologically strong, and it is often present in persistent endodontic infec-
tions. Therefore, it is widely used to test the effectiveness of the endodontic disinfecting
agents [31]. Finally, Enterococcus’ shape is quite round, and they have a relatively small
cell diameter, which makes it easier to force them into dentinal tubules [24,32].

After exposure to the antibacterial solutions, the infected dentin specimens were
fractured to obtain a fresh dentin surface for CLSM analysis. The border of the fractured
root dentin surface was first localized with the microscope to ensure a reproducible scanning
field [25]. The bacterial presence could not be determined until the images were processed,
ensuring a blindfold evaluation [25,33]. Moreover, representative data from all randomly
selected areas with an excellent signal-to-noise fluorescence ratio were obtained due to
the presence of bacteria in the dentinal tubules [25]. However, background fluorescence
was occasionally observed within the canal lumen and the root canal samples showed
auto-fluorescent materials not to be confused with bacteria [23–25]. Nevertheless, the
background fluorescence intensity was minimal within the tubules and there was no
inference with the signal generated from bacteria [33].

Confocal-laser scanning microscope visualized the presence of microorganisms in the
root canal dentinal tubules due to its ability to penetrate below the surface of the specimen
and to include the dentin canals that are not open on the surface [2,25,32,33].

Microorganism selection depends on the focus of the study and an endodontic biofilm
consists mostly of Enterococcus faecalis. Usually, the common analyzed variables are
counts of colony-forming units or the percentage of dead bacteria determined by confocal
laser scanning microscopy after applying a differentiating stain. These models are helpful
to evaluate new antimicrobial treatment options, even if a new therapy has yet to be proven
in randomized controlled clinical trials [34].

In the present study, the CLSM analysis showed no statistical difference among groups
concerning the depth of action, even if the NDs-BAK solution seemed to penetrate deeper
on the limit of statistical significance. Previous studies showed lower BAK dentin tubular
penetration, but the use of a NDs carrier could be beneficial for a deeper irrigant pene-
tration [35,36]. The overall efficacy of the tested NDs-BAK solution was similar to CHX.
These results seem in accordance with the available literature, despite the differences in
methodology [17]. In conclusion, within the limitation of this in vitro study based on CLSM
analysis, nanodroplets charged with BAK, although they failed to show the same antibac-
terial efficacy of NaOCl, proved as effective as the CHX solution, with deep penetration
ability inside tubules [21,22].
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Abstract: The aim of this study was to analyse and compare the position of single-rooted auto-
transplanted teeth using computer-aided SNT drilling and conventional freehand (FT) drilling, by
comparing the planned and performed position at the coronal, apical and angular level. Materials and
methods: Forty single-root upper teeth were selected and distributed into the following study groups:
A. Autotransplanted tooth using the computer-aided static navigation technique (SNT) (n = 20) and
B. Autotransplanted tooth using the conventional free-hand technique (FT) (n = 20). Afterwards,
the teeth were embedded into two experimental models and 10 single-root upper teeth were ran-
domly autotransplanted in each experimental model. The experimental models were submitted to
a preoperative cone-beam computed tomography (CBCT) scan and a digital impression by a 3D
intraoral scan, in addition to a postoperative CBCT scan, after the autotransplantation. Datasets from
postoperative CBCT scans of the two study groups were uploaded to the 3D implant planning soft-
ware, aligned with the autotransplantation planning, and the coronal, apical and angular deviations
were measured. The results were analysed using Student’s t-test and Mann–Whitney non-parametric
statistical analysis. Results: Coronal (p = 0.079) and angular (p = 0.208) statistical comparisons did not
present statistically significant differences; however, statistically significant differences between the
apical deviation of the SNT and FT study groups (p = 0.038) were also observed. Conclusions: The
computer-aided static navigation technique does not provide higher accuracy in the positioning of
single-root autotransplanted teeth compared to the conventional free-hand technique.

Keywords: accuracy; computed-assisted template; computer-aided static navigation; cone-beam
computed tomography scan; digital impression; tooth autotransplantation

1. Introduction

Autotransplantation entails transplanting embedded, impacted or erupted teeth from
one extraction site to a fresh extraction socket or surgically prepared socket [1]. The advan-
tages of an autotransplanted tooth over a fixed osseointegrated implant include improved
resistance to occlusal loading, preservation of the periodontal ligament (PDL) and surround-
ing bone, continuous bone growth and potentially enhanced aesthetics [2–5]. Among the
indications for tooth autotransplantation are impacted or ectopic teeth, premature and/or
traumatic tooth loss, tooth loss resulting from tumours or for iatrogenic reasons, congeni-
tally missing teeth in one arch together with arch length discrepancy, or clinical signs of
tooth crowding in the opposing arch, replacement of hopeless teeth and/or developmental
dental anomalies [3,6,7].
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The challenges of prognosticating root development and dental root resorption post
transplantation meant that the 50% success rate of autologous tooth transplantation in the
1950s was relatively low [8,9]. Many studies performed since the 1990s on periodontal
tissue and periodontal membrane healing and root resorption have led to a rapid increase
in transplant success [3,10,11]. The immature tooth with an open apex is characterized by
having an adequate blood supply and stem cells stimulating pulp revascularization post
autotransplantation [12]. This revascularization promotes continuous root development
and tooth vitality and, at the same time, induces normal alveolar bone growth, which is
unfeasible in fixed prostheses. Hence, autotransplantation has a high success rate in imma-
ture teeth and is the most conservative and physiologic tooth replacement option [13–17],
especially in young patients [6,18].

Some authors have recently determined that there is no significant difference in
the success rate of autotransplantation between mature and immature teeth [19–21]. In
their systematic review, Chung et al. observed that the estimated 1- and 5-year survival
rates of autotransplanted teeth with completely formed roots were 98.0% and 90.5%,
respectively [6].

The biological responses and wound healing behave similarly to those of avulsed
teeth post replantation. Mechanical damage during extraction or continuous traumatic
press-fit placement in the recipient socket could harm PDL, giving rise to gradual root
resorption. These complications are overcome thanks to improvements in diagnostic and
surgical techniques, particularly computer-aided rapid prototyping (CARP) models (tooth
replicas) and three-dimensional (3D) printed guiding templates [22–25]. These digital
techniques not only allow clinicians to select the most suitable donor tooth, according to
tooth morphology, but also show them the ideal 3D position and the required dimensions
of the recipient socket during surgery. Moreover, the use of tooth replicas can reduce extra
oral time and possible donor tooth injury during the procedure [22,23].

However, depending on when the tooth was lost, the recipient site conditions may
change. In cases of autotransplantation to a fresh extraction socket immediately after extrac-
tion of a hopeless tooth, there is usually sufficient bone [10,11,26]. However, for patients
with conditions such as congenitally missing teeth or early tooth loss, the recipient site calls
for surgical creation [21]. At present, 3D radiologic data are also being used for model-based
surgical guides to avoid free-hand preparation of the recipient site [3,16,21–23].

Anssari Moin et al. used 10 partially edentulous human mandibular cadavers to assess
the accuracy of computer-assisted template-guided autotransplantation with custom 3D
designed/printed surgical tools. Their comparison of the superimposed images of the
preoperatively planned donor teeth positions and the postoperative donor teeth positions
revealed a mean angular deflection (alpha) of 5.6 ± 5.4◦. When comparing the bodily
3D positions (a), the authors found a mean deviation of 3.15 ± 1.16 mm, resulting in a
mean apical deviation of 2.61 ± 0.78 mm [24]. A comparison of superimposed images
of the preoperative planning and the final donor tooth position yielded results similar to
those obtained by implant-guided surgery [27]. However, there appears to be no studies
comparing precision between free-hand preparation and a static navigation technique
(SNT) using an implant drilling sequence.

The aim of the present study was to analyse and compare the position of single-rooted
autotransplanted teeth using computer-aided SNT drilling and conventional freehand (FT)
drilling, by comparing the planned and performed position at the coronal, apical and angu-
lar levels. The null hypothesis (H0) was that there is no difference between computer-aided
SNT and conventional FT concerning the accuracy of single-rooted autotransplanted teeth.

2. Materials and Methods

2.1. Study Design

Forty single-rooted maxillary anterior teeth (incisors and canines), extracted for peri-
odontal or orthodontic reasons, were selected for this study conducted at the Dental Centre
of Innovation and Advanced Specialties at Alfonso X El Sabio University (Madrid, Spain)
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between March and April 2021. The sample size was selected according to a previous
study with a power effect of 88.4 (it is considered acceptable from 80) [28]. The manuscript
of this laboratory study has been written according to 2021 Preferred Reporting Items
for Laboratory studies in Endodontology (PRILE) guidelines (Figure 1) [29,30]. In addi-
tion, the study was conducted in accordance with the principles defined in the German
Ethics Committee’s statement for the use of organic tissues in medical research (Zentrale
Ethikkommission, 2003) and was authorized by the Ethical Committee of the Faculty of
Health Sciences, University Alfonso X el Sabio (Madrid, Spain), in October 2020 (Process
No. 05/2020). All the patients signed an informed consent form to donate the teeth for the
present study.

Figure 1. Preferred reporting items for laboratory studies in endodontology flowchart.

2.2. Experimental Procedure

The single-rooted teeth were embedded into two experimental epoxy resin models
(Ref. 20-8130-128, EpoxiCure®, Buehler, IL, USA), each with 20 teeth. Ten teeth (for
autotransplantation) were placed in the internal part of the model, and 10 teeth (used as
a reference), in the external part. The teeth were randomly (Epidat 4.1, Galicia, Spain)
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assigned to two study groups: Group A, autotransplanted teeth using a computer-aided
static navigation technique (NemoScan®, Nemotec, Madrid, Spain) (SNT) (n = 20), and
Group B, autotransplanted teeth using conventional free-hand technique (FT) (n = 20).

The two experimental models were submitted to a preoperative cone-beam com-
puted tomography (CBCT) scan (WhiteFox, Acteón Médico-Dental Ibérica S.A.U.-Satelec,
Merignac, France) with the following exposure parameters: 105.0 kilovolt peak, 8.0 mil-
liamperes, 7.20 s, and a field of view of 15 × 13 mm (Figure 2A). Subsequently, a digital
impression was made using a 3D intraoral scan (True Definition, 3M ESPE™, Saint Paul,
MN, USA) by means of 3D in-motion video imaging technology to generate a standard tes-
sellation language (STL) digital file (Figure 2B). The 3D intraoral scan (True Definition) uses
a cloud of points that create a tessella network, representing 3D objects as polygons com-
posed of equilateral triangle tessellas [31,32]. The image capture procedure was performed
by scanning the palatine and occlusal surface followed by the buccal surface, according
to the manufacturer’s recommendations. Datasets obtained from this digital workflow
were uploaded to a 3D implant planning software (NemoScan®) to plan the placement of
autotransplantation in Group A (Figure 2C).

Figure 2. (A) CBCT scan, (B) STL digital files and (C) alignment of the digital workflow.

After matching the 3D surface scan and CBCT data (WhiteFox), each tooth in the
internal part of the model was individually segmented and virtually placed between the
teeth placed outside of the model (Figure 3).

 

Figure 3. (A) Frontal, (B) occlusal and (C) apical view of the individually segmented (blue) and
autotransplanted teeth (purple) between the teeth placed outside of the experimental model (pink)
randomly assigned to the SNT study group. (D) Frontal, (E) occlusal and (F) apical view of the
individually segmented (grey) and autotransplanted teeth (purple) between the teeth placed outside
of the experimental model (pink) randomly assigned to the FT study group.
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The surgically created sockets of the teeth were randomly assigned to the SNT study
group; the drilling was performed by means of a 3D printed tooth-supported surgical
template with 10 drilling sleeves of 2.5 mm in diameter (NemoScan®) (Figure 4). The
dimensions of the osteotomy site preparations were designed virtually by superimposing
the virtual surgical drilling burs (BioHorizons; Birmingham, AL, USA) on the roots of the
autotransplanted teeth. A surgical template was then exported as an STL digital file and 3D
printed for fabrication (Explora 3D Lab, Nemotec S.L, Arroyomolinos, Madrid, Spain) with
medical-use resin. The osteotomy site was manually drilled with surgical burs according to
each root anatomy (BioHorizons).

 

Figure 4. (A) Drilling site planning in the CBCT scan, (B) occlusal view of the surgical template design
for computer-aided static navigation technique, (C) lateral view of the drilling bur selection according
to the root dimensions, (D) occlusal and (E) lateral view of the surgical template manufactured and
(F) occlusal view of the transplanted teeth.
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On the other hand, the drilling procedure of the osteotomy site of the teeth randomly
assigned to the autotransplanted tooth using conventional FT study group was performed
completely manually. Subsequently, the teeth placed inside of the experimental models of
epoxy resin were extracted and placed between the teeth placed outside of the experimental
model until it adjusted to the previously autotransplanted planned position (Figure 4). A
single operator with 10 years of surgical experience performed all autotransplanted teeth
procedures.

2.3. Measurement Procedure

After performing the osteotomy site preparation and placing the autotransplanted
teeth of both study groups, a postoperative CBCT scan (WhiteFox) of the experimental
models were taken with the same, previously described exposure parameters. STL digital
files from the planning and datasets from postoperative CBCT scans of the two study
groups were uploaded to the 3D implant planning software (NemoScan®) and aligned
using the 3D implant planning software (NemoScan®) to analyse the deviation angle
(measured in the centre of the cylinder) and horizontal deviation (measured at the coronal
entry point and apical endpoint) (Figure 5) by an independent observer.

Figure 5. (A) Segmented teeth on the postoperative CBCT scan (red teeth), (B) lateral view and (C)
apical view of the experimental models and (D) lateral and (E) apical view of the planned (pink
teeth) and performed (red teeth) autotransplanted teeth without model of the conventional freehand
technique study group. (F) Segmented teeth on the postoperative CBCT scan (red teeth), (G) lateral
and (H) apical view of the experimental models and (I) lateral and (J) apical view of the planned
(pink teeth) and performed (red teeth) autotransplanted teeth without model of the computer-aided
static navigation technique.

2.4. Statistical Tests

All the variables of interest were recorded for statistical analysis with SAS v9.4 (SAS
Institute Inc., Cary, NC, USA). Descriptive statistical analysis was expressed as means and

84



J. Clin. Med. 2022, 11, 1012

standard deviations (SDs) for quantitative variables. Comparative analysis was performed
by comparing the mean deviation between planned and performed autotransplanted
tooth using Student’s t-test, since variables had normal distribution, or Mann–Whitney
non-parametric test; p < 0.05 was considered statistically significant.

3. Results

The means and standard deviation (SD) values for coronal, apical and angular devia-
tion of the autotransplanted tooth using computer-aided static navigation technique and
conventional freehand technique are displayed in Table 1.

Table 1. Descriptive deviation values at coronal (mm), apical (mm) and angular (◦) levels of the
autotransplanted tooth using computer-aided static navigation technique and conventional free-hand
technique.

n Mean Median SD Minimum Maximum

SNT
Coronal 10 6.93 5.40 a 3.76 3.50 16.90
Apical 10 6.60 5.65 a 2.81 3.90 13.50

Angular 10 10.64 8.05 a 5.78 4.50 21.20

FT
Coronal 10 4.62 4.20 a 1.85 2.00 7.70
Apical 10 4.36 3.90 b 1.99 2.20 8.10

Angular 10 7.61 7.10 a 4.53 2.30 15.80

SNT: static navigation technique. FT: free-hand technique. a,b Statistically significant differences between groups
(p < 0.05).

Mean comparison of the coronal deviation of the autotransplanted teeth randomly
assigned to the SNT study group did not show a normal distribution; therefore, the
comparative analysis was performed by a Mann–Whitney non-parametric test. Median
comparison of the autotransplanted teeth revealed no statistically significant differences at
the coronal deviation (p = 0.079) between the SNT (5.40 ± 3.76 mm) and FT (4.20 ± 1.85 mm)
study groups (Figure 6).

 

Figure 6. Box plot of the coronal deviation of the autotransplanted teeth. The horizontal line in each
box represents the respective median value of the study groups. ♦: Mean value of the box plots.
◦: Means and extreme value.
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Mean comparison of the apical deviation of the autotransplanted teeth randomly
assigned to the SNT study group did not show a normal distribution; therefore, the com-
parative analysis was performed again with a Mann–Whitney non-parametric test. Median
comparison of the autotransplanted teeth revealed statistically significant differences at the
apical deviation (p = 0.038) between SNT (5.65 ± 2.81 mm) and FT (3.90 ± 1.99 mm) study
groups (Figure 7).

 

Figure 7. Box plot of the apical deviation of the autotransplanted teeth. The horizontal line in each
box represents the respective median value of the study groups. ♦: Mean value of the box plots.
◦: Means and extreme value.

A mean comparison of the angular deviation of the autotransplanted teeth randomly
assigned to the SNT study group showed a normal distribution; therefore, the comparative
analysis was performed using Student’s t-test. Mean comparison of the autotransplanted
teeth revealed no statistically significant differences at the angular deviation (p = 0.208)
between SNT (5.65 ± 2.81 mm) and FT (3.90 ± 1.99 mm) study groups (Figure 8).

 

Figure 8. Box plot of the angular deviation of the autotransplanted teeth. The horizontal line in each
box represents the respective median value of the study groups. ♦: Mean value of the box plots.
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4. Discussion

The present study reported that the coronal and angular deviations between the SNT
and FT study groups did not show statistically significant differences; however, statistically
significant differences were observed between the apical deviation of the SNT and FT study
groups. One of the main problems in dentistry is the premature loss of teeth resulting
from trauma, caries or malformations, especially in growing patients [33]. With this in
mind, the clinician can choose from various treatment options depending on the patient’s
age [23]. The most common restorative approaches for adults include fixed or removable
partial dentures, implants or orthodontics. However, in paediatric and adolescent patients,
implant placement is totally contraindicated [34]. Accordingly, in determined patients,
autologous transplantation offers an effective treatment option with the potential to restore
masticatory function and aesthetics [10]. Unlike implants, transplanted teeth behave in the
same way as any natural tooth, both of which maintain the alveolar bone and occlusion
during growth. The benefit of this procedure is that it allows the replacement of a hopeless
or missing tooth with another tooth from the same patient [34].

Depending on the time of autotransplantation, the technique can be performed in
either fresh extraction sockets or surgically created sockets [33]. In an immediate autotrans-
plantation, fibroblasts and PDL remaining in the socket wall proliferate and migrate to the
blood clot, promoting bone and connective tissue reconstruction and significantly aiding
the revascularization of the root surface of the donor tooth [35]. One potential drawback
to immediate autotransplantation is that the donor tooth may not fit perfectly into the
recipient socket, which results in a discrepancy between the tooth surface and the alveolar
wall. For bone formation to take place, it is essential for the root surface of the donor tooth
to be near the cervical level of the adjacent bone, since the underlying tissue acts like a
closed wound, reducing the possibility of infection and complications [2]. There are some
indications for late autotransplantation placement according to patient- or site-specific
reasons. These include patients with congenitally missing teeth or premature tooth loss, or
when there is insufficient mesio-distal space in the recipient area, for which subsequent
orthodontic treatment is needed [33]. Although this technique is more challenging, no
significant difference in outcomes compared to autotransplantation in fresh extraction sock-
ets have been observed [36,37]. After tooth extraction, the buccal and lingual walls of the
alveolus resorb significantly [38]. In this situation, the root of the donor tooth can be rotated
or even resected to fit within the new socket. The clinician may choose from surgical drills,
implant drills or even trephines to surgically create the new socket [21]. The main factors
determining a successful autotransplantation involve preserving the PDL and correctly
adapting tissue [39]. Hence, it is crucial to avoid excessive manipulation of the tooth and
minimize both the extra-alveolar time (should not exceed 12 min) and the distance between
the alveolus and the root of the tooth [24,25,34]. This is particularly relevant in surgically
created sockets, in which revascularization is delayed, leading to insufficient nutrition
of the apical tissues, negatively affecting the vitality of Hertwig’s epithelial root sheath
(HERS) [40,41]. This is a highly technical and sensitive surgical procedure that demands all
the clinician’s experience and skill [25]. In the conventional autotransplantation technique,
whose first clinical application dates to 1950 [41], the donor tooth served as a template
to prepare the socket, which involved excessive manipulation of the donor tooth, greater
chemical and physical trauma to the PDL and more extra-alveolar time. However, with
the advent of CBCT and digital planning, the complexity and failure rate of this technique
has been substantially reduced [4,18,22]. In 2001, Lee et al. described the use of computer-
assisted replicas of the donor tooth, making it possible to prepare the recipient socket
without having to use the donor tooth itself [22]. In addition, available surgical planning
software allows the clinician to design and manufacture 3D-printed surgical guides. These
guides approximate autotransplantation surgery to guided surgery, but the literature anal-
ysed has shown that certain inaccuracies between the original digitally planned position
and the final position of the donor tooth remain frequent. For a guided surgery to be closer
to its original digital planning, it is essential to achieve a precise osteotomy that produces
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minimal trauma to the recipient area [4]. Trauma is directly related to overheating of the
bone during osteotomy, which can lead to cell death, preventing new bone formation. In
addition, an overlarge alveoloplasty increases the discrepancy between the donor tooth
and the recipient area, causing instability of the blood clot and impeding periodontal
regeneration [1,7]. Given the limited studies in which personalized, and 3D-designed
surgical appliances are used in guided autotransplantation, the authors of the present
study evaluated the accuracy and success of this surgical approach. Anssari Moin et al. in
their study using guided autotransplantation with surgical splints and customized surgical
instruments on human mandibular cadaver jaws reported a mean coronal deviation of 3.15
+/− 1.16 mm, a mean apical deviation of 2.61 +/− 0.78 mm and a mean angular deviation
of 5.6–5.4◦ between the digitally planned position and the definitive position of the trans-
planted teeth [24]. These values are within the generally accepted ranges for surgical guides
in implant treatment; however, they may be clinically relevant for autotransplantation, and
thus these results should be improved. Moreover, Wu et al. also reported a high accuracy
of the static surgical guides for dental implant placement [42]. Impacted teeth are often
considered candidates for tooth autotransplantation and Cavuoti et al. highlighted the risk
of root resorption in impacted teeth and recommended repositioning the impacted tooth
to prevent root resorption [43]. However, our results are difficult to compare with those
of Anssari Moin et al., who expressed the results as means and standard deviation [24].
Due to the fact that the mean comparison of both the coronal and apical deviations of the
autotransplanted teeth in our study showed no normal distribution, a statistical analysis
was performed by median comparison using a Mann–Whitney non-parametric test. The
inherent deficiencies in the digital workflow were related to the lack of precision regarding
the result. Ender et al. reported less statistical accuracy (p < 0.05) of the digital impressions
of the partial-arch than of the digital impressions of the total-arch [44]. In the present
study, the imprecision of the manual segmentation may have influenced the choice of
bur size, which may have resulted in inadequate drilling. In addition, the sockets were
surgically created using a single bur, but the oval section of the autotransplanted teeth
required additional manual drilling to adapt the root anatomy of the donor tooth to the
socket, which may have influenced the definitive position. In addition, it is essential to
analyse the root morphology to avoid fractures during dental extraction manoeuvres and
complications during the autotransplantation procedure (especially in dislacerated roots or
divergent roots of multirooted teeth). Likewise, it is necessary to evaluate the mesio-distal
size of the edentulous space to be rehabilitated by the tooth to be autotransplanted and
the occlusal contacts. The authors recommend evaluating these parameters in the surgical
planning phase. Moreover, the trueness of the intraoral scanner has been highlighted as
a relevant factor, since it can induce the appearance of a clinically relevant cumulative
error; however, the present study used powder-dependent intraoral scanners, which are
significantly better (p < 0.05) than non-powder-dependent scanners as the translucency
they produce shows fewer errors in the images [45].

Finally, the authors of the present study suggest there is a need to conduct a study
on cryopreserved cadavers to evaluate the precision and reproducibility of the technique
using different splints and customized surgical instruments, given the dearth of studies on
guided surgery to create neo-alveolus in autotransplantations. Furthermore, the deviation
between the planned and final position of the surgically guided autotransplantation in this
study should also be assessed. Additionally, the experimental nature of the study allows
for better 3D visibility and perception compared to a clinical situation.

5. Conclusions

Within the limitations of this in vitro study, the results show that the computer aided
SNT was less reliable than FT and the use of SNT in the clinic should be suspended until
further research is conducted. Specifically, coronal and angular deviations between the
computer aided SNT and FT study groups did not show statistically significant differences;
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however, statistically significant differences were observed between the apical deviation of
the SNT and FT study groups.
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Abstract: The objective of this work was to evaluate (1) the short-term evolution of pain and (2) the
treatment success of full pulpotomy as permanent treatment of irreversible pulpitis in mature molars.
The study consisted of a non-randomized comparison between a test group (n = 44)—full pulpotomy
performed by non-specialist junior practitioners, and a control group (n = 40)—root canal treatments
performed by specialized endodontists. Short-term pain score (Heft–Parker scale) was recorded pre-
operatively, then at 24 h and 7 days post-operatively. Three outcomes were considered for treatment
success: radiographic, clinical and global success. For short-term evolution of pain, a non-parametric
Wilcoxon test was performed (significance level = 0.05). For treatment success, a Pearson Chi square or
Fisher test were performed (significance level = 0.017–Bonferroni correction). There was no significant
difference between test and control groups neither regarding short term evolution of pain at each time
point, nor regarding clinical (80% and 90%, respectively) or global success (77% and 67%, respectively).
However, a significant difference in radiographic success was observed (94% and 69%, respectively).
The present work adds to the existing literature to support that pulpotomy as permanent treatment
could be considered as an acceptable and conservative treatment option, potentially applied by a
larger population of dentists.

Keywords: pulpotomy; pulpitis; endodontics; toothache; treatment outcome; tricalcium silicate

1. Introduction

Dental pulp pathologies are often associated with high levels of pain, requiring ap-
propriate local treatment to effectively relieve the patient [1]. While reversible pulpitis is
currently managed by vital pulp therapies [2], the treatment of cases diagnosed clinically
as irreversible pulpitis is more invasive. It indeed consists in a pulpotomy as emergency
procedure [3], followed by complete root canal treatment.

However, a trend towards more conservative strategies has been observed in recent
years notably the consideration of pulpotomy as a permanent treatment [4–7]. This evolu-
tion is related to improved knowledge in pulp biology and biomaterials. First, histological
studies of teeth with pulpitis have highlighted the existence of a gradient of inflammation
within the pulp tissue. Healthy pulp tissue was shown to persist underneath areas with
high levels of inflammation and sometimes necrosis [8]. Second, tricalcium-silicate cements
were reported in histological studies to have the potential of inducing more favorable pulp
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responses compared to previous calcium-hydroxide pulp capping materials [9]. A trend in
favor of these materials was also identified in clinical studies [9,10].

Preserving pulp tissue by pulpotomies followed by pulp capping has several potential
benefits. These include preservation of immunocompetent tissue, reduction in the cost
of treatment for both the patient and healthcare systems, and reduction in the treatment
complexity and duration. It has nevertheless been stated that additional prospective
works are necessary to confirm the positive trend in favor of this treatment strategy [2,11].
Moreover, apart from a few studies [12–14], most available works have a rather limited
follow-up time (≤12 months).

While some works consider pulpotomy as a treatment of teeth with carious expo-
sures [15,16], regardless of clinical symptoms, others, like the present one, focused on the
treatment of clinically-diagnosed irreversible pulpitis. In the latter case, it is important to
consider not only long-term outcomes, but also the effectiveness of short-term pain relief.
For this purpose, numerical rating scales and/or category judgments that are subsequently
converted into numerical values have been widely used as they are easily understood by
patients and considered suitable for the measurement of dental pain [17–19]. With regard
to appropriate times for assessing post-endodontic treatment pain, one day and one week
have been described as key time points [20].

Finally, the level of experience of practitioners has, to our knowledge, never been
considered in the design of the studies evaluating these procedures. However, as men-
tioned above, the pulpotomy as permanent treatment is referred to as an easier procedure,
therefore potentially accessible to less experienced practitioners, including non-specialists.
To take this aspect into account, we designed a non-randomized clinical study to compare
the alternative strategy to what is considered as “best available therapy”. Two groups
were considered: (1) pulpotomy as permanent treatment performed by non-specialist
junior practitioners (test group), and (2) root canal treatment performed by specialized
endodontists in private practice (control group).

The objective of the present work was to evaluate (1) the short-term evolution of pain
and (2) the treatment success of full pulpotomy as permanent treatment of irreversible
pulpitis in mature molars.

2. Materials and Methods

2.1. Patient Selection

The present prospective study conformed to STROBE guidelines and received ap-
proval from the ethics committee of Cliniques universitaires Saint-Luc (Brussels, Belgium)
(Reference# 2016/19JAN/016) and was registered at clinicaltrials.gov with registration
number NCT02920606.

The study included adult patients with a diagnosis of irreversible pulpitis in mature
molar teeth, respecting eligibility criteria for inclusion and exclusion (Table 1). Irreversible
pulpitis was defined as spontaneous, radiating pain that lingers after removal of cold
stimulus [2]. The inclusion period was from June 2016 to June 2020. An information letter
was given to all patients, and informed consent was signed.

In the design of the present study, a difficulty in including patients was expected,
due to aspects such as patient motivation (emergency cases) or predictable heterogeneity
between groups (population consulting specialists compared to those visiting a dental
emergency department). In this context, the present study was initially designed as a pilot
study with 50 patients per group as a realistic target.

Systematic forms were used to collect the data for each patient on the day of inclusion.
The study consisted of a non-randomized comparison between two groups (test and

control) (Figure 1).
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Table 1. Eligibility criteria for inclusion in the clinical study.

Pre-Operative Criteria: Intra-Operative Criteria:

INCLUSION

- Adult patient (≥18 years)
- Molar teeth
- Irreversible pulpitis diagnosis

(spontaneous pain, radiating pain that
lingers after removal of cold stimulus)

EXCLUSION

- Internal/External resorption
- Root and crown fracture
- Presence of a sinus tract
- Anormal mobility
- Immature apex
- Swelling
- Systemic condition
- Non-independent patient
- Non-restorable tooth
- Periodontal pocket ≥ 6 mm
- Participation in other medical studies

EXCLUSION

- Pulp necrosis in at least one root canal
(both groups)

- Need of intra-pulpal injection (test group
only)

- Impossibility to achieve pulp hemostasis
at the root canal entrance (test group
only)

The test group included patients treated in the dental department of Cliniques universi-
taires St-Luc (Brussels, Belgium). The treatment consisted in a full pulpotomy as permanent
treatment, and was performed by non-specialist junior practitioners (≤3 years residents).

The control group included patients treated in private specialist dental practice. The
treatment, considered as gold standard, consisted in a root canal treatment performed by
specialized endodontists in two different practices.

2.2. Clinical Procedure

Following patient inclusion and prior to anesthesia, pain and pre-operative data were
collected. Bitewing and a periapical radiographs were taken systematically.

Test group—The tooth was then anesthetized using either Scandonest (3%) or Sep-
tanest (4%, 1:200,000 adrenalin) (Septodont, Saint-Maur-des-Fossés, France), respectively,
for inferior alveolar nerve block (lower molars) and infiltration anesthesia (upper molars);
complementary intra-ligament injections were performed with Scandonest when required.
Rubber dam was placed, and the carious lesion was thoroughly excavated when present.
The pulp chamber was then accessed with a new sterile bur, and the coronal pulp was
completely eliminated. The pulp chamber was rinsed with NaCl, and hemostasis was
obtained with a sterile cotton pellet soaked in NaCl. The cavity was gently dried with
air spray, and the pulp tissue was capped with a tricalcium-silicate cement (Biodentine,
Septodont, Saint-Maur-des-Fossés, France), which was left to set for 15 min. Whenever
possible, a permanent composite restoration was placed on the same appointment using a
combination of Clearfil SE Bond 2 (Kuraray-Noritake, Japan) and a highly filled compos-
ite, either GrandioSO (VOCO, Germany) or Clearfil Majesty Posterior (Kuraray-Noritake,
Japan). When permanent restoration could not be placed directly, it was performed within
the four weeks after the procedure. All permanent restorations were placed by the investi-
gating team within the dental department. The use of magnification was systematic, mostly
loupes, and sometimes microscopes, to properly evaluate pulpal status and compliance
with inclusion/exclusion criteria (Table 1).
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Figure 1. Experimental design.

Control group—No specific recommendations were given on how to perform root
canal procedures, considering that the treatments were performed based on the ESE quality
guidelines [21]. The aim was to let the specialist practitioners carry out their treatments
according to their usual procedure, to be as close as possible to their routine work. The use
of operative microscope was systematic, and allowed to evaluate compliance with inclu-
sion/exclusion criteria corresponding to control group (Table 1). They were encouraged
to perform their treatments in one appointment whenever possible, but were allowed to
delay root canal obturation when time was lacking. A temporary glass ionomer restoration
was placed between the appointments. A permanent coronal restoration was placed within
the four weeks after the procedure by the referring dentist (either composite, crown or
onlay/overlay).

2.3. Short-Term Evolution of Pain

Pain score was measured using the Heft–Parker scale [22]. The latter is based on
verbal descriptors of clinical pain (used with patients), which are then converted into
numerical values (by the investigators) (see Supplementary Materials Figure S1). The
Heft–Parker scale has the specificity of presenting the clinical pain levels with an unequal
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numerical spacing between pain descriptors, in order to better reflect the differences in
word meaning [17].

Besides pre-operative measurement of pain intensity, the investigators conducted a
telephone follow-up at 24 h (24 h) and 7 days (7 d) for patients in both groups. The pain
scale (verbal descriptors only) was given to patients at the initial appointment to facilitate
their evaluation at each timepoint.

In the control group, if the treatment was performed in more than one appointment,
pain score was recorded after each appointment and the highest pain level was taken into
account for the analysis.

2.4. Treatment Success

The evaluation of treatment success was performed in both groups based on similar
criteria. One or more controls were performed depending on patient availability and
compliance. Bitewing and periapical radiographs were taken systematically at each follow-
up appointment. Three outcomes were considered.

Global success was defined as the combination of clinical and radiographic success.
Clinical success was defined as the absence of clinical signs (swelling, sinus tract, tooth

mobility or deep periodontal probing) and symptoms (pain or discomfort). Therefore, any
documented endodontic re-intervention or extraction for endodontic reasons at any time
was considered as clinical failure.

Radiographic success was considered for cases with ≥12 months follow-up. It was
determined as follows: first, no root resorption or furcal bone loss shall be observed; second,
the periapical index (PAI) evolution shall either be a maintenance or return to healthy status
(PAI 1 or 2), a maintenance of PAI 3 or a decrease in PAI if a true periapical lesion was
pre-existing (PAI > 3).

The radiographs were submitted to two independent evaluators for analysis (JPVNH
and SA). They were previously calibrated on 30 cases selected outside the present study
based on the PAI scoring system defined by Ørstavik et al. [23]. The analysis of all radio-
graphs were performed in a random order, under the same light conditions and on the same
screen. Since multi-rooted teeth were studied, the highest PAI score at the root level was
attributed to the tooth. In case of hesitation between two PAI scores, evaluators were asked
to favor the higher one. The evaluation was repeated in a similar manner 3 weeks later.
At the end of each session, disagreements were identified by the principal investigators
(JB and JGL) and discussed between both evaluators to reach a consensus. Cohen’s kappa
coefficient was calculated to assess evaluator agreement.

2.5. Histological Analysis

For any successful case extracted for non-endodontic reasons in the test group (e.g.,
non-restorable factures or prosthetic reasons), teeth were placed in paraformaldehyde 4%
for fixation and processed for histological evaluation according to the procedure described
in [24].

2.6. Statistical Analysis

The data were submitted to analysis of normality using the Shapiro–Wilk test.
For short-term evolution of pain, a non-parametric Wilcoxon test was performed to

test the effect of group (at each timepoint). For the effect of time, since normality could not
be demonstrated, a Wilcoxon signed rank test was used.

For treatment success, a Pearson chi square or Fisher test were performed to compare
clinical, radiographic and global success between test and control groups.

A logistic regression or test of independence was performed to test the impact of
several variables, on the one hand on attribution of patients to both groups, and on the
other hand on treatment success. A significance level of 0.05 was chosen for short-term
analyses and sample distribution. Since three outcomes were considered for treatment
success, a Bonferroni correction was applied and a significance level of 0.017 was chosen.
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3. Results

A total of 57 and 41 patients were eligible to participate in the study in the test and con-
trol groups respectively (Figure 2), which were subsequently reduced to 44 and 41 patients
due to intra-operative exclusion criteria (Table 1).

Figure 2. Flowchart for test and control groups based on STROBE recommendations.

3.1. Short-Term Evolution of Pain

This analysis could be performed for 44 and 40 patients in the test and control groups
respectively. There was no significant difference (p > 0.05) between both groups at each
time point (T0, 24 h, 7 d) (Figure 3). However, a significant reduction in pain was observed
between each time point (p < 0.0001).

3.2. Treatment Success

Follow-up for global success evaluation was possible for 79.5% and 75% of the pa-
tients, with a median follow-up of 24 and 20.5 months, and a mean follow-up of 25.9 and
25.6 months, respectively, in test and control groups. The characteristics of the population
in both groups are presented in Table 2. The logistic regression (univariate) regarding
patient distribution between both groups based on these variables revealed the following
significant differences: pre-operative pain to percussion (p = 0.049), patient age (p = 0.0004)
and presence of a carious cavity (p < 0.0001).
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Figure 3. Boxplots of short-term pain evolution for test and control groups; the dots correspond
to outliers.

Table 2. Characteristics of cases included in treatment success evaluation (N = 65).

Variables
Total
n (%)

Test Group (Pulpotomy)
n (%)

Control Group (Root Canal
Treatment)

n (%)

Patients (n) 65 (100) 35 (100) 30 (100)
Age (years)

Mean 39.4 34.8 46.7
Median 38.5 29 49

Male 22 (33.8) 9 (25.7) 13 (43.3)
Dental arch

Maxillary teeth
First molar 8 (12.3) 5 (14.3) 3 (10)
Second molar 10 (15.4) 4 (11.4) 6 (20)

Mandibular teeth
First molar 17 (26.2) 11 (31.4) 6 (20)
Second molar 29 (44.6) 14 (40) 15 (50)
Third molar 1 (1.5) 1 (2.9) 0 (0)

Pre-operative masticatory pain 38 (58.5) 18 (51.4) 20 (66.7)
Pre-operative pulsatile pain 40 (61.5) 18 (51.4) 22 (73.3)
Pre-operative percussion pain 37 (57) 16 (45.7) 21 (70)
Duration of pre-operative pain
≤2 days 19 (29.2) 13 (37.2) 6 (20)
>2 days–≤ 7 days 15 (23.1) 6 (17.1) 9 (30)
>7 days–≤14 days 5 (7.7) 0 (0) 5 (16.7)
>14 days 26 (40) 16 (45.7) 10 (33.3)

Pre-operative PAI
1 30 (46.2) 18 (51.5) 12 (40)
2 22 (33.8) 13 (37.1) 9 (30)
3 10 (14.4) 4 (11.4) 6 (20)
4 3 (4.6) / 3 (10)

Presence of carious cavity 25 (38.5) 21 (63.4) 4 (13.3)
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Five patients experienced clinical failure <12 months, four in test group (managed by
root canal treatment) and one in control group, which led to tooth extraction due to vertical
root fracture.

For patients with follow-up ≥12 months, the evaluation of the radiographs by two in-
dependent observers resulted in a consensus PAI scoring, characterized by a Cohen’s
kappa coefficient of 0.72 between the two evaluation sessions. The PAI evolution for each
patient according to their follow-up duration is available in the Supplementary Material
(Tables S1 and S2). Representative examples of the radiographic evolution can be observed
in Figure 4a–h for test group and Figure 4i–p for control group.

Figure 4. (a–h) test group—4 clinical cases of pulpotomy. (a,b) #37 Healthy status quo, follow-up
at 46 months; (c,d) #36 peri-apical healing, follow-up at 20 months; (e,f) #36 peri-apical healing,
follow-up at 16 months; (g–h) #47 peri-apical aggravation, follow-up at 20 months. (i–p) control
group—4 clinical cases of root canal treatment. (i,j) #26 Healthy status quo, follow-up at 47 months;
(k,l) #47 peri-apical status quo, follow-up at 50 months; (m,n) #36 peri-apical aggravation, follow-up
at 24 months; (o,p) #37 peri-apical healing, follow-up at 12 months.

No significant difference was observed between test and control groups regarding
clinical (p = 0.32) or global success (p = 0.347). However, a significant difference in radiographic
success was observed (p = 0.014) (Table 3).

Table 3. Characteristics of cases included in treatment success evaluation (N = 65).

Variables
Test Group (Pulpotomy)

% (n)
Control Group (Root Canal Treatment)

% (n)

Clinical success 80
(28/35)

90
(27/30)

Radiographic success * 94 **
(29/31)

69 **
(20/29)

Global success 77
(27/35)

67
(20/30)

* excluding clinical failures <12 months. ** Significant difference (p < 0.017).
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None of the variables listed in Table 2 were found to have a significant effect on either
global, radiographic or clinical success (univariate analysis; p > 0.017).

Among the clinical failures in the test group (<12 months, n = 4; ≥12 months, n = 3),
six cases presented evidence of pulp vitality in all canals. A pronounced inflammation was
observed, indicated by intense bleeding. One case was re-treated in another practice.

3.3. Histological Analysis

One case classified as global success in the test group at 45 months had to be extracted
for restorative reasons, i.e., non-restorable fracture (Figure 5a–c). The tooth was processed
for histological evaluation (Figure 5d–g), which revealed a vital pulp tissue present in
the root canals without any sign of inflammation and with an odontoblastic layer lining
the canal walls. It must be noted that difficulties in sectioning were encountered. While
demineralized, the collagen remained hard in some areas, preventing serial sectioning
throughout the whole sample.

 

Figure 5. Histological analysis of a case considered as global success, extracted for restorative reason,
performed by Domenico Ricucci. (a) #27 pre-operative situation, PAI score:1; (b) #27 healthy status
quo, follow-up at 45 months; (c) radiographic and clinical images of extracted tooth; (d–g) histological
sections (H&E staining) at various magnifications, revealing the presence of a vital pulp tissue in the
root canals without any sign of inflammation or tissue disruption. An odontoblastic layer lining the
canal walls can be observed.

4. Discussion

The first major finding was the efficiency of the pulpotomy procedure as permanent
treatment in terms of short-term pain relief. A comparable pain reduction at 24 h and 7 d
between both treatment procedures was indeed observed. This is in accordance with a
randomized clinical study comparing full pulpotomy, selective pulpectomy (restricted to
one canal) and full pulpectomy [25]. Another randomized trial reported an even higher
and significant pain reduction in the pulpotomy group as compared to the root-canal
treatment [26]. The evolution of pain at 24 h and 7 d follows a previously described trend
following root-canal treatment, with a moderate drop within one day, and a substantial
reduction to minimal levels in 7 days [20]. Hence, pulpotomy as permanent treatment
of irreversible pulpitis using tricalcium-silicate cements is at least as efficient as the gold
standard procedure in terms of short-term pain relief. Pain relief is an essential compo-
nent of an endodontic procedure, with pathologies that can lead to very high levels of
pain [1,17–19], in the same range as those observed in other painful diseases such as renal
colic [27,28]. Such levels of dental pain can severely affect patient quality of life during
the acute phase, and were, also, shown to be a major cause of acute medical admission
following unintentional paracetamol overdose [29,30].

The second major finding was the equivalent efficiency of the pulpotomy procedure as
permanent treatment regarding global success, as compared to the gold standard procedure.
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A higher trend was even observed in the test group (77%) but not significantly (p > 0.017)
compared to the control group (67%). This is in line with a similar observation made in a
randomized clinical trial [12]. The latter is currently the most robust study available on the
topic, with confirmed irreversible pulp status, >12 months mean follow-up and including a
control group.

The incidence (11.4%) of clinical failure observed within the first 12 months following
the test procedure is in line with the data available in the literature [4–7]. The overall
clinical success rate was 80% in our work, all clinical failures were related to pain and not
to other clinical signs, and lead to re-intervention via standard root-canal treatment. It is
important to mention that the location of root canals required the use of magnification,
which was possible in all cases. Moreover, the evidence of pulp vitality associated with
pronounced inflammation observed in most failed cases connects to the possible interest
of quantifying biomarkers such as MMP-9, TNF-α or IL-8 as predictors of the procedure
prognosis [4,31–33].

The significant difference in radiographic success observed in favor of the test group
(94% vs. 69%; p < 0.017) could be considered unexpected. It cannot be excluded that the
higher percentage pre-operative PAI ≥ 3 in the control group affects such finding, but this
variable was not identified as statistically significant (p > 0.05). Nevertheless, the trend
is consistent with the one reported in the literature at two years [13], even considering
cases with pre-existing periapical involvement. This trend, illustrated in Figure 4c,d may
indicate the positive effect of preserving a living, immunocompetent pulp tissue within
the root canal on periapical healing. It is worth noticing that while the presence of a
periapical radiolucency (PAI > 3) is not expected in case of an inflamed pulp, some cases
were classified as PAI = 4 in the present work and in another [6]. This is due to the fact that
the PAI score was not considered in the inclusion/exclusion criterion, which are mainly
clinical. Since the radiographic interpretation is performed by independent observers, some
cases with PAI > 3 can therefore be reported.

The survival of healthy radicular pulp tissue in successful cases following a pulpotomy
as permanent treatment remains unknown. Histology is indeed required to determine the
exact status of the pulp tissue, and only few short-term studies provided such information
for pulpotomies as permanent treatment in case of irreversible pulpitis. A two-month
report on 12 molars reported the presence of healthy radicular pulp devoid of inflammatory
signs [34] and a 10-month case report made similar observations in a premolar [35]. In the
present work, the histology performed on the successful case provided similar evidence
but at 45 months follow-up. In the absence of histology, the observation of a hard tissue
barrier underneath the capping material has been considered by some authors as indicator
of pulp vitality, as mentioned in a recent review [36]. However, the latter, also, underlines
the low reliability of such observation. It is indeed not trivial to determine accurately on a
radiograph if an actual barrier has formed, since there is no standardized definition nor are
the X-ray images taken in a reproducible manner. Despite the level of evidence regarding
the ability of materials to induce mineral bridge formation, it was reported that either pure
calcium hydroxide powder or tricalcium-silicate cements are likely the most appropriate
materials to cover the pulp [37,38], which was performed here (Biodentine, Septodont, Saint-
Maur-des-Fossés, France). The remaining pulp tissue must be free of inflammation, which
can be assessed clinically by obtaining a hemostasis. This was a prerequisite in the present
work, since it was demonstrated in the context of a direct pulp capping following carious
exposure that the degree of pulp bleeding was associated with treatment success [39].
Furthermore, compared to carious exposures, the success rate of pulp capping in traumatic
exposures, associated with little or no pulp inflammation, is known to be higher [40].
Nevertheless, it must be noted again that clinical criteria are unfortunately associated
with little level of evidence to correlate to histological pulp status [41]. More recently,
other intra-operative parameters were subject to discussion, such as the time required to
achieve hemostasis [42] or the type and concentration of irrigants [43], without identifying
clear trends with regards to treatment outcome. In addition, it was recently shown that
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in presence of low levels of pulp inflammation (evaluated by MMP-9 quantification), the
irrigant (saline vs. 2.5% NaOCl) had little impact on the direct pulp capping outcome [44].

One of the limitations of the study is the modest sample size in each group, but it is
relatively in the same range as most available studies on the topic of vital pulp therapy
of irreversible pulpitis [4–6], except one works with a much larger sample size [12]. In
terms of follow-up, apart from the latter providing results at five years, the present study
provides the longest duration with an average of 25 months. The recall rate is reasonable
given the difficulties associated with this specific topic, although it should ideally be higher
given the limited sample size. Emergency patients are indeed quite difficult to follow over
time, as they often consult irregularly and/or tend to return to their regular dentist once the
emergency is over, both in test and control groups. The number of patients was balanced
between test and control groups. Both groups were also shown to be equivalent in terms of
initial pain intensity (p > 0.05), but not for three other variables. Among these, none had a
significant impact on treatment success (p > 0.017). However, based on the differences of
distribution between both groups, we cannot exclude the existence of a selection bias. The
latter, combined with the limited sample size, could account for the lower success rate in
the control group. It can also explain the lower global success rate in that group compared
to those reported in the literature [45,46]. However, these reported success rates shall be
compared with those of irreversible pulpitis with caution, as they correspond to cases with
“vital pulp”, without further distinction regarding pulpal diagnosis. To our knowledge,
the endodontic treatment success rates available regarding irreversible pulpitis are 65.8%
at five years [12], which is lower than the rates usually reported for vital pulp cases as
a whole.

Another limitation of the work is the restriction to molar cases only. This was deter-
mined based on two main criteria: The ease to identify the anatomical transition between
coronal and radicular pulp, and the level of treatment complexity. The first criteria was in
fact a methodological decision in order to make the procedure more easily reproducible.
The second criteria was related to clinical relevance, since both European and American
endodontic associations have identified molar teeth as a criteria for treatment complex-
ity [47,48]. Hence, it was the point of the present work to consider the more conservative
pulpotomy strategy (test group) as one potentially applied by a larger population of den-
tists, whereas the gold standard root canal treatment may be restricted to specialized
endodontists. It was interesting to assess whether a strict protocol for performing the vital
pulp therapy procedure (facilitated by use of magnification) could compensate for the lesser
experience of non-specialist practitioners.

Regarding study design, it has been described in the past that while randomized
clinical trials are ideal for evaluating the effect of drugs, it is not easily the case for surgical
interventions such as endodontic procedures [49]. A double-blind system or the use of
a placebo is generally not possible. Moreover, the preference of using “best available
therapy” control group rather than a placebo has been described [50] with reference to the
World Medical Association Declaration of Helsinki. In the context of irreversible pulpitis,
the “best available therapy” would be defined as root canal treatment, but no study to
date has considered practitioner experience as an important part of the definition. Both
AAE and ESE clearly identify “best available therapy” as one performed by specialized
endodontists [47,48]. Hence, it was the purpose of this study to take this aspect into account
in the group design, with specialists performing the procedures in the control group,
and non-specialists in the test group. In order to be as relevant as possible, specialists
working in private practice were selected for control cases, which therefore resulted in a
non-randomized study design. While the latter certainly introduces biases on the one hand,
it potentially increases the usefulness of the study on the other hand, which is to be taken
into account in a study quality aspect [51].
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5. Conclusions

To conclude, within the limitations of the present work, this prospective non-randomized
study tends to support that pulpotomy is an acceptable and more conservative permanent
treatment option for irreversible pulpitis in mature molars. Additionally, re-intervention
with the gold standard procedure remains possible in case of failure. Hence, despite its
non-randomized design and relatively low sample size, the present work adds to the existing
literature to support the fact that pulpotomy as permanent treatment could be considered as
first line treatment. The latter could be applied by a larger population of dentists, provided
that strict inclusion/exclusion criteria and a rigorous clinical protocol are respected. Ideally,
the present findings should be confirmed by a multi-centric practice-based study with larger
sample size.
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Abstract: The objective of the present study was to evaluate and compare the dentin removal
capacity of Endogal Kids and Reciproc Blue NiTi alloy endodontic reciprocating systems for root
canal treatments in primary second molar teeth via a micro-computed tomography (micro-CT) scan.
Materials and Methods: Sixty root canal systems in fifteen primary second molar teeth were chosen
and classified into one of the following study groups: A: EK3 Endogal Kids (n = 30) (EDG) and
B. R25 Reciproc Blue (n = 30) (RB). Preoperative and postoperative micro-CT scans were uploaded
into image processing software to analyze the changes in the volume of root canal dentin using a
mathematical algorithm that enabled progressive differentiation between neighboring pixels after
defining and segmenting the root canal systems in both micro-CT scans. Volumetric variations in the
root canal system and the root canal third were calculated using a t-test for independent samples or a
nonparametric Mann–Whitney–Wilcoxon test. Results: Statistically significant differences (p = 0.0066)
in dentin removal capacity were found between the EDG (2.89 ± 1.26 mm3) and RB (1.22 ± 0.58 mm3)
study groups for the coronal root canal third; however, no statistically significant differences were
found for the middle (p = 0.4864) and apical (p = 0.6276) root canal thirds. Conclusions: Endogal
and Reciproc Blue NiTi endodontic reciprocating systems showed similar capacity for the removal of
root canal dentin, except for the coronal root canal third, in which the Reciproc Blue NiTi endodontic
reciprocating system preserved more root canal dentin tissue.

Keywords: endodontics; endodontic reciprocating file; micro-computed tomography scan; root canal
dentin removal; primary molar teeth

1. Introduction

The presence of bacteria within the root canal system poses a risk factor for the ap-
pearance of pulp and periapical diseases in both primary and permanent dentition [1,2].
The biomechanical preparation of the root canal system is therefore considered to be a
fundamental step in the root canal treatment process in order to adequately eliminate
bacteria, necrotic tissue, and infected dentin [3]. In addition, the root canal system must be
funnel shaped, becoming narrower in the apical direction in order to maintain the original
anatomy and enable sufficient obturation [4,5]. A pulpectomy is widely recommended
for primary teeth so as to preserve arch length, maintain primary teeth, including their
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functional and aesthetic properties, and guide the proper eruption of permanent denti-
tion [6]. Hand files are widely used to work with the root canal system in primary dentition;
however, the root anatomy makes successful endodontic treatment difficult [7,8]. In pri-
mary teeth, the root canal system is characterized by high anatomical variability, including
accessory and curved canals, as well as physiological root resorption that can alter the
formation of the root canal system [9]. Nickel–titanium (NiTi) endodontic rotary instru-
ments enable clinicians to maintain the original anatomy of curved canals, reducing the
likelihood of potential mishaps during root canal system preparation [10]. Recently, novel
NiTi endodontic rotary files have been specifically developed for the root canal treatment
of primary teeth. Endogal Kids Rotary can be used either with a rotary or reciprocating
motion; however, this latter movement is recommended for use in children, since it reduces
the working time. This endodontic reciprocating system is manufactured in a NiTi alloy
with heat treatment, and has a 17 mm length, 4% taper, 300μm apical diameter, and trian-
gular cross-section design. Moreover, Reciproc Blue NiTi endodontic pediatric files also
performs a reciprocating motion and is manufactured in a CM-Blue Wire NiTi alloy with
heat treatment, and has a 17 mm length, 300μm apical diameter, and double-S cross-section
design. The heat treatment improves the physical properties of NiTi endodontic rotary files,
increasing their cyclic fatigue resistance and helping them adapt to different curvatures
and angulations. Some studies have described the use of single files in a reciprocating
motion for the root canal treatment of primary molars and reported significant advantages
in pediatric dentistry, such as a decrease in working time, low risk of iatrogenic errors, or
the prevention of cross-contamination [11–13]. That being said, root canal treatments can be
affected by various factors, including anatomical design, diameter, kinematics, taper, and
the number of files used during the procedure [14,15]. In addition, several techniques have
been used to measure the amount of dentin removal, including plastic models, histologic
sections, serial sectioning, scanning electron microscopic studies, radiographic comparison,
and the silicone impression of un-instrumented root canal systems [15]. However, few
studies have used the micro-CT with primary molars, which is a conservative, accurate,
and nondestructive measurement procedure [11]. Micro-computed tomography (micro-CT)
analysis has become a conservative measurement technique for obtaining an accurate 3D
analysis, enabling both the quantitative and qualitative assessment of the root canal system
anatomy after the shaping procedures [6,16].

The objective of the present study was to evaluate and compare the dentin removal
capacity of Endogal Kids and Reciproc Blue NiTi endodontic reciprocating systems for
the root canal treatment of primary second molar teeth via a micro-CT scan, with a null
hypothesis (H0) that there are no differences in root dentin removal capacity between the
Endogal Kids and Reciproc Blue NiTi endodontic reciprocating systems for root canal
treatments in primary molar teeth.

2. Materials and Methods

2.1. Study Design

Sixty root canal systems were chosen from a total of fifteen primary second molar
teeth (8 upper and 7 lower) that had been extracted for orthodontic or restorative reasons.
Between January and March 2021, around three root canal systems were selected for study
from cases at the Department of Stomatology at the University of Valencia in Valencia,
Spain. All of the selected root canal systems presented no prior root canal filling materials
or root resorption. A power of 80.00% was calculated using the bilateral Student’s t-test for
two independent samples. When used to calculate the variation from the null hypothesis
H0: μ1 = μ2, the significance level of 5.00% and power of 80.00% meant that 60 root canal
systems were necessary for the purposes of this study. The study was carried out as a ran-
domized controlled experimental trial, in keeping with the norms outlined by the statement
of the German Ethics Committee on the use of organic tissues as part of medical research
(Zentrale Ethikkommission, 2003). Additionally, the study was reviewed and approved by
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the Ethics Committee of the University of Valencia under Process No. H1512122849636. All
study participants provided their prior informed consent for participation in this study.

2.2. Experimental Procedure

The sixty root canal systems in the fifteen selected primary second molar teeth were
assigned randomly (Epidat 4.1, Galicia, Spain) to one of the following NiTi endodontic
reciprocating systems: A. EK3 Endogal Kids (Endogal, Galician Endodontics Company,
Lugo, Spain) (n = 30) (EDG) or B. R25 Reciproc Blue (VDW, Baillagues, Switzerland)
(n = 30) (RB). Impressions of the teeth were taken using polyvinyl siloxane material (Ref.:
7000054992, Express™ 2 Putty Soft, 3M ESPE™, Saint Paul, MN, USA) to enable the
access cavity to be prepared using the technique described by Rover et al. [17]. The
root canal working length was determined with a stainless steel #10 K-file (Dentsply
Maillefer, Ballaigues, Switzerland) and observed under magnification (OPMI pico, Zeiss
Dental Microscopes, Oberkochen, Germany) until the far end of the file became visible
through the epical foramen. Each root canal system was manually prepared with up to
a #25 K-file (Dentsply Maillefer, Ballaigues, Switzerland) before being performed upon
according to the NiTi endodontic reciprocating system to which it had been assigned.
Root canal systems randomly assigned to the EDG study group were prepared with a
reciprocating movement, and the root canal systems randomly assigned to the RB study
group were also prepared with a reciprocating motion. In addition, the root canal systems
were irrigated using a 5 mL sterile saline solution (Braun, Jaén, Spain) with 5 mL of 17%
EDTA (SmearClear; SybronEndo, CA, USA) and 5 mL of 5.25% NaOCl (Clorox; Oakland,
CA, USA), administered using a 0.3 mm endodontic needle (Miraject Endo Luer; Hager &
Werken, Duisburg, Germany) inserted into the working length up to 1 mm. The teeth were
kept in an incubator (mco-18aic, Sanyo, Moriguchi, Osaka, Japan) and stored at 37 ◦C with
100% relative humidity. A single clinician performed all the root canal procedures.

2.3. Micro-CT Scanning

Preoperative and postoperative micro-CT scans (Micro-CAT II, Siemens Preclinical
Solutions, Knoxville, TN, USA) were performed to analyze and compare the amount of root
canal dentin removed by the Endogal Kids and Reciproc Blue NiTi endodontic reciprocating
systems subsequent to the root canal treatment of the primary second molar teeth. The
scans were taken using the following exposure parameters: 88 μA, 90 kV, 360◦ rotation,
and 50 μm isotropic resolution. Tomographic 3D images of the entire tooth showed a total
of 512 slices, with an isotropic voxel size of 50 microns and a 512 × 512-pixel resolution for
each slice (Figure 1A–F).

2.4. Measurement Procedure

The analysis of the change in the volume of dentin removed after the root canal
procedures was carried out using image processing software (ImageJ, National Institutes of
Health, Bethesda, MD, USA) after the root canal systems had been defined and segmented
(ROI: 10 × 10 × 10 mm) using the preoperative and postoperative micro-CT scans (Micro-
CAT II, Siemens Preclinical Solutions, Knoxville, TN, USA). In addition, transverse section
images were also analyzed in the apical, middle, and coronal root thirds (Figure 2).

2.5. Statistical Tests

Statistical analysis was carried out using SAS 9.4 (SAS Institute Inc., Cary, NC, USA).
The mean and standard deviation (SD) were used for the descriptive analysis of quantitative
data. For each of the variables, the difference between the pre- and postoperative values
was analyzed using a t-test for independent samples or a nonparametric Mann–Whitney–
Wilcoxon test based on compliance with the application criteria. p < 0.05 was determined
to be the level for statistical significance.
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Figure 1. Reconstructed 3D micro-CT images of (A) preoperative (blue), (B) postoperative (red),
and (C) superimposed pre- and postoperative images of the EDG study group (blue and red) and
(D) preoperative (blue), (E) postoperative (red), and (F) superimposed pre- and postoperative images
of the RB study group (blue and red).

Figure 2. Transverse section images after aligning preoperative (blue) and postoperative (red) micro-
CT scans of the EDG study group at the (A) coronal, (B) middle, and (C) apical root third and
(D) coronal, (E) middle, and (F) apical root third of the RB study group.

3. Results

Table 1 and Figure 2 show the mean and standard deviation values for the volume of
root canal system (mm3) between EDG and RB NiTi endodontic files at coronal, middle
and apical root canal third.
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Table 1. Descriptive analysis of the volume of root canal system (mm3) between EDG and RB NiTi
endodontic files at coronal, middle and apical root canal third.

Study Group Root Third Time n Mean SD Minimum Maximum

EDG

Coronal
Preoperative 30 7.61 a 4.81 3.58 18.20
Postoperative 30 10.50 a 5.78 4.13 22.95

Middle
Preoperative 30 1.74 a 1.23 0.22 4.20
Postoperative 30 2.94 a 1.58 0.83 5.81

Apical Preoperative 30 0.33 a 0.36 0.00 1.17
Postoperative 30 0.53 a 0.39 0.00 1.19

RB

Coronal
Preoperative 30 6.53 b 1.08 5.22 8.58
Postoperative 30 7.75 b 1.48 6.07 10.63

Middle
Preoperative 30 1.71 a 1.10 0.05 3.04
Postoperative 30 2.56 a 1.38 0.95 3.91

Apical Preoperative 30 0.40 a 0.23 0.03 0.68
Postoperative 30 0.66 a 0.25 0.41 1.15

EDG: Endogal; RB: Reciproc Blue; a,b: statistical significance.

The paired t-test found no statistically significant differences (p = 0.0767) in the volume
of root canal dentin removed between the EDG (4.30 ± 2.58 mm3) and RB (2.32 ± 1.07 mm3)
study groups. However, the paired t-test found statistically significant differences (p = 0.0066)
between the EDG (2.89 ± 1.26 mm3) and RB (1.22 ± 0.58 mm3) study groups in the volume
of root canal dentin removed at the coronal root canal third (Figure 3).

 
Figure 3. Box plot of the difference in dentin volume pre- and post-root canal procedure between the
EDG and RB study groups at the coronal level.

However, the paired t-test did not find any statistically significant differences
(p = 0.4864) in the volume of root canal dentin removed between the EDG (1.20 ± 1.27 mm3)
and RB (0.85 ± 0.47 mm3) study groups at the middle root canal third (Figure 4).
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Figure 4. Box plot of the difference in dentin volume pre- and post-root canal procedure between the
EDG and RB study groups at the middle level.

Moreover, the paired t-test did not reveal any statistically significant differences
(p = 0.6276) in the volume of root canal dentin removed between the EDG (0.20 ± 0.25 mm3)
and RB (0.26 ± 0.17 mm3) study groups at the apical root canal third (Figure 5).

 

Figure 5. Box plot of the difference in dentin volume pre- and post-root canal procedure between the
EDG and RB study groups at the apical level.
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4. Discussion

The results of the present study refute the null hypothesis (H0) that there is no differ-
ence in root dentin removal capacity between the Endogal Kids and Reciproc Blue NiTi
endodontic reciprocating systems for the root canal treatment of primary molar teeth.

Various methods have previously been used to evaluate root canal instrumentation,
including plastic models, serial sectioning, scanning electron microscopic studies, and
radiographic comparisons [18]. More recently, noninvasive 3D techniques, such as CBCT
or micro-CT scans, have been used to assess the efficiency of cleaning and dentin removal
after root canal treatment procedures [19]. In addition, high-resolution 3D micro-CT
images are the gold standard for evaluating the root canal system anatomy and root canal
instrumentation [20,21]. In the present study, micro-CT scans were used to examine the
internal anatomy of the root canal system and evaluate the effectiveness of root canal
instrumentation on the root canal system of primary second molar teeth. The authors
selected the primary second molars because the anatomy of this tooth is very similar to
that of the permanent first molar, which allows a comparison to be made between them. In
addition, the eruption chronology of the second premolars is usually later than that of the
first premolars, which leads to less root resorption of the primary second molars compared
to the primary first molars [22].

Micro-CT scan measurement techniques have previously been used to analyze the
amount of root canal dentin removed from permanent teeth after root canal treatment.
Yilmaz et al. reported no statistically significant differences between the amount of dentin
removed by ProTaper Next (Dentsply Maillefer, Ballaigues, Switzerland), OneShape (Mi-
croMega, Besançon, France), and EdgeFile (Edge Endo, Albuquerque, NM) NiTi alloy
endodontic rotary files for the whole canal length (p > 0.05) [23]. Moreover, de Albuquerque
et al. reported that the Protaper Next, Wave One Gold, Predesign Logic, and Vortex Blue
NiTi alloy endodontic systems caused a greater dentin removal at the coronal third (9 mm),
decreasing at the apical one (3 mm) [24]. These findings are aligned with the results shown
in the present study.

The root canals in primary teeth are not always easy to shape and obturate during
treatments. In fact, many characteristics of the root canal anatomy make endodontic
treatment difficult, potentially resulting in apical transportation, zipping, perforations,
or gaps [18,21]. Esentürk et al. observed that 60% of the root canal system was left un-
instrumented upon after root canal preparation due to the anatomical complexity of the
primary molars, highlighting a need for NiTi alloy endodontic rotary instruments to be
developed for use in primary teeth [25]. Prabhakar et al. found that the Wave One NiTi
alloy endodontic reciprocal system enabled quicker and safer instrumentation compared
with the One Shape NiTi alloy endodontic rotary system, because the former reduces levels
of both torsional and flexural stress, as well as the number of instruments required for
the sequence [11]. According to their findings, Katge et al. reported that the Wave One
NiTi alloy endodontic reciprocal system had a statistically greater cleaning capability than
the Protaper NiTi alloy endodontic rotary system at the coronal and middle third due to
the benefits of reciprocating motion [12]. However, the risk of root perforation and root
canal transportation is more correlated with a high taper value than a reciprocating or
continuous motion, which means that the NiTi alloy endodontic system should be selected
primarily based on the taper [21]. Ramazani et al. assessed the efficiency of Mtwo NiTi
alloy endodontic rotary files and Reciproc NiTi alloy endodontic reciprocating files when
cleaning, finding no statistically significant differences between the two study groups,
although the Reciproc NiTi alloy endodontic reciprocating files required less preparation
time [13]. Azar et al. found no statistically significant differences in cleaning capabilities
between Mtwo NiTi alloy endodontic rotary files, Protaper NiTi alloy endodontic rotary
files, and manual K files in the three root thirds of the root canal system, measuring
the differences using ink and stereo microscopes [26]. These results were corroborated
by the findings of Ramazani et al. for Mtwo NiTi alloy endodontic rotary files and K
files [13]; Moghaddam et al. for Master NiTi alloy endodontic rotary files, Rotary Flex NiTi
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alloy endodontic rotary files, and K files [8]; and Mehalawat et al. for Profile NiTi alloy
endodontic rotary files and K files [27]. However, Madan et al. did observe statistically
significant differences between Profile NiTi alloy endodontic rotary files and K files when
using the same ink removal method, during which the Profile NiTi alloy endodontic rotary
files were more efficient at cleaning the coronal root third, while the manual files were
better at cleaning the apical root third [28].

Some studies have compared the cleaning capacity of both manual and NiTi alloy
endodontic rotary files in permanent teeth [23], but not as many included primary teeth, and
only a few of the studies used micro-CT scan assessments. The volume of dentin removed
reveals the remaining dentin thickness, which is needed to provide enough resistance for
root canal treatments. The force with which root canal instruments are used is in direct
proportion to the amount of dentin removed [29]. Although manual instrumentation is
commonly used in primary teeth, many studies have found that more dentin is removed
using manual files than rotary instrumentation [19,20,29,30]. Selvakumar et al. used K3
NiTi alloy endodontic rotary files (with a 0.02 taper) and found significantly lower dentin
removal when compared with manual K files and K3 NiTi alloy endodontic rotary files
(with a 0.04 taper), which were shown to remove more dentin tissue in the coronal and
apical root thirds in comparison with K files and K3 NiTi alloy endodontic rotary files
(with a 0.02 taper) [19]. On the other hand, Zameer et al. observed no statically significant
differences when using either the 2% or 4% taper rotary files to remove dentin, without
damaging the dentinal walls and achieving an improved canal shape for root canal filling
material [31]. In addition, Moghaddam found that a continuous rotation movement with
up to a #30 apical diameter enabled better instrumentation and safer results when used
with primary teeth without excessive dentin removal [8]. However, Zameer et al. observed
a greater number of root perforations when dentin removal was performed using 4% taper
NiTi alloy endodontic rotary files compared with 2% NiTi alloy endodontic rotary files
and manual K files [31]. This result corroborates the findings of Kummer et al., who used
rotary 6% taper NiTi alloy endodontic rotary files with a #30 apical diameter and found
three root perforations, concluding that the mesial and distal roots of lower molars and
mesiobuccal roots of upper molars had a higher risk of root perforation [30]. In addition,
Barasuol et al. observed two perforations in the apical and middle root third, as well as root
canal transportation, when using 8% taper Reciproc NiTi alloy endodontic reciprocating
files [21]. Files with a larger taper can result in the reduced thickness of the dentinal wall,
leading to greater fragility of the teeth and a higher risk of root perforation [20]. Madan
et al. found that instrumentation failure was reduced when using 0.04 taper Profile NiTi
alloy endodontic rotary files, which were also less damaging for primary teeth [28].

The strengths and innovation of the current study are that not many studies analyze
the effect of specific pediatric instrumentation systems on primary teeth, even though
pulpectomy is a widely performed dental treatment. Furthermore, the instrumentation
systems compared are very novel; especially the Reciproc Blue system, which has not
been released on the market. Finally, the micro-CT scan measurement technique for dentin
removal analysis is very accurate and innovative.

The present findings are limited by the constraints of an in vitro study. The use of
instrumentation with primary teeth is not subject to any universal guidelines, and clinical
trials are needed to obtain clinical results. Additional studies should be carried out on a
larger sample size, as well as using pediatric files.

5. Conclusions

To summarize, within the constraints of this in vitro study, the results indicate that the
Endogal and Reciproc Blue NiTi endodontic reciprocating systems are similarly capable of
removing root canal dentin, except for in the coronal root canal third, in which the Reciproc
Blue NiTi endodontic reciprocating system preserved more root canal dentin tissue.
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Abstract: This article describes a numerical procedure for estimating the fatigue life of NiTi endodon-
tic rotary files. An enhanced finite element model reproducing the interaction of the endodontic file
rotating inside the root canal was developed, which includes important phenomena that allowed
increasing the degree of realism of the simulation. A method based on the critical plane approach
was proposed for extracting significant strain results from finite element analysis, which were used
in combination with the Coffin–Manson relation to predict the fatigue life of the NiTi rotary files. The
proposed procedure is illustrated with several numerical examples in which different combinations
of endodontic rotary files and root canal geometries were investigated. By using these analyses, the
effect of the radius of curvature and the angle of curvature of the root canal on the fatigue life of the
rotary files was analysed. The results confirm the significant influence of the root canal geometry on
the fatigue life of the NiTi rotary files and reveal the higher importance of the radius of curvature
with respect to the angle of curvature of the root canal.

Keywords: endodontic rotary files; finite element analysis; fatigue analysis

1. Introduction

The use of nickel-titanium (NiTi) rotary files for shaping root canals has spread in
endodontics during the last decades, in detriment of manual preparation with traditional
stainless-steel instruments. The superelasticity of NiTi and its lower Young’s modulus
reduce the risk of canal transportation and ledging in the treatment of curved root canals [1].
The superelasticity of the NiTi refers to the capacity of the material for undergoing large
elastic deformations that can be restored after the forces producing the deformation are
released. During these large deformations of the superelastic material, a phase transfor-
mation is induced within the material from austenite to martensite at a nearly constant
stress. Due to this superelastic behaviour, files made of NiTi can adapt easily to strongly
curved root canals. Successive modifications introduced during the last two decades in
these instruments have allowed improving the quality of the cleaning and shaping, as
well as saving time for both clinicians and patients [2–4]. However, the main problem that
persists is the fracture of the files inside the root canal [5].

Fracture of rotary instruments occurs mainly by two different mechanisms, usually
referred to as torsion overload and flexural fatigue [6,7]. A torsion overload mechanism
corresponds to a static failure and occurs when a section of the file is locked within the
canal, and the shank continues to rotate. In this static failure, the file fails because the
stress value reaches the elastic limit of the material, and the file undergoes permanent
deformations and finally it fractures. Flexural fatigue is a failure mechanism produced
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mainly by the alternating compressive and tensile stresses and strains that appear in any
point of a file rotating inside a curved root canal. This fatigue failure results in a sudden
fracture of the file after a certain number of rotations, even if the stress levels are far below
the elastic limit of the material due to the nucleation and progression of small cracks in
some stressed sections of the file. The typical number of cycles to failure (NCF) is between
some hundreds to several thousands [8]. This is equivalent to an expected life below some
few minutes if a typical speed of rotation of 300 rpm is considered.

There is no definitive conclusion about which is the predominant mechanism of failure
in the clinical practice [6]. Satappan et al. [9] indicated a higher prevalence of torsional
fracture (55.7%) than flexural fatigue (44.3%). However, Peng et al. [10] and Wei et al. [11]
observed the opposite, with a clear preponderance of flexural fatigue. Notwithstanding,
flexural fatigue seems to be the main concern for clinicians, because there is no easy
method to avoid or anticipate this failure [7], resulting in a common practice of discarding
the files after a certain number of uses to prevent it. However, there is no clear rule
about the recommended number of uses, mainly due to the variety of factors potentially
affecting NCF, such as root canal anatomy, file geometry or the operator’s experience,
among others [12]. Therefore, a better understanding of the independent and combined
effect of the different parameters on the flexural fatigue failure mechanism is desirable and
additional research should be addressed to this end.

Experimental and simulated approaches have been used in the literature to analyse
the effect of clinical and design parameters on the expected life of NiTi rotary files. Exper-
imental approach has been mainly tackled by using in vitro studies in order to improve
reproducibility. In general, those studies make the file rotate inside a curved path, re-
producing the root canal geometry and registering NCF [6]. However, the differences
among previous studies in the methodology and the setup used to bend the file hamper
the comparability of results and limit their clinical relevance [6,12]. Due to this, a call for
an international standard on the cyclic fatigue testing of rotary endodontic instruments
is recurrent in the literature [6,13]. Despite these difficulties, the results from previous
experimental studies on experimental fatigue tests on NiTi wires, or directly on endodontic
files, have allowed drawing some conclusions about the fatigue behaviour of NiTi:

• The strain–life relationship is similar to that observed in low-cycle fatigue for metals,
with a decrease in NCF for higher strain amplitudes, corresponding to highly curved
canals [14].

• The fatigue life increases for files with a higher fraction of martensite, both by initial
composition of the material or induced by phase transformation under deformation [15,16].

• The oral temperature and other parameters affecting the file temperature, such as
rotational speed, can change the expected life, because they influence the phase
fractions present in different points of the file in clinical use [17–19].

• Apart from the ‘structural fatigue’ resulting in the final fracture, NiTi exhibits ‘func-
tional fatigue’, a significant and asymptotic change in the stress–strain curve and the
phase transformation stresses during the first 100–140 cycles, resulting in a reduction
in hysteresis cycle area and an increase in residual permanent strains after cycling [20].

These previous experimental studies have shown that, under constant value for other
parameters, strain amplitude and NCF for NiTi wires are correlated, and this correlation
can be adequately represented by the Coffin–Manson relation [14,16,20].

The simulated approach for analysing flexural fatigue has been mainly undertaken
through the use of finite element (FE) models. FE analysis is a mathematical technique that
can be used for predicting the state of stress and strain in a body or group of bodies under
applied external loads and constraints. It is based on a fine discretisation of the geometry of
bodies in a high number of small finite elements. This method allows gaining some insight
into the stress and strain distributions inside the file, helping gain a better understanding
of the failure mechanism. A recent study made a critical review of the use of this method
applied to NiTi endodontic instruments [21] and highlighted some of the main limitations
of the analyses performed to date. According to this study, very few studies modelled
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cyclic fatigue using FE simulation. The authors cited those of Lee et al. [8], Scattina et al. [7]
and Ha et al. [22].

In [8] the authors performed a simulation of four different file models on three root
canal geometries with different curvature and compared the results with those obtained
from in vitro tests on equivalent systems. In the FE model, the file was rotated inside the
simulated FE model of the root canal, and the maximum von Mises stress on the file nodes
was analysed. They found that the location of the maximum von Mises stress in the FE
model is a good predictor of the fractured section observed experimentally. Additionally,
they confirmed a negative correlation between the maximum von Mises stress in the file
and the NCF. The authors cited computational problems that forced them to reduce the
rotational speed to 240 rpm and to consider a friction coefficient of 0.01 in order to avoid
nodal binding. The non-linear behaviour of the material was considered by using data
from [23], which did not include the lower plateau in the stress–strain curve characteristic
of the phase transformation for the unloading path, which corresponds to a lower stress
level than that observed for the loading phase.

Scattina et al. [7] tried to predict NCF using FE simulations. They compared in vitro
tests and FE simulations for three file models on a single root canal geometry. The model
considered the contact between the file and the root canal, represented with rigid shell
elements, and the simulation included the rotation of the file and the analysis of the stress
state every 0.2 s during 2 s at a rotation speed of 300 rpm. The authors used a multiaxial
random fatigue criterion [24] to predict the NCF based on the stress history. They tuned
the material properties with an optimisation procedure to match NCF predictions with
experimental results on two of the file models and used these properties to predict NCF
for the third model, finding a good agreement with experiments in both NCF and fracture
location. However, the paper neither cited the final material parameters obtained from this
optimisation nor the specific parameters considered.

In [22], the authors used FE simulation to develop a new file model intermediate
between G-1 and G-2 models (Dentsply Maillefer, Ballaigues, Switzerland), but in this case
the FE model did not include a fatigue simulation.

Cheung et al. [25] also performed an FE based fatigue analysis for comparing two
different cross section geometries for the file, NiTi and steel based on a fully reversed
bending analysis without including the root canal in the model. They applied the Coffin–
Manson equation for predicting NCF.

The objective of the present study is to contribute to a better understanding of the
effect of root canal geometry on the expected life of NiTi rotary files using FE simulation. To
our knowledge, only Lee et al. [8] attempted a similar study, but they only considered three
canal geometries with a different curvature, without changing the length of the straight
part at the entrance of the root canal. Moreover, they based their analysis on the von Mises
stress instead of analysing strain, which is the relevant parameter for predicting the fatigue
life for low-cycle fatigue, according to the Coffin–Manson relation [25]. They also used a
constitutive material model that did not include the hysteresis cycle formed in the stress–
strain cycle due to the different stress levels corresponding to the phase transformation
during loading and unloading.

In the present study, we used transient FE simulation for analysing the fatigue be-
haviour of a NiTi endodontic file with two different pitch values on a greater variety of
root canal geometries, with changes in both the angle between the initial part and the
apical part of the root and the radius of curvature in the connection between both sections.
The model also includes a more comprehensive constitutive model for NiTi material and
a very detailed discretisation of the file into quadratic finite elements. It simulates the
introduction of the file into the canal and its rotation, including contact and friction. With
this model, we calculated the strain range during a cycle for each point of the file. We
used the Coffin–Manson relation to predict the expected NCF of the file in each root canal
geometry.
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2. Materials and Methods

The present investigation was conducted by using finite element analysis of a set of
cases of study in which several combinations of endodontic rotary files and root canal
geometries were studied.

Two different geometries of endodontic rotary file were considered, which are denoted
as P2 (Figure 1a) and P3 (Figure 1b). Both of them have a convex ProTaper cross section
shown in Figure 1c, their total length being Ltotal = 25 mm, the length of their active
part is Lap = 16 mm and the diameter of their shaft and their tip is dsh = 1.20 mm and
dap = 0.25 mm, respectively. The only difference between P2 and P3 resides in their axial
pitch: pz = 2 mm for P2 and pz = 3 mm for P3.
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Figure 1. Geometry of the endodontic files P2 (a) and P3 (b) and normalised transversal cross section
for both of them (c).

On the other hand, the geometry of the root canal was constructed as follows (Figure 2):

1. Segment AB has a length of ABRC = 10 mm, and it is perpendicular to the external
surface, as indicated in Figure 2a. Line L1 passes through point B, and it is inclined at
angle θRC with respect to segment AB.

2. A fillet, for which its radius is given by rRC, is defined between segment AB and
line L1, as illustrated in Figure 2b. The tangency points of the fillet with the existing
segments are denoted by D and E.

3. Point F is located over line L1 in such a manner that the total length from point A to
point F is LRC = 16 mm. By performing this, the entire active part of the endodontic
rotary files can be inserted within the canal. The resulting curve ADEF is the neutral
axis of the root canal.

4. Finally, a conic surface is created by sweeping a circumference along the neutral axis of
the root canal, as illustrated in Figure 2c. At the entrance of the canal, the diameter of
this circumference is DRC = 1.26 mm, and at the end of the canal it is dRC = 0.26 mm.

The resulting geometry of the root canal depends on two parameters: the angle of
curvature θRC and the radius of curvature rRC, according to the method proposed by
Pruett [26]. The variation of these parameters allows us to consider different geome-
tries for the root canal. In this study, three different values for the angle of curvature
θRC = [30◦, 45◦, 60◦] and three different radii of curvature rRC = [5 mm, 10 mm, 15 mm]
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were considered. Combining these variables, 9 different geometries of the root canal were
obtained, which are shown in Figure 3 (denoted as RC1, RC2, ..., RC9).
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Figure 2. Parametrisation of the geometry of the root canal: (a) definition of the segment ABRC and
line L1, (b) definition of the fillet and (c) definition of the root canal surface.

RC7

r = 5 mmRC

= 30ºθRC

RC8

r = 5 mmRC

= 45ºθRC

RC9

r = 5 mmRC

= 60ºθRC

RC4

r = 10 mmRC

= 30ºθRC

RC5

r = 10 mmRC

= 45ºθRC

RC6

r = 10 mmRC

= 60ºθRC

1
6
 m

m

1
6
 m

m

1
6
 m

m

1
6
 m

m

1
6
 m

m

1
6
 m

m

RC1

= 15 mmrRC

= 30ºθRC

RC2

r = 15 mmRC

= 45ºθRC

RC3

r = 15 mmRC

= 60ºθRC

1
6
 m

m

1
6
 m

m

1
6
 m

m

Figure 3. Geometries of root canal considered for the study.

2.1. Definition of the Finite Element Model

Figure 4 shows the finite element model used in this study, which consists of an
endodontic rotary file and a root canal. The root canal is modelled as a rigid surface under
the assumption that its deformations are so small compared to the deformations of the
endodontic rotary file that they can be neglected. The root canal remains immovable during
the analysis.
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Figure 4. Definition of the finite element model.

The geometry of the endodontic file is generated and then discretised into quadratic
finite element tetrahedrons following the ideas provided in [27]. The average element
size has been set to 0.1 mm, which has proven to provide a good compromise between
accuracy and computational cost. The resulting finite element model has 103,609 nodes
and 68,367 elements.

The top surface of the endodontic rotary file is defined as a rigid surface (shaded in
grey in Figure 4), and its movements are coupled to the movements of a reference node
that is used to define the boundary conditions of the endodontic rotary file.

The superelastic behaviour of the NiTi alloy was modelled by using the material
model developed by Auricchio [28], which is summarized in Figure 5. Here, EA and EM
represent the Young’s modulus of austenite and martensite, respectively. The beginning
and the end of the loading transformation phase are given by σS

L and σE
L , respectively,

whereas the beginning and the end of the unloading transformation phase are given by σS
U

and σE
U . Finally, εL represents the uniaxial transformation strain, and σE

ME indicates the end
of the martensitic elastic regime. In this work, the material properties that characterise this
material model were extracted from [29].

Figure 5. Definition of the stress–strain curve for the constitutive model of the superelastic NiTi alloy.
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The mechanical interaction between the root canal and the endodontic rotary file was
considered by using a node-to-surface contact. A penalty-based constraint enforcement
method was selected in order to enhance the convergency of the numerical solution. The
tangential behaviour of the contact was also taken into account in the finite element model,
with a constant coefficient of friction μ = 0.1 [30].

The finite element model was solved by using transient analysis, which was conducted
by using a large displacement formulation, and performed in two sequential steps:

1. Insertion step: In the first step, the endodontic rotary file is inserted into the root
canal. This is performed by prescribing a displacement at its reference node, which
takes place along the y axis and has a magnitude equal to the length of the active part
of the endodontic rotary file (Lap). The rest of the movements of the reference node
(displacements in x and y directions and all the rotations) are restricted in this step.

2. Rotation step: In the second step, after the active part of the endodontic rotary file is
inserted in the root canal, the endodontic rotary file performs a complete revolution
along its axis of rotation. This is performed by prescribing a 360◦ rotation along the y
axis, while the rest of the movements of the reference node are restricted (rotations
along x and z axes and all the displacements). The rotated angle is denoted by ϕ.

2.2. Fatigue Life Estimation from the Results of the Finite Element Analysis

The objective of this study was to predict the fatigue life of NiTi rotary files as they
are rotating inside the root canal. For such a purpose, the strain results obtained from
the rotation step of the finite element analysis were used in combination with the Coffin–
Manson relation. This relation is conveniently expressed by the following equation:

Δε

2
= ε′F · Nc

f +
σ′

F
E

· Nb
f (1)

where Nf is equivalent to NCF, ε′F is the fatigue ductility coefficient, σ′
F is the fatigue

strength coefficient, c is the fatigue ductility exponent, b is the fatigue strength exponent,
Δε is the total strain range and Δε/2 is the strain amplitude. The prime in the equation
indicates that the properties correspond to the cyclic properties, i.e., those after the initial
100–140 cycles.

In this equation, the first addend of the right side corresponds to the plastic strain
amplitude Δεp/2 and the second one to the elastic strain amplitude Δεe/2. Figure 6 shows
a logarithmic plot of the Equation (1), showing the contribution of these two terms, with
the parameters for NiTi used in the present study, taken from [25]. The exponents b and c
in the equation are negative, because the number of cycles correlates negatively with the
strain amplitude. For high strain amplitudes, the plastic strain is much higher than the
elastic strain, and the number of cycles to failure is low (low-cycle fatigue, LCF); for very
low strain amplitudes, the second term of the equation is dominant because there is no
significant plastic strain, and the number of cycles to failure is high (high-cycle fatigue,
HCF). The transition between LCF and HCF can be observed as a change in the slope of
the curve, which is typically located close to 103–104 cycles.

Since the Coffin–Manson relation is based on a uniaxial strain, a criterion to reduce the
obtained multiaxial strain state to an equivalent uniaxial strain condition is required. The
critical plane concept has been extensively used for such a purpose, with successful results
both for high and low cycle fatigue [31]. In the critical plane approach, the assessment
of the fatigue failure is carried out in the material plane where the amplitude of some
stress/strain components (or a combination of them) exhibits a maximum [24]. In the
discretised finite element model of the endodontic rotary file, each node i on the surface
will have an associated critical plane Πi characterised by its normal direction �ni.
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Figure 6. Coffin–Manson relation between strain amplitude and number of cycles to failure (NCF).
Parameters for NiTi from [25]: ε′F = 0.68, σ′

F = 705 MPa, E = 42.5 GPa, c = −0.6, b = −0.06.

In this study, the critical plane Πi was defined in such a manner that its normal
direction �ni is parallel to the direction of the maximum principal strain produced in node i,
when the amplitude of this maximum principal strain reaches its maximum value. The
direction �ni could be determined by observing the maximum principal strain at each
frame of the analysis. However, in order to speed up the calculations, in this study it will
be assumed that this maximum principal strain is normal to the plane that contains the
trajectory of the observed node, as illustrated in Figure 7. Hence, �ni will be normal to the
plane of rotation of node i.

After the critical plane Πi is determined for node i, a bending strain value εi,j can be
then obtained for that node at each analysis frame j by transforming the strain tensor and
selecting the strain component in the direction of �ni. Finally, the total strain range Δεi for
node i is defined as follows.

Δεi = max
j=1...n

(εi,j)− min
j=1...n

(εi,j) (2)

This total strain range Δεi can be used in the Coffin–Manson relation to assess the
fatigue life associated to node i. The material parameters considered for the application of
the Coffin–Manson relation were extracted from [25].
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Figure 7. Determination of the critical plane and bending strain for node i.

122



J. Clin. Med. 2021, 10, 5692

The fatigue life of the endodontic rotary file was defined by the minimum value of
fatigue life considering all the nodes in the surface of the endodontic rotary file. The node
where Δεi reaches a maximum value is the critical node, and it is denoted as i = crit.

3. Results

Figure 8 shows the strain results for endodontic rotary files P2 and P3 when they are
rotating inside the most curved root canal RC9. Figure 8a shows the maximum principal
strain plot for the case of study P2/RC9 in the instant of the rotation step of the analysis
where the bending strain at the critical node reaches its maximum value. Figure 8b shows
the minimum principal strain plot, for the same case of study, in the instant of the rotation
step of the analysis where the bending strain at the critical node reaches its minimum value.
The figure also shows the location of the critical node in both instants of time, as well as
the critical plane for such a node. Figure 8c,d show the equivalent results for case P3/RC9
in which the file has a different pitch. The highest strains, both in tension and compression,
are located at the edge in the surface of the file.

Figure 8. Principal strains in two different analysis frames for cases of study P2/RC9 and P3/RC9.

The evolution of the bending strain and the maximum and minimum principal strains
during an entire rotation of the file are shown in Figure 9 for P2/RC9 and P3/RC9, reflecting
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a similar pattern for both files, but with a slightly higher strain range for the file with pitch
3 mm. The phase shift is due to a different orientation of the edges of the file in the critical
plane. The points marked with a star correspond to the frames of maximum and minimum
bending strain values, shown in Figure 8.
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Figure 9. Strain history at critical nodes of cases of study P2/RC9 (a) and P3/RC9 (b).

The strain ranges obtained for all the studied cases are summarised in Figure 10. In
these plots, the horizontal axis indicates the angle of curvature of the root canal and the
vertical axis indicates the radius of curvature. The black dots indicate the combinations
of radius and angle of curvature that have been studied, and the isolines are interpolated
from these results.
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Figure 10. Maximum bending strain range as a function of the geometry of the root canal. (a) P2 and
(b) P3.

Figure 11 shows the expected life for each file as a function of the radius and the angle
of curvature of the root canal, calculated as indicated in Section 2.2, also with interpolated
isolines.

The results in Figures 10 and 11 indicate that root canals with higher curvatures (higher
angles of curvature or/and smaller radii of curvature) force the files to a higher strain
range and reduce their fatigue life. The effect of the angle of curvature is less significant for
smaller radii of curvature, as indicated by the lower inclination of the isolines in the bottom
of the figures. The file with pitch 3 mm (P3) showed higher strain and shorter fatigue life
as compared with that of pitch 2 mm (P2), but this effect is slight, especially for less curved
canals.
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Figure 11. Expected life in number of fatigue cycles Nf as a function of the geometry of the root
canal. (a) P2 and (b) P3.

Finally, Figure 12 summarizes the effect of the degree of insertion of the endodontic
rotary file inside the root canal for the case of study P2/RC9. Here, the degree of insertion
of the rotary file inside the root canal is expressed as the percentage of the active part that
is inserted. Figure 12a shows the evolution of the bending strain at the critical node during
a entire revolution of the file for different degrees of insertion of the file inside the root
canal (70%, 85% and 100%).

( )b

-8%

-4%

0%

4%

8%

60º 120º 180º 240º 300º

φ

( )a

B
en

d
in

g
tr

ai
n

s

100%

85%

70%

B
en

d
in

g
tr

ai
n

s
ra

n
g
e

0%

4%

8%

12%

16%

70% 80% 90% 100%

Percentage of active part

Figure 12. Effect of the degree of insertion of the endodontic file within the root canal. (a) Bending
strain history at critical nodes and (b) bending strain range as a function of the degree of insertion.

Figure 12b shows the evolution of the bending strain range with the degree of inser-
tion of the endodontic rotary file inside the root canal. Here, additional data points are
considered for a better observation of the evolution of this magnitude. This figure shows
that the bending strain range is reduced as the degree of insertion of the endodontic rotary
file inside the root canal is decreased.

4. Discussion

This study analysed numerically the effect of the root canal geometry on the bending
fatigue life of NiTi rotary instruments. Some previous studies have shown the predictive
capacity of this simulated approach based on the use of FE models to predict the location of
the file fracture [7,8]. However, a recent review highlighted some limitations introduced in
previous FE studies in this field, especially in the representation of the boundary conditions,
the accuracy of the mesh to represent the real file geometry or the lack of consideration
of friction in the FE analysis [21]. Our investigation solved these main limitations, with a
very accurate mesh of quadratic elements for the file, and undertook a transient non-linear
simulation of the introduction of the file inside the root canal and its rotation inside the
canal, including contact and friction simulation. We also used the Coffin–Manson relation
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to estimate the expected life for the file working on a representative set of root canal
geometries, proposing an adequate methodology for translating FE results to clinically
relevant variables, which can be useful for manufacturers of NiTi rotary instruments.

Our results confirm that more curved canals are prone to reduce fatigue life, which
was also previously observed in several in vitro studies [5,8,14]. We also found that the
radius of curvature of the canal has a higher effect than the angle between the shaft and the
apical portion of the file, especially for the lower radii of curvature. Changing the radius of
curvature from 15 mm to 5 mm multiplies the strain amplitude by a factor of close to three
for curvature angles of 30◦ and by a factor close to 2.5 for curvature angles of 60◦. Due to
the logarithmic relationship between strain and NCF, this effect is higher in the expected
life, which is reduced by a factor close to ten for 30◦ of curvature angle and by a factor six
for 60◦. This result is in agreement with the experimental study by Chi et al. [5], although
their setup was different because the curved part of the file reached the apical end for all
conditions.

In most of the experimental studies, NCF is represented against a theoretical bending
strain value obtained from geometrical approximations of the radius of curvature of the
file and its diameter at the failure section using Equation (3) [14,16,17]:

εa =
d

2R
(3)

where d is the file diameter, and R is the approximate radius of curvature of the file. Thus,
the higher effect of the radius of curvature is expected from a theoretical point of view,
because the ideal strain amplitude in bending is defined by Equation (3), depending only
on the diameter of the file and the radius of curvature. However, the angle between the
entrance and the apical portion of the root canal and also the clearance between the file
and the canal walls affect the actual deformation of the file, which can be different to
that defined by the geometrical approximation indicated by Equation (3), as observed in
Figure 8. This would explain the effect observed for the angle of curvature.

The difference in strain amplitude and fatigue life for the files with pitch 2 mm and
3 mm is limited, with a slightly higher fatigue life for P2 and more pronounced for less
curved root canals. Ha et al. [30] also observed lower stresses for closer pitch when
analysing the screw-in tendency of NiTi rotary files with a transient FE model.

In Figure 12, we also studied the effect that the degree of insertion of the rotary file
has on bending strain range. We observed that the bending strain range at the critical node
decreases with a reduction in the degree of insertion. According to the Coffin–Manson
relation, this increases the fatigue life of the rotary file. This reduction in the bending strain
range could be explained because the diameter d of the rotary file at the curved part of the
root canal is smaller with partial insertion and, according to Equation (3), this results in a
reduction in the bending strain. Additionally, the greater clearance between the rotary file
and root canal implies that the effective curvature radius of the file is higher than that of
the root canal. Again, according to Equation (3), this implies an additional contribution to
the reduction in bending strain range.

In this study, we based the analysis of file behaviour on the strain values observed, as
recommended for LCF with significant strain values and fatigue life below some thousands
of cycles [25]. We also proposed a method for calculating the strain amplitude during
the cyclic rotation of the file, based on the use of a critical plane defining the direction of
the maximum and minimum principal strains in the critical points. The results shown
in Figure 9 reveal that the method proposed here for defining the critical plane is correct,
because when the bending strain reaches its maximum and minimum points, its values
coincide with the maximum and minimum principal strains, respectively.

This study has some limitations. We only considered a geometry of the file section,
with a constant taper and pitch through its length. We also limited the analysis to root
canals for which its geometrical axis can be represented by a planar curve. Moreover,
despite our work trying to be as representative as possible of the clinical situation of the
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file rotating inside the root canal, some possible improvements remain and are commented
in the following paragraphs. They can be observed as challenges for future studies trying
to improve the accuracy of the model.

The material model used in this study is non-linear and included the phase transforma-
tion plateaus in the stress–strain curve and the different Young’s modulus of martensite and
austenite. However, heat dissipated due to the hysteresis loop in the loading–unloading
curve, and heat generated by sliding friction between the file and the canal can also induce
phase transformations from martensite to austenite due to the shape memory effect of the
material, adding a complex thermal–mechanical coupling that is not considered here. On
the other hand, we have made estimations of the fatigue life based on the Coffin–Manson
equation, but the fatigue ductility coefficient and fatigue ductility exponent were taken
from the literature. We have not considered the effect of the phase transformations between
austenite and martensite on fatigue response and, hence, on these parameters. Previous
studies have shown that higher strains did not necessarily imply less cycles to failure,
because a higher fraction of martensite results in a better response under cyclic loads [16].
To our knowledge, there is no clear approach for the moment to include this effect in the
FE simulations.

In this study, we considered a transient simulation, but this simulation does not
include the dynamical effects, which are dependent on the rotational speed of the file.
Moreover, our model included normal and shear contact between the file and root canal
walls, but these walls are simplified as rigid elements. Considering the dentine properties
for the walls would be necessary for estimating the risk of canal transportation or ledging.

We have proposed a method for dealing with the multiaxial strain state in order to
predict fatigue life, but the fatigue phenomenon in shape memory alloys is still under in-
vestigation [32], and there is no clearly established fatigue criterion for analysing multiaxial
fatigue in those materials [7,32].

In addition, since the first introduction of NiTi rotary instruments in the last decade
of the twentieth century, several changes have been introduced to new families of files in
terms of composition, manufacturing methods and thermomechanical treatments, which
is not always publicly known, affecting greatly the percentage of martensite or austenite
present in the file in clinical use and also the fatigue life of instruments [15,33].

5. Conclusions

This numerical study confirms that the geometry of the root canal affects the fatigue
life of rotary NiTi instruments. More curved root geometries, either by a higher inclination
of the apical part of the canal with respect to the initial part at the entrance or by a lower
radius of curvature, result in higher strain amplitudes in the file surface and to lower
fatigue life. The radius of curvature in the curves of the root canal has a greater effect than
the angle of curvature. Changes in the radius of curvature from 15 mm to 5 mm in the root
canal can reduce fatigue life by factors close to ten. A change in the file pitch between 2 mm
and 3 mm does not have an important effect on the fatigue life for the root canal geometries
analysed, although the higher pitch exhibited a slightly lower life for root canals with low
curvature. The degree of insertion of the file inside the root canal significantly affects the
strain range obtained in the critical point of the file, and the strain range is reduced when
the file is partially inserted within the file.
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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

134



J. Clin. Med. 2021, 10, 4977

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).

 

Figure 2. Cross-sectional images at the level of 5 mm, 3 mm and 1 mm from the apex (A) and longitudinal images (B),
representing the quality and homogeneity of BR/SC (BioRoot RCS/single cone) and BR/SC-UA (BioRoot RCS/single cone
with ultrasonic agitation) apical plugs.

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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Abstract: The aim of this study was to analyze and compare the influence of the geometrical cross-
section design on the dynamic cyclic fatigue resistance of NiTi endodontic rotary files. Materials and
Methods: Forty sterile endodontic rotary files were selected and distributed into the following study
groups: A: 25.06 double S-shaped cross-section NiTi alloy endodontic rotary files (Mtwo) (n = 10);
B: 20.04 rectangular cross-section NiTi alloy endodontic rotary files (T Pro E1) (n = 10); C: 25.04
convex triangular cross-section NiTi alloy endodontic rotary files (T Pro E2) (n = 10); and D: 25.06
triangular cross-section NiTi alloy endodontic rotary files (T Pro E4) (n = 10). A cyclic fatigue device
was used to conduct the static cyclic fatigue tests with stainless steel artificial root canal systems
with 200 μm and 250 μm apical diameter, 60◦ curvature angle, 3 mm radius of curvature, 20 mm
length, and 4% and 8% taper. The results were analyzed using the ANOVA test and Weibull statistical
analysis. Results: All the pairwise comparisons presented statistically significant differences between
the time to failure and number of cycles to failure for the cross-section design study groups (p < 0.001).
Conclusions: the double S-shaped cross-section of Mtwo NiTi endodontic files shows higher cyclic
fatigue resistance than the rectangular cross-section of T Pro E1 NiTi endodontic files, the convex
triangular cross-section of T Pro E2 NiTi endodontic files, and the triangular cross-section of T Pro E4
NiTi endodontic files.

Keywords: endodontics; cyclic fatigue; cross-section design; NiTi; continuous rotation; energy-dispersive
X-ray

1. Introduction

The introduction of nickel–titanium alloy (NiTi) in the manufacturing of root canal
instruments entailed a great revolution in the field of endodontics, as these endodontic files
decreased the iatrogenic complications [1,2]. However, the failure of endodontic rotary files
is still a concern, despite the continuous mechanical and chemical improvements in the
NiTi alloy endodontic rotary instruments made by manufacturers to reduce the incidence
of complications during root canal treatment [3]. Nevertheless, the incidence of fracture of
NiTi endodontic rotary files ranges from 0.09% to 5% [4,5]. The failure of NiTi endodontic
rotary files occurs when fatigue resistance is overcome by torsional stress, flexural bending
(cyclic) stress, or a combination of the two [6]. Specifically, torsional fatigue occurs when
the tip of the endodontic file becomes blocked in the root canal while the instrument
continues rotating [7], and flexural bending fatigue occurs by the alternating application of
compressive and tensile stress cycles on a curved root canal, leading to overcoming plastic
deformation and the subsequent failure of the endodontic rotary instrument [6,8].
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In addition, the unexpected failure of the NiTi alloy endodontic rotary instruments
might condition the outcome of the root canal treatment by blocking the advancement of
disinfecting agents beyond the fractured instrument [9–11], which may lead to subsequent
pulp necrosis and the formation of periapical lesions [12] or decrease the success rate of
root canal treatment of teeth with periapical pathology [13]. Therefore, several reports have
been conducted to analyze the influence of both the NiTi alloy and the geometrical param-
eters on the torsional and flexural bending resistance of endodontic rotary instruments
to prevent the incidence of failure of endodontic rotary instruments. Both the chemical
composition and crystalline structure of the NiTi alloy have been widely found to highly in-
fluence the fatigue resistance of endodontic rotary files, in particular, the endodontic rotary
systems, composed of a higher concentration of the martensitic phase and manufactured
by electropolishing, ion implantation, cryogenic treatment, and heat treatments, improve
the mechanical behavior of NiTi endodontic rotary files, increasing their cyclic fatigue
resistance [14]. However, some geometrical factors have also been reported to influence
the instrument’s performance, including the taper and apical diameter [15], cross-section
design [16,17], flute length, helix angle, and pitch [18]. Unfortunately, the independent
assessment of each factor associated with flexural bending fatigue may be difficult in a
clinical setting due to the heterogeneous anatomy of the root canal system; thus, controlled
experimental studies have been conducted to independently analyze each variable using
custom-made cyclic fatigue devices [15].

The aim of this study was to analyze and compare the influence of the geometrical
cross-section design on the dynamic cyclic fatigue resistance of NiTi endodontic rotary files,
with a null hypothesis (H0) stating that the geometry of the cross-section design would not
affect the resistance of NiTi endodontic rotary files to dynamic cyclic fatigue.

2. Materials and Methods

2.1. Study Design

Forty (40) sterile and non-used NiTi alloy endodontic rotary instruments were used
in this in vitro study. A controlled experimental trial was performed at the Department
of Stomatology of the Faculty of Medicine and Dentistry at the University of Valencia
(Valencia, Spain), between March and July 2021. The NiTi endodontic rotary files were
selected and categorized into the following study groups: A: double S-shaped cross-section
with 250 μm apical diameter and 6% taper conventional NiTi alloy endodontic rotary files
mainly consisting of austenite phase at body temperature [19] (Ref.: 0236 025 025, Mtwo,
VDW, Munich, Germany) (n = 10) (Mtwo); B: rectangular cross-section with 200 μm apical
diameter and 4% taper austenite phase NiTi alloy endodontic rotary files (Ref.: 20010103, T
Pro E1, Perfect Endo, Shenzhen Perfect Medical Instruments, Shanwei City, China) (n = 10)
(T Pro E1); C: convex triangular cross-section with 250 μm apical diameter and 4% taper
austenite phase NiTi alloy endodontic rotary file (Ref.: 20010103, T Pro E2, Perfect Endo,
Shenzhen Perfect Medical Instruments, Shanwei City, China) (n = 10) (T Pro E2); and
D: triangular cross-section with 250 μm apical diameter and 6% taper austenite phase NiTi
alloy endodontic rotary file (Ref.: 20010103, T Pro E4, Perfect Endo, Shenzhen Perfect
Medical Instruments, Shanwei City, China) (n = 10) (T Pro E4). All endodontic rotary files
were manufactured in austenitic phase with an austenite finish (Af), and the temperatures
of the Mtwo, T Pro E1, T Pro E2, and T Pro E4 were approximately 15 ◦C [19], 15 ◦C, 20 ◦C,
and 20 ◦C, respectively. The Af temperatures of T Pro E1, T Pro E2, and T Pro E4 were
provided by the manufacturer.

2.2. Scanning Electron Microscopy Analysis

All NiTi endodontic rotary files were initially analyzed under scanning electron
microscopy (SEM) (HITACHI S-4800, Fukuoka, Japan) at ×30 and ×600 in the Central
Support Service for Experimental Research of the University of Valencia (Burjassot, Spain)
under the following exposure parameters: acceleration voltage: 20 kV, magnification from
100× to 6500×, and a resolution between −1.0 nm at 15 kV and 2.0 nm at 1 kV, to perform
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a surface characterization to discard further surface defects in its manufacture and analyze
and compare the geometrical design of the NiTi endodontic rotary files (Figure 1).

 

Figure 1. (A) SEM analysis of the Mtwo NiTi alloy endodontic rotary file, (B) T Pro E1 Gold-Wire NiTi alloy endodontic
rotary file, (C) T Pro E2 Gold-Wire NiTi alloy endodontic rotary file, and (D) T Pro E4 Gold-Wire NiTi alloy endodontic
rotary file.

2.3. Energy-Dispersive X-ray Spectroscopy Analysis

Additionally, an energy-dispersive X-ray spectroscopy (EDX) analysis was performed
on all NiTi endodontic rotary files in the Central Support Service for Experimental Research
of the University of Valencia (Burjassot, Spain) under the following exposure parameters:
acceleration voltage: 20 kV; magnification: from 100× to 6500×; and a resolution between
−1.0 nm at 15 kV and 2.0 nm at 1 kV, in order to analyze the elemental composition of the
chemical elements of the NiTi endodontic rotary files used in the static fatigue tests, by means
of the atomic weight percent measurement, at three randomized locations (Figure 2).
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Figure 2. (A) EDX micro-analysis of the Mtwo NiTi alloy endodontic rotary file, (B) T Pro E1 austenite phase NiTi alloy
endodontic rotary file, (C) T Pro E2 austenite phase NiTi alloy endodontic rotary file, and (D) T Pro E4 austenite phase NiTi
alloy endodontic rotary file.

2.4. Experimental Cyclic Fatigue Model

Dynamic cyclic fatigue tests were performed using the previously described custom-
made device (utility model patent number ES1219520) [20]. The structure of the dynamic
cyclic fatigue test device was designed by computer aided design/computer aided engi-
neering (CAD/CAE) 2D/3D software (Midas FX+®, Brunleys, Milton Keynes, UK) and
created using 3D printing (ProJet® 6000 3D Systems©, Rock Hill, SC, USA) (Figure 3).

The custom-made artificial root canals were performed with a 60◦ curvature according
to Schneider’s measuring technique [21] and 3 mm radius of curvature using CAD/CAE
2D/3D software for inverse engineering technology. The artificial root canal was created
from stainless steel using electrical discharge machining (EDM) molybdenum wire-cut
technology (Cocchiola S.A., Buenos Aires, Argentina). This process ensured intimate
contact between the NiTi endodontic reciprocating files and the artificial root canal walls.
The artificial root canal was positioned on its support, and failure of the endodontic rotary
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instrument was detected using a Light-Dependent Resistor (LDR) sensor (Ref.: C000025,
Arduino LLC®, Ivrea, Italy) located at the apex of the artificial root canal. The LDR sensor
quantifies the continuous light source emitted by a high-brightness white Light-Emitting
Diode (LED) (20000 mcd) (Ref.: 12.675/5/b/c/20k, Batuled, Coslada, Spain), which is
located opposite the artificial root canal. The light signals emitted by the LED sensor were
detected by the LDR (Ref.: C000025, Arduino LLC®) sensor with a frequency of 50 ms to
accurately identify the precise time of failure.

 

Figure 3. (A) Front, (B) back, (C) right, and (D) left surfaces of the dynamic cyclic fatigue device.

The direction and speed of the movement generated by the brushed DC gear mo-
tor (Ref.: 1589, Pololu® Corporation, Las Vegas, NV, USA) and controlled by the driver
(Ref.: DRV8835, Pololu® Corporation, Las Vegas, NV, USA) were transferred to the artificial
root canal support through a roller bearing system (Ref.: MR104ZZ, FAG, Schaeffler Herzo-
genaurach, Germany). The artificial root canal support moved in a pure axial motion using a
lineal guide (Ref.: HGH35C 10249-1 001 MA, HIWIN Technologies Corp. Taichung, Taiwan).
All the NiTi endodontic rotary files were used with a 6:1 reduction handpiece (X-Smart plus,
Dentsply Maillefer, Baillagues, Switzerland) and torque-controlled motor. Mtwo NiTi alloy
endodontic rotary files (Ref.: 0236 025 025, Mtwo, VDW, Munich, Germany) were used at
250 rpm and 2.3 N/cm torque, T Pro E1 austenite phase NiTi alloy endodontic rotary files
(Ref.: 20010103, T Pro E1, Perfect Endo, Shenzhen Perfect Medical Instruments, Shanwei
City, China) were used at 250 rpm and 2 N/cm torque, T Pro E2 austenite phase NiTi alloy
endodontic rotary files (Ref.: 20010103, T Pro E1, Perfect Endo, Shenzhen Perfect Medical
Instruments, Shanwei City, China) were used at 250 rpm and 2 N/cm torque, and T Pro E4
austenite phase NiTi alloy endodontic rotary files (Ref.: 20010103, T Pro E1, Perfect Endo,
Shenzhen Perfect Medical Instruments, Shanwei City, China) were used at 250 rpm and
2 N/cm torque, according to the manufacturer’s instructions.

All NiTi endodontic files were used in the dynamic cyclic fatigue device at a frequency
of 60 pecking movements/min according to a previous study [20]. To reduce the friction
between the rotating files and the artificial canal walls, special high-flow synthetic oil
designed for the lubrication of mechanical parts (Singer All-Purpose Oil; Singer Corp.,
Barcelona, Spain) was applied.

All NiTi endodontic rotary files were used until fracture occurred. The time to failure
and the number of cycles to failure were measured and recorded.

2.5. Statistical Tests

Statistical analysis of all the variables was carried out using SAS 9.4 (SAS Institute Inc.,
Cary, NC, USA). Descriptive statistics are expressed as the mean and standard deviation
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(SD) for quantitative variables. Comparative analysis was performed by comparing the
time to failure (in seconds) and the number of cycles to failure using the ANOVA test. For
the comparisons, the p-values were adjusted using the Tukey method to correct the type I
error. In addition, Weibull characteristic strength and Weibull modulus were calculated.
The statistical significance was set at p < 0.05.

3. Results

SEM analysis of the T Pro E2 NiTi endodontic rotary files (Ref.: 20010103, T Pro E1,
Perfect Endo, Shenzhen Perfect Medical Instruments, Shanwei City, China) showed accu-
mulation of organic matter, but none of the NiTi endodontic rotary files showed relevant
structural alterations. Moreover, manufacturing lines were distributed perpendicularly
to the longitudinal axis in all of the endodontic rotary files and also parallel to each other
due to the manufacturing process by laser machining. The width and spacing of the
manufacturing lines and tubular porosity correspond to the precision and intensity of
the laser machining process. In addition, the macroscopically geometrical design of the
double S-shaped cross-section of Mtwo NiTi alloy endodontic rotary files (Ref.: 0236025025,
Mtwo, VDW, Munich, Germany) showed a higher pitch than the rectangular cross-section
of T Pro E1 NiTi endodontic files (Ref.: 20010103, T Pro E1, Perfect Endo, Shenzhen Per-
fect Medical Instruments, Shanwei City, China), the convex triangular cross-section of T
Pro E2 NiTi endodontic files (Ref.: 20010103, T Pro E1, Perfect Endo, Shenzhen Perfect
Medical Instruments, Shanwei City, China), and the triangular cross-section of T Pro E4
NiTi endodontic files (Ref.: 20010103, T Pro E1, Perfect Endo, Shenzhen Perfect Medical
Instruments, Shanwei City, China).

EDX micro-analysis of the double S-shaped cross-section of Mtwo NiTi alloy en-
dodontic rotary files (Ref.: 0236025025, Mtwo, VDW, Munich, Germany), the rectangular
cross-section of T Pro E1 NiTi endodontic files (Ref.: 20010103, T Pro E1, Perfect Endo,
Shenzhen Perfect Medical Instruments, Shanwei City, China), the convex triangular cross-
section of T Pro E2 NiTi endodontic files (Ref.: 20010103, T Pro E1, Perfect Endo, Shenzhen
Perfect Medical Instruments, Shanwei City, China), and the triangular cross-section of T
Pro E4 NiTi endodontic files (Ref.: 20010103, T Pro E1, Perfect Endo, Shenzhen Perfect
Medical Instruments, Shanwei City, China) was performed at 20 kV as this allowed a deeper
analysis of the NiTi endodontic rotary files surface. In summary, the double S-shaped
cross-section of Mtwo NiTi alloy endodontic rotary files (Ref.: 0236025025, Mtwo, VDW,
Munich, Germany) differs in the chemical elements present in the metal alloy, in accordance
with the rectangular cross-section of T Pro E1 NiTi endodontic files (Ref.: 20010103, T Pro
E1, Perfect Endo, Shenzhen Perfect Medical Instruments, Shanwei City, China), the convex
triangular cross-section of T Pro E2 NiTi endodontic files (Ref.: 20010103, T Pro E1, Perfect
Endo, Shenzhen Perfect Medical Instruments, Shanwei City, China), and the triangular
cross-section of T Pro E4 NiTi endodontic files (Ref.: 20010103, T Pro E1, Perfect Endo,
Shenzhen Perfect Medical Instruments, Shanwei City, China), which include aluminum in
the chemical composition of the metal alloy (Table 1).

Table 1. Mean atomic weight percent (%) of Mtwo NiTi alloy endodontic rotary files, T Pro E1
austenite phase NiTi alloy endodontic rotary files, T Pro E2 austenite phase NiTi alloy endodontic
rotary files, and T Pro E4 austenite phase NiTi alloy endodontic rotary files.

Spectrum C O Al Ti Ni

Mtwo 20 kV (1–3) 20.92 10.89 - 37.60 30.58
T Pro E1 20 kV (1–3) 42.51 21.15 0.52 19.48 16.34
T Pro E2 20 kV (1–3) 26.49 19.72 0.73 27.10 25.96
T Pro E4 20 kV (1–3) 39.52 19.25 2.43 20.58 18.23

The mean and SD values for the time to failure (in seconds) for each of the study
groups are displayed in Table 2 and Figure 4.

148



J. Clin. Med. 2021, 10, 4713

Table 2. Descriptive statistics of the time to failure of Mtwo NiTi alloy endodontic rotary files, T Pro
E1 austenite phase NiTi alloy endodontic rotary files, T Pro E2 austenite phase NiTi alloy endodontic
rotary files, and T Pro E4 austenite phase NiTi alloy endodontic rotary files.

Study Group n Mean SD Minimum Maximum

Mtwo 10 500.06 a 9.22 484.90 512.90
T Pro E1 10 256.05 b 7.96 242.90 269.20
T Pro E2 10 349.29 c 7.02 339.00 358.20

T Pro E14 10 400.64 d 8.72 387.10 411.60
a,b,c,d Statistically significant differences between groups (p < 0.05).

 

Figure 4. Box plot of the time to failure of Mtwo NiTi alloy endodontic rotary files, T Pro E1 austenite
phase NiTi alloy endodontic rotary files, T Pro E2 austenite phase NiTi alloy endodontic rotary files,
and T Pro E4 austenite phase NiTi alloy endodontic rotary files.

The ANOVA test showed statistically significant differences between the time to
failure of all NiTi endodontic rotary files (p < 0.001) (Figure 4). The results related to the
number of cycles to failure are similar as the dynamic cyclic fatigue device had a frequency
of 60 pecking movements/min.

The scale distribution parameter (η) of the Weibull statistical analysis found statisti-
cally significant differences between the time to failure of all NiTi endodontic rotary files
(p < 0.001) (Table 3, Figure 5). However, the shape distribution parameter (β) of the Weibull
analysis found no statistically significant differences between the time to failure of any
of the NiTi endodontic rotary files (p > 0.05). The results related to the number of cycles
to failure are similar as the dynamic cyclic fatigue device had a frequency of 60 pecking
movements/min (Table 3, Figure 5).
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Table 3. Weibull statistics of time to failure of replica-like and original brand NiTi endodontic rotary files study groups.

Weibull Shape (β) Weibull Scale (η)

Study Group Estimate St Error Lower Upper Estimate St Error Lower Upper

Mtwo 67.0256 16.7296 41.0943 109.3202 504.2430 2.5132 499.3413 509.1928
T Pro E1 37.0114 8.8527 23.1599 59.1472 259.6936 2.3498 255.1287 264.3402
T Pro E2 64.0224 16.4767 38.6606 106.0220 352.4523 1.8358 348.8725 356.0689
T Pro E14 59.2617 15.1900 35.8586 97.9388 404.5474 2.2760 400.1110 409.0329

 

Figure 5. Weibull probability plot of time to failure of Mtwo NiTi alloy endodontic rotary files, T Pro
E1 austenite phase NiTi alloy endodontic rotary files, T Pro E2 austenite phase NiTi alloy endodontic
rotary files, and T Pro E4 austenite phase NiTi alloy endodontic rotary files.

4. Discussion

The results obtained in the present study reject the null hypothesis (H0) that stated that
the geometry of the cross-section design would not affect the resistance of NiTi endodontic
rotary files to dynamic cyclic fatigue.

The results derived in the present study reported that Mtwo NiTi alloy endodontic
rotary files with double S-shaped cross-section showed higher resistance to dynamic cyclic
fatigue than T Pro E1 austenite phase NiTi alloy endodontic rotary files with rectangular
cross-sections, T Pro E2 austenite phase NiTi alloy endodontic rotary files with convex
triangular cross-sections, and T Pro E4 austenite phase NiTi alloy endodontic rotary files
with triangular cross-sections. The results can be summarized in that with the increase in
the mass and the contact points between the instrument surface and the dentin walls of the
root canal, the cyclic fatigue resistance of the NiTi endodontic rotary files decreases. This
can also influence the flexibility of the NiTi endodontic rotary files and lead the instrument
to cause excessive root canal dentine removal, apical transportation [22], root perforations,
and fractures [4,23,24].

The persistent bacterial load present in the root canal system after endodontic therapy
has been highlighted as a relevant etiologic factor in the endodontic failure and secondary
endodontic infections [25]; moreover, Sjögren established a relationship between the bacte-
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rial load reduction during the root canal treatment and the prognosis of the endodontic
therapy, and reported that negative microbiological cultures obtained from the root canal
system led to an endodontic success rate close to 94%, whereas positive cultures reduced
the success rate to 68% [26]. This is the reason that the cyclic fatigue resistance of NiTi
endodontic rotary files has been widely analyzed.

The design of the anatomical-based artificial root canal used in the present study
was based on the method described by Schneider [21], selecting a 5 mm radius and 60◦
curvature angle and adapting the geometry to the NiTi endodontic rotary files included
in this study. Previous studies have shown that the fatigue resistance of endodontic
rotary files decreases as the angle of curvature increases and the radius of curvature
decreases [10,27,28], since the stress accumulation on the endodontic rotary file is inversely
proportional to the radius of curvature of the canal. As a result, in more abrupt root canals,
there is an augmentation of the torsion and flexural bending fatigue that ultimately results
in instrument fracture [10,21]. Moreover, clinical or even ex vivo experimental studies
would be desirable to reproduce clinical conditions and extrapolate the cyclic fatigue
results to the clinical setting; however, the difficulty to homogenize the radius, curvature
angle, apical diameter, hardness, and cross-section of the root canals can bias the study
by introducing more variables [28]. Therefore, custom-made static and dynamic cyclic
fatigue devices have been developed to independently analyze the influence of the variable
under study; unfortunately, there is neither a norm that regulates the characteristics of
the custom-made cyclic fatigue devices nor an international standard for testing the cyclic
fatigue behavior of NiTi endodontic rotary instruments with taper higher than 2% [29].

Static and dynamic testing devices have been used to analyze the cyclic fatigue. In
the static cyclic fatigue testing models, the NiTi endodontic files are rotated until fracture
occurs and the tension–compression cycles are concentrated in the maximum curvature
angle of the root canal, resulting in microstructural alterations in the file and subsequent
failure. Therefore, dynamic cyclic fatigue testing devices are preferable to better reproduce
the clinical conditions, especially the pecking motion of the NiTi endodontic rotary files.
Thus, this study used a dynamic cyclic fatigue testing model, an anatomical-based artificial
root canal and an automatic detection system to objectively and accurately identify failures
of endodontic rotary files [28,30,31].

Previous studies have analyzed the influence of cross-section design on the mechanical
behavior of the NiTi endodontic rotary files. Sekar et al. analyzed the role of the cross-
section on the cyclic fatigue resistance of NiTi endodontic rotary files under continuous and
reciprocation motion and reported that the 25.06 Mtwo rotary files were significantly more
resistant to failure than Revo-S SU and One Shape files in both continuous (p < 0.001) and
reciprocating motion (p < 0.001) [17]. These findings are consistent with the results of our
study, which concluded that the double S-shaped cross-section of Mtwo NiTi endodontic
files showed higher cyclic fatigue resistance than the rectangular cross-section of T Pro
E1 NiTi endodontic files, the convex triangular cross-section of T Pro E2 NiTi endodontic
files, and the triangular cross-section of T Pro E4 NiTi endodontic files. In addition, de
Menezes et al. reported that ProDesign endodontic rotary files with a modified double
S-shaped cross-section design presented a significantly higher (p < 0.05) number of cycles
to failure (910.37 ± 472.10) than Wave One Gold endodontic reciprocating files with a
parallelogram cross-section design (264.76 ± 305.42) in artificial root canals with a 60◦
curvature and 5 mm radius of curvature [32]. Moreover, Adiguzel et al. showed that
XP-endo Shaper endodontic rotary files with triangular cross-sections design presented a
significantly higher (p < 0.05) number of cycles to failure (3064.0 ± 248.1) than HyFlex CM
endodontic rotary files with a variable cross-section design (from triangular to trapezoidal
and quadratic) (1120.5 ± 106.1) in artificial root canals with a 60◦ curvature and 3 mm
radius of curvature [33]; however, Uygun et al. showed that HyFlex EDM endodontic rotary
files with a variable cross-section design (from triangular to trapezoidal and quadratic)
presented a significantly higher (p < 0.05) number of cycles to failure (1710.42 ± 114.89)
than Vortex Blue endodontic rotary files with a convex triangular cross-section design
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(548.39 ± 77.64), ProTaper Gold endodontic rotary files with a convex triangular cross-
section design (600.83 ± 66.49), and One Curve endodontic rotary files with a variable
cross-section design (from double S-shaped to triangular) (959.58 ± 61.18) in artificial root
canals with a 60◦ curvature and 3 mm radius of curvature [34].

Unfortunately, the limitations of the present study prevented the analysis of more
cross-section designs to standardize the NiTi alloy, apical diameter, pitch, helix angle,
manufacturing process, speed, and taper. In addition, the study was not developed in a
clinical environment due to the difficulty in standardizing the sample.

5. Conclusions

The conclusion derived from the present study is that the double S-shaped cross-
section of Mtwo NiTi endodontic files shows higher cyclic fatigue resistance than the
rectangular cross-section of T Pro E1 NiTi endodontic files, the convex triangular cross-
section of T Pro E2 NiTi endodontic files, and the triangular cross-section of T Pro E4 NiTi
endodontic files.
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Abstract: Several regeneration techniques and materials have been proposed for the healing of bone
defects after surgical endodontic treatment; however, the existing literature does not provide evidence
on the most recommended techniques or materials. The aim of the present systematic review and
network meta-analysis (NMA) is to summarize the clinical evidence on the efficacy of guided tissue
regeneration techniques (GRTs). The PRISMA recommendations were followed. Four databases were
searched up to December 2021. Randomized clinical trials (RCTs) with a minimum follow-up of
6 months were included. The risk of bias was assessed using the Cochrane Collaboration tool. A fixed
effects model and frequentist approach were used in the NMA. Direct GRT technique comparisons
were combined to estimate indirect comparisons, and the estimated effect size of the comparisons was
analyzed using the odds ratio (OR). Inconsistency was assessed with the Q test, with a significance
level of p < 0.01, and a net heat plot. A total of 274 articles was identified, and 11 RCTs (6 direct
comparisons of 15 techniques) were included in the NMA, which examined 6 GRT techniques: control,
Os, PL, MB, MB + Os, and MB + PL. The MB + Os group compared to the control (OR = 3.67, 95% CI:
1.36–9.90) and to the MB group (OR = 3.47, 95% CI: 1.07–11.3) showed statistically significant ORs
(p < 0.05). The MB + Os group presented the highest degree of certainly (P-score = 0.93).

Keywords: endodontic surgery; periapical lesion; guided tissue regeneration; bone graft; membrane;
platelet rich fibrin

1. Introduction

Bacterial infection plays an important role in establishing pulp tissue inflammation,
which may lead to subsequent pulp necrosis and the formation of periapical lesions [1].
The complete removal of, or at least significant reduction in, the bacterial load during non-
surgical endodontic treatment is an important factor determining the final prognosis of root
canal treatment. However, the development of apical periodontitis was reported in 44.9%
of studied cases [2], mainly related to persistent or secondary endodontic infections [3].

Endodontic surgery is recommended after unsuccessful retreatment, when retreat-
ment is impossible, or when there is an unfavorable prognosis [4]. Surgical endodontic
procedures include removing necrotic and infected periapical tissues, resecting the apical
part of the tooth (apicoectomy), and preparing the root-end cavity for the insertion of
retrograde filling material [5]. Conventional endodontic surgery has been reported to result
in a complete periapical tissue healing rate of 90% [6].
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Recently, guided tissue regeneration (GTR) techniques have been widely used in
medicine, including in dentistry, to improve tissue healing. Furthermore, GTR techniques
have been recommended as an adjunct to endodontic surgery to promote periapical tissue
healing and improve the treatment outcome [7].

Complete periapical healing involves the regeneration of alveolar bone, periodontal
ligament cells, and cementum [8]. However, the surrounding connective tissues may grow
into the osseous defect, preventing bone healing [6]. GTR techniques have been proposed
as an adjunct to endodontic surgery approaches to promote bone healing and prevent the
collapse of connective tissues [9].

Numerous studies reported the clinical effectiveness of GTR techniques to promote
healing and improve the outcome of surgical endodontic treatments [10,11]. However, the
wide range of available biomaterials, the treatment protocols, and the lack of standard-
ization in assessment criteria lead to inconsistent and confusing results. Therefore, an
evidence-based review and meta-analysis of the available literature regarding the influence
of GTR techniques on the outcome of surgical endodontic treatment is necessary to help
clinicians select the most predictable tissue regeneration technique for surgical endodontic
treatment success.

Network meta-analysis (NMA) extends the principles of meta-analysis to the evalua-
tion of several treatments in a single analysis, comparing multiple treatments simultane-
ously by combining direct and indirect evidence within an array of randomized controlled
trials [12]. It is the best tool to examine the success rates of different procedures, such as
GTR techniques in endodontic surgery.

The aim of the present study is to conduct a systematic review and NMA to analyze
the influence of GTR techniques on the success rate of surgical endodontic treatment. The
null hypothesis (H0) was that GTR techniques do not influence the success rate of surgical
endodontic treatment.

2. Materials and Methods

2.1. Study Design and Registration

This systematic review and NMA was conducted following the Preferred Reporting Items
for Systemic Reviews and Meta-Analyses (PRISMA, http://www.prisma-statement.org, ac-
cessed on 30 July 2020) guidelines. The review also fulfilled the PRISMA 2009 Checklist [13].
The registration number is CRD42020203447 (PROSPERO).

2.2. Literature Search Process

The search strategy was based on the following population, intervention, comparison,
outcome (PICO) question: in adult patients undergoing endodontic surgery (P), does the
use of regeneration techniques (I) compared to not applying regeneration techniques (C)
influence the success rate (O)? An electronic search was conducted in the PubMed, Scopus,
EMBASE, and Web of Science databases. The search covered all of the literature published
internationally up to December 2021. The search included the following medical subject
heading (MeSH) terms: “apicoectomy”, “periapical surgery”, “endodontic surgery”, “peri-
apical lesion”, “surgical endodontic treatment”, “root-end surgery”, “root-end resection”,
“periradicular surgery”, “guided tissue regeneration”, “bone graft”, “bone regeneration”,
and “membrane”. The Boolean operators applied were OR and AND. The search terms
were structured as follows: ((“apicoectomy”) OR (“periapical surgery”) OR (“endodontic
surgery”) OR (“periapical lesion”) OR (“surgical endodontic treatment”) OR (“root-end
surgery”) OR (“root-end resection”) OR (“periradicular surgery”)) AND ((“guided tissue
regeneration”) OR (“bone graft”) OR (“bone regeneration”)) AND ((“membrane”)). Two
researchers (R.T. and A.Z.M.) independently conducted the database searches in duplicate.
Titles and abstracts were selected by applying the inclusion and exclusion criteria. One
researcher (R.T.) extracted data for the relevant variables. The systematic review was
carried out by R.T., and two researchers not involved in the selection process (A.Z.M. and
J.M.C.) performed the subsequent meta-analysis.
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2.3. Inclusion and Exclusion Criteria

The inclusion criteria for the selected studies were as follows: randomized clinical
trials (RCTs) that had a minimum follow-up period of at least 6 months; studies that
analyzed GTR techniques (bone graft, membrane, membrane plus bone graft, platelet-rich
plasma, or membrane plus platelet-rich plasma) or compared GTR techniques with a control
treatment; patients that were 18 years old or older; and endodontic surgery procedures that
were used to treat apical and/or apical-marginal lesions. No restrictions were placed on
the year of publication or language.

The exclusion criteria for the selected studies were as follows: systematic or biblio-
graphic reviews, clinical cases, case series, retrospective studies, and editorials and studies,
including patients younger than 18 years.

2.4. Data Extraction

The following data were extracted from each study by independent reviewers (S.H.M.
and J.M.A.): author and year of publication, title, journal in which the article was published,
sample size (n), follow-up time, measurement procedure, type of GTR technique, success
rate, periapical reduction, and bone density. The success of healing was analyzed according
to the radiographic criteria established by Rud et al. [14] and Molven et al. [15], with
complete healing defined as the reformation of periodontal space (intact lamina dura) with
one cavity filled with bone (which can be of different radiopacity) and complete bone repair,
but no discernable PDL around the apex. A third reviewer (P.V.B.) was consulted if the
independent reviewers did not agree.

2.5. Risk of Bias

The risk of bias in the selected studies was assessed using the Cochrane Collaboration
tool for methodological quality assessment of clinical trials [16]. This tool consists of
7 items that evaluate sequence generation, allocation concealment, participant blinding,
assessment blinding, incomplete data, free selective reporting, and other sources of bias
(Table 1 and Figure 1).

 

Figure 1. Risk of bias. Green color means “low risk of bias”, and yellow color means “unclair risk
of bias”.
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Table 1. Cochrane Collaboration tool for assessing risk of bias.

Author, Year
Adequate
Sequence

Generation?

Allocation
Concealment?

Participant
Blinding?

Blinding of
Outcome

Assessors?

Incomplete
Outcome Data

Assessed?

Free of
Selective

Reporting?

Other
Sources of

Bias?

Dhamija, 2020 Low Low Unclear Low Low Unclear Low
Dhiamn, 2015 Unclear Low Unclear Low Low Unclear Low
Goyal, 2011 Low Low Unclear Low Low Unclear Low

Marin Botero, 2006 Low Low Unclear Low Low Unclear Low
Parmar, 2019 Low Unclear Low Low Low Unclear Low
Pecora, 2002 Low Low Unclear Low Low Unclear Low
Stassen, 1994 Unclear Unclear Unclear Low Low Unclear Low

Taschieri, 2007a Low Unclear Unclear Low Low Unclear Low
Taschieri, 2007b Low Unclear Unclear Low Low Unclear Low
Taschieri, 2008 Low Unclear Unclear Low Low Unclear Low

Tobon, 2002 Unclear Unclear Unclear Unclear Low Unclear Low

2.6. Data Synthesis and Statistical Analysis

The meta-analysis was carried out using a random effects model to estimate the
success rate of endodontic surgery with and without GTR techniques, along with the
confidence intervals. Heterogeneity among the combined studies for each treatment group
was assessed using the I2 statistical index [17], which describes the percentage of total
variation of studies due to heterogeneity and is not random. The effect of heterogeneity
was quantified as being between 0 and 100% (low 0–25%, mild 25–50%, moderate 50–75%,
high > 75%) [17]. The results of the meta-analysis are represented by forest plots.

Direct treatment comparisons were combined with a fixed effects model in a frequentist
NMA to estimate indirect comparisons. The estimated effect size of the comparisons was
analyzed by the OR. The inconsistency of studies included in the NMA was assessed with
the Q test [18], with a significance level of p < 0.01, and a net heat plot [19].

Direct comparisons were performed using a NETWORK graph, and treatments were
ranked on a scale of 0 to 1 using a P-score measuring the degree of certainty and indicating
whether one treatment was superior to another [20].

Publication bias was analyzed using the trim and fill adjustment method for funnel
plot asymmetry. In this analysis, each study was represented by a point, and the effect size
and standard error were represented on the X-axis (logit transformed proportion). If there
were no significant differences between the initial and adjusted estimates, the publication
bias was considered to be low. R software was used with the Metaprop and Netmetaprop
statistical packages to perform the meta-analysis.

3. Results

3.1. Results of the Search Process

The systematic electronic search identified 159 articles in PubMed, 40 in Web of
Science, 64 in EMBASE, 12 in Scopus, and 1 in the gray literature, which was found in the
bibliography of a previous review [21]. Of the 276 articles, 56 were discarded as duplicates
using RefWorks (https://refworks.proquest.com/reference/upload/recent/, accessed on
14 August 2020). After reading the titles and abstracts, an additional 130 articles were
eliminated, leaving 90 articles; a further 55 articles were rejected because they did not
fulfil the inclusion criteria: they did not include complete success rate data, did not use
in vivo patient data, or presented a minimum follow-up time of less than 6 months. Finally,
11 articles were included in the qualitative and quantitative synthesis because they included
all of the required data and variables (Figure 2).

3.2. Qualitative Analysis

All 11 articles that were included were randomized clinical trials [22–32]. Among
them, 7 studies analyzed both clinical and radiographic parameters [23,24,26–28,30,31],
and 4 studies analyzed radiographic parameters, such as bone density and periapical
defect volume [22,25,27,32]. Most of the studies presented a sample size of approximately
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25–30 patients, although the sample size ranged from 25 [30] to 101 [23], with subject ages
ranging from 18 to 70 years and a follow-up time from 12 to 24 months. The results are
presented in Table 2.

Figure 2. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow
diagram.

3.3. Assessment of Risk of Bias

The methodological quality results were assessed using the Cochrane Collaboration
tool and are shown in Table 1. All selected studies showed a low risk of bias related to
incomplete data outcome assessment and other sources of bias. Moreover, most studies
showed a low risk of bias related to sequence generation assessment and blinding of
outcome assessors; however, most studies also showed an unclear risk of bias related to
allocation concealment and participant blinding, and all studies showed an unclear risk of
bias related to free selective reporting.
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3.4. Quantitative Analysis Results

Odds ratios among regeneration techniques for the success of healing after endodontic
surgery (meta-analysis):

Six meta-analyses of direct comparisons between GRT techniques (PL vs. control, MB
vs. PL, MB + PL vs. MB, MB vs. control, Os vs. control, MB + Os vs. control) were carried
out with the data obtained from the eleven selected RCTs. The meta-analysis of combined
studies comparing MB-Os versus control (fixed effects model with the absence of hetero-
geneity; I2 = 0%) estimated a significant OR of 3.53 with a 95% confidence interval between
1.33 and 9.33. The remaining comparisons do not produce a significant OR (Figure 3).

Figure 3. Forest plot of ORs among guided tissue regeneration techniques for healing success after
endodontic surgery. Column 1 lists the articles included in the meta-analysis. Columns 2 and 3 show
us the results of the articles in the form of a proportion. Column 3 is the forest plot itself, the graphic
part of the representation. It plots the effect measures for each study on both sides of the null effect
line, which is the one for the odds ratio. In the lower part of the graph, the global result of the
meta-analysis is represented. Column 4 describes the estimated weight of each study in percentage,
and column 5 presents the estimates of the weighted effect of each one. Diamonds indicate the mean
and confidence interval of combined effect, and squares indicate the mean and confidence interval of
each study. Red lines represent the prediction interval.
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Odds ratios were among the regeneration techniques for the success of healing after
endodontic surgery (net meta-analysis).

Eleven RCTs (sixteen pairs of comparisons) were included in a frequentist NMA
examining six GRT techniques (control, Os, PL, MB, MB + Os, and MB + PL) to analyze
their influence on the success of healing after endodontic surgery. The data were combined
with a fixed effects model (Mantel–Haenszel method). The nodes represent treatments, and
the lines connecting the nodes are the six direct comparisons included in the NMA (Figure 4).

 
Figure 4. NETWORK plot of GTR techniques. Node size is proportional to the number of participants
randomized to that technique, and the edge width is proportional to number of trials comparing
two techniques.

The outcome of GTR techniques was estimated in terms of OR and 95% confidence
interval. OR > 1 indicated that the treatment in the first column on the left was superior
to the comparator, while OR < 1 indicated the opposite. Statistically significant ORs are
shown in bold (p < 0.05). Direct comparisons (6/15) are highlighted in gray, and indirect
comparisons are uncolored. Only two statistically significant ORs were found (in bold)
(p < 0.05). The probability of obtaining a successful result was 3.67 times greater in the
MB + Os group than in the control group (p < 0.05). The success of healing was 3.47 times
greater in the MB + Os group than in the MB group (p < 0.05). The remaining comparisons
among the groups do not show significance (p > 0.05) (Table 3 and Figure 5).

The ranking of the GTR techniques was performed according to the P-score, which
measures the degree of certainty and indicates whether one alternative is superior to the
others. The P-score is measured on a scale of 0 to 1. The MB + Os group presents the highest
P-score (0.93), followed by MB + PL (0.60) and PL (0.53) (Figure 6).

Table 3. Comparison between GTR techniques using OR and 95% confidence intervals estimated in
Netmeta. * p < 0.05.

Control MB MB + Os MB + PL Os PL

Control 1 0.95
0.50; 1.78

0.27 *
0.10; 0.73

0.63
0.07; 5.52

2.04
0.88; 4.66

0.82
0.31; 2.21

MB 1.06
0.56; 1.99 1 0.29 *

0.09; 0.94
0.66

0.08; 5.30
2.14

0.76; 6.11
0.87

0.29; 2.68

MB + Os 3.67 *
1.36; 9.90

3.47 *
1.07; 11.3 1 2.31

0.21; 25.1
7.46

2.04; 27.2
3.04

0.75; 12.3

MB + PL 1.58
0.18; 13.9

1.50
0.19; 11.9

0.43
0.04; 4.69 1 3.22

0.32; 32.9
1.31

0.12; 13.8

Os 0.49
0.21; 1.13

0.47
0.16; 1.32

0.13
0.04; 0.49

0.31
0.03; 3.16 1 0.41

0.11; 1.47

PL 1.21
0.45; 3.23

1.14
0.37; 3.49

0.33
0.08; 1.33

0.76
0.07; 8.04

2.46
0.68; 8.32 1
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Figure 5. Forest plot of healing success using GTR techniques (odds ratio) compared to control group.

Figure 6. Ranking of GTR techniques by P-score.

No heterogeneity or inconsistency was found in the NMA (test of heterogeneity/
inconsistency Q = 0.29; p = 0.589). The net heat plot (Figure 7), which provides a detailed
assessment of inconsistency, detected a very slight inconsistency between direct and indirect
estimations, which was not significant.

3.5. Publication Bias

Six new studies were incorporated using the trim and fill method to adjust for funnel
plot asymmetry, and a new OR for the six direct comparisons analyzed was estimated.
No statistically significant differences were found with respect to the initially estimated
OR (Figure 8).
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Figure 7. Net heat plot. Gray boxes signify the importance of one treatment comparison to the esti-
mation of another treatment comparison. Larger boxes indicate more important comparisons. Color
background, ranging from blue to red, signifies the inconsistency of comparison (row) attributable to
design (column).

Figure 8. Initial funnel plot after trim and fill adjustment of OR of periapical healing among guided
tissue regeneration techniques.

4. Discussion

The objective of this systematic review and NMA was to investigate the influence of
different GTR techniques used as adjuncts to endodontic surgery and analyze their efficacy,
assessed in terms of success rates. The results of the NMA show that the success rate of
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endodontic surgery can be improved using GTR techniques as adjuncts, and combined
therapy with bone grafts plus membranes results in a higher success rate.

Since the NMA did not show heterogeneity or inconsistency (Q = 1.16; p = 0.2821),
the present NMA satisfied the assumption of transitivity, indicating that there were no
systematic differences among the compared techniques other than the GTR techniques
being compared [33]. Evaluating the transitivity assumption is critical, because the existence
of intransitivity will bias treatment effect estimates [12]. Therefore, the calculated OR (3.6;
p < 0.05) for the comparison between membrane plus bone grafting and endodontic surgery
alone indicates that the success rate of this combination was almost four times higher than
that of surgery without an adjunct GTR technique.

Most authors highlighted the relevance of membranes to promoting the healing of
bone defects and preventing adjacent soft tissue ingrowth. The use of a membrane alone,
without a bone graft, was 1.02 times more effective than endodontic surgery without a GTR
technique (control), and more effective than platelet-rich plasma techniques. However, the
membrane plus bone graft combination was 3.6 times more successful than membrane only.

The success rate of the combined membrane plus bone graft was 3.7 times higher
than that of endodontic surgery alone (control). Parmar et al. (2019) reported a nonsignif-
icant radiographic reduction in periapical bone defects regenerated using a resorbable
collagen membrane. Complete periapical healing was observed in the control group, with
rates of 60 to 80% and 53.3 to 73.3% of those of the membrane group, depending on the
radiodiagnostic technique [32].

Marin-Botero et al. (2006) also reported that polyglactin-910 resorbable membranes
had little influence on the complete healing of periapical bone defects after endodontic
surgery (40%) compared with the control treatment (60%) [26]. Garret et al. (2002) reported
that resorbable membranes did not show a statistically significant (p > 0.05) radiographic
reduction in periapical bone defects after endodontic surgery. Additionally, they did not
recommend the use of resorbable membranes for bone defects with four walls that are
confined to the apical region [34]. Santamaria Zuazua et al. (1998) analyzed the bone
density and radiographic reduction in periapical bone defects after endodontic surgery
using resorbable and non-resorbable membranes, and found no statistically significant
difference (p > 0.05) in bone density at 6 months after surgery between the two types
of membranes.

These results suggest that GTR techniques using membranes do not contribute to
increased periapical bone regeneration regardless of the membrane type [35]. However,
Taschieri et al. (2011) retrospectively analyzed clinical and radiographic periapical bone
healing after endodontic surgery procedures using a collagen resorbable membrane and
recommended its application for through-and-through lesions [36]. Goyal et al. (2011)
analyzed the impact of membranes and platelet-rich plasma on the complete periapical
healing of periapical bone defects after endodontic surgery. They found no statistically
significant differences (p > 0.05) among the membrane alone, platelet-rich plasma alone,
and the two combined [30]. Dhiman et al. (2015) reported no statistically significant
difference (p > 0.05) in the clinical and radiographic reduction in periapical bone defects
after endodontic surgery using platelet-rich plasma techniques with respect to the control
group [32].

Most authors reported that bone grafts stimulate bone defect healing and prevent
adjacent soft tissue collapse [4,23,37–39]. Kattimani et al. (2014) highlighted the use of
bovine-derived and synthetic hydroxyapatite bone grafts for the radiographic reduction
in periapical bone defects after endodontic surgery. They found no statistically significant
difference (p > 0.05) in radiographic reduction between the two bone graft materials [38].
Kattimani et al. (2016) also compared the clinical and radiographic outcomes of bovine-
derived and synthetic hydroxyapatite bone grafts after endodontic surgery. They found
no statistically significant (p > 0.05) difference between the two bone graft materials at
6-month follow-up [39]. Stassen et al. (1994) also analyzed the clinical and radiographic
effects of bovine-derived hydroxyapatite bone grafts and did not recommend their use as
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adjuncts in endodontic surgery [23]. However, Sreedevi (2011) reported complete clinical
and radiographic periapical bone healing after endodontic surgery using hydroxyapatite
bone graft material with respect to the control group [4].

Other bone graft materials have been used as adjuncts to GTR techniques in endodon-
tic surgery. Pantchev et al. (2009) retrospectively analyzed the clinical and radiographic
outcomes of a synthetic bioactive glass material used as a bone graft after endodontic
surgery. They found a statistically significant difference (p < 0.05) at short-term follow-up
(9–24 months), but no statistically significant difference (p > 0.05) at long-term follow-up
(33–48 months) [37]. It is more difficult to apply endodontic surgery using a GTR technique
to 4-wall defects and through-and-through lesions because of the higher risk of soft tissue
collapse and decreased stability of the bone regeneration material. Pecora et al. (2001)
demonstrated that the addition of calcium sulfate as a bone graft material in GTR tech-
niques for the treatment of through-and-through lesions improves the clinical outcome [24].
However, Taschieri et al. (2007, 2008) showed no statistically significant difference (p > 0.05)
after endodontic surgery when using resorbable collagen membrane and bovine-derived
hydroxyapatite bone graft material for through-and-through lesions [27] and four-wall
defects [29]. Tobon et al. (2002) reported that the simultaneous use of nonresorbable mem-
brane and bovine-derived hydroxyapatite bone graft material produced complete clinical
and radiographic periapical bone healing after endodontic surgery [25].

In addition, the wound healing scales and indices used in oral surgery do not capture
the relationships between outcome parameters; therefore, Hamzani et al. (2018) pro-
posed a novel scale that allows the assessment of wound healing phases [40]. Recently,
Haj Yahya et al. (2020) described a novel procedure for measuring the healing process after
surgical extraction based on an inflammatory proliferative remodeling scale that could
also be used in further studies for the assessment of wound healing following endodontic
surgery [41].

A limitation of this systematic review and meta-analysis is the possibility that not all
articles related to the selection criteria were identified, although the risk was decreased
because three databases were searched. In addition, most of the studies were of poor
quality, according to the Cochrane Collaboration tool [16]. Furthermore, the most effective
GTR technique (MB + Os) was only included in a single study. Therefore, further, better
designed clinical studies with higher quality are necessary.

5. Conclusions

Within the limitations of this study, it was found that GTR techniques increased the
success rate of endodontic surgery. The use of bone grafts plus membranes as an adjunct to
surgical endodontic treatment promoted complete periapical bone healing, with a higher
success rate, and improved the prognosis of endodontic surgery. Therefore, we recommend
the use of bone grafts plus membranes as a GTR technique in endodontic surgery.
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Abstract: Dental caries is the most common non-communicable disease in children with significant
aesthetic, functional, and quality of life deterioration. Depending on the depth, two approaches
may be considered in primary dentition: vital pulp therapy (VPT) or non-vital therapy (NPT). This
umbrella review aimed to critically assess the available systematic reviews (SRs) on VPT and NPT.
An electronic database search was conducted (PubMed, Embase, Scopus, Cochrane, Web of Science,
and LILACS) until June 2021. The Risk of Bias (RoB) of SRs was analyzed using the Measurement
Tool to Assess SRs criteria 2 (AMSTAR2). From 272 entries, 33 SRs were included. Regarding the
methodological quality, three studies were critically low, nine low, seventeen moderate, and six were
rated as high quality. The quality of evidence produced by the available SRs was moderate. Future
high standard SRs and well-designed clinical trials are warranted to better elucidate the clinical
protocols and outcomes of VPT and NPT.

Keywords: endodontics; pediatric dentistry; oral health; dental medicine; systematic review;
umbrella review

1. Introduction

Dental caries is the most common non-communicable disease in children with signifi-
cant aesthetic, functional and quality of life deterioration [1]. Caries lesions can jeopardize
the teeth vitality, as its progression cause infection, pain, and even early tooth loss [1,2].
Thus, a timely intervention is key to avoid unpleasant consequences for the child. De-
pending on the depth of caries (which may have pulp involvement), two approaches may
be considered in the primary dentition: vital pulp therapy (VPT) or non-vital therapy
(NPT) [1,3].

When the pulp is still recuperable, VPT may be an option and three options are
available: indirect pulp treatment (IPT), direct pulp cap (DPC), and pulpotomy [1–5]. When
the caries lesion progresses to the point where pulp necrotizes, then an NPT is performed,
such as pulpectomy [3].

The efficacy of VPT and NPT has been widely researched [2–5]. However, the vari-
ability of designs, techniques, and material contributes to high heterogeneity regarding the
evidence produced. IPT is a technique that leaves at the bottom of the cavity some deep
caries to avoid pulp exposure, being covered with a biocompatible material to produce a
biological seal [2,4,5]. DPC is a procedure in which there is a pulp exposure, being covered
with a biocompatible material. There is a controversy about this method since it has shown
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limited success [2–5]. Pulpotomy is an approach applied when there is a carious pulp
exposure and where the entire coronal pulp is removed, hemostasis of the radicular pulp
is accomplished, and the remaining radicular pulp is treated with a medicament [3,6]. In
contrast, pulpectomy is a nonvital treatment (NVT), being a root canal treatment with
irreversibly inflamed or necrotic pulp resulting from caries or trauma [1,3,5,6]. Due to the
clinical interest of these procedures in endodontics, several systematic reviews (SRs) have
been published. Thus, appraising all the available evidence-based information would be of
great interest.

Therefore, this umbrella review aimed to appraise the existing evidence on VPT and
NVT in primary teeth. Our main focus was to ascertain the overall clinical efficacy of each
procedure and its quality of evidence.

2. Materials and Methods

We followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guideline updated in 2020 [7] (Supplementary Table S1) and the guide for
systematic reviews of systematic review [8]. The review protocol was approved a priori by
all authors.

The Review question was: “How effective are VPT and NPT for treating deep carious
lesion on primary dentition?”.

The following PECO statements were set: Population (P)—Patients with deep caries
on primary dentition; Exposure (E)—Clinical management; Comparison (C)—VPT (IPT,
DPC and pulpotomy) and NPT (pulpectomy); Outcome (O)—Diagnosis and a variety of
dental treatment types.

2.1. Eligibility Criteria

The inclusion criteria were as follows: (1) systematic review (with or without meta-
analysis); (2) retrieving data from human studies; (3) addressing VPT and NPT on primary
teeth. No restrictions to publication year or language were applied. Grey literature was
searched through three appropriate databases (opensigle.inist.fr, https://www.ntis.gov/,
https://www.apa.org/pubs/databases/psycextra, all accessed in June 2021).

2.2. Information Sources Search

Electronic data search was performed in seven electronic databases: PubMed (via
Medline), Scopus, Cochrane Database of Systematic Reviews, Scielo (Scientific Electronic
Library Online), EMBASE (The Excerpta Medica Database), LILACS (Latin-American
scientific literature in health sciences), and TRIP (Turning Research Into Practise) up to June
2021. We merged keywords and subject headings in accordance with the thesaurus of each
database and applied exploded subject headings, with the following syntax “(Primary teeth
[MeSH] OR Pulp therapy [MeSH] OR Tooth [MeSH]) AND (Pulpotomy OR Pulpectomy
OR Vital pulp therapy OR Deciduous teeth) AND (Systematic Review OR Meta-analysis)”.

2.3. Study Selection

Two researchers (FV and CC) independently screened titles and abstracts. The agree-
ment between the reviewers was assessed by Kappa statistics. Any paper classified as
potentially eligible by either reviewer was ordered as a full-text and independently screened
by the reviewers. All disagreements were resolved through discussion with a third re-
viewer (LBL).

2.4. Data Extraction Process and Data Items

Two researchers (FV and CC) independently extracted: authors and year of publication,
objective/focused question, databases searched, number of studies included, type of studies
included, main results and main conclusions. All disagreements were resolved through
discussion with a third reviewer (LBL).

172



J. Clin. Med. 2022, 11, 85

2.5. Risk of Bias Assessment

Two researchers (FV and CC) employed the MeaSurement Tool to Assess Systematic
Reviews (AMSTAR 2) to determine the methodological quality of the included reviews [8].
AMSTAR 2 is a comprehensive 16-item tool that rates the overall confidence of the results of
the review. According to the AMSTAR guidelines, the quality of the systematic reviews was
considered as follows: High means ‘Zero or one non-critical weakness’; Moderate means
‘More than one non-critical weakness’; Low means ‘One critical flaw with or without non-
critical weaknesses’; and Critically low means ‘More than one critical flaw with or without
non-critical weaknesses. The estimation of the AMSTAR quality rate for each study was
calculated through the AMSTAR 2 online tool (https://amstar.ca/Amstar_Checklist.php).

3. Results

3.1. Study Selection

Electronic searches retrieved a total of 272 titles through the database search. After
manual assessment of title/abstract and removal of duplicates, 60 potentially eligible full-
texts were screened (Figure 1). Full-text screening excluded thirteen studies with reasons
(Supplementary Table S2), resulting in thirty-five systematic reviews that fulfilled the
inclusion criteria. Inter-examiner reliability at the full-text screening was recorded as high
(kappa score = 1.00).

Figure 1. PRISMA flowchart of included studies.

3.2. Study Characteristics

In total, 33 systematic reviews [1–6,9–35] were included in the present umbrella review
(Table 1). All SRs covered a defined timeframe; however, one did not mention such
information [33]. Three systematics reviews failed to report a language restriction [2,10,11],
seventeen restricted their search to studies in English [12–25], one restricted to English and
Persia [26], and the remaining had no language restrictions [1,3–6,9,27–35].
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3.3. Methodological Quality

Regarding the methodological quality of SRs, three studies were assessed as of crit-
ically low quality [12,27], nine as of low quality [2,6,15,19,21,25,31,35], seventeen stud-
ies as of moderate quality [5,9,10,13,14,18,20,22–24,26,28–30,32–34], and six as of high
quality [1,3,4,11,16,17] (detailed in Table 2). None of the included SR fully complied with
the AMSTAR2 checklist. Overall, SRs mostly failed on: reporting on the sources of funding
for the studies included in the review (93.9%, n = 31); providing a satisfactory explanation
for, and discussion of, any heterogeneity observed in the results (27.3%, n = 9); reporting any
potential sources of conflict of interest, including funding sources (27.3%, n = 9); explaining
their selection literature search strategy (20.0%, n = 7).

Table 2. Results of the methodological quality assessment via AMSTAR2.

First Author 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Review Quality

Ansari 2018 [12] Y N Y PY Y Y Y PY N/N N N/0 N N N N Y Critically Low
Asgary 2014 [13] Y Y Y PY Y Y N Y PY/0 N Y/0 Y Y Y Y N Moderate
Barcelos 2011 [14] Y PY Y PY Y Y PY PY PY/0 N 0/0 0 Y N 0 N Moderate

Bossù 2020 [15] Y PY Y N Y Y Y PY PY/PY N 0/0 0 Y Y 0 Y Low
Chandran 2020 [16] Y PY Y PY Y Y Y PY PY/0 N Y/0 Y Y Y Y Y High

Chugh 2020 [17] Y PY Y PY Y Y Y PY PY/0 N Y/0 Y Y Y Y Y High
Coll 2017 [4] Y PY Y PY Y Y PY PY PY/0 N Y/0 Y Y Y Y Y High
Coll 2020 [1] Y PY Y PY Y Y PY PY PY/PY Y Y/Y Y Y Y Y N High

De Coster 2013 [27] Y PY N PY Y Y PY PY N/N N 0/0 0 N Y 0 N Critically Low
Duarte 2020 [9] Y PY N PY Y Y Y PY PY/0 N Y/0 Y Y Y Y Y Moderate

Gadallah 2018 [2] Y PY N PY Y Y PY PY PY/0 N Y/0 Y Y Y Y Y Low
Garrocho Rangel 2019 [18] Y PY N PY Y Y PY N PY/0 N 0/0 0 Y N 0 Y Moderate

Ghajari 2008 [26] Y PY Y PY Y Y N N PY/0 N Y/0 Y Y Y Y Y Moderate
Junior 2018 [11] Y Y Y PY Y Y PY PY PY/0 N Y/0 Y Y Y Y Y High

Lin 2014 [16] Y N Y PY Y Y PY N PY/0 N Y/0 Y Y Y Y Y Moderate
Manchanda 2020 [19] Y PY Y PY Y Y Y PY PY/0 N N/0 Y Y N Y Y Low
Marghalani 2014 [29] Y PY Y PY Y Y N PY PY/0 N Y/0 Y Y Y N Y Moderate

Nagendrababu 2018 [20] Y PY Y PY Y Y Y PY PY/0 N Y/0 Y Y Y Y N Moderate
Najjar 2019 [30] Y PY Y PY Y Y Y N PY/PY N Y/Y Y Y Y Y Y Moderate

Nematollahi 2019 [31] Y PY N PY Y Y N N PY/N N Y/Y Y Y Y N Y Low
Nuvvula 2018 [21] Y PY Y PY Y Y N PY N/0 N 0/0 0 N N 0 Y Low

Peng 2007 [10] N PY Y PY Y Y N PY PY/PY N Y/Y Y Y Y N N Moderate
Pintor 2016 [32] Y PY Y PY Y Y N Y Y/0 N 0/0 0 Y N 0 N Moderate

Pozos-Guillen 2016 [33] Y Y Y Y Y Y N Y Y/0 N Y/0 Y Y Y Y Y Moderate
Da Rosa 2019 [22] N PY Y PY Y Y N PY Y/0 N Y/0 Y Y Y Y Y Moderate

Schwendicke 2016 [34] N Y N Y Y Y N Y Y/Y N Y/Y Y Y Y Y Y Moderate
Shafaee 2019 [35] N N Y N Y Y N PY Y/0 N Y/0 N Y Y Y Y Low
Shirvani 2014 [23] N PY Y PY Y Y N Y PY/0 N Y/0 N Y N Y Y Moderate

Shirvani 2014 (2) [24] Y Y Y PY Y Y N PY Y/0 N Y/0 Y Y Y Y Y Moderate
Smaïl-Faugeron 2016 [6] N N Y N Y Y N N PY/PY N 0/0 0 Y N 0 N Low
Smaïl-Faugeron 2018 [3] Y Y Y Y Y Y Y Y Y/0 Y Y/0 Y Y Y Y Y High
Subramanyam 2017 [25] Y Y Y PY N N N Y Y/0 N 0/0 0 N N 0 N Low

Tedesco 2021 [5] Y Y Y Y Y Y N Y PY/0 N Y/0 Y Y Y Y Y Moderate

0—No meta-analysis conducted, N—No, Y—Yes, PY—Partial Yes. 1. Research questions and inclusion criteria?
2. Review methods established a priori? 3. Explanation of their selection literature search strategy? 4. Did the
review authors use a comprehensive literature search strategy? 5. Study selection performed in duplicate? 6. Data
selection performed in duplicate? 7. List of excluded studies and exclusions justified? 8. Description of the
included studies in adequate detail? 9. Satisfactory technique for assessing the risk of bias (RoB)? 10. Report
on the sources of funding for the studies included in the review? 11. If meta-analysis was performed, did the
review authors use appropriate methods for statistical combination of results? 12. If meta-analysis was performed,
did the review authors assess the potential impact of RoB? 13. RoB accounted when interpreting/discussing the
results of the review? 14. Did the review authors provide a satisfactory explanation for, and discussion of, any
heterogeneity observed in the results of the review? 15. If they performed quantitative synthesis, was publication
bias performed? 16. Did the review authors report any potential sources of conflict of interest, including funding
sources?.

3.4. Synthesis of Results
3.4.1. Vital Pulp Therapy
Indirect Pulp Treatment (IPT)

In an IPT approach, the caries lesion is not fully removed during instrumentation to
avoid pulp exposure, and the remaining affected dentin is then covered with a biocompati-
ble material as a biological seal [4].

Dentin coverage with a liner provides no benefit to the IPT clinical success either
using calcium hydroxide (CH) or inert materials (adhesive system or glass-ionomer cement
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[GIC] [4,22], and with a certain level of confidence as they are based on SRs of high [4] and
moderate methodological quality [22].

Also, IPT demonstrates higher clinical success rate than pulpotomy, with low confi-
dence [6]. The Hall technique (an adapted IPT approach) showed 78% success versus a 76%
success of pulpectomy, with moderate confidence [5].

Direct Pulp Capping (DPC)

In the DPC approach, the pulp is exposed during caries removal and covered with a
biocompatible material [3–5].

A high-quality SR concluded that DPC presents an 88.8%, success rate regardless of
the applied material (CH, dentin bonding agents, MTA and FC) (Coll 2017). These results
are corroborated by a moderate quality SR [18] and a high quality Cochrane SR [3]. MTA
or enamel matrix proteins do not present uppermost efficacy than CH, and bonding agent
directly upon the exposed pulp without previous etching had no significantly different
efficacy when compared to CH, MTA or calcium-enriched cement [34].

Also, DPC was shown to present lower clinical success than pulpotomy with moderate
confidence [5].

Pulpotomy

A pulpotomy is delivered to exposed pulps during deep caries lesions removal with
previously confirmed pulp vitality [4]. Clinically, this approach comprises: total coronal
pulp removal; successful hemostasis; and coverage of the remaining radicular pulp with a
biocompatible material.

A systematic review and meta-analyses with low quality stated no statistically signifi-
cant difference in the clinical success rate between pulpotomy and pulpectomies in primary
incisors [2].

Regarding the materials required in pulpotomy, the studies were diverse. One sys-
tematic review from Cochrane library with high quality stated that the evidence suggests
MTA may be the most efficacious medicament to heal the root pulp after pulpotomy [3].
Considering MTA and Biodentine, no significant difference was found in clinical and
radiographic success with a moderate quality review [20] and a high-quality review [11].
Already in turn, MTA showed superior long-term treatment outcome than ferric sulfate
(FS) with moderate quality review [13], and in three meta-analyses with moderate quality,
better rates of clinical and radiographic success than formocresol (FC) [23,26,29] were also
mentioned, as well as CH, also with moderate quality review, with good quality of the RCT
and homogeneity among the studies [24]. Another meta-analyses with moderate quality
that addressed FC and FS demonstrated no significant difference in terms of clinical and
radiographic outcomes [10]. Two studies with low quality that compared MTA, Biodentin,
FC, and SF agreed that there was no significant difference between those materials, but
MTA was considered a better option [15,35], the quality of evidence on the included studies
being in one a systematic review regarding the comparisons of Biodentine and formocresol,
as well as Biodentine and ferric sulfate, low and very low, respectively [35]. On the other
hand, a systematic review with low quality referred MTA as the material of choice, and
CH with the worst clinical performance [15]. Another systematic review with low quality
compared the previously stated materials with herbal medicines (allium satvum, ankaferd
blood stopper, elaegnus angustifolia, propolis), which found similar clinical and radio-
graphic success rates when compared to the usual pulpotomy materials, the overall quality
of research in the clinical success of herbal medicine as a pulpotomy medicament not being
adequate [25]. One other systematic review with low quality assessed the effectiveness
of FS, which reported a high success rate, but the studies included in the review were
with limited evidence of high-quality studies [21]. A meta-analysis with moderate quality
presented by Lin et al. (2014) showed MTA had the best performance, followed by FC and
CH, and CH had more failures than FC and FS [28].
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Seven systematic reviews also investigated the effect of lasers as well as the mate-
rials mentioned above. Several types of lasers were considered, such as diode, Er:YAG,
Nd:YAG, He-Ne, CO2, and low level laser. One meta-analysis with low methodological
quality showed no statistically significant difference in clinical and radiographic outcomes
between laser pulpotomy and conventional pulpotomy [16]. Another meta-analysis with
critically low quality revealed that laser had superior clinical results at a 36-month follow-
up period [12]. On the contrary, two studies reported that laser had inferior success than
conventional pulpotomy techniques, one being of critically low quality [27], and the other
with moderate quality [28]. Finally, another systematic review with low quality showed
no significant differences in clinical and radiographic pulpotomy outcomes with laser
compared with other techniques [31]. One other meta-analysis with high quality compared
different materials, referring that MTA and FC success rates were the highest of all pulpo-
tomy types, including laser, were not significantly different [4]. A recent systematic review
from the Cochane Library with high quality stated that the evidence shows MTA may be
the best material for pulpotomy of primary teeth. However, other materials should be
considered as alternatives like Biodentine, enamel matrix derivative, laser treatment or
Ankaferd Blood Stopper. When these materials are not available, application of sodium
hypochlorite is the safest option [3].

Note that several studies with different quality, but most with moderate quality
mentioned that FC, because of its constitution that presents formaldehyde, presents a
concern due its potential carcinogenicity, mutagenicity, and cytotoxicity effect [3,4,10,12,13,
15,16,18,21,23,26,28,29,31,34,35].

3.4.2. Non-Vital Pulp Therapy (NPT)

Among the NVT techniques, pulpectomy of primary teeth is indicated when irre-
versible pulpitis or necrotic pulp occurs [1].

As far as obturation concerns, resorbable materials are mandatory. Zinc oxide eugenol
(ZOE) pulpectomies yielded similar outcome than Vitapex and Sealapex, with moderate
methodological confidence [14]. A systematic review from Cochrane with high quality
mentioned no conclusive evidence that one medicament or technique is superior to another.
Therefore, the choice of medicament remains at the clinician’s discretion, since comparison
between Metapex and (ZOE) paste was inconclusive, as well as Endoflas and ZOE, and
finally suggested ZOE paste may be better than Vitapex [3]. In pulpectomy on primary teeth
nearing exfoliation, Ca(OH)2/iodoform the best filling material to be used for pulpectomy
in primary teeth nearing exfoliation, being moderate risk [30]. One other study considered
zinc oxide eugenol/iodoform/calcium hydroxide or ZOE fillers perform better than iod-
oform filler, where the risk of bias was high despite heterogeneity between the studies [1].
Regarding lesion sterilization and tissue repair (LSTR) technique and pulpectomy, two
meta-analyses showed a nonsignificant difference, one being with moderate quality [9],
and another one with high quality [1].

Concerning smear layer, there is no consensus, with one study considering studies at a
moderate risk of bias [5,32], despite one systematic review only having taken into account
two studies [32]. The root canal irrigation has several products despite the controversy on
their performance, as the study exhibited moderate risk of bias [33].

Regarding rotary instrumentation, there are similar clinical and radiographic success
rate, but with a better-quality treatment in less time [1,19], despite the evidence showing
low quality [19] and high quality, although there was heterogeneity among the studies [1].
On the contrary, another study referred there were not enough studies to assess whether
rotary versus manual instrumentation affects clinical and radiological success, with a
publication bias low [17].
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4. Discussion

This umbrella review clearly summarizes the evidence sourced in VPT and NPT in
primary teeth. The methodological quality of the included SRs ranged from very low to
high quality, and therefore current evidence is of moderate confidence.

A correct diagnosis of the pulp status is crucial for correct treatment options and
therefore for prognosis. In this regard and attending that the preservation of pulp vital-
ity is fundamental, VPT treatment approaches must be considered. IPT allows selective
tissue removal when compared to DPC and pulpotomy. IPT does not expose or damage
the pulp and allows it to recover and heal by itself; this way selective caries removal are
recommended [4–6,22]. However, the hall technique should be considered since it showed
a superior success rate compared to non-selective and selective caries removal [5]. On
the contrary, DPC is controversial, since there is not sufficient support to recommend
it [4,5,33,34,36], due to its great occurrence of complications like mobility, percussion sen-
sitivity, swelling, parulis, or presence of fistulous tract [5]. It is considered that DPC can
succeed in case of vital pulp or reversible pulpitis without evidence of radicular pathol-
ogy [5,36] and appropriate sealing of the cavity [5,34,36]. Already, although considering
the pulpotomy is an acceptable and common procedure in case of deep caries, its success
depends on several factors such as removing caries prior pulp exposure to avoid pulp
contamination, rubber dam isolation application of different medicaments, and experience
of the professional [4,11].

Regarding medicaments, the studies sometimes compare only two or several medica-
ments, MTA, Biodentine, FC, SF, and sodium hypochlorite being considered suitable despite
the heterogeneity of the studies [2–4,10,11,13,15,20,21,23,26,29,35]; however, there is an
agreement that CH is considered to have a less success rate [4,15,23]. In this sense, more
well-designed studies with longer follow-up periods and superior methodology are required
in order to obtain high evidence [2,4,10,11,15,29,35]. One systematic review highlighted
the clinical and radiographic success rates of herbal medicine being suitable replacements
to standard pulpotomy medicaments, but due to the heterogeneity of the studies and
commercial availability, more studies are necessary to achieve alternatives to the standard
medication [25]. Another option has been considered—the laser pulpotomy—which has
been described as controversial in its results. Several factors must be determined such as
pulp diagnosis, longer observation times, control group, and evaluation of different types
of lasers [12,16,27,28,31]. It is also necessary to take into account that there is a learning
curve for laser application [27] and there are some advantages of the laser on children like
less chair time, painless treatment, and no high-speed rotors [16]; thus, more well-designed
randomized clinical trials are required.

The lifecycle of primary teeth are fundamental to a normal growth and development
of arch length and occlusal balance [33]. Therefore, sometimes, pulpectomy is necessary
to keep the tooth in the arch. However, this procedure is a challenge because of the
characteristics of the root canal system like side channels and accessories at the apex and
furcation regions, as well as the root anatomy itself and the proximity of the apex to the
germs of the permanent tooth [9,32]. Thus, it is of the utmost importance to consider several
aspects of the clinical procedure, such as initial pulp condition, type of teeth, manual versus
mechanical instrumentation, irrigants used, number of visits, root canal filling material,
and type of restoration [14,32]. Therefore, further studies are important with a bigger
sample, higher methodological quality, and particularly with longer follow-up, given the
controversy between the studies.

Strengths and Limitations

The present umbrella review benefits from its comprehensive review of the available
SRs using a transparent methodology. However, one limitation does need to be accounted
for when interpreting the results. In each SR, the individual studies included were not
explored. Thus, the conclusions of this review are based on the interpretation of the authors.
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5. Conclusions

Both VPT and NPT present high clinical efficacy in primary teeth. The results should
be interpreted with caution, as the quality of SRs included is overall moderate. Well-
designed clinical trials and high standard systematic reviews are necessary to verify the
efficacy of treatment options, clinical outcome efficacy, and material suitability.
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Abstract: This meta-analysis aimed to evaluate postoperative pain (POP) following root canal filling
(RCF) with gutta-percha/bioceramic sealer (BCS) vs. gutta-percha/traditional sealer (TS) techniques.
Electronic databases were searched for randomized trials. Subgroup analyses were performed for
analgesic intake, flare-ups, postoperative time (24/48 h), pulp status, and retreatment. The search
yielded 682 records, and nine studies were selected. BCS was associated with significantly lower
POP vs. TS at 24 h (P = 0.04) and 48 h (P = 0.0005). In addition, non-significant trends favoring BCS
for analgesic intake at 24 h (P = 0.14), flare-ups (P = 0.24) and obturation techniques at 24 h (P = 0.41)
and 48 h (P = 0.33), non-significant trends for lower POP with TS vs. BCS 24 h and 48 h in vital teeth
(P = 0.50, P = 0.18, respectively), and for lower POP with BCS vs. TS in non-vital teeth at 24 h and
48 h (P = 0.16, P = 0.84, respectively). POP was numerically lower with TS vs. BCS at 24 h (P = 0.65)
and 48 h after retreatment (P = 0.59). Moreover, POP did not vary between fillers when the treatment
was over single (P = 0.28) or multiple visits (P = 0.50). BCS was associated with significantly lower
short-term POP, and with a trend for lower analgesic intake and flare-up incidence, as compared
to TS.

Keywords: meta-analysis; root canal filling; postoperative pain; bioceramic sealer; analgesic intake;
flare-up

1. Introduction

Postoperative pain (POP) after root canal filling (RCF) affects up to 40% of patients [1].
The intensity and duration of POP vary according to multiple prognostic factors [2–4]. The
filling technique is considered among the most relevant, in which warm vertical and cold
lateral compaction as well as single cone are most traditionally utilized with resin-based
or zinc-oxyde eugenol sealers [5,6]. The intensity and duration of postoperative pain are
subjective and can be affected by many factors. In particular, by the severity of preoperative
pain according to the medical history of the present diagnosis, tooth type, age, gender,
etc. [2]. The intraoperative factors are also various, such as physical properties of the
endodontic instrument used for the initial treatment, features of the irrigation protocol
such as chemical solutions and concentrations, microbiological stability and resistance,
histopathological state of the tissues surrounding the tooth, etc. [1–4]. At the final stage of
root canal treatment during the obturation step, the endodontic sealer locally and directly
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contacts with the altered periapical tissues through the apical foramen and additional
lateral canals. Accordingly, the physical and chemical properties of the sealer, such as
pH-level, consistency, etc., also affect the intensity of postoperative endodontic pain [1,2].
The gutta-percha/bioceramic sealer (BCS) filling technique has gained popularity among
endodontists due to features that include biocompatibility (due to their similarity with
biological hydroxyapatite) and bioactive stimulation of periapical healing [7]. The setting
time (30 min for working time), sealing ability, and antimicrobial properties are all key to
the performance of endodontic sealers [8]. Premixed injectable formulations, preloaded
syringes, and moldable putty forms are all available, facilitating ease of use [9]. However,
there are no robust data evaluating any potential impact of BCS vs. traditional filling
techniques on POP among randomized controlled trials (RCTs). The aim of this systematic
review and meta-analysis was to assess the effect of the BCS filling technique compared
with traditional filling techniques on POP in adult patients following RCF.

2. Materials and Methods

2.1. Study Design

This analysis considered all the studies that evaluated POP in adult patients, following
RCF with BCS or traditional filling techniques.

Review question: How does the BCS filling technique affect the intensity of POP
compared with the resin-based sealers (RBS) filling technique in patients undergoing a root
canal treatment?

This study complies with the Preferred Reporting Items for Systematic Reviews and
Meta-Analysis Statement (PRISMA), and was carried out on the basis of the Cochrane
PICOS formula, defined as follows: Population, adult patients of both genders (not receiving
analgesic or antibiotic medications, without long-term use of medications, not pregnant)
with pulpal and/or periapical disease (without procedural errors, e.g., overfilling), who re-
ceived an endodontic treatment in permanent teeth; Intervention, RCF with BCS; Comparison,
RBS; Outcome, the primary outcome was the quality of life measured by the self-reported
POP score; and Study type, RCTs. The systematic review protocol was registered with
the International Prospective Register of Systematic Reviews (PROSPERO) a priori, ID:
CRD42021227248.

2.2. Search Strategy and Inclusion Criteria

A comprehensive search strategy was designed to access biomedical databases (PubMed,
Springer Link, DOSS, Scopus, Nature, Wiley Online Library, Web of Science Core Collection,
BMJ, Cochrane Library, Oxford scholarship online, CINAHL complete, Access medicine,
Science direct), grey literature (SIGLE—information on grey literature in Europe), and a
clinical trials register (clinical trial.gov). A manual search of the main endodontic journals
was also carried out (Journal of Endodontics, European Endodontic Journal, International
Endodontic Journal). The search terms were “postoperative pain” AND “endodontic
sealer” OR “root canal treatment” in studies published from January 2010 to January 2021
in English or German. The inclusion criteria were RCTs that assessed POP after RCF using
the BCS filling technique in permanent teeth with pulpal and/or periapical disease. The
selected studies compared the impact of BCS vs. TS on POP scores following RCF. POP
scores could be reported using any self-recorded pain scale. We excluded the studies that
did not compare the individual effect of endodontic sealer on the POP level; studies that
additionally assessed the impact of anti-inflammatory medicines and laser applications;
assessed the POP level after canal overfilling; or assessed the POP level after different root
canal preparation techniques.

2.3. Study Selection

After the removal of duplicate records, the titles and abstracts of the identified stud-
ies were independently screened for eligibility by three reviewers (E.M., D.P., and M.D.F.).
Consensus was achieved through discussion, where there was discordance in study selection.
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2.4. Data Extraction

Three reviewers (E.M., D.P., and M.D.F.) independently extracted data from studies
that met the inclusion criteria, using a standardized data collection table consisting of
strings: References (title, authors, year of publication, country), study design, sample
size, age/sex groups, inclusion and exclusion criteria, diagnosis, pre-op status, operator,
quantity of visits, glidepath, instrumentation, irrigation protocols, obturation technique
and materials, restoration, POP assessment time and scale, analgesics intake, flare-up, etc.
If multiple treatment groups were presented, the data conforming to PICO were collected.
Moreover, if any information was missed, the authors were contacted through personal
communication via e-mail. Furthermore, if there was no response for up to 5 weeks, the
study was not included in the meta-analysis.

2.5. Quality Assessment

The quality of each RCT was assessed according to the Cochrane Risk of Bias Tool.
All the domains (random sequence generation, allocation concealment, performance bias,
blinding of outcome, attrition bias, reporting bias) were rated as “high”, “low” or “unclear”
risk of bias. We set an additional risk of bias according to the “Operator” (expert endodon-
tist: Low risk; undergraduate student: High risk). Studies were classified as overall high
risk if they contained one or more domains rated as high risk; overall moderate risk if they
contained no high-risk domain and one or more were judged as unclear; and overall low
risk if all the domains were judged at a low risk of bias.

2.6. Meta-Analysis

The general methodology of this review followed the directions of the Cochrane Hand-
book for Systematic Reviews of Interventions [10]. If possible, the odds ratio (OR)/risk
ratio (RR) or standardized mean differences (SMD) and their 95% confidence intervals (CI)
were calculated for the quantitative data extracted from each RCT. Results from compara-
ble groups of studies were pooled into a meta-analysis using Review Manager (RevMan)
Software (version 5.4.1, The Cochrane Collaboration, 2020). The findings are presented
in a narrative form, if statistical pooling was not possible. The subgroup analysis was
conducted on parameters reported by at least two studies. The significance of any variation
and degree of heterogeneity was determined by I2 and chi-square statistics, respectively.
Publication bias tests were not conducted due to the low number of studies included.

In some cases, the included studies will present with peculiar features (for example,
different inclusion criteria with respect to other studies, presence of patients with systemic
conditions or asymptomatic patients). Moreover, the sensitivity analysis will be performed
to assess if the exclusion of the study will affect the outcome of the analysis.

3. Results

3.1. Study Selection

The search strategy identified 695 records, including 13 duplicates. The remaining
682 records were screened by the title and abstract (Figure 1). In total, 656 records were
considered irrelevant and removed, leaving 26 studies that were assessed for eligibility by
full-text reviewing. At this stage, 17 studies were excluded [11–27], most commonly since
they did not include a BCS (Supplementary Materials Table S1). Finally, nine studies were
included for systematic review. Although each of the selected studies evaluated the POP
level following different filling techniques, the variability within the study designs and the
materials and methods employed required specific consideration during the analysis.

3.2. Study Characteristics

The characteristics of the selected RCTs are presented in Table 1. All the studies were
published single-center RCTs that reported the characteristics of teeth, pre-operative status,
diagnosis, instrumentation details and irrigation protocols, endodontic sealers and filling
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techniques used, analgesic intake, incidence of flare-ups, number of visits, and pulp and
periapical status.

Figure 1. The preferred reporting items for systematic reviews and meta-analysis flow diagram of
the search results.

Table 1. Cochrane PICO formula.

Patients Intervention Comparison Outcome

With pulp /
periapical disease

Filling with
bioceramic technique

Filling with
traditional technique Postoperative pain

All the selected studies included teeth with pulp or periapical pathologies, without
signs of radiolucency, requiring a primary endodontic treatment. However, only three stud-
ies included teeth that needed retreatment [28–30]. Four studies included teeth that were
asymptomatic pre-operatively [30–33], two studies only included symptomatic teeth [28,34],
and three studies examined asymptomatic and symptomatic teeth [29,35,36]. Only one
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study managed an endodontic treatment without local anesthesia [31]. Furthermore, three
studies assessed POP in anterior single-rooted teeth only [31–33].

The instrumentation and irrigation protocols were similar across the studies, but the
filling techniques varied: Warm vertical condensation (WVC) was utilized in five studies,
single-cone technique (SCT) in three studies, carrier-based obturation in one study, and
lateral condensation in one study. The resin-based sealer (RBS) was utilized as a control
group in all the included studies. One study deliberately carried out the filling procedure
during a second visit to exclude the influence of instrumentation stage on POP. The other
eight studies evaluated POP in the context of a single visit treatment.

A variety of pain rating scales were used, including variations of the Visual Analog
Scale and Verbal Rating Scale, as well as the Heft and Parker Pain Rating Scales of 0–10,
0–100, 0–170 or verbal (no pain/mild pain/moderate pain/severe pain). The data were
reported as either means or percentages. Four studies reported an analgesic intake and
three studies reported an incidence of flare-ups.

Remarkably, none of the included studies identified significant differences in the POP
level, analgesic intake or incidence of flare-ups between different endodontic sealers.

3.3. Risk of Bias

The risk of bias in the nine RCTs is summarized in Table 2. One study was scored as
having an overall “low” risk of bias, six studies as having an overall “moderate” risk, and
two studies as having an overall “high” risk of bias, since the treatment was managed by
undergraduate students.

Table 2. Summary of the risk of bias of the included studies.

Study
Risk of Bias

A B C D E F G Overall

GRAUNAITE et al. 2018 [31] + + ? + + + + ?

PAZ et al. 2018 [28] ? ? ? + + + - -

ATES et al. 2019 [35] + ? + + + + ?

FERREIRA et al. 2019 [33] + + + + + + ? ?

FONSECA et al. 2019 [32] + + + + + +

NABI et al. 2019 [34] ? ? + + + + ? ?

SHARMA et al. 2019 [36] ? ? ? ? + + ? ?

TAN et al. 2020 [30] + + + + + + + +

YU 2020 [29] + + ? ? ? + ? ?
“+”: low risk of bias, “?”: unclear risk of bias,“-”: high risk of bias. (A) Random sequence generation (selection
bias). (B) Allocation concealment (selection bias). (C) Blinding of participants and personnel (performance bias).
(D) Blinding of outcome assessment (detection bias). (E) Incomplete outcome data (attrition bias). (F) Selective
reporting (reporting bias). (G) Other bias.

3.4. Meta-Analysis

Pooled POP data (mean ± standard deviation [SD]) experienced by patients 24 h
and 48 h after RCF with BCS or RBS are presented in Figures 2 and 3, respectively. Six
studies did not report the mean POP ± SD 48 h after RCF and these were not included
in the respective forest plot [28,30,33–36]. Since in the study by Graunaite et al. 2018 [31]
asymptomatic patients were treated, as opposed to all the other studies in which patients
were symptomatic, the sensitivity analysis was performed in all analyses where that study
was considered, to see if the results changed with the exclusion of asymptomatic subjects.
Pooled data analyses indicate that POP was significantly lower in patients who underwent
RCF with BCS compared with RBS at 24 h (SMD = −0.20; P = 0.04) and 48 h (SMD = −0.26;
P = 0.0005) after treatment. After the sensitivity analysis, by excluding Graunaite et al.
2018, the results did not change significantly.
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Figure 2. Forest plot of POP level 24 h after RCF with BCS vs. RBS.

Figure 3. Forest plot of POP level 48 h after RCF with BCS vs. RBS.

The analgesic intake did not significantly differ between the BCS and RBS groups
24 h after RCF (RR = 0.46; P = 0.14; Figure 4). Five studies were not included in this
forest plot due to a lack of available data [11–13,33,36]. The incidence of flare-up was
also not significantly different between the BCS and RBS groups (OR = 0.32; P = 0.24;
Supplementary Materials Figure S1). After the sensitivity analysis, by excluding Grau-
naite et al. 2018, the results did not change significantly.

Figure 4. Forest plot of analgesic intake 24 h after RCF with BCS vs. RBS.

The next two diagrams underline the pain prevalence and severity of the BCS group
over the RBS group in 24 h (Supplementary Materials Figure S2) and 48 h
(Supplementary Materials Figure S3) after RCF.

The probability of “No pain” 24 h after treatment was 1.12× higher in the BCS group
vs. the RBS group (OR = 1.12; 95% CI, 0.77–1.64; P = 0.86), while the same was observed
for “Moderate pain” probability (OR = 1.21; 95% CI, 0.61–2.38; P = 0.59). There was no
heterogeneity in the study effect for the BCS and RBS groups (I2 = 0%; P = 0.86, and I2 = 0%;
P = 0.89, respectively), indicating perfect consistency in the results. The probability of
“Mild pain” and “Severe pain” was 1.2× and 1.7× higher in the RBS group vs. the BCS
group, respectively (OR = 0.83; 95% CI, 0.54–1.25; P = 0.37, and OR = 0.59; 95% CI, 0.08–4.58;
P = 0.62). There was also no heterogeneity in the study effect in either group (I2 = 0%;
P = 0.97, and I2 = 0%; P = 0.61, respectively; Supplementary Materials Figure S2).
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A diagram of pain characteristics in the BCS and RBS groups 48 h after treatment
is presented in Supplementary Materials Figure S3. The studies that did not report pain
characteristics 48 h after treatment were excluded. The probability of “No pain” 48 h
after treatment was 1.21× higher in the BCS group vs. the RBS group (OR = 1.21; 95% CI,
0.60–2.42; P = 0.60; heterogeneity: I2 = 18%; P = 0.30). “Mild pain” was more commonly
reported in the RBS group vs. the BCS group 48 h after treatment (OR = 0.82; 95% CI,
0.40–1.68; P = 0.59; heterogeneity: I2 = 1%; P = 0.40), while “Moderate pain” was equally
likely in both groups 48 h after treatment (OR = 1.00; 95% CI, 0.14–7.27; P = 1.00; heterogene-
ity: I2 = 0%; P = 0.33). “Severe pain” was reported only once in both groups (Supplementary
Materials Figure S3). After the sensitivity analysis, by excluding Graunaite et al. 2018, the
results did not change significantly neither for data after 24 h nor for 48 h after RCT.

The effect of the obturation technique (WVT vs. SCT) on POP based on data 24 h and
48 h after RCF is presented in Supplementary Materials Figures S4 and S5. The studies that
did not report 48-h data were excluded. There was a numerical difference in POP in favor of
BCS for both WVT and SCT subgroups 24 h after RCF (OR = 0.85; P = 0.41). The probability
of POP was numerically higher in the RBS subgroup that underwent the WVT technique
(P = 0.49) in 1.2× and lower in the BCS subgroup that underwent the SCT technique
(P = 0.64; Supplementary Materials Figure S4). There was evidence of lower POP in both
WVT and SCT subgroups of the BCS group 48 h after RCF (P = 0.33). The probability of POP
did not differ according to the obturation technique in the BCS group, but was 1.3× higher
in the RBS group 48 h after RCF (OR = 0.78; P = 0.33; Supplementary Materials Figure S5).

The probability of POP by the pulp status (vital [V] and non-vital [NV] pulp) 24 h and
48 h after RCF is presented in Supplementary Materials Figures S6 and S7, respectively.
The studies that did not report 48-h data were excluded. There was evidence of a non-
significant difference in POP in favor of RBS in the V subgroup (P = 0.50) and a trend for
lower POP in NV teeth within the BCS group 24 h after RCF (P = 0.16). However, there
was no statistically significant overall effect of V vs. NV pulp on POP (OR = 0.84; P = 0.45;
Supplementary Materials Figure S6). The probability of POP was 2× higher in the V pulp
of the BCS group, and there was evidence of lower POP in the V subgroup of the RBS group
48 h after RCF (OR = 2.01; P = 0.18). There was also a non-significant trend for lower POP in
NV teeth within the BCS group (OR = 0.92; P = 0.84; Supplementary Materials Figure S7).
After the sensitivity analysis, by excluding Graunaite et al. 2018, the results did not
change significantly.

Pooled data from the three studies that reported the retreatment show a trend for a
difference in POP in favor of RBS (OR = 1.20; P = 0.65) 24 h after RCF (Supplementary Mate-
rials Figure S8). The meta-analysis determined that there was a 48% level of heterogeneity
within the included nine studies. Only one study had analyzed a consistent number of
cases [31]. Supplementary Materials Figure S9 presents POP in retreatment groups 48 h
after RCF. Unfortunately, the limited numbers of studies and retreated cases are insufficient
to determine any effect of BCS vs. RBS on POP (OR = 1.34).

There was no significant difference in POP between the BCS and RBS groups when
the treatment was carried out over single (OR = 0.77; P = 0.28) or multiple visits 24 h after
RCF (OR = 0.81; P = 0.50; Supplementary Materials Figure S10). A lack of data precluded
the equivalent analysis of POP 48 h after RCF.

4. Discussion

This meta-analysis of nine pooled RCTs indicates that POP was significantly lower
after RCF with BCS compared with RBS. However, none of the RCTs individually reported
any significant effect of BSC vs. RBS on POP [28–36].

In this analysis, we found that BCS was non-significantly correlated with reduced
analgesic intake vs. RBS, an observation that was also reported by one of the included
studies [35] using the warm-obturator filling technique. However, two of the other included
RCTs [32,33] demonstrated comparable analgesic intake in the control and experimental
groups after RCF using SCT.
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This systematic review found a non-significant trend of reduced flare-up in the BCS
group vs. the RBS group. This is supported by one of the included RCTs that reported a
significant reduction of flare-up following RCF with BCS vs. RBS [35]. However, another
reported an equal occurrence between groups [31].

Regarding the warm and cold filling techniques, SCT with BCS has previously been
associated with higher POP, while WVT with RBS has been associated with the lowest POP
scores [28]. However, our pooled analysis suggests that there is a non-significant trend in
favor of BCS.

Our results indicate that POP was lower in the V pulp when filled with RBS and in the
NV pulp when filled with BCS. However, we found no additional background literature to
place this in context.

Our results also evidence a non-significant difference in POP in favor of RBS at
retreatment. Moreover, the only RCT [31] included to report this parameter indicates no
difference between filling techniques in POP, following the retreatment procedures.

According to our results, the trend for lower POP following RCF with BCS vs. RBS
filling technique was observed across single and multiple visit treatments. However, there
are no studies in the literature to provide additional context.

The main limitations of this review are inter-study variability and inconsistency, as
well as a lack of clinically relevant outcomes. Furthermore, as mentioned, different scales
for pain measurement were used in different studies. Though the authors made efforts to
resize all the scales to a 1–10 scale, it is difficult to understand if this had a relevance in the
results. Of course, for future studies, it is recommended to use only scales for which there
is an overall consensus. Therefore, the findings presented here need to be confirmed by
further well-designed studies and should be interpreted with caution.

5. Conclusions

Our findings suggest that the BCS filling technique may positively affect POP, while
there was a trend of a beneficial effect for analgesic intake, incidence of flare-up, pulp
status, and number of visits when using BCS, compared with RBS. However, due to
several limitations in these analyses, further well-designed clinical studies are warranted
to supplement our results.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jcm10194509/s1, Table S1: Excluded studies with reasons for exclusion, Figure S1: Forest
plot of flare-up after RCF with BCS vs. RBS, Figure S2: Diagram of pain characteristics summary in a
subgroup of BCS and RBS traditional filling technique groups 24 h after RCF, Figure S3: Diagram of
pain characteristics summary in a subgroup of BCS and RBS traditional filling technique groups 48 h
after RCF, Figure S4: Forest plot of POP in patients treated with warm and cold filling techniques
24 h after RCF with BCS vs. RBS, Figure S5: Forest plot of POP in patients treated with warm and
cold techniques 48 h after RCF with BCS vs. RBS, Figure S6: Forest plot of POP in vital and non-vital
pulp 24 h after RCF with BCS vs. RBS, Figure S7: Forest plot of POP in vital and non-vital pulp 48 h
after RCF with BCS vs. RBS, Figure S8: Forest plot of POP following retreatment 24 h after RCF
with BCS vs. RBS, Figure S9: Forest plot of POP following retreatment 48 h after RCF with BCS vs.
RBS, Figure S10: Forest plot of POP 24 h after RCF with BCS vs. RBS following a single or multiple
visit treatment.
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Abstract: This systematic review aimed to evaluate interventions individually and compare the
clinical outcome of young, immature teeth treated with regenerative endodontic therapy (RET) and
apexification procedure. The protocol was registered with PROSPERO (International Prospective
Register of Systematic Reviews), bearing the registration number CRD42021230284. A bibliographic
search in the biomedical databases was conducted in four databases—PubMed, CENTRAL, EMBASE
and ProQuest—using searching keywords and was limited to studies published between January
2000 and April 2022 in English. The search was supplemented by manual searching, citation screening
and scanning of all reference lists of selected paper. The study selection criteria were randomized
clinical trial, prospective clinical studies and observational studies. The search found 32 eligible
articles, which were included in the study. The quality assessment of the studies was performed using
the Cochrane risk of bias tool for randomized control trials and non-randomized clinical studies. The
meta-analysis was performed using Review Manager software (REVMAN, version 5). The results
indicated that a clinicians’ MTA apexification procedure was more successful compared to calcium
hydroxide. In RET, apical closure and overall success rate is statistically same for both apical platelet
concentrates (APCs) and blood clots (BC). Both interventions have similar survival rates; however,
RET should be preferred in cases where the root development is severely deficient, there is insufficient
dentine and the tooth’s prognosis is hopeless even with an apexification procedure.

Keywords: apexification; endodontic therapy; immature permanent tooth; pulp; regeneration

1. Introduction

In permanent dentition, traumatic dental injuries (TDI) are a worldwide health issue
and the most frequent cause of pulpal necrosis [1]. In 85% of TDIs, patients have injuries
to the oral region [2]. Globally, around one billion people are affected by trauma [3], and
one-third of these patients have injuries to their immature teeth that might cause pulp
necrosis [4].

Pulp necrosis due to trauma or caries in children and adolescents may hinder per-
manent tooth root growth, resulting in thin dentinal walls, wide-open apices, and an
insufficient crown:root ratio [5]. According to Cvek, the classification of root development
in an immature necrotic permanent tooth can be at stage 1, where less than half of the root
formation with open apex is present; stage 2 is where half of root formation with open apex
is present; and stage 3 is when 2/3 of root development with open apex is present [6].
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In conventional root canal fillings, immature permanent teeth with necrotic pulps are
difficult candidates and have an increased susceptibility to root fractures after treatment [7].
Hence, early intervention for non-vital immature teeth is critical. However, it is incredibly
challenging, time-consuming and technically complex [8]. Apexification and regeneration
are interventions routinely practiced in such cases [9]. RET is recommended in short
roots with thin canal walls, a wide-open apex and for teeth lacking the potential for root
formation, whereas apexification is done in the tooth which has nearly completed root
formation with an open apex [5].

Apexification is a method to encourage the development of an apical barrier to close
the open apex of an immature necrotic permanent tooth in which filling materials can be
placed within the root canal space [10].

In contrast, RET or regenerative endodontic procedures (REPS) are biologically based
procedures designed to replace damaged structures, such as the root and dentin, along with
cells of the pulp–dentin complex [11]. The main aim of REPS is to establish a suitable envi-
ronment (biomimetic microenvironment) in the root canal to facilitate mesenchymal stem
cells such as osteo/odontoprogenitor stem cells, pulp tissue regeneration and continued
root development.

The basic principles underlying both interventions involve removing necrotic pulp,
debridement of the canal and control of infection with or without antiseptic medicament.
Total treatment time may vary in multi-visit apexification, depending on the medicament
used, the initial presence of periapical pathology [6], the frequency of medicament replace-
ment [12], and the age of the patient [13].

This present review compares and assesses both interventions individually to manage
immature necrotic young permanent teeth. This review aims to critically evaluate the
outcome of regeneration and apexification procedure, which will impact clinical discussion
making.

2. Materials and Methods

The review protocol was registered at PROSPERO (International Prospective Register
of Systematic Reviews), bearing registration number CRD42021230284. This review fol-
lowed the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA)
statement guidelines [14].

2.1. Search Strategy

The following PICO components were established: Population (P)—systematically healthy
patients with necrotic young, immature permanent tooth; Intervention (I)—regeneration proce-
dure; Comparison (C)—apexification procedure; Outcomes (O)—clinical and radiograph-
ical successful outcome. The research question was: “Which intervention between and
within the two that is regenerative and apexification, has a more successful outcome in the
young permanent non-vital tooth?”

The electronic search strategy is described in Table 1. A comprehensive electronic
search for relevant articles was performed in the PubMed, CENTRAL, EMBASE and
ProQuest databases using the search keywords and combining the keywords using “AND”
and “OR”. For all these databases, Boolean operators (OR, AND) were used to combine
and narrow down searches that included appropriate MeSH terms, keywords, and other
terms following the syntax rules of each database. All references selected in the search were
saved in Mendeley Desktop software to remove the duplicates.

A manual search was performed in the following dental journals: International En-
dodontic Journal; British Dental Journal; Journal of Endodontics; Oral Surgery, Oral Medicine, Oral
Pathology, and Oral Radiology; and Endodontics. The search was supplemented by manual
searching, citation screening and scanning all reference lists of the selected paper. Addi-
tional studies that were likely suitable for inclusion were screened from the bibliographies
of potentially eligible clinical trials, case reports, case studies, and systematic reviews.
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Table 1. Search strategy.

Search Strategy

#1 immature teeth/immature tooth/immature permanent tooth/immature permanent teeth/young permanent tooth/young
permanent dentition

#2 pulp revascularization/pulp regeneration/pulp revitalization/PRF/PRP/blood clot

#3 apexification/calcific barrier/apical closure/root end closure/root apex closure/root end formation/root apex closure/apical
plug/MTA plug

#4 survival rate/dentinal thickness/pulp vitality/root completion/successful rate/periapical healing/decrease in apical
foramen width

2.2. Study Selection

The literature search was limited to articles available in English and to those published
between January 2000 and April 2022. Each article was assessed carefully and in detail.
Two independent reviewers (P.P. and L.M.) read abstracts and titles, and studies not about
the research question were excluded. The remaining relevant studies’ full texts were read
and analyzed independently. In this selection, a third reviewer (S.G.) was called to achieve
a consensus if there was a disagreement of opinions.

The selection of studies was performed with no restrictions on place or year of pub-
lication. However, a language restriction was applied, and only those articles written in
English were included. Titles and abstracts were analyzed to determine whether they
fulfilled the inclusion criteria. The inclusion and exclusion criteria are depicted in Table 2.

Table 2. Inclusion and exclusion criteria for selecting studies in the systematic review.

Inclusion Criteria Exclusion Criteria

Study design: Randomized controlled trials, clinical studies,
observational studies (Retrospective study) Case reports, comments, conference proceedings

Patients with immature necrotic permanent teeth Studies experimenting on vital teeth

Studies in which either one of the interventions or both are compared Animal studies, case reports, in vitro studies,
laboratory studies

Articles published in English language

The relevant data of the included trials were extracted in detail using an Excel spread-
sheet (Microsoft, Redmond, WA, USA) independently by two review authors (P.P., L.M.)
and recorded in spreadsheets. In case of missing or unclear information, the authors of the
included reports were contacted by email to provide clarification regarding data given or
any missing information. The data of all included studies were entered in the characteristics
of included studies tables in Review Manager (RevMan, Version 5).

2.3. Study Quality Assessment

Two review authors (P.P., L.M.) independently assessed the risk of bias in the included
studies. In case of disagreement, a third review author (S.G.) was consulted. For the
randomized control trials, the assessment was conducted following the instructions and
the approach described in the Cochrane Handbook for Systematic Reviews of Interven-
tions [15].

For each study, the following domains were considered: selection bias (random se-
quence generation and allocation concealment), performance bias (blinding of participants
and personnel), detection bias (blinding of outcome assessment), attrition bias (incomplete
outcome data addressed), and reporting bias (selective reporting).

For the non-randomized controlled trial, the risk of bias in included studies was
assessed using the ROBINS-I risk of bias tool. The bias tool considered: bias due to con-
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founding, selection of participants, classification of interventions, deviations from intended
interventions, missing data, measurement of outcomes and selection of reported results.

The overall risk for individual studies was assessed as low, moderate, serious or
critical based on the following criteria: low or moderate risk of bias if all domains were at
low risk of bias; serious risk of bias if at least one domain was at serious risk of bias but
not at critical risk of bias in any domain; critical risk of bias if one domain was at critical
risk of bias.

3. Results

3.1. Selection of Studies

The search in the selected databases allowed for the identification of 1430 articles
(Figure 1). After eliminating duplicates, the included articles were selected from a pool of
814 articles obtained from digital sources and a manual search. The full text was read for
53 articles, and 21 studies were omitted for the reasons specified in Appendix A (Table A1).
A total of 18 randomized clinical trials and 14 non-randomized clinical trials were included
in this systematic review to assess the successful outcomes in managing immature young
necrotic permanent teeth.

Figure 1. PRISMA 2020 flow diagram for systematic review that includes searches of databases.

3.2. Characteristics of Studies
3.2.1. Design

Thirty-two articles were included in this study (Table 3). Eighteen articles [16–33]
evaluated the clinical outcome of regenerative endodontic procedures (REP) and five
articles [34–38] on the apexification procedure. Only nine articles [39–47] evaluated and
compared the clinical outcome between regeneration and apexification procedure.
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3.2.2. Participants

In total, of the 18 articles [16–33] evaluating regeneration outcomes, 14 articles [16–28,33]
were randomized clinical trials, and 4 articles [29–32] were non-randomized clinical articles.
In randomized clinical trials, a total of 393 participants and 412 teeth were included. In
non-randomized clinical trials, 144 participants and 156 teeth were included.

Five articles [34–38] evaluated apexification outcomes, of which two articles [34,35]
were randomized clinical trials and three [36–38] were non-randomized clinical trials. In
RCT, a total of 68 participants and 68 teeth were included. In NRCT, a total of 198 partici-
pants and 200 teeth were included. One NRCT article was a multicentric study.

Nine articles [39–47] compared the outcome between regeneration and apexification
procedure, of which two articles [39,40] were RCTs, and seven articles [41–47] were NRCTs.
In the RCTs, a total of 133 participants and 133 teeth were included. In the NRCTs, a total
of 439 participants and 446 teeth were included.

3.2.3. Intervention

Of the total eighteen RCTs, four studies [16–28,33] evaluated the revascularization
procedure outcomes, two studies [34,35] were on the apexification and two studies [39,40]
compared revascularization versus apexification.

Among fourteen NRCTs, four studies [29–32] investigated clinical outcome of the
revascularization procedure, three studies [36,38] were on apexification and seven stud-
ies [41–47] compared regeneration versus apexification

3.3. Analysis of Quality of the Studies

The risk of bias in included studies is summarized in Figure 2 for RCTs and Figure 3
for NRCTs.

In regeneration RCTs, two studies [18,24] were assessed to be at low risk, whereas
twelve studies [16,17,19–23,25–28,33] were at moderate risk of bias. In apexification RCTs,
two studies [34,35] were assessed to be at moderate risk of bias. In regeneration versus
apexification RCTs, two studies [39,40] were assessed to be at moderate risk of bias.

In most of the randomized clinical trials, there was unclear or no information about
allocation concealment, blinding of participants and blinding of outcome evaluation in a
few studies. The factors mentioned above resulted in a moderate overall risk assessment in
the studies cited above. In most non-randomized control trials, there was unclear or no
information on sample selection, exact treatment protocol and deviations from planned
interventions in a few studies. The variables mentioned above resulted in a moderate to
serious overall risk assessment.

Figure 2. Quality assessment of included RCT studies summary: review authors’ judgements about
each risk of bias item for each included study.
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Figure 3. Quality assessment of included NRCT studies summary: review authors’ judgements about
each risk of bias item for each included study.

In regeneration NRCTs, one study [32] was assessed to be at low risk of bias whereas
three studies [29–31] were at moderate risk. In apexification NRCTs, one study [37] was
assessed to be at moderate risk of bias and two studies [36,38] were assessed to be at serious
risk. In regeneration versus apexification NRCTs, one study [47] was assessed to be a low
risk of bias, five studies [42–46] were assessed to be a moderate risk, and one study [41]
was at serious risk.

3.4. Synthesis of Results

The meta-analysis (Review Manager, RevMan version 5.3, Copenhagen: Nordic
Cochrane Centre, The Cochrane collaboration) was performed with quantitative outcome
data extracted from the six included randomised controlled trials in REP, which compared
the effectiveness of APCs in comparison to BC for treatment of young, immature, necrotic,
permanent teeth. However, it was not possible in case of the NRCTs, as the data from the
included studies showed heterogeneity (Table 4).
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Forest plots were plotted individually in a random effect model for dentinal wall
thickness (DWT), increase in root length (RL), apical closure (AC), vitality response (VR)
and success rate (SR). Meta-analysis was also performed to compare REP and Apexification
procedure. The meta-analysis was made from six included trials. Forest plots were plotted
for survival rate (SR), success rate (SR), increase in root length (RL) and decrease in foramen
width (FW).

3.4.1. DWT in REP with APC Compared to BC in Young Immature Permanent Teeth

Four studies [19,22,23,26] compared the DWT in REP between APC and BC. Data
were pooled to assess the dentinal wall thickness (Figure 4). The overall risk ratio is
1.07, at 95% CI [0.77, 1.49] of achieving adequate dentinal wall thickness was found to be
insignificant among these two group (p = 0.68). The heterogenicity between the study was
moderate, at I2 = 38%.

 

Figure 4. Meta-analysis of dentin wall thickness (DWT) in regenerative endodontic procedure (REP)
using APC or BC.

3.4.2. Increased Root Length in REP with APC Compared to BC in Young Immature
Permanent Teeth

Four studies [19,22,23,26] compared the effectiveness of APC to BC and assessed the
increase in root length (Figure 5). The overall risk ratio was 1.00 with the 95% CI [0.71, 1.39]
of achieving excellent/good root length found not to be significant among the two groups
p = 0.95. The heterogenicity between the study was low, at I2 = 38%.

3.4.3. Apical Closure Formation in REP with APC Compared to BC in Young Immature
Permanent Teeth

Six studies [16,17,19,23,26,28] compared the apical closure of APCs to BC. Both the
procedures showed no significant difference between the groups with a RR of 0.97 and
95% CI [0.84, 1.13], p = 0.19; this suggested a similar rate of apical closure at the end of
follow-up (Figure 6). The heterogenicity between the study was low, at I2 = 30%.
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Figure 5. Meta-analysis of increased root length (IRL) in regenerative endodontic procedure (REP)
using APC or BC.

 

Figure 6. Meta-analysis of apical foramen width (AFW) in regenerative endodontic procedure (REP)
using APC or BC.

3.4.4. Vitality Response in REP with APC Compared to BC in Young Immature
Permanent Teeth

Three studies [16,17,23] compared the effectiveness of APC and BC. Both procedures
had significant difference with RR 0.48, at 95% CI [0.28, 0.84], p = 0.01 (Figure 7). These
findings suggests that positive vitality response at the end of follow-up was higher in the
APC group. The heterogenicity between the studies was low at I2 = 16%.
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Figure 7. Meta-analysis of vitality response (VR) in regenerative endodontic procedure (REP) using
APC or BC.

3.4.5. Success Rate of REP with APC Compared to BC in Young Immature Permanent Teeth

Four studies [16–18,23] were pooled to assess the success rate. The overall risk ratio
was 1.00 with a 95% CI [0.92, 1.08] and p = 0.96 (Figure 8). The success rate between both
groups was found not to be statistically significantly different.

 

Figure 8. Meta-analysis of success rate in regenerative endodontic procedure (REP) using APC or BC.

3.4.6. Survival Assessment in Young Immature Permanent Teeth Undergone either REP or
Apexification Procedure in Young Immature Permanent Teeth

Five studies [39,41,42,45,46] were pooled to assess the survival rate. The procedures
showed no significant difference with RR 1.01, at 95% CI [0.97, 1.06], p = 0.55 (Figure 9).
These values suggest that both interventions led to a statistically similar rate of survival at
the end of follow-up. The heterogeneity between the studies was low, at I2 = 0%.

However, a subgroup analysis observation was that apexification with MTA and REP
exhibited a similar survival rate at RR 0.99, with 95% CI [0.93, 1.05], p = 0.76, I2 = 0%. In
the same forest plot it was observed that the Ca(OH)2 apexification procedure had a low
success rate compared to the MTA apexification procedure.

The funnel plot suggests low publication bias, with all studies placed within the
inverted funnel (Figure 10).
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Figure 9. Meta-analysis of survival rate of young immature permanent teeth that underwent regener-
ative endodontic procedure (REP) or apexification procedure.

Figure 10. Funnel plot showing publication bias of studies on survival rate of young immature
permanent teeth that underwent regenerative endodontic procedure (REP) or apexification procedure.

3.4.7. Comparison of Success Rate in Young Immature Permanent Teeth Treated with REP
or Apexification Procedure

Seven studies [39,41,42,44–47] were pooled to assess the success rate between two
interventions. However both the procedures showed no significant difference with RR of
0.95, at 95% CI [0.87, 1.04], p = 0.27; suggesting similar success rates at the end of follow-up.
The heterogeneity between the studies was low, at I2 = 33% (Figure 11).
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Figure 11. Meta-analysis of success rate in young immature permanent teeth undergoing regenerative
endodontic procedure (REP) or apexification procedure.

The funnel plot suggests low publication bias, with all studies placed within the
inverted funnel (Figure 12).

Figure 12. Funnel plot showing publication bias of studies on success rate in young immature
permanent teeth undergoing regenerative endodontic procedure (REP) or apexification procedure.

3.4.8. Comparison of Increase in Root Length in Young Immature Permanent Teeth Treated
with REP or Apexification Procedure

Three studies [39,40,44] were pooled to assess and compare the increase in root length.
The increase in root length was significantly greater in the regenerative procedure compared
to apexification, with a mean difference MD 1.98, 95% CI [-0.36, 4.32], p < 0.00001 (Figure 13).
However, the heterogeneity between the studies was high, at I2 = 98%, questioning the
reliability of the finding.

3.4.9. Comparison of Decrease in Apical Foramen Width in Young Immature Permanent
Teeth Treated with REP Or AEP

Three studies [39,40,44] were pooled to assess and compare the decrease in apical
foramen width. The decrease in apical foramen width was significantly greater in the REP
compared to the apexification procedure with a mean difference (MD) of 0.65 at 95% CI
[−0.83, 2.14], p < 0.00001 (Figure 14). However, the heterogeneity between the studies was
high, at I2 = 98%, questioning the reliability of the finding.

217



J. Clin. Med. 2022, 11, 3909

 

Figure 13. Meta-analysis of increase in root length (IRL) in young immature teeth treated with
regenerative endodontic procedure (REP) or apexification procedure.

Figure 14. Meta-analysis of apical foramen width (AFW) in young immature teeth treated with
regenerative endodontic procedure (REP) or apexification procedure.

4. Discussion

This systematic review was intended to analyze the various parameters that affect
the survival of the immature necrotic tooth in the oral cavity after regeneration (REP) or
apexification (AEP). The body of evidence for each comparison and outcome was assessed
by considering the overall risk of bias in the included studies. The directness of the evidence,
the inconsistency of the results, the precision of the estimates and the risk of publication
bias were considered.

REP is based on tissue engineering, where a scaffold consisting of stem cells and
essential growth factors support the proliferation and differentiation of stem cells [51]. An
ideal natural scaffold should have a suitable porosity for cell seeding, potency to transport
the nutrients, oxygen and waste, proper physical and mechanical strength, minimal inflam-
matory response and a similar biodegradable ability compared with the tissue regeneration
process [52]. Blood clots (BC) and autologous platelet concentrates (APCs) are routinely
used as scaffolds in REP [51]. BC is the process of forming a natural clot where the blood
changes from a liquid to a gel. It has several advantages over alternative scaffolds, such as
no allergic reaction, reduced cost and visiting time, convenience and comfort for patients.
The clotting process involves many blood cells and clotting factors [51].

APCs are blood-derived products with an above-baseline concentration of platelets
and an increased number of platelet-derived growth factors [53]. The principle of APC
formation is the collection of the most active constituents of a small blood sample, which
are plasma, platelets, fibrin, and leukocytes in most cases [54]. APCs are a cost-effective
and useful in regenerative endodontics due to their high concentration of growth factors
that induce migration, proliferation, and differentiation of stem cells, their dense fibrin
matrix that serves as a stable scaffold and their bacteriostatic properties [55].

Platelet-rich plasma (PRP) is a gel with a high concentration of autologous platelets
suspended in a small amount of plasma after centrifugation of the patient’s blood. The
platelets in PRP play an essential role in treating the healing of damaged tissue due to the
release of various growth factors such as PDGF, VEGF, IGF-1, FGF and EGF. The granules
in platelets contain cytokines, chemokines and many other proteins that help stimulate
proliferation and cellular maturation [56]. The platelet rich fibrin (PRF) is achieved with a
simplified preparation, with no biochemical manipulation of blood. This technique does
not require anticoagulants [57].
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The teeth included for RET intervention were those that were affected by either
trauma [58], secondary caries [59] or developmental anomalies [58]. Factors that can affect
the outcome of RET are irrigation protocol, final rinsing of canal and intracanal medica-
ments (ICM). Six out of twelve studies [16–18,20,22] of the included clinical trials followed
standardized irrigation protocol given by the American Association of Endodontists (AAE)
and the European Society of Endodontics (ESE) [60]. The other six studies [16,17,19,21,23,24]
did not follow the irrigation protocol religiously. The ideal concentration of NaOCl is 1.25%,
but if a higher concentration is used, it reduces the viability of stem cells and their odon-
togenic/osteogenic differentiation [61]. EDTA reduces the deleterious effect of sodium
hypochlorite and improves cell survival and differentiation [61]. It also liberates the growth
factors present in dentin that positively affect stem cell adhesion, migration and differentia-
tion [62]. Studies in which EDTA was not used as final irrigant also affected the outcome.
The most preferred ICM used in RET is a triple antibiotic paste containing minocycline,
ciprofloxacin and metronidazole, followed by calcium hydroxide paste [63]. AAE recom-
mends 0.1 mg of TAP, but at high concentrations, it has a cytotoxic effect on stem cells
and reduces mineralization [64] and when minocycline is included, it can cause significant
tooth discoloration [65]. Overall, it can be concluded that RET is a successful intervention
for the management of immature necrotic permanent teeth with high to moderate certainty.

The meta-analysis conducted in this systematic review concluded that APCs signifi-
cantly improved apical closure and response to vitality pulp tests. In contrast, no significant
difference between APC and BC was observed in root lengthening, dentin wall thickness
or the success rate of immature, necrotic teeth treated with regenerative endodontics. This
finding agrees with the outcome of other studies by Panda et al. [66]. The possible reasons
could be due to intentional induction of bleeding from the periapical region and the for-
mation of a blood clot into the root canal in the revascularization procedure of immature
necrotic teeth acts as a scaffold supporting angiogenesis, providing a pathway for the migra-
tion of stem cells from the periapical area, and inducing pulp regeneration and maturation
of the root [67]. Some vital pulp tissue and Hertwig’s Epithelial Root Sheath may remain in
teeth with open apices and necrotic pulps. When the canal is sufficiently disinfected, the
inflammatory process reverses, and these tissues may proliferate [68]. The second factor
is the apex diameter. A tooth with an open apex allows the migration of mesenchymal
stem cells into the root canal space, allowing the host cell homing to form new tissue in
the root canal space. An apical opening of 1.1 mm in diameter or more is beneficial, with
natural regenerative endodontic treatment occurring in approximately 18–34% of teeth
with immature roots [68]. The third factor is the patient age. It is directly related to the
stage of root formation and apical diameter; it is likely a modifying factor in regenerative
endodontic procedures [69]. RET was capable of regenerating the pulp–dentine complex
to restore the vitality of tissue damaged in the canal space and increase thee thickness of
the canal walls to strengthen the fragile immature permanent teeth [70,71]. The possible
reasons that APC performed better than BC in these two parameters could be difficulties in
sensible evaluating because of the layered coronal seal over the BC scaffold [72].

Among APC, PRF had better outcomes in terms of AC and VPR. Possible reasons
could be that PRF is collection of a dense and stable fibrin network [73] that allows a slower
release of growth factors compared to PRP; PRP releases significantly more growth factors
when compared to PRF during the first 15–60 min after clot formation. In a short time, high
concentrations of bioactive molecules released by PRP could be responsible for the apparent
beneficial effects over PRF. From these observations, it could be concluded that there is
a trend of PRP showing better results than PRF in regenerative endodontic procedures.
However, more clinical studies with large sample sizes are required to confirm or deny
this trend over a long follow-up period [74]. The outcome of teeth in Apexification studies
evaluated the outcome in terms of calcific barrier [30,32,34], periapical healing [30,34], and
success rate [29,30,34]. The material used for apexification is Ca(OH)2 and MTA in both
RCTs and NRCTs. The traditional method for the treatment of young, permanent, non-
vital teeth is apexification. Traditionally, the approach has been to use calcium hydroxide
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(Ca(OH)2) to induce apexification after disinfection of the root canals in a conventional
manner [75]. Ca(OH)2 is readily available, easy to use, relatively inexpensive and widely
used in clinical procedures [10]. The disadvantages of traditional, long-term Ca(OH)2
therapy include variability in treatment time, the unpredictability of formation of an apical
seal, difficulty in following up with patients and delayed treatment [76].

The traditional use of Ca(OH)2 to achieve apexification is being gradually replaced
by mineral trioxide aggregate (MTA) as a one-step technique [51,52]. The advantages
of using an apical plug include the requirement for fewer appointments to complete the
treatment, more predictable apical barrier formation and reduced need for patient follow-up
appointments [77].

The results showed that both materials had similar clinical success rates, radiographic
success rates and apical barrier formation rates; there was no significant difference between
these two groups. To obtain complete closure of the root apex, Ca(OH)2 based apexification
procedure requires long-term application of the dressing material (from 3 to 24 months).
However, MTA was associated with a significantly shorter time to achieve apical barrier
formation than the calcium hydroxide [74]. The clinical protocol for apexification may
involve one or multiple monthly appointments to place calcium hydroxide inside the root
canal and eliminate the intracanal infection, which stimulates calcification and produces
the apical closure [78]. A systematic review [79] evaluated the outcomes of the apexification
method using Ca(OH)2 or MTA in young, immature permanent teeth. The authors found
that the MTA barrier is a better procedure compared to Ca(OH)2 apexification, because it
does not require many appointments and the conformation of the barrier does not require
an external factor to develop, as it does with Ca(OH)2 apexification and pulp regeneration.
These findings are in agreement with the present systematic review.

Calcium hydroxide can induce underlying tissues to produce large amounts of miner-
alized matrices. In the matrix attached to calcium, calcified foci induce calcification of the
newly formed collagenous matrix. The high pH of calcium hydroxide also plays a vital role
in inducing hard tissue formation [80].

The MTA can be placed as an apical plug with previous applications intracanal with
Ca(OH)2 to produce the disinfection of the same [53,81], or even the MTA can be used as a
material for canal filling. MTA is not bonded to dentin, but the interaction of calcium and
hydroxyl ions components with a phosphate-containing synthetic body fluid results in the
formation of apatite-like interfacial deposits [82].

This systematic review included studies that compared regeneration procedures and
apexification procedures. Both the interventions are aimed at saving immature necrotic
teeth. However regeneration is best attempted when the root formation is less than two-
thirds [6] according Cvek’s classification.

The studies included compared both the interventions, involving the teeth with the
apex open more than 1 mm. In this scenario, both regeneration and apexification have a
similar outcomes. Overall, both interventions are comparable and successful.

The clinical outcome of teeth in RET versus APT studies was evaluated in terms of
increase in root length [39,40], apical foramen width [40,41,45,46], periapical healing [39,45],
survival rate [39,41,45,46] and successful rate [39,41,45–47]. The scaffold to initiate regener-
ation was BC, and apexification was calcium hydroxide or MTA.

Meta-analysis showed that the regeneration procedure resulted in significant improve-
ment in root length and apical foramen width, but there was no significant difference
concerning ‘overall outcomes’ (clinical and radiographic) and survival rate outcomes
between revascularization and apexification.

Revascularization generates a new pulp-like tissue inside the root canal to restore
the tooth physiology and significantly reduce the risk of tooth loss [10,12,70,71,83]. This
could be the reason for revascularization to yield significantly better results in terms of root
maturation than apexification, and to be slightly more effective in providing an increasing
lateral dentinal wall thickness and promoting the continuation of dentin thickness and
root width with a reduction of periapical radiolucency. However, further investigation is
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required into whether this increase in DWT is truly from dentin deposition or cementum-
like and bone-like structures [84]. Another systematic review [85], evaluated the clinical,
radiographic and functional retention outcomes in immature necrotic permanent teeth
treated either with pulp revascularization or apexification after a minimum of three months
to determine which one provides the best results. The authors found that although pulp
revascularization procedures may increase root length and width, some attempts should
be made to use standard methods to quantify the ‘real gain’ in root development because
some X-ray distortions may overestimate its increase. Moreover, it was concluded that
there is still a need to establish proper concentrations for root canal disinfectants that might
enhance the survival of SCAP, but also reduce the microbial load and risk of reinfection.
Based on their meta-analysis, the results do not favor one treatment modality over the
other.

According to AAE [60], irrigation with 1.5% NaOCl followed by 17% EDTA and
intracanal medicaments with either TAP in concentrations of 0.1–1 mg/mL or Ca(OH)2
with 1 mg/mL provide a higher survival of stems cells of the apical papilla (SCAP) that
may play an essential role in root maturation. However, the treatment protocols adopted in
the included studies comparing apexification with RET [53,56,58] did not use this proposed
concentration. This could be the reason why reinfection occurred more in RET compared to
apexification.

Only one study evaluated the reinfection post intervention and concluded that it was
seen more in RET than in apexification. The possible reasons could be the use of higher
concentrations of irrigating solutions that may be harming the SCAP, precluding a potential
benefit of root maturation in both the interventions. Some failures were observed due to
reinfection of the canal, perhaps due to residual bacteria in the root canal as effectively
observed in histological analyses [86]. There is still a need for further investigation on this
topic because most of the failures observed in these studies were due to persistent infection
or reinfection.

In another systematic review [59] evaluating the clinical and radiographic outcomes
for nonvital immature permanent teeth treated using RET, the authors found excellent
success rates regarding tooth survival and periapical pathology resolution following RET.
However, the results for more favorable outcomes, such as continued root growth, were
uncertain. This study is also in agreement with our systematic review results.

Discoloration to the tooth was seen more in RET than in apexification [39]. Only one
study [39] analyzed crown discoloration in the regeneration procedure. This study reported
that 2 out of 19 teeth (10.5%) treated with BC revascularization presented crown staining.
The possible reason could be the use of intracanal medication TAP containing minocycline.

Only one study [39] analyzed the root fracture in the apexification procedure. In this
study, dens evaginatus (DE) premolar was analyzed, and Ca(OH)2 was used to create the
calcific barrier at the apex. Of 21 patients, 2 had cervical fractures, and one had an apical
fracture. The possible reason for this outcome could be the fact that DE frequently occurs on
the lingual side of the buccal cusp, which is part of the functional cusp, and thus fractures
easily when the occlusal force is exercised. In the same study [39], pulp canal obliteration
was observed in RET. The possible reason could be internal replacement resorption during
the hard tissue regeneration inside the root canal [87]. A longer follow-up period would be
required to observe the results and whether this influences the dental treatment. However,
this is the only study with a moderate risk of bias. Hence, the inference of this study should
be analyzed with caution.

Out of 32 studies included in this review, 17 studies were randomized control trials;
3 had a low risk of bias, and 14 had a moderate risk of bias. Most of the studies failed to
ensure concealment of allocation and blinding of the outcome assessment. In addition,
due to the nature of the treatment, most studies found it impossible to ensure blinding of
the patient and personnel because the patients receiving platelet concentrates knew which
groups they were assigned since they were submitted to blood draw. In non-randomized
control trials, there was uncertainty in defining the proper selection of participants in
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most studies, along with the classification of interventions and deviations from intended
interventions in a few studies. Therefore, these reasons led to moderate to serious overall
risk assessment.

5. Conclusions

Clinicians should consider employing the REP in cases when the root development is
severely deficient, with insufficient dentine, and where the tooth’s prognosis is hopeless
even with an apexification procedure. With moderate to high certainty, APCs used in
the REP procedure significantly improved apical closure and response to vitality pulp
tests. However, overall both APCs and BC showed similar successful outcomes in the
regeneration procedure. In the apexification procedure with moderate certainty, it can be
concluded that both MTA and Ca(OH)2 are equally effective in forming the calcific barrier.
With moderate certainty, it can be concluded that both regeneration and apexification
procedures are equally comparable interventions and result with similar overall outcomes.
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Appendix A

The list of 21 articles [88–108] excluded from the review, with reasons for exclusion, is
shown in Table A1.

Table A1. List of excluded studies after reading the full text.

Study Reason for Exclusion

Alhaddad Alhamoui et al., 2014 [88] In vitro study

Alkaisi et al., 2013 [89] Animal study

El Arshy et al., 2016 [90] Animal study

El-Tayeb et al., 2019 [91] Animal study

Huang et al., 2013 [92] Animal study

Peng et al., 2017 [93] Chinese language

Jamshidi et al., 2018 [94] In vitro study

Moradi et al., 2016 [95] Animal study

Ok et al., 2015 [96] In vitro study

Pagliarin et al., 2016 [97] Animal study

Rafaei et al., 2020 [98] In vitro study

Ritter AL et al., 2004 [99] Animal study

Sogukpinar et al., 2020 [100] In vitro study

Thibodeau et al., 2007 [101] In vitro study

Valera et al., 2015 [102] Animal study
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Table A1. Cont.

Study Reason for Exclusion

Yang et al., 2018 [103] Animal study

Yoo et al., 2014 [104] Animal study

Zhang et al., 2014 [105] Animal study

Zuong et al., 2010 [106] Animal study

Beslot-Neveu et al., 2011 [107] Study protocol

Bukhari et al., 2016 [108] Case series
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