E“ \ Regeneration, Reconstruction & Restoration Original Article

Openg@ Access

Stress and Strain Distribution in the Reduced Periodontium of Canine
Teeth: A Finite Element Analysis

Soran Sijavandi' | Fazele Atarbashi-Moghadam®2* (-} | Reza Amid"?

1. Dental Research Center, Research Institute of Dental Sciences, Shahid Beheshti University of Medical Sciences, Tehran, Iran.
2. Department of Periodontics, Dental School of Shahid Beheshti University of Medical Sciences, Tehran, Iran.

Article Info

Received: 9 September, 2024
Accepted: 14 October, 2024
Published: 25 December, 2024

*Corresponding Author

Fazele Atarbashi-Moghadam,
Department of Periodontics, Dental
School of Shahid Beheshti University

of Medical Sciences, Tehran, Iran.

Email: dr.fattarbashi@gmail.com

Abstract

Background and objectives: Correct application of the Finite Element Method (FEM)
can simulate tooth displacement and stress distribution in the periodontium under
external forces and offer the correct prediction and appropriate therapeutical choices.
The present study analyzed the alveolar bone's mechanical behavior under typical
intrusion or oblique forces for several levels of reduced periodontium using a dynamic
linear/nonlinear simulation.

Materials and methods: This study's modeling, meshing, simulation, and finite element
analysis were carried out using SolidWorks software (2021, SP2, Dassault Systémes).
The mandibular and maxillary canines were modeled using cone beam computed
tomography images. Teeth, lamina dura and cortical and cancellous bones were
considered linear isotropic material, whereas the periodontal membrane was considered
a hyper- elastic first-order Ogden material to account for its flexibility. Crown to root
ratio (C/R) of 0.8, 1.25, 2 and 3.5 was simulated. All simulations were dynamic
nonlinear/ linear to account for the natural displacements in the periodontium under
occlusal forces. The teeth were submitted to intrusion or oblique (15 and 45 degrees) 100
Newton to simulate typical occlusal forces.

Results: The maximum von Mises stress and maximum equivalent strain for all models
increase with bone loss. Furthermore, the rate at which these factors increase from each
bone loss step to the following increases noticeably after 6 mm of bone loss. The amount
and rate of increase in the maximum stress and stress experienced by alveolar bone are
higher for forces with higher degrees of deviation from the tooth axis. The maximum
stress and strain for the intrusion, 15-degree and 45-degree models were 137 Mpa/0.006,
268 Mpa/0.013 and 800 Mpa/0.040, respectively (All at C/R = 3.5).

Conclusion: Reduction of alveolar bone level (increased crown- to- root ratio) leads to
higher levels of stress and strain, which show a steep rise at the 6 mm of bone loss. This
observation leads our attention toward tooth-specific occlusal consideration in patients
with reduced periodontium.

Keywords: Alveolar bone loss; Finite Element Analysis; Mechanical Stress; Periodontal
ligament.
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1. Introduction

center of rotation. This phenomenon cannot be ignored
while devising a treatment plan for periodontally treated

A reduced periodontium describes the reduction of load- teeth maintenance under occlusal or orthodontic forces
bearing support of a tooth and apical displacement of its (1). The Periodontal ligament or Periodontal Membrane
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Stress and Strain in Reduced Periodontium

(PDM) is soft tissue full of blood vessels and connective
tissue cells surrounding the tooth root (2). This tissue
allows the stress from occlusal forces on the tooth to be
appropriately distributed and absorbed by the alveolar
bone (3). The stress distribution on the alveolar bone will
change if the periodontium's geometry or quality changes
(4). Any reduction in a tooth's periodontal support
worsens its periodontal prognosis, making its clinical and
radiographic evaluation necessary when deciding the
tooth's fate (5). Such evaluation doesn't allow an in- depth
assessment of stress distribution in the remaining
periodontium, a task achievable using the Finite Element
Method (FEM).

Biomechanical simulation of the periodontium requires
appropriate modeling of several anatomic bodies while
considering  their  nonhomogeneous-  anisotropic
behaviors. This task involves utilizing Cone Beam
Computed Tomography (CBCT) images for the modeling
and acquiring each material's mechanical behavior using
experiments (6). In vivo experiments mostly measure the
surface mechanical properties of biomaterial and human
tissue. Still, understanding their internal mechanical
behavior can be achieved using the FEM and visual
presentations of various parameters at each point and
surface (7). FEM is the only method that allows
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quantitative visualized stress distribution to be studied in
a 3D object (8).

The FEM analysis of stress and strain distribution in the
reduced periodontium under functional occlusal forces
can help in prognosis determination and makes
determining anatomical changes to the tooth to increase
its prognosis possible (9).

Correct application of FEM can simulate tooth movement
and stress distribution in the periodontium under external
forces and offer the correct prediction and appropriate
therapeutical choices. FEM studies for biomaterial and
human tissues usually use static linear simulations. Still, a
realistic situation involves dynamic nonlinear behaviors,
especially in the case of PDM. Using nonlinear dynamic
behavior in the PDM is the logical choice while studying
human alveolar bone's stress or strain distribution and
how it transfers the forces applied to the tooth to the
alveolar bone (7). To the best of our knowledge, the
present study is the first to evaluate different bone levels
in reduced periodontium while considering PDM's
nonlinear behavior. The present study analyzed the
alveolar bone's mechanical behavior under typical
occlusal intrusion or angeled forces for several levels of
reduced periodontium using a dynamic linear/ nonlinear
simulation.

Figure 1. The 3D model created for the mandibular canine, including tooth (a), periodontal membrane (b), lamina dura (c), and

bone (d).
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a b
C d
Figure 2. The 3D models with normal and reduced periodontium in the maxillary canine model; 0-mm bone loss (a), 3-mm bone
loss (b), 6-mm bone loss (c), and 9-mm bone loss (d).

a b c
Figure 3. Applied force direction and boundary conditions on the normal models (no bone loss); Mandibular canine under
intrusion force on the incisal edge (a), Mandibular canine under a 15-degree buccal force (b), and Maxillary canine under a 45-
degree lingual force (c).

a b

Figure 4. The meshed model for mandibular canine (a) and maxillary canine (b) with no bone loss.
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a

M15.0: Mandibular canine-
15degree buccal force

MIO: Mandibular canine -intrusion force
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Figure 5. Stress intensity distribution for each primary model (MI.0 (a), M15.0 (b), and M45.0 (c)) at the final step of the
simulation. (Tensile to compressive areas are visualized as a color spectrum from blue to red).

2. Materials and methods
2.1. Modeling

All modeling of this study was carried out using
SolidWorks software (2021, SP2, Dassault Systémes).
The mandibular and maxillary canine teeth were modeled
due to their critical functions in human occlusion, their
long roots, and their essential role in controlling lateral
movements of the jaw by guiding them in the vertical
direction (10). Furthermore, their long roots make them a
substantial abutment of choice for prosthetic treatments
(10). Both teeth's basic geometry was extracted from the
CBCT images of a healthy tooth using the method
described by Sioustis et al. (8) and the Geomagic add-in
package available for SolidWorks software (2021, SP2,
Dassault Systémes).

The surrounding bone, PDM, and alveolar bone proper
(which is radiographically seen as lamina dura) were
modeled and had 2mm of cortical bone at the crest level
and a 0.2-0.5 mm thick lamina dura surrounding the tooth
(11). The PDM's thickness varied from 0.2-0.4 mm
around the tooth (11). In Reduced Periodontium (RP)
models, the periodontium components had reduced
heights (3, 6 and 9 millimeters of horizontal bone loss),
however, were otherwise healthy to simulate a reduced
periodontium after successful periodontal treatments
meaning that even RP models had 2 mm of crest cortical
bone. Figure 1 presents the modeled tooth, PDM, lamina
dura and bone.

2.2. Applied forces and boundary conditions

The teeth were submitted to intrusion or oblique 100
Newton to simulate typical occlusal forces (12). The

model's base (10 mm away from the root apex and the
column surrounding the model were restricted from
movement to simulate the stable position of the
periodontium in the jaws (13). Three primary models
were considered based on their tooth and force
parameters; Figure 2 presents the 3D visualization of
different heights of periodontium surrounding the tooth.
Figure 3 shows the force and applied boundary
conditions.

1. Model I (MI): Mandibular canine under 100N intrusion
force at the incisal edge along the tooth axis. (MI1.0, M1.3,
MI.6 and ML9 represent the reduced periodontium of 0,
3, 6 and 9 millimeters, respectively, or in the crown- to-
root ratio of C/R = 0.8, 1.25, 2 and 3.5, respectively)

2. Model 15 (M15): Mandibular canine under a buccal
force of 100 N applied on the incisal edge and a 15-
degree angle with the tooth axis. (M15.0, M15.3, M15.6
and M15.9 represents the reduced periodontium of 0, 3, 6
and 9 millimeters, respectively, or in the crown- to- root
ratio of C/R = 0.8, 1.25, 2 and 3.5, respectively)

3. Model 45 (M45): Maxillary canine under a lingual
force of 100 N applied on the cingulum and a 45-degree
angle with the tooth axis. (M45.0, M45.3, M45.6 and
M45.9 represents the reduced periodontium of 0, 3, 6 and
9 millimeters, respectively, or in the crown- to- root ratio
of C/R =0.8, 1.25, 2 and 3.5, respectively)

2.3. Finite element analysis

All FEM analyses were carried out using the Solidworks
Simulation Premium package available for SolidWorks
software (2021, SP2, Dassault Systémes). All materials
but the PDM were considered linear isotropic. The
mechanical properties of the PDM were inconsistent in
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the literature (14) and mainly were considered linear and
did not account for its tightly confined yet flexible
behavior; therefore, this study employed a model devised
by Martinez et al. (15) for PDM as a hyperelastic first-
order Ogden material which considers a first power
material coefficient of al= 230, first material constant of
p1=0.5e-4 MPa and a Poisson's ratio of v=0.46 (15). The
mechanical properties acquired from similar studies for
the material are presented in Table 1. The material was
meshed using standard four-node pyramid or standard
eight- node hexahedral elements with a minimum size of
0.04 mm and a maximum size of 0.8 mm. Perfect
adhesion between different materials was modeled using
bonded interaction surfaces considering node-to-node
contact (Figure 4). The number of nodes and elements for
the primary model without any bone loss (MI.0, M15.0
and M45.0) are presented in Table 2.

The simulation was considered a dynamic nonlinear one
to account for the nonlinear behavior of the PDM and
possible displacements in the geometry. Static stimulation
is only applicable if the amount of strain is less than 0.4%
which could be helpful under orthodontic force simulation
or unrealistically small occlusion forces. However, a
dynamic model applies the force in incremental steps and
takes the new position of each component into account
before moving to the next step (7).

3. Results

Von Mises stress distribution and equivalent stress
distribution and their respective maximum and minimum
points were extracted after simulation for the alveolar
bone in each model. Von Mises stress and equivalent
strain provide the stress and strain in each element with a
directionless 3D mindset, and they do not represent
compression or tension. Figure 5 illustrates the stress
intensity distribution for each primary model at the final
step of simulation to provide an understanding of tensile-
compressive areas.

A buccolingual cut of von Mises stress distribution in the
alveolar bone for all models with different bone levels is
presented in Figure 6. This cut was chosen due to the
forces applied in the buccolingual plane. The maximum
and minimum von Mises stress in the alveolar bone and
their area (Mesial, Distal, Buccal, Lingual- Apical third,
Coronal third and mid- third of the tooth root) and the
tensile or compressive nature obtained from the
simulation are presented in Table 3.

A buccolingual cut of equivalent strain distribution in the
alveolar bone for all models with different bone levels is
presented in Figure 7. The maximum and minimum

equivalent strain in the alveolar bone and their area
(Mesial, Distal, Buccal, Lingual- Apical third, Coronal
third and mid- third of the tooth root) and the tensile or
compressive nature of the stress in the area obtained from
the simulation are presented in table 4. Diagrams of
maximum von Mises stress in the alveolar bone against
the crown- to- root ratio are shown in Figure 8 and charts
of maximum equivalent strain in the alveolar bone against
the crown-to-root ratio are presented in Figure 9. As the
bone level decreases (crown- to- root ratio increases), all
models increase the maximum von Mises stress and
maximum equivalent stress in the alveolar bone. The rate
at which the maximum stress and maximum strain
increase with bone loss shows different slopes between
every two steps, and the slope becomes noticeably larger
after the 6 mm bone loss step (Figure 8, 9). As the applied
forces direction deviation further from the tooth axis, the
observed increase in maximum stress and strain between
consecutive steps becomes larger. The maximum von
Mises stress from a C/R = 0.8 to 3.5 for the intrusion
force, 15-degree force, and 45-degree force grows 2.53,
54 and 6.47-fold, respectively. The slope of the
maximum von Mises stress diagram between the C/R= 2
to 3.5 while compared to its slope between C/R=1.25 to 2
increases 0.85-1.52-fold. The maximum equivalent strain
in the alveolar bone from a C/R= 0.8 to 3.5 for the
intrusion force, 15-degree force and 45-degree force
grows 2.62, 5.27, and 6.16 fold, respectively. The slope of
the maximum equivalent diagram between the C/R= 2 to
3.5 while compared to its slope between C/R= 1.25 to 2
increases 0.86-4.58 fold.

4. Discussion

This study presented the mechanical behavior of alveolar
bone surrounding human-canine teeth subjected to a
typical intrusion and oblique mastication force of 100N
for different levels of the reduced periodontium. The
tooth, lamina dura, and cortical bones were considered
linear isotropic material (15), which is appropriate due to
their elastic macroscopic behavior under typical occlusal
forces (13). The same cannot be considered for the PDM
due to its flexible behavior (7). Dynamic simulations were
used to analyze the models based on the changes in
geometry, which is expected from the PDM (7). Few
studies have considered dynamic models for orthodontic
forces (16-18) but not under typical occlusal forces.

The teeth and surrounding periodontium could be
subjected to a range of forces from 0 to S00N during
normal mastication (19), however, the PDM structure
allows for proper stress distribution; therefore, this heavy
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load doesn't lead to any trauma in the healthy and normal
periodontium. The periodontium can change due to
periodontal disease; if noticeable bone loss happens,
treatment of the periodontal disease leads to "reduced
periodontium," a situation in which, although the disease

is treated, the level of alveolar bone, lamina dura, and
PDM have decreased (19, 20).

The lamina dura is a radiographic term describing the
alveolar bone proper, which covers the teeth's socket wall;
therefore, any displacement in the tooth and the PDM face

ML9 ML6 MIL3

MLO

MI15.9 M15.6 M15.3

M15.0

Md5.9 M45.6 M45.3

M45.0

Figure 6. Buccolingual cut of von Mises stress distribution in the alveolar bone for all models with different bone levels. In each
name, (*.#) * refers to the primary model, and # refers to bone level: MI. #: Mandibular canine under 100N intrusion force at the
incisal edge along the tooth axis, M15. #: Mandibular canine under a buccal force of 100 N applied on the incisal edge and a 15-
degree angle with the tooth axis, M45. #: Maxillary canine under a lingual force of 100 N applied on the cingulum and a 45-degree
angle with the tooth axis. *.0, *.3, *.6 and *.9 represent the reduced periodontium of 0, 3, 6 and 9 millimeters, respectively.
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Figure 7. Buccolingual cut of equivalent strain distribution in the alveolar bone for all models with different bone levels. In each
name, (*.#) * refers to the primary model, and # refers to bone level: MI. #: Mandibular canine under 100N intrusion force at the
incisal edge along the tooth axis, M15. #: Mandibular canine under a buccal force of 100 N applied on the incisal edge and a 15-
degree angle with the tooth axis, M45. #: Maxillary canine under a lingual force of 100 N applied on the cingulum and a 45-degree
angle with the tooth axis. *.0, *.3, *.6 and *.9 represent the reduced periodontium of 0, 3, 6 and 9 millimeters, respectively.

Table 1. The mechanical properties acquired from similar studies for the material. (E= Young's modulus, a1= first power material
coefficient, p1= first material constant and v= Poisson's ratio).

Material Material law Parameters

Tooth (22) Linear elastic E=20,300N/mm?, v= 0.3
Lamina dura (40, 41) Linear elastic E=13,700 N/mm?, v= 0.3

PDM (17) Hyper elastic first-order Ogden pni= 0.5 x 10—4 MPa, al= 230, v=0.46
Cortical bone (40, 14) Linear elastic E= 13,700N/mm?, v= 0.3
Cancellous bone (17) Linear elastic E= 2,000 N/mm?, v=0.31
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Table 2. The number of nodes and elements for the primary model without any bone loss (MI1.0, M15.0 and M45.0)

Maxillary canine (M45.0) Mandibular canine (MI1.0 and M15.0)
Component
Elements Elements
Tooth 15894 76142 16973 77312
Lamina dura 4804 9623 4924 9946
PDM 4458 8997 4622 9315
Cortical bone 3383 5830 4268 7110
Cancellous bone 43969 63673 37386 54926
Whole model 72508 164265 68713 158609
1.40E+03
& 1.20E+03
%— 1.00E+03
E B.00E+02
» 6.00E+02
2
E 4.00E+02
=
S 2.00E+02 M
0.00E+00
0.8 1.25 2 3.5
Crown/Root

Maxillary canine 45 degree lingual force
~—&— Mandibular canine 15 degree bucull force

—#— Mandibular canine intrusion

Figure 8. Diagrams of maximum von Mises stress in the alveolar bone against the crown to root ratio for all models under 100N
force.

4.50E-02

4.00E-02

3.50E-02

3.00E-02

2 50E-02

2.00E-02

1.50E-02

1.00E-02
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Strain

0.8 1.25 2 3.5

Crown/Root

==#==Mandibular canine intrusion
Mandibular canine 15 degree bucull force

Maxillary canine 45 degree lingual force

Figure 9. Diagrams of maximum equivalent strain in the alveolar bone against the crown to root ratio for all models under 100N
force.
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Table 3. Maximum and minimum von Mises stress in the alveolar bone and their area (Mesial, Distal, Buccal, Lingual- Apical
third, Coronal third, mid- third of the tooth root) and the tensile or compressive nature obtained from the simulation (C/R= Crown
to Root ratio).

Maximum Minimum

Von Mises Shear Area Von Mises Shear
(Mpa) (Mpa) (MPa) (MPa)

Mandibular canine under 100N intrusion force at the incisal edge along the tooth axis.

MLO 0 08 S40E+01 1776401 Compressive P 296801  2.39E+01 Tensile Coronal
Lingual Buccal

ML3 3 125 746E+01 224E+01 Compressive P 61E00  -3.07E+01 Tensile Coronal
Lingual Buccal

ML6 6 2 975E101  2.99E+01 Compressive P | o4pi00  -4.13B+01 Tensile Coronal
Lingual Lingual

. Apical . Coronal

MIL.9 9 3.5 1.37E+02  4.87E+01 Compressive . 2.30E+00  -6.11E+01 Tensile

Lingual Buccal

Mandibular canine under a buccal force of 100N applied on the incisal edge and a 15-degree angle with the

tooth axis.

. Apical . .

MI.0 0 0.8  4.96E+01 1.67E+01 Compressive Buccal 9.66E-01 -2.00E+01 Tensile Root- tip
. Apical . .

MI.3 3 1.25 6.52E+01  2.11E+01 Compressive Buccal 1.49E+00 -2.75E+01 Tensile Root- tip
. Apical . .

MI.6 6 2 1.11E+02  3.21E+01 Compressive Buccal 1.80E+00  -4.52E+01 Tensile Root- tip
. Apical . .

MI.9 9 3.5 2.68E+02  7.57E+01 Compressive Buccal 3.37E+00  -1.05E+02 Tensile Root- tip

Maxillary canine under a lingual force of 100N applied on the cingulum and a 45-degree angle with the tooth

axis.

. Apical . .
MI.0 0 0.8 1.24E+02  3.06E+01 Compressive Lingual 2.04E+01 -6.21E+01  Compressive  Root- tip
. Apical . .
MI.3 3 1.25 1.24E+02  3.67E+01 Compressive Lingual 470E+00 -9.87E+01  Compressive  Root- tip
. Apical . .
MI.6 6 2 1.24E+02  7.77E+01 Compressive Lingual 6.01E+00 -1.85E+02  Compressive  Root- tip
. Apical . Coronal

MIL.9 9 3.5 8.03E+02  2.54E+02 Compressive . 1.97E+01  -4.45E+02  Compressive .
Lingual Distal

Table 4. Maximum and minimum equivalent strain in the alveolar bone and their area (Mesial, Distal, Buccal, Lingual- Apical
third, Coronal third, mid- third of the tooth root) and the tensile or compressive nature of the stress in the area obtained from the
simulation (C/R= Crown length to Root length ratio).

Maximum Minimum

C/R

. Stress . Stress
Strain Nature Strain Nature

Mandibular canine under 100N intrusion force at the incisal edge along the tooth axis.

Apical 6.28E-05 Tensile Coronal

MI.0 0 0.8 2.45E-03 Compressive Lingual Buccal
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MIL.3 3 1.25 3.17E-03 Compressive
MIL.6 6 2 4.16E-03 Compressive
MI.9 9 3.5 6.42E-03 Compressive

Apical 450E-05  Tensile Coronal
Lingual Lingual
Apical 1.94E-04  Tensile Coronal
Lingual Lingual
Apical . Coronal
Lingual 1.17E-04 Tensile Buccal

Mandibular canine under a buccal force of 100N applied on the incisal edge and a 15-degree angle

with the tooth axis.

MI.0 0 0.8 2.58E-03 Compressive
MI.3 3 1.25 3.44E-03 Compressive
MI.6 6 2 5.73E-03 Compressive
MI.9 9 3.5 1.36E-02 Compressive

%I;;lel 1.34E-04 Tensile (f\;l’z‘;?a"‘ll
’E‘i’;f:ll 1.68E-04  Tensile i;’g‘;?;l
’B‘i’;f:ll 3.01E-04  Tensile Lil\fgiial
%‘i’;f;ll 325E-04  Tensile ?\;I)::(s)?aa;l

Maxillary canine under a lingual force of 100N applied on the cingulum and a 45-degree angle with

the tooth axis.

MI.0 0 0.8 6.57E-03 Compressive
MIL3 3 1.25 1.02E-02 Compressive
MI.6 6 2 1.83E-02 Compressive
MIL.9 9 3.5 4.05E-02 Compressive

ésig?;] 2.33E-04 Compressive Clc))ir;)tr;?l
Iﬁ E igcjgl 3.75E-04  Compressive Clgir:;?l
Iﬁ ﬁ igcﬁl 7.06E-04  Compressive Clgir:gid
S E ;C:gl 1.26E-03  Compressive C]girsoti?l

the lamina dura as a barrier before affecting the
cancellous bone, a notion completely ignored by most
finite element studies concerning teeth (21-25). Modeling
the lamina dura as a thin yet resilient layer, as was
modeled in this study, allows the simulation of teeth to be
closer to reality.

As the bone level in the reduced periodontium decreases,
the maximum von Mises stress, shear stress, and
maximum equivalent strain in the alveolar bone increases
for all models, an expected result that is in unity with the
literature (23, 25-29). The maximum von Mises stress in
the alveolar bone for 3 to 9 mm reduction in the
periodontium grows 2.53, 5.4, and 6.47-fold the intrusion
force, 15-degree force, and 45-degree force, respectively.
Such an increase in the amount of bone stress results from
reduced supporting tissue to bear the force. Furthermore,
as the bone level decreases, the tooth's center of rotation
is displaced further apically, allowing the force to act with
higher momentum, leading to increased stress and strain
in the alveolar bone (23, 30). Agarwal et al. (25) reported

a 1.7-fold increase in stress between 0 to 8 mm horizontal
bone loss for intrusion forces. Our results show a 1.81-
fold increase in maximum stress between 0-6 mm in the
reduced periodontium and a 2.53-fold increase between 0-
9mm in the case of intrusion forces. Geramy et al. (20)
reported the same pattern of stress increase in horizontal
bone loss, but the level of stress in their model raised 9.9
fold for 0 to 8 mm of stress. The pattern of stress change
in these studies is congruent with our research. The
increase in stress is close to the results presented by
Agarwal et al. (25). But the 9.9-fold increase mentioned
by Geramy et al. (20) is much higher than our results for
intrusion forces, which is due to the absence of lamina
dura in their model and the fact that they have only
considered cortical crestal bones for healthy periodontium
with normal bone height, an assumption only valid for
persistent periodontal disease.

The rate at which the maximum stress and maximum
strain increase with bone loss show different slopes
between every two steps, an observation most visible after
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6 mm bone loss. This phenomenon can be due to the
increasing tipping ability of the force as a result of less
support tissue. However, the ability of functional forces to
tip the tooth does not lead to notable changes in small
reductions of the periodontium. As the reduction
continues, the lower center of rotation strengthens the
same force's ability to cause stress and strain in the
alveolar bone (20). This pattern of steeper stress and
strain change at the level of 6mm bone loss was also
present in Geramy et al. results (20, 28), although they
noted another such slope change at the 2.5 mm of bone
loss, representing the end of crestal cortical bone.
Although not quantified in our analysis, this change isn't
expected to happen in reduced periodontium due to the
presence of crestal cortical bone in all simulation steps of
bone loss.

As per visualizations presented in Figures 6-7, the strain
and stress experience a drop while transitioning from
cortical to cancellous bones. Such a drop results from the
much higher elastic modulus of the cortical bone
compared to the cancellous bone, which reduces stress
and strains in the cancellous bone, especially in areas
closer to the crestal cortical bone (28). Such a drop will
only occur if the periodontium is considered reduced yet
healthy; therefore, such similar patterns can only be seen
at the Omm bone loss in other studies (18, 20, 25, 28)

The maximum stress and strain in the alveolar bone in all
models are in the apical area and result from compressive
stresses. The maximum stress and strain for intrusion and
oblique lingual forces happened on the lingual side, while
the oblique buccal load led to a maximum stress area on
the buccal side. These results are congruent with Geramy
et al.'s results (20, 28), but other studies (18, 31) report
the highest stress and strains positioned at the crestal
level, which is a direct result of not differentiating
between lamina dura, cortical and crestal bones which
could be accepted in cases other than healthy reduced
periodontium.

With the loss of bone height due to periodontal disease, a
question arises: Can the changed periodontium bear the
same typical occlusal forces as a normal healthy
periodontium? This question remains valid even after
periodontal treatment in cases of healthy reduced
periodontium. Animal studies have proven that reduced
periodontium can lead to faster bone loss, even at typical
occlusal forces (32-35).

The results of strain analysis presented in Table 4 show
that the strain level can be higher with more bone loss. In
such high crown- to- root ratios, the typical occlusal force
can lead to secondary trauma from occlusion, especially
in oblique forces (20, 28). The possibility of typical

occlusal forces changing into traumatic forces in cases of
reduced periodontium should be considered in occlusal
therapies, which can lead to a higher prognosis and higher
success rate for regenerative and maintenance periodontal
treatments (28, 36). The recommended crown-to-root
ratio for a tooth to be a reliable abutment for fixed
prosthetic crowns is between 0.6 to 1 (37), which is below
the C/R= 1.25, at which our study starts to show a notable
increase in maximum stress and strain. Still, it should be
noted that the 0.6 to 1 recommended level is for a crown
that might withstand higher occlusal forces than the
typical 100N considered for this study. Crown- to- root
ratios greater than one has been deemed acceptable to
forces up to 260 N (37).

The main limitation of this study is the same as other
studies, which is not being able to model each element as
non- homogeneous anisotropic entities with different
modules and coefficients based on the direction of
displacement in the nodes. Such a limitation is most likely
to be resolved in the future using the increased
computational power of computers. Further studies
concerning teeth other than the canines with a higher
number of reduction steps are recommended.

5. Limitations

During the chewing process, jaw movements apply forces
at different angles to the teeth, however, our study limited
to model only 3 types of forces.

6. Conclusion

Reduction of alveolar bone level (increased crown- to-
root ratio) leads to higher levels of stress and strain,
which show a steep rise at the 6 mm of bone loss. This
observation leads our attention toward tooth- specific
occlusal consideration in patients with reduced
periodontium.
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