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KEYWORDS Abstract Background/purpose: Apical root resection pattern affects the stress distribution
Apical stress; behavior in the apical region of the resected tooth. The purpose of the study was to compare
Apicoectomy; the biomechanical responses of resected teeth between endodontic microsurgery (horizontal
Finite element resection) and targeted endodontic microsurgery (round resection).

analysis; Materials and methods: Five different models were developed. The basic model without resec-
Round resection; tion (NR) was regarded as the control model, and the others involved: horizontal resection
Targeted endodontic without bone grafting (HN), horizontal resection with bone grafting (HG), round resection

microsurgery without bone grafting (RN), and round resection with bone grafting (RG) models. A static load

of 100 N was applied to the buccal and palatal cusps of all the teeth in a 30° oblique direction.
The maximum von-Mises stress and tooth displacement values were analyzed and compared.
Results: Both the HN and RN models exhibited lower stress distribution values on bone
compared with the NR (control) model. Regarding maximum stress distribution at the root
apex, the stress value of the RN model was slightly higher compared to the HN model, whereas
the RG model displayed a slightly lower stress value in comparison with the HG model. For
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maximum tooth displacement value, there were no significant differences between the HN and
RN models, as well as the HG and RG models.

Conclusion: The round resection pattern had comparable stress distribution behaviors at the
root apex and tooth displacement values with the horizontal resection pattern. Targeted end-
odontic microsurgery might provide better biomechanical response of the resected tooth after

root-end resection.

© 2023 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).

Introduction

Apical root resection is a biologically important procedure in
endodontic microsurgery where an infected or damaged
portion of the apical 3 mm of the root is surgically removed. '+
It is typically indicated when the tooth condition is beyond
conventional endodontic salvageability>™> or sometimes,
there is a periapical lesion or cyst present that is essential to
be removed surgically and to diagnose histologically.®

A root-end surgical procedure involves the exposure of
the apical region of the infected tooth through an osteot-
omy and removing the apical portion of the tooth perpen-
dicular to the root axis.” This surgical protocol has some
difficulties in locating the precise entry point on the bone
surface during the osteotomy, and the entire procedure
relies on mental navigation based on a cone-beam
computed tomography (CBCT) image. Therefore, using
such a surgical approach has some drawbacks, such as a
significant amount of bone loss due to the large osteotomy
size and unintentional damage to important vital struc-
tures.” Moreover, it can cause apical or coronal deviations
during root-end resection, which can consequently lead to
suboptimal results and complications.

Precision is crucial in the performance of root-end sur-
gery. With diverse applications of digital workflows in
dentistry, targeted endodontic microsurgery is currently
trending for its minimal invasiveness and promising
results.®~'* A 3-dimensional (3D)-printed surgical stent di-
rects the trephine bur during the osteotomy and root-end
recession in targeted endodontic microsurgery. Implant
planning software and the CBCT image are utilized for
digital planning, where the custom implant features are
used to determine the dimensions of the stent tube.’>'®
Recently, digital models of custom trephine burs have
been incorporated into the existing implant software."’

There are some concerns about apical root resection.
The pattern of apical root resection has a big impact on the
stress distribution behavior in the apical region of the
resected tooth. Previous studies reported that it is prefer-
able to perform perpendicular cutting to the long axis of
the tooth with consideration of biological and biomechan-
ical outcomes.'®"® However, using a trephine bur as a part
of targeted endodontic microsurgery leaves a round
resection pattern at the apex of the tooth, despite being
digitally planned in a perpendicular direction to the long
axis of the tooth. According to a photoelastometric study
conducted by Sauveur et al.,”° a resection pattern that
leaves a peculiar angle in the apical area was related to the

838

density of fringes focused on the lingual edge of the apical
portion of the tooth, reflecting mechanical stresses.
Therefore, the pattern of the remaining root apex after
root-end resection is critical in evaluating how this resec-
tion pattern influences the biomechanical outcomes of the
resected teeth prior to surgical treatment.

Finite element analysis (FEA) has been commonly
employed in the field of dentistry as a non-invasive and
powerful tool to analyze the biomechanical responses of
complex intraoral structures.?' 24 FEA method is basically
the discretization of a complex structure into smaller, more
manageable elements, which are then mathematically
modeled using equations and numerical methods. By solving
these equations, it can predict the response of the struc-
ture to a certain force or load, contributing information
about stress distribution, strain patterns, and potential
areas of weakness in the structure. Such comprehensive
information about stress and strain is difficult to achieve
through alternative experimental or analytical means due
to the intricate and delicate nature of intraoral structures
as well as the complex interactions of various forces and
loads within this confined environment.

The purpose of this FEA study was to compare the
biomechanical responses of the resected tooth between
endodontic microsurgery (horizontal resection) and tar-
geted endodontic microsurgery (round resection).

Materials and methods
Basic 3D geometric model development

The CBCT data of a female patient aged 52 was used for this
FEA study with informed consent, and the study was
approved by the institutional review board (CRI12016). A 3D
geometric model of the maxillary bone segment, including
the teeth from the first premolar to the second molar, was
developed based on the patient’s CBCT data using Mimics
software (Version 19.0; Materialise NV, Leuven, Belgium).
The maxillary second premolar was the tooth requiring a
root-end surgery, and the maxillary first molar was the
implant. The geometry of this external hex implant (Osstem
Implant, Seoul, Korea) was obtained from the manufac-
turer. The alveolar bone crest was 1 mm below the
cementoenamel junction of the teeth. The periodontal
ligament was simulated with a thickness of 200 pm.?> This
basic model without resection (NR) was regarded as the
control model (Fig. 1A).
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Figure 1  Views of the five different models: (A) NR model (no resection, control); (B) HN model (horizontal resection without
bone grafting); (C) HG model (horizontal resection with bone grafting); (D) RN model (round resection without bone grafting); and
(E) RG model (round resection with bone grafting).

Table 1  Description of the models.

Model Resection pattern Description

NR No resection (control) Basic model

HN Horizontal resection without bone grafting 5 mm osteotomy, 3 mm apical resection, 3 mm MTA® retro
filling, no bone grafting

HG Horizontal resection with bone grafting 5 mm osteotomy, 3 mm apical resection, 3 mm MTA retro
filling, bone grafting

RN Round resection without bone grafting 4.5 mm osteotomy, 3 mm apical resection, 3 mm MTA retro
filling, no bone grafting

RG Round resection with bone grafting 4.5 mm osteotomy, 3 mm apical resection, 3 mm MTA retro

filling, bone grafting

& MTA: mineral trioxide aggregate.

Table 3  Material Properties.

Material Elastic modulus (GPa®) Poisson’s ratio
Cancellous bone  1.37 0.30
Table 2 Number of nodes and elements. Enamel 41 0.30
Model Nodes Elements Dentin 18.6 0.31
NR® 156,112 812,546 PUI% 0.00207 0.45
b PDL 0.05 0.49
HN 164,940 842,188 Gutta-percha  0.00069 0.45
Lie o727 Sl Com ozite resin 1i 0.33
RN¢ 161,119 843,626 MTACp 22.4 0'25
- . .
RG 161,812 849,212 Bio-Oss 15 0.30
2 NR: no resection. Titanium 102 0.30
b HN: horizontal resection without bone grafting. Gold 100 0.30
€ HG: horizontal resection with bone grafting. : -
9 RN: round resection without bone grafting. . GPa: gigapascal.
€ RG: round resection with bone grafting. PDL: periodontal ligament.

€ MTA: mineral trioxide aggregate.
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Generation of 3D finite element models

Another four different models were developed following the
type of resection on the biomechanical response of the
resected tooth, with the simulation of endodontic microsur-
gery and targeted endodontic microsurgery (Fig. 1B—E). The
detailed descriptions of the models are shown in Table 1. Root
canal treatments, gutta-percha obturations, and resin core
restorations were simulated based on the NR model.

For the simulation with endodontic microsurgery (hori-
zontal resection), a 5 mm diameter osteotomy and 3 mm
root-end resection, which was perpendicular to the long
axis of the tooth, were performed. A horizontal resection
pattern was conducted at the apical 3 mm of the root to
reproduce conventional cutting with a bur. Afterward, a
3 mm retro filling with MTA was virtually conducted in the
surgically treated model. With this horizontal resection,
two different models were developed: one was “the hori-
zontal resection without bone grafting” (HN) (Fig. 1B) and
the other was “the horizontal resection with bone grafting”
(HG) (Fig. 1C).

Osteotomies and root-end resections using a 4.5 mm
diameter trephine bur were meant to be performed
perpendicular to the long axis of the tooth for the simula-
tion with targeted endodontic microsurgery (round resec-
tion). A round resection pattern was conducted at the
apical 3 mm of the root to reflect guided surgery with a
trephine bur. Subsequently, a 3 mm root-end filling with
MTA was virtually conducted in the surgically treated
model. With this round resection, two different models
were created: one was “the round resection without bone
grafting” (RN) (Fig. 1D), and the other one was “the round
resection with bone grafting” (RG) (Fig. 1E).

Meshing and material properties

Tetrahedral meshes of all the components in each model
were generated for FEA using the Visual-Mesh program
(Version 16.5, ESI Group, Paris, France). Configurations of
the models, including the number of nodes and elements,
are shown in Table 2. The material properties of all the
components used in this FEA study were based on previous

Figure 2

Loading and boundary conditions: (A) Mesial view, direction of the applied force; (B) occlusal view, force acting points

distributed on the triangular ridges of the buccal and palatal cusps of the teeth; (C) boundary constraints at the cutting surface of

the maxillary bone.
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studies???%2¢3" are summarized in Table 3, and were

assumed to be homogenous, isotropic, and linearly elastic.
Moreover, all components within the models were assumed
to be perfectly attached or connected to each other,
without any separation or relative movement allowed be-
tween the components.

Boundary constraints and loading condition

As boundary conditions, all the nodes of the cutting surface
of the maxillary bone were restricted in all directions. The
masticatory forces that are generated during the process of
chewing and grinding food are not purely vertical and occur
at certain angulations. In accordance with a human clinical
experimental study, the typical force exerted during the
chewing motion ranges from 20 to 120 N.3%33 Therefore, in
this study, a static load of 100 N was applied to the trian-
gular ridges of the buccal and palatal cusps of all teeth in a
30° oblique direction to stimulate masticatory forces
(Fig. 2A and B). The analysis was processed using the Visual-
Crash software (Version 16.5, ESI Group). The maximum
von-Mises stress and tooth displacement values were
analyzed and compared for each component of all the
models.

Results

Table 4 shows the maximum von-Mises stress values of
different components of each model.

Stress distribution on the bone

The maximum von-Mises stress on the bone was higher for
the RN model compared to the HN model. However, in
comparison with the NR (control) model, both the HN and
RN models exhibited lower stress distribution values on the
bone. Using bone grafting, the maximum von-Mises stress
on the bone decreased to 77% in the RG model, whereas
there was no obvious alteration in the HG model (Fig. 3A).

Table 4 Maximum von-Mises stress values (MPa®) of
different components of each model.

Model NR®  HN© HGA RN® RG'
Bone 10.9 5.2 5.1 10 7.7
Dentin 8.2 4 11.4 5.3 10.8
Enamel 10.9 12.4 15.3 11.8 13
PDL® 0.5 0.5 0.5 0.6 0.6
Gutta-percha 0.004 0.006 0.005 0.007
MTA" 2 3.2 2.6 4
Resin - 7.3 9.3 8.8 8.2
Bone graft - - 8.4 - 8.1

@ MPa: megapascal.

 NR: no resection.

€ HN: horizontal resection without bone grafting.

9 HG: horizontal resection with bone grafting.

€ RN: round resection without bone grafting.

T RG: round resection with bone grafting.

¢ PDL: periodontal ligament.
' MTA: mineral trioxide aggregate.
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Stress distribution at the root apex

Regarding maximum stress distribution at the root apex,
both the HN and RN models exhibited a lower stress dis-
tribution value compared with the control model, where
the maximum stress value of the RN model was slightly
higher compared to the HN model. However, in the com-
parison between the HG and RG models, the maximum
stress concentration at the root apex of the RG model was
slightly lower than the HG model (Figs. 3B and 4).

Displacement distribution

For the maximum tooth displacement value of the resected
tooth, there were no significant differences between the
HN and RN models, as well as the HG and RG models.
Moreover, all the HN, HG, RN, and RG models exhibited
almost the same tooth displacement value as the control

model (Fig. 5). There was a similar displacement
A
1 Maximum von-Mises stress (MPa)
12 9 109
10
10 4
7.7

8 m
6 5.2 5.1
4 4
2 m
0

NR HN HG RN RG

(control)
B
Maximum von-Mises stress (MPa)
14 -
12 114 10.8
10 4
8 m
64 353
4 33
2.1

gl
0 J

NR HN HG RN RG

(control)
Figure 3  Maximum von-Mises stress values for each different

model: (A) On the bone; (B) at the root apex.
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(MPa)
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10.5

9.0

175
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4.5

3.0

1.5

0.0

Stress distribution pattern at the root apex: (A) NR model (no resection, control); (B) HN model (horizontal resection

without bone grafting); (C) HG model (horizontal resection with bone grafting); (D) RN model (round resection without bone
grafting); and (E) RG model (round resection with bone grafting).

distribution pattern between the control and RG models,
and displacement distribution patterns for each model are
shown in Fig. 6.

Discussion

In a recent retrospective study assessing the clinical out-
comes of 24 cases, it was reported that targeted endodontic
microsurgery had a 91.7% success rate in a short-term
assessment of 1 year.>* However, long-term investigations
that reveal the prognosis of targeted endodontic microsur-
gery are still needed. To ensure long-term prognosis, it is
crucial to consider not only the biological aspects but also the

Maximum tooth displacement (mm)

0.1 -
0.08 0.08
0.08 - 007  0.07 0.07
0.06 -
0.04 -
0.02 1
O |
NR HN HG RN RG
(control)
Figure 5 Maximum tooth displacement values for the

resected tooth in each different model.
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biomechanical aspects of endodontic microsurgery. There-
fore, maximum von-Mises stress and tooth displacement
values of targeted endodontic microsurgery were analyzed
through a finite element study before the findings of long-
term follow-up studies.

This study simulated two surgical conditions: endodontic
microsurgery, which produces a horizontal resection
pattern, and targeted endodontic microsurgery, which
generates a round resection pattern. As a result, these
different surgical situations had a minor impact on the
biomechanical responses of the resected tooth.

Concerning the maximum von-Mises stress on the bone,
the horizontal resection pattern following endodontic
microsurgery exhibited a lower stress value compared with
the round resection pattern that resulted from targeted
endodontic microsurgery. The reason could be that exactly
90° of horizontal cutting perpendicular to the root axis was
simulated in endodontic microsurgery. However, in clinical
situations, it is sometimes impossible to obtain an accurate
90° angulation of the horizontal cut using a bur. On the
other hand, targeted endodontic microsurgery provides
precise perpendicular cutting with the aid of a digitally
planned surgical guide.'®3>3 Moreover, in a study
comparing a surgical simulation between endodontic
microsurgery and targeted endodontic surgery conducted
by Hawkins et al.,’® it was reported that targeted end-
odontic microsurgery provides a bevel angle more closely
approaching zero degrees. In this study, it was observed
that the maximum stress value of targeted endodontic
microsurgery was lower than the control model, indicating
an acceptable stress distribution on the bone. Moreover,
bone grafting demonstrated greater favorable stress
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Figure 6 Tooth displacement distribution pattern following the type of resection: (A) NR model (no resection, control); (B) HN
model (horizontal resection without bone grafting); (C) HG model (horizontal resection with bone grafting); (D) RN model (round
resection without bone grafting); and (E) RG model (round resection with bone grafting).

distribution on the alveolar bone, which means the stresses
exerted on the bone are more evenly dispersed and do not
concentrate excessively in any particular area. Therefore,
bone grafting is expected to contribute to the long-term
success and stability of the treated tooth.

The pattern of the remaining root apex following root-
end resection influences the biomechanical response of the
resected tooth.?’ Therefore, in this study, we compared the
stress distribution behaviors at the root apex between the
horizontal and round resection patterns following two
different surgical techniques. The results of the study
showed that both patterns of resection induced lower stress
distribution at the root apex compared to the control
model. Although using a trephine bur to perform an apical
resection resulted in a round resection pattern in the apical
region of the resected tooth, the maximum stress value did
not significantly differ from that obtained with a horizontal
resection. The reason for this finding could be that both
types of resections were conducted in a perpendicular
plane. This behavior was also observed in previous studies
where cutting in a perpendicular plane to the long axis of
the tooth was related to positive biomechanical
outcomes. '#%°

Interestingly, using bone grafting, the maximum von-
Mises stresses at the root apex were significantly increased
in both patterns of resection, where round resection
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presented with a slightly more favorable outcome
compared with horizontal resection. However, no bone
resorption was suggested with both studied conditions as
the micro-strain values were within the physiologic limit.>’

Another important factor associated with the long-term
prognosis of the endodontic surgery is the occurrence of
clinical tooth mobility following apical root resection.
Perlitsh®® reported the capacity of the remaining attach-
ment apparatus to reverse existing clinical tooth mobility,
determined by the amount of remaining alveolar bone
support. Therefore, in this study, maximum tooth
displacement values were also analyzed to reproduce
clinical tooth mobility. As a result, both horizontal and
round resection patterns following respective surgical pro-
tocols exhibited similar displacement values in comparison
with the control model. The explanation for this finding
could be the remaining sufficient amount of residual sup-
porting alveolar bone in both surgical settings.

von Arx et al.’’ stated the association between the
diameter of bony defects in the periapical region and the
clinical outcomes of endodontic surgery. Furthermore, in
one prospective study regarding the clinical outcomes of
endodontic microsurgery, it was reported that a positive
clinical outcome can be expected with a residual of more
than 3 mm of buccal bone height following the osteotomy.*
The findings of this FEA study indicated the ability of the
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remaining supporting tissue in preventing future clinical
tooth mobility, supporting those previous findings.

In this FEA study, all the structures involved in the
analysis were considered to be homogenous, isotropic, and
linear. Moreover, the simulation of different structures,
including tooth morphology, periodontal conditions, and
endodontic procedures, could not exactly reflect real
clinical situations. In this study, although the analysis was
performed only with oblique occlusal loading, further
studies with horizontal or vertical loadings are necessary to
predict the biomechanical response of the resected tooth
after targeted endodontic microsurgery.

Based on the findings of this study, the round resection
pattern had comparable stress distribution behaviors at the
root apex and tooth displacement values with the hori-
zontal resection pattern. Therefore, within the limitations
of this FEA study, it can be concluded that targeted end-
odontic microsurgery might provide better biomechanical
response of the resected tooth after root-end resection.
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