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Abstract

Objective: This study used finite element analysis (FEA) to assess the von Mises stresses of a
mandibular first premolar after removing a separated instrument with an ultrasonic technique.
Methods: FEA models of the original and treated mandibular first premolar were reconstructed,
and three models (the original canal, size 30/taper 0.04 canal, and separated instrument removal
canal) were created. Two-direction (vertical and lateral) loading patterns were simulated with a
175-N force. The maximum von Mises stresses of the models within the roots from the apex to
the cervical region were collected and summarized.

Results: Under vertical and lateral loads, all maximal values in the three models were localized in
the straight-line access region. Compared with the original model (model 1), the treated models
(models 2 and 3) had greater maximum stress values from the apex to the cervical region.
Greater differences in the maximum von Mises stresses between models 2 and 3 were present
in the straight-line access region.

Conclusions: Separated instrument removal caused changes in stress distribution and increases
in stress concentration in the straight-line access region of roots.
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Introduction

Instrument fracture inside the root canal is a
serious problem during endodontic treat-
ment." Broken endodontic instruments may
block access to the apical constriction, there-
by hindering the efficacy of root canal shap-
ing and cleaning, and impacting root canal
therapy outcomes.” Separated instrument
fragments may originate from stainless steel
(SS), nickel-titanium (NiT1), and carbon steel
instruments.>* The known fracture rate of
NiTi instruments is 0.4% to 10%, while
that of SS instruments is 0.25% to 7.4%.%"

Orthograde and surgical approaches are
commonly used to manage separated instru-
ments. An orthograde approach is per-
formed to remove separated instruments,
bypass separated instruments, or clean,
shape, and fill around fragments.> Notably,
the first choice is retrieval from the root
canal.® However, there are no standardized
management approaches to ensure success-
ful fragment removal.” Ruddle et al.'® intro-
duced a technique for fragment removal that
involves the use of modified Gates-Glidden
burs, ultrasonic devices, and a dental oper-
ating microscope.

Removal of bulk dentin during endodon-
tic treatment is known to weaken the
mechanical strength of teeth.'' However,
structural dentin changes that affect stress
distribution on the tooth root are unknown.
Stress distributions are generally utilized to
predict tooth fracture because a concentra-
tion of stress indicates a region of potential
fracture.'? Finite element analysis (FEA) is
a powerful method that can be combined
with numerical simulation to develop a

quantitative numerical model for evaluating
stress distributions and magnitudes in
teeth.'>!* A cone-beam computed tomogra-
phy (CBCT) image of the tooth provides
three-dimensional (3D) anatomic structural
information for an FEA model. Then, an
FEA approach creates a digital model of
the tooth, model loads, and boundary con-
ditions in a virtual environment. Thus far,
studies have primarily used FEA combined
with mathematical tooth modeling algo-
rithms to describe stress distributions in
endodontically treated teeth (ETT),'>'¢
but there have been no evaluations of
stress distributions in the root after
completely removing separated instruments
from the root canal with an FEA approach.
Therefore, in this study, an FEA
approach was used to evaluate the maxi-
mum von Mises stresses from the apex to
the cervical region of a mandibular first pre-
molar after removing a separated instru-
ment by using an ultrasonic technique
under a dental operating microscope.

Methods

A mandibular permanent first premolar,
extracted because of severe periodontal bone
resorption, was collected in accordance with
the following criteria: (1) it had completely
formed roots; (2) it had no carious cavities,
root resorption, root canal treatment, or res-
toration; and (3) it had no root fracture or
crack in the surface of the root, when
observed under a dental operating microscope
(Opmi  Pico, Carl Zeiss, Oberkochen,
Germany). The treatment plan and reasons
for collection of the tooth were explained to



Ni et al.

1557

the patient, and appropriate informed consent
was obtained. The Institutional Review Board
of Tianjin Hospital, Tianjin, China approved
this study (Approval No. 2018029).

Fractured NiTi endodontic instrument
model generation

After preparing the access cavity and remov-
ing pulp debris, a preoperative radiograph of
the mandibular first premolar was recorded
using a CBCT system (J. Morita Mfg. Corp.,
Kyoto, Japan) operated at 80 kVp and S mA,
with a scanning time of 9.4 s and slice thick-
ness of 0.125 mm. Image acquisition was
performed by an experienced oral radiologist,
in accordance with the manufacturer’s
instructions (Figure 1a). Root canal prepara-
tion was performed using Mtwo® files
(VDW, Munich, Germany) with a crown-
down technique. To create a separated NiTi
fragment within the root canal, a #25/0.06
taper Mtwo® file was used; this file was
notched to a depth of half of the instrument
thickness at a 4-mm distance. The separated
instrument model was generated by control-
ling the speed and torque of rotation.

Fractured NiTi endodontic instrument
removal procedure

The following sequence of steps was used to
remove the separated instrument. First, a

(a) (b)

CBCT image was taken to confirm the loca-
tion of the fractured instrument fragment.
In Figure 1b, the fragment is located 4 mm
from the apical foramen. In this study, frac-
tured instrument removal was performed by
one endodontic specialist. Modified Gates-
Glidden burs were used to prepare a staging
platform at the level of the fragment, thus
allowing the separated instrument and sur-
rounding dentin to be observed under a
dental operating microscope. The ultrason-
ic device was then set to medium power
(29 kHz) to avoid fracturing the ultrasonic
tip. An ET25 ultrasonic tip (Satelec,
Bordeaux, France) was applied in a coun-
terclockwise direction. Ultrasound vibra-
tions were transmitted to the fragment,
which caused loosening and dislodging,
such that the fragment could eventually be
removed. Finally, a CBCT image (treated
image) was taken to confirm fragment
retrieval (Figure Ic).

3D FEA models generation

The FEA model was the basis for the model
analysis (Figure 2a). First, images (original
and treated images) of each layer were
imported into Mimics software (Mimics,
V17.0, Materialise, Belgium) and edited to
create closed contours based on the gray-
scale levels of enamel, dentin, and pulp.
These contours in different layers were

(c)

Figure |. Cone-beam computed tomography images. (a) Preoperative radiograph of the mandibular first
premolar; (b) Radiograph of a fractured NiTi endodontic instrument in the root canal; and (c) Postoperative

radiograph of the mandibular first premolar
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Figure 2. Three-dimensional finite element analyses models. (a) Finite element model of the mandibular
premolar. (b) Model of sagittal plane. Three simulated root canals are shown: (c) the original canal (model I);
(d) the size 30, taper 0.04 canal (model 2); and (e) the separated instrument removal canal (model 3)

used to reconstruct 3D surface models of
the original and treated mandibular first
premolars. The 3D surface models (original
and treated models) were then imported into
the Geomagic Studio software (Geomagic
Studio, V12.0, Raindrop Geomagic, Rock
Hill, SC, USA) to obtain the NonUniform
Rational B-Splines of the models. The orig-
inal model (model 1) was designated as the
control, and model 2 was created from
model 1 after simulating root canal prepa-
ration (size 30, taper 0.04). The treated
model was reconstructed as the control,
and model 3 was created after simulating
root canal preparation (size 30, taper 0.04)
(Figure 2). Supporting structures (length:
25 mm, width: 20 mm, and height: 30
mm), including periodontal ligament
(PDL) (thickness, 0.2 mm), cortical bone
(thickness, 2 mm), and cancellous bone,
were modeled around the tooth root, as
shown in Figure 2b. Finally, all models
were meshed by Hypermesh software
(Hypermesh, V13.0, Altair, Troy, MI,
USA). The eclement sizes of the three
models and supporting structures were 0.5
mm and 1.0 mm, respectively. All surface
contacts were assumed to represent

Table I. Numbers of nodes and elements of
dentin for each model

Number Number of

of nodes elements
Model | 3620 15076
Model 2 4376 18543
Model 3 4188 17522

complete bonding without relative move-
ment. The numbers of nodes and elements
for the dentin in each model are shown in
Table 1.

Boundary conditions and model loads

The mesial (M) and distal (D) surfaces of
the alveolar bone were constrained in six
degrees of freedom. Two-direction (vertical
and lateral) loading patterns were simulated
with a 175-N force and applied to two
I-mm? areas.'”'® The lateral load was
applied to the lingual plane of the cusp at
a 45° angle to the longitudinal axis of the
mandibular premolar. Each part of the
whole model was imported into the Abaqus
software (Abaqus, V6.14, Dassault Simulia,
Johnston, RI, USA) to perform static
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linear analysis. Different simulated material
properties (Young’s modulus (E) and
Poisson’s ratio values) were generated,
based on data from the literature
(Table 2).'>'7' Cross-sections of root
canal were created from the apex at inter-
vals of 1.0 mm. To visualize the stress dis-
tributions and magnitudes in the models,
the data were transformed into color
graphics. The maximum von Mises stresses
within the roots of the models, from the

apexes to the cervical regions, were
Table 2. Simulated material properties

Young’s

modulus  Poisson’s
Material (GPa) ratio Reference
Enamel 84.1 033 1519
Dentin 18.6 0.31 17.19
Periodontal 0.0689  0.45 s

ligament

Cortical bone  13.7 030 v
Trabecular bone .37 0.30 5
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collected and summarized. The root was
divided into three regions as follows:
straight-line access region (9—15 mm from
the apex), separated instrument region
(5-8 mm from the apex), and apical region
(1-4 mm from the apex).

Results

Bidirectional (vertical and lateral) occlusal
loads were applied to the three models; the
resulting stress distributions differed among
the models. Figures 3a—c and Figures 4a—c
show the 3D stress distributions from
the apex to the crown. Figures 3d-f and
Figures 4d—f show the stress distributions
in the axial plane in the straight-line
access regions (9-15 mm from the apex).
The maximum von Mises stresses under a
vertical load, from the apexes to the cervical
regions, are shown in Table 3; those under a
lateral load are shown in Table 4.

Under a vertical load, the maximal values
of models 1, 2, and 3 were 10.475 MPa

12 mm 13 mm 14 mm 15 mm

Lingual surface

Lingual surface

Lingual surface

Figure 3. Finite element analyses of the original and treated models under vertical loading. (a—c) Three-
dimensional stress distributions in models |, 2, and 3, respectively. (d—f) Stress distributions in the axial plane
in the straight-line access regions (9—15 mm from the apex) of models I, 2, and 3, respectively
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Figure 4. Finite element analyses of the original and treated models under lateral loading. (a—c) Three-
dimensional stress distributions of models 1, 2, and 3, respectively. (d—f) Stress distributions in the axial plane
in the straight-line access regions (9—15 mm from the apex) of models |, 2, and 3, respectively

(in the 13-mm region), 10.949 MPa (in the
15-mm region), and 11.346 MPa (in the
I5-mm region), respectively. The maximal
values in the three models were all in the
lingual surface of the straight-line access
region. Model 2 (size 30, taper 0.04 canal)
and model 3 (separated instrument removal
canal) had greater maximum stress values
than did model 1 (original canal) from the
apex to the cervical region. Model 3 had
greater stress values than model 2, except
in the 1-mm and 4-6-mm regions. In model
3, the difference was more distinct, particu-
larly in the 10-mm region; the stress value
was 1.101 MPa greater in model 3 than in
model 2 (Table 3).

Under a lateral load, the maximal values
of models 1, 2, and 3 were 22.378 MPa,
24.147 MPa, and 24.842 MPa, respectively.
Additionally, the maximal values of the
models were all in the buccal surface of
the 12-mm region. Moreover, the maximal
values of all three models were observed in
the straight-line access region. The differen-
ces between model 1 and each of the other

models were similar to those of the vertical
load in these models. Model 3 had greater
stress values than model 2, except in the
I-mm region. In model 3, the difference
was more distinct, particularly in the
I1-mm region; the stress value was
1.045 MPa greater in model 3 than in
model 2 (Table 4).

Discussion

Successful removal of a separated instru-
ment from a root canal system is a challeng-
ing and time-consuming procedure. Among
the devices and techniques that are avail-
able for the removal of a separated instru-
ment, ultrasonic devices and the dental
operating microscope have become increas-
ingly important.® In a study of 24 patients,
Ward et al.*® reported a success rate of
66.6% for removing a separated instrument
with an ultrasonic technique. Shahabinejad
et al.’ achieved an 80% success rate in
removing fragments with an ultrasonic
technique. In the clinical setting, a staging
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Table 3. Maximum von Mises stresses within roots under vertical load (MPa)

Model 2 Model 3

Model | Size 30 taper Separated instrument
Orriginal canal 0.04 canal removal canal

I mm 4.488 5.957 5.923

2 mm 4.984 4.971 4.983

3 mm 6.093 6.295 6.796

4 mm 7.345 7.809 7.697

5 mm 8.065 8.467 8.265

6 mm 8.050 8276 8.174

7 mm 7.998 8.107 8.343

8 mm 7.936 7.990 8473

9 mm 8.171 8.250 8.399

10 mm 8.806 8.988 9.351

Il mm 9.510 9.525 9.899

12 mm 9.923 10.230 10.488

13 mm 10.475 10.701 10.945

14 mm 10.141 10.688 10.830

15 mm 10.230 10.949 11.346

Table 4. Maximum von Mises stresses within roots under lateral load (MPa)

Model 2 Model 3

Model | Size 30 taper Separated instrument
Original canal 0.04 canal removal canal

I mm 6.411 6.899 6.793

2 mm 10.722 11.266 11.566

3 mm 12.581 12.775 12919

4 mm 13.102 13.308 13.803

5 mm 13.668 13.759 13.939

6 mm 15.462 15.996 16.374

7 mm 16910 17.284 17.791

8 mm 18.857 19.002 19.015

9 mm 19.897 20.400 20.470

10 mm 21.264 21.937 22.508

Il mm 21.907 22.153 23.198

12 mm 22.378 24.147 24.842

13 mm 20.044 20.873 21.428

14 mm 22.063 22211 22.955

15 mm 22.278 24.113 24313

platform prepared by using a modified
Gates-Glidden bur should remain centered
to ensure optimal visualization of the frac-
tured file and minimize the risk of root per-
foration. Fine ultrasonic tips of different

sizes and lengths are now manufactured
for use in patients with different character-
istics, in order to increase the success rate of
separated instrument removal. Ideally, the
fractured instrument should be successfully
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removed from the root canal while incur-
ring minimal damage to surround-
ing tissues.

However, after retrieval of a fragment
from the root canal, the affected tooth
exhibits a risk of root fracture because
enlargement of the root canal is unavoid-
able during this procedure. Notably, ETT
are more likely to experience vertical root
fractures.”’ The prognosis of tooth root
fracture is poor; eventually, the tooth may
be lost and require extraction.”” Chen
et al.?? demonstrated that removal of bulk
dentin from the root canal changed stress
distribution in the root. Tang et al.”* also
reported that multiple factors, including
root anatomy, canal shape, and dentin
thickness, can affect stress distribution in
the root during occlusal loading. Stress dis-
tribution within the root is an important
indicator related to the prognosis of
ETT.'? Excessive force can lead to crack
formation within the root canal in areas
that experience concentrated stress.”*
These results are consistent with the conclu-
sions of the present study: under both ver-
tical and lateral loads, the treated models
(models 2 and 3) had greater maximum
stress values from the apex to the cervical
region, compared with the original model
(model 1).

Good access and visualization are
known to play important roles in ensuring
the successful and safe retrieval of frag-
ments.”® Thus, clinicians must remove
dentin to create straight-line access to the
fragment. In the present study, under verti-
cal and lateral loads, all maximal values in
models 2 and 3 were located in the straight-
line access regions. Additionally, the great-
est differences between models 2 and 3
appeared in the straight-line access regions
(the 10-mm and 11-mm regions), which sug-
gests that excessive removal of the dentin
structure to create straight-line access
increases stress values, thereby increasing
the risk of crack formation. Ultrasonic

devices and the dental operating micro-
scope play important roles in ensuring the
success of fragment removal and minimiz-
ing the unnecessary removal of bulk dentin
during treatment. A dental operating
microscope permits direct visualization to
locate fragments and allows the clinician
to remain centered within the root canals.®

With the development of digital imaging
techniques, more efficient methods have
been used to obtain anatomical models. In
CBCT imaging, serial sagittal, coronal, and
axial views allow excellent visualization of
root canal anatomy with a low dosage of
radiation. Thus, CBCT is recommended as
a useful tool in endodontics for the evalua-
tion of separated instruments; this
approach supports treatment planning and
outcomes. >

An FEA is one of the most successful
approaches to evaluate stress distributions
in complex teeth and resolve treatment
challenges.”” The accuracy of the FEA
method depends on the availability of com-
plete comprehensive models, which include
the whole-tooth structure and supporting
structures, in order to evaluate tooth
strength and root fracture risk. However,
some limitations must be considered in
these particular FEA studies; these include
the particular tooth morphology, tooth
structure, supporting structures, magnitude
of loads, direction of loads, and material
properties that were used in the present
study, which may not be applicable to
other studies that use different parameters.
Because a single condition or a few condi-
tions were evaluated for each of these
parameters, the results from this study
cannot be completely applied to other
teeth or other loading conditions.
Additional models of other teeth under dif-
ferent loading conditions should be studied
to evaluate stress distributions in the root
after removal of a separated instrument.

In conclusion, the treated models (size 30,
taper 0.04 canal; and separated instrument
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removal canal) showed greater maximum
stress values than the original model (origi-
nal canal), from the apexes to the cervical
regions. Greater differences in the maximum
von Mises stresses between models 2 and 3
were localized in the straight-line access
regions under vertical and lateral loads.
Separated instrument removal caused
changes in stress distribution and increases
in stress concentration in the straight-line
access region of roots.
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