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Abstract: This study aimed to determine the incidence of dentinal microcracks after instrumenting the
root canals of maxillary premolars using two novel rotary instrumentation systems. Micro-computed
tomography (microCT) scans and images generated by sectioning and observation with a stereomi-
croscope were used to assess the specimens. Twenty-two freshly extracted maxillary premolars were
collected and the specimens were divided into two groups of eleven. The tested radicular shaping
systems were XP-Endo shaper and TRUShape (i.e., single file). The specimens were scanned with
microCT pre- and post-instrumentation, and the newly formed microcracks were detected. The
post-instrumentation scans were also compared with images obtained by sectioning method and
stereomicroscope inspection, comparing the incidence of microcracks in either microCT scans or
images. The results identified an overall incidence of 0.49% of newly formed microcracks, with no
statistically significant differences (p = 0.689) between the shaping systems (0.11% for TRUShape and
0.87% for XP-Endo shaper). There were statistically significant differences (p < 0.001) between the
microcracks incidence in microCT scans and the sectioning method (16.6% more for the latter). In
conclusion, the results show that neither TRUShape nor XP-Endo shaper created dentinal microc-
racks during root canal instrumentation. The sectioning method with stereomicroscope evaluation
overestimates the presence of microcracks with a statistically significant difference compared to
microCT scans.

Keywords: endodontic treatment; root canal treatment; vertical root fracture; dentinal microcrack;
titanium nickelide; root canal preparation; X-ray microtomography

1. Introduction

The American Association of Endodontics (AAE) defines a vertical root fracture
(VRF) as a complete or incomplete fracture initiated from the root at any level, usually
directed buccolingually [1]. This complication presents an unfavorable prognosis which
leads, in most cases, to tooth extraction; thus, preventive measures are vital [1]. Dentinal
preservation is of utmost importance during root canal treatment (RCT). This includes
minimizing the removal of interradicular dentin and reducing internal wedging forces
during root canal instrumentation and obturation procedures [2–4]. These procedures
can produce dentinal microcracks, the precursor to VRFs. Cracks can behave as stress
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concentrator points, leading to plastic deformation at the crack tip when subjected to
high strain levels, leading to crack propagation as it releases strain energy. It can leap
catastrophically into complete fracture without a solution other than tooth extraction [5,6].

Numerous studies have examined the occurrence of dentinal microcracks because
of root canal instrumentation procedures [7–14]. However, there is no consensus among
the studies, with some reporting that root canal instrumentation procedures can produce
dentinal microcracks [7–9,14], while others report that RCT does not result in the cre-
ation or propagation of dentinal defects and that any observed defects were pre-existing
cracks [10–13]. Nevertheless, those studies had diverse study designs that utilized different
examination models and different instrumentation systems with distinct motions. Inter-
estingly, De Deus et al. [10] performed a study on cadavers concluding that the observed
dentinal microcracks were pre-existing as the result of the extraction procedure or the con-
ditions in which the teeth were stored, terming them as experimental dentinal microcracks.

Recently, a new generation of root canal instrumentation systems has been introduced,
advocating “3D instrumentation” or “anatomical cleaning and shaping.” The file may
transition between the martensite and austenite phases using heat treatment, conforming
to the root canal [15], increasing their super-elasticity and shape memory under clinical
situations and reducing excessive dentine removal, extrusion of debris, and microcracks
formation [15–17]. Two of the most popular instrumentation systems of the new-generation
are TRUShape® (TS; Dentsply Tulsa Dental Specialties, Tulsa, OK, USA) [18] and XP-
Endo® Shaper (XP; FKG Dentaire, La Chaux-de-Fonds, Switzerland) [19]. To the authors’
knowledge, few studies examined the occurrence of dentinal microcracks after using one
of these systems [20–22], but none directly compared the two systems (TS and XP).

Several ex vivo methods have been used to assess the occurrence of dentinal micro-
cracks post-instrumentation, Micro-computed tomography (MicroCT), sectioning, and
subsequent evaluation under a stereomicroscope, scanning electron microscope (SEM)
or light-emitting diode (LED) transillumination [23–25]. However, MicroCT is currently
considered the gold standard in evaluating the occurrence of dentinal microcracks [26,27].
Most importantly, MicroCT offers a non-destructive volumetric quantitative and qualitative
imaging method to assess the presence or absence of dentinal microcracks accurately. At
the same time, it allows for the observation of opaque objects such as dentine and cemen-
tum and the correct mapping of the cracks [28,29]. Moreover, it offers the possibility of
assessing the tooth pre- and post-instrumentation, enabling the differentiation between
pre-existing and newly formed microcracks. Nevertheless, despite the current evidence,
many published studies still utilize the destructive way of sectioning and examining under
Stereomicroscope, SEM, or LED [8,9,14,24,25,30].

The main aim of this ex vivo study was to evaluate and compare the occurrence of
newly formed dentinal microcracks in extracted maxillary premolars after instrumentation
with two novel systems (TS and XP) using MicroCT scans. Secondly, observe the rate of
detectable newly formed dentinal microcracks by sectioning the root at 2, 4, and 6 mm from
the apex and examination under stereomicroscope compared to their respective counterpart
of cross-sectional image stacks from the MicroCT scans after instrumentation.

2. Materials and Methods
2.1. Sample Selection and Root Canal Preparation

This study was conducted under the Declaration of Helsinki [31]. The sample in
this study was based on a previous study [32], in which maxillary premolars extracted
for reasons unrelated to this study were collected from the Universitat Internacional de
Catalunya, University Dental Clinic, with an institutional Ethical Committee approval (REC-
ELM-2017-01). A sample size calculation statistic was conducted, utilizing the formula of 8
times the standard divided by the expected minimum difference, in which 0.015 was the
standard deviation and 0.02 was the expected minimum average difference, which resulted
in each group containing 11 maxillary premolars, with mature root formation and two
separate canals. All the selected canals were consistent as they had a curvature ranging from
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10◦ to 20◦, as classified by Schneider [33]. As explained in a previous publication [32], a 0.1%
Thymol solution was used to preserve the samples kept at 4 ◦C. Subsequently, to guarantee
the standardization of all the included teeth to 20 mm length, a diamond bur multi-use 852
(Jota AG, Rüthi, Switzerland) was employed to excise the occlusal surface. Consequently,
the following sequence was used for each sample: access cavity was performed with the
help of Start-X ultrasonic tips (DENTSPLY International, Tulsa, OK, USA) with a Suprasson®

P5 (Acteon, NJ, USA) for the refinement of the cavity that was previously performed by 2G
and 4G burs (Jota AG, Rüthi, Switzerland). A #10 K Flexofile was used to achieve patency
of all root canals (DENTSPLY Maillefer, Ballaigues, Switzerland) and confirmed visually
once the file end passes the apical foramen. Subsequently, 19.5 mm was established as the
working length, which is 0.5 mm shorter than the apical foramen. All these procedures
were performed under magnification using a G6 Class A Microscope (global Surgical
Corporation, St. Louis, MO, USA). Additionally, a 0.5% chloramine solution was used to
disinfect the specimens. Then, they were rinsed with distilled water and stored in a 4 ◦C
0.1% Thymol solution, wrapped individually in a paraffin film (Sigma-Aldrich, Neenah,
WI, USA).

2.2. MicroCT Scanning

All the specimens were scanned before and after the root canal preparation using a
MicroCT scanner (Skyscan1275; Bruker micro-CT, Kontich, Belgium) at 142 µA, 70 kV, and
180◦ rotations with a 0.5◦ rotation step using a 1 mm aluminum filter, resulting in mean scan
duration of 10 min. To standardize the specimens, they were stabilized in a plastic cylinder
with their access cavities facing upwards. NRecon GPU-Accelerated 3D reconstruction was
used to reconstruct the images using a filtered back-projection algorithm and a graphics
card processor (GPU) (Bruker micro-CT, Kontich, Belgium), applying a beam hardening
correction of 25% and a ring artifact correction of 4, and limiting the range of images from
the root apex till the cementoenamel junction coronally, resulting in around 1200 cross
sections per specimen.

2.3. Root Canal Preparation

Two experimental groups were created, in which they obtained 11 premolars contain-
ing two canals which were randomly distributed, resulting in 22 root canals per group.
The same operator performed all the procedures. The XSmart electric endodontic mo-
tor was used for all the instrumentation procedures (DENTSPLY Maillefer, Ballaigues,
Switzerland). A Precision Water Bath GP2 was used to keep all the specimens inside at
37 ◦C (Thermo Fisher Scientific, MA, USA) for 30 min prior to the instrumentation of
the canals. Both groups used warm irrigants using the system CanalPro Syringe Warmer
(Coltène/Whaledent, Langenau, Germany). During the root canal preparation, irrigation
was added with 2.5% sodium hypochlorite (NaOCl) with ProRinse Endo irrigation needles
(Dentsply Maillefer, USA), which were kept at 2 to 3 mm from the apical foramen.

In Group 1, the specimens were instrumented with XP-endo® shaper (FKG, La Chaux-
de- Fonds, Switzerland), according to the manufacturer’s instructions. Glidepath was
created with a #15 k file (DENTSPLY Maillefer, Ballaigues, Switzerland), and the root canal
was instrumented with a new single file per tooth. The file went to the working length
until the preparation of size #30 with a 0.04 taper was achieved. In Group 2, the specimens
were instrumented with TRUshape® (DENTSPLY-Tulsa Dental Specialties, Tulsa, OK, USA),
according to the manufacturer’s instructions. For this, a new set of files was used per
tooth as follows: the sequence started with the Orifice Modifier (length of 17 mm with a
tip/taper 20/0.08), then three files sequence of 20/0.06, 25/0.06, and 30/0.06 were used
until full working length. Between each preparation step of the root canal, the instrument
was cleaned with an Isopropyl Alcohol 70% impregnated gauze. When the instrumentation
was completed, a final rinse with 5 mL 17% EDTA followed by 5 mL of NaOCl 2.5% was
performed. Then, absorbent paper points (DENTSPLY Maillefer, Ballaigues, Switzerland)
were used to dry the root canals. Ultimately, the specimens were placed again in the same
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plastic cylinder used previously, which was positioned in the holder for the postoperative
MicroCT scan utilizing the same parameters used for the pre-operatory scan.

2.4. Sectioning and Microscope Analysis

Sectioning of teeth was performed using a precision Diamond Section machine
(Buehler, Waukegan Road Lake Bluff, IL, USA) with a diamond blade with a radius of
17.9 mm and a thickness of 1.3 mm, at a speed of 350–400 RPM, resulting in a clean and
consistent cut in all samples. Each sample was programmed to be sliced at 0.7 mm, 2 mm,
and 4.7 mm from the anatomical apex, with the visible section being created at precisely
2 mm, 4 mm, and 6 mm. Each specimen was washed and polished to remove any remaining
material. This technique was repeated for the remaining 22 premolars.

After each section, the specimens were positioned in a customized holder made of
paraffin wax. Allowing the tooth to be maintained in position while permitting some
degree of movement to align the root in the correct orientation, in which the root apex
had to be perpendicular to the lens of the microscope so that the images were taken
correctly. Proper magnification and lightning were chosen, and the images were taken with
a SteREO Discovery.V8 microscope (Zeiss, Oberkochen, Germany). Subsequently, images
were adjusted in terms of brightness, contrast, and illumination using the ZEN software
(Zeiss, Oberkochen, Germany). This process was repeated for all 22 premolars at three
different lengths (2 mm, 4 mm, and 6 mm), resulting in 66 microscopic images.

2.5. Evaluation of the Microcracks

The evaluation of the microcracks consisted of two parts: the first part was performed
by evaluating the MicroCT scans before and after instrumentation and comparing the
two instrumentation systems, while the second part was conducted by comparing images
obtained by the microscope at 2, 4 and 6 mm and the corresponding MicroCT scans after
instrumentation. Two independent calibrated evaluators analyzed both the scans and the
images, and in case of disagreement, a third independent evaluator was consulted. Firstly,
using DataViewer software version 1.5.6.2 (Bruker microCT, Kontich, Belgium) to view
the scans, 54.122 cross-sectional images obtained from MicroCT scans before and after
instrumentation were evaluated. Furthermore, to detect the difference in the rate of newly
formed microcracks according to the detection method, two keynote presentations (macOS,
Apple Inc., Cupertino, CA, USA) were made and sent to each evaluator independently.
In the first presentation, each slide contained one image obtained using the microscope
(n = 66), as well as the second presentation, where each slide contained a counterpart of
cross-sectional image stacks from the MicroCT scans after.

Moreover, screening of the presentations was performed under optimal viewing
conditions in a darkened room using a 13-inch MacBook Pro (macOS, Apple Inc., Cupertino,
CA, USA) with a retina display and a native resolution of 3072 × 1920 at 226 pixels per inch.
Microcrack development was binomially classified by both evaluation methods as “absent”
or “present.” The slice or microscopic image was characterized as “absent” if there were no
microcracks or fractures on both the exterior surface of the root and the interior root canal
wall, and was characterized as “present” if any microcracks, or fractures in the root dentine
were identified. A microcrack was defined as a break or disruption in the tooth structure
that did not result in the separation of pieces [34].

2.6. Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics software (version 21.0;
IBM Corp, Armonk, NY, USA). Descriptive statistics were performed to determine the
incidence of newly formed dentinal microcracks in the prepared samples. Pearson’s
chi-squared was used to assess and compare the results obtained by the two different
instrumentation systems, along with the difference between MicroCT scans and images
under the microscope. Alpha was set at 0.05. Thus, p < 0.05 significance level was selected
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for all the statistical tests. Inter- and intra-examiner agreements were calculated using the
Cohen kappa coefficient.

3. Results

After examining 54,122 cross sectional images obtained by the MicroCT scans, pre-
existing microcracks were present in 8.5% of the total scans, while newly formed dentinal
microcracks were observed in 0.49% of the cross-sectional images after instrumentation
(Table 1). In the groups instrumented by TS (27,061 cross sectional images), newly formed
dentinal microcracks were observed in 0.11% of the cross-sectional images after instrumen-
tation (Figure 1), whereas in the groups instrumented by XP (27,061 cross-sectional images),
newly formed dentinal microcracks were observed in 0.87% of the cross-sectional images
after instrumentation (Figure 2). No statistically significant difference between the two
instrumentation groups (p = 0.689) as indicated in Table 1.

Table 1. Frequency of microcrack formation with TRUshape and XP-Endo Shaper.

Group
MicroCT

Scans
Examined (n)

Pre-Existing Dentinal
Microcracks

Newly Formed Dentinal
Microcracks

(After Instrumentation)

Scans (n) Percentage
(%) Scans (n) Percentage

(%)

TRUshape 27,061 1709 6.3 30 0.11

XP-Endo
shaper 27,061 2911 10.7 235 0.87

Total 54,122 4620 8.5 265 0.49
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Figure 1. Three-dimensional representation of the Micro-computed tomography (MicroCT) scan of
the maxillary premolar instrumented using XP-endo shaper. (a) Lateral view of the 3D model of the
maxillary premolar. (b) Coronal view of the 3D model of the maxillary premolar. (c) Cross section of
radicular canals before instrumentation. (d) Cross section of the canals after instrumentation with the
arrow pointing at the newly formed microcrack.
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Figure 2. Three-dimensional representation of the Micro-computed tomography (MicroCT) scan
of the maxillary premolar instrumented using TruShape. (a) Lateral view of the 3D model of the
maxillary premolar. (b) Coronal view of the 3D model of the maxillary premolar. (c) Cross section of
the canals before instrumentation. (d) Cross section of radicular canals after instrumentation with the
arrow pointing at the newly formed microcrack.

Additionally, the comparison between the two detection methods showed that the
sectioning method and examination under a stereomicroscope led to a higher detection
rate of newly formed dentinal microcracks. Among the 66 images obtained by the stere-
omicroscope, newly formed dentinal microcracks that were not present in their respective
cross-sectional images from the MicroCT scans after instrumentation were observed in
16.6% of the microscopic images, as shown in Figure 3. This resulted in a statistically
significant difference between the two detection methods (p < 0.0001), as summarized in
Table 2. In the instrumentation groups, 15.1% of the images obtained by the TF group
showed microcracks that were not detectable in their corresponding MicroCT images, while
18.1% of the images in the XP group displayed microcracks (Table 2). Assessing the Cohen’s
Kappa results, an inter-rater agreement value of 0.9 was obtained when evaluating the
presence or absence of newly formed microcracks in MicroCT scans, and a value of 0.5
when evaluating the presence of cracks comparing the two detection methods.

Table 2. Frequency of dentinal microcracks only detected after sectioning and examination under
stereomicroscope.

Group
Images Obtained with
Stereomicroscope after

Sectioning (n)

Dentinal Microcracks Detected Only under
Stereomicroscope and Not in Their

Counterpart MicroCT Scans

Images (n) Percentage (%)

TRUshape 33 5 15.1

XP-Endo shaper 33 6 18.1

Total 66 11 16.6
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Figure 3. Comparison between the two detection methods. (a) Dentinal microcrack observed in the
Stereomicroscope image. (b) The counterpart Micro-computed tomography (MicroCT) scan, in which
the dentinal microcrack is not detectable.

4. Discussion

This ex vivo study aimed to evaluate the formation of newly formed dentinal microc-
racks after instrumentation with two different innovative systems, XP-Endo® Shaper and
TruShape® systems, in maxillary premolars. Until this date, no study has been conducted
to compare the creation of new dentinal microcracks between both systems. Of the 54,122
MicroCT scans examined, newly formed dentinal microcracks were detected in only 0.49%.
These results are consistent with previous findings, as similarly low percentages of newly
formed dentinal microcracks were reported in [35–37]. Moreover, these studies reported a
comparable pattern observed in our study. There is an increased percentage of pre-existing
microcracks in extracted human teeth [35–37], which could be explained by the extraction
method. De Deus et al. [10] found that the dentinal microcracks detected were caused by
the extraction techniques or the post-extraction storage conditions, rather than the instru-
mentation procedures. Additionally, Arashiro et al. [38] examined the effect the extraction
method had on dental microcrack formation by comparing atraumatic with traumatic
extraction. While no statistically significant difference was found, atraumatic extraction re-
sulted in fewer dentinal microcrack formations, indicating the importance of the extraction
techniques and supporting the argument that it should be considered an essential factor in
future studies, as microcracks were observed in 8.5% of the pre-instrumentation scans.

Furthermore, in this ex vivo study, two methods for evaluating the presence of dentinal
microcracks were used, MicroCT scanning and sectioning followed by examination under a
SEM. The sectioning method reported a statistically significant increase in the incidence of
dentinal microcracks compared to MicroCT scanning. These findings are partly congruent
with the only study comparing various evaluation methods [39], which reported no sta-
tistically significant differences between the two methods, despite the sectioning method
detecting a larger percentage of dentinal microcracks. Based on a review of the current liter-
ature, it appears that evaluation with the sectioning method may overestimate and increase
the incidence of observed dentinal microcracks. This might be because these cracks may be
created during the tooth sectioning process or because, in the studies that use this technique,
only post-instrumentation assessment can be performed. Therefore, it is unknown if the
microcrack was pre-existing or newly formed by the instrumentation procedure.
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In studies where MicroCT was used, a tooth scan is usually performed before the in-
strumentation, diminishing possible errors in identifying pre-existing defects [12,23,27,35].
Another possible explanation is that in certain clinical scenarios, the direction of dentinal
tubules changes, which may be mistaken for fissure lines when observed visually with a stere-
omicroscope. Hunter–Schreger bands, which are artifacts produced by mineral component
deposition and demineralization spots, creating visual defects that can be misinterpreted as
fissure lines [40], have been reported in the literature. This also explains why our evaluators’
Cohen kappa values decreased when comparing the two detection methods, as recognizing
the presence of cracks can sometimes be challenging. Hence, the sectioning method should
not be used in future studies as a means of detecting newly formed dentinal microcracks and
should be replaced with the more accurate and non-invasive MicroCT scanning.

One limitation of the current study is that although the thickness of the blade was
considered when the tooth was sectioned, the images do not correspond precisely to the
same point of the MicroCT cross-sections due to the angulation of the cut and the aggressive
nature of the sectioning method, which can cause damage the tooth structure and produce
rough inaccurate sections. Thus, this may not be the most reliable method to detect newly
formed microcracks. Another possible limitation is that methylene blue was not used on
the sectioned teeth to help identify possible microcracks. Although some studies suggest
that 2% methylene blue can aid in detecting defects in apical microsurgery after root
resection [41], other studies, such as Ghorbanzadeh et al. [42], have concluded that 2%
methylene blue alone is significantly less efficient in diagnosing dentinal cracks formed in
the apical third after root resection compared to other methods.

5. Conclusions

Within the limitations of the study, both XP-Endo shaper and TRUShape produced
fewer than 1% new dentinal microcracks in all the MicroCT scans examined. Additionally,
when comparing the two evaluation methods, significantly more dentinal microcracks
were detected using the sectioning method compared to the MicroCT scans, indicating the
aggressive nature of this method and the tendency to overestimate the actual presence of
dentinal microcracks.
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