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RESUMO

O conhecimento da biomecénica do ciclo mastigatério do rato da linhagem Wistar é essencial
para a interpretacdo dos resultados aplicados aos estudos dos processos fisioldgicos envolvendo
a remodelacdo éssea associada a mastigacdo. O objetivo deste estudo foi avaliar o
comportamento mecéanico da estrutura 6ssea mandibular de ratos da linhagem Wistar durante a
fase de mordida molar no ciclo mastigatério pelo método dos elementos finitos. Os modelos de
elementos finitos foram construidos a partir da segmentacdo de imagens de microCT da
estrutura Ossea do crénio de um rato Wistar macho de 3 meses de idade. A partir da
segmentacdo, foram construidos os modelos tridimensionais da mandibula, sinfise e o0s disco
da articulagcdo temporomandibular. A estimativa virtual da forga muscular foi obtida pelo
calculo da area de seccdo-transversal. Como uma analise baseada nos conceitos do processo de
mordida molar, durante o ciclo mastigatério, descrito por Weijs e Dantuma (1975), este ciclo €
dividido em 6 fases, nas quais cada uma se caracteriza por atividade muscular e efeitos na
estrutura 6ssea especificos. Assim, este estudo foi organizado em uma simulacédo caracterizada
pela acdo de uma forca ndo-linear em 6 fases de mordida molar. Os resultados foram avaliados
de acordo com os efeitos das variagdes das forcas musculares em cada fase. O célculo da
deformacéo total do ramo da mandibula foi realizado para avaliar as variagdes do angulo entre
os ramos da mandibula e a posicdo do condilo em cada fase. No geral, a deformacéo total da
mandibula apresentou configuracdes similares em todas as fases, com menores variagdes entre
os lados. As deformacdes no corpo da mandibula apresentaram direcdo inferior na regido
anterior aos molares e direcdo posterior na transicdo para o ramo da mandibula. O angulo entre
0s ramos da mandibula diminuiu a partir da fase 1 até a fase 6. A posicdo do condilo alterou
para uma posicdo anterosuperior a partir da fase inicial. Conclui-se que os resultados
apresentaram padrdo biomecanico similar, na fase de mordida molar, de acordo com o descrito
experimentalmente por Weijs e Dantuma (1975).

Palavras-Chave: rato, método dos elementos finitos, mastigacao, biomecanica.



ABSTRACT

The chewing biomechanics knowledge of Wistar rat is essential to the result interpretation
applied to the study of physiological process involving the bone remodeling associated with
chewing. The aim was to evaluate the mechanical behavior of the bony structures of the
mandible of Wistar rats during the molar power stroke phase in the bone structure, the variations
in the angle between the mandibular rami and the position of the condyle from the mandibular
deformation. The finite element models were built from the microCT image segmentation of
the skull bone structure of a male and 3 months old Wistar rat. From the segmentation, a three-
dimensional finite element model of the mandible, symphysis and temporomandibular disc
were constructed. The estimated muscle force was initially obtained by calculating the muscle
cross-sectional area. Based on the molar power stroke concept, described by Weijs and
Dantuma (1975), this cycle is divided into 6 phases and each phase feature specific muscle
activity and bony structure effects. Thus, this study was organized in a simulation, featured by
a nonlinear force loading of 6 phases of the molar power stroke cycle. The results were
evaluated according to the effects of muscle force variation in each phase. The calculation of
the total deformation of the mandibular rami was performed to evaluate the variation in the
angle of mandibular rami and the position of condyle in each phase. In overview, the total
deformation of the mandible presented similar configurations in all phases, with minor
variations between the sides. The deformations in the mandibular body showed inferior
direction in the anterior region to the molars and posterior direction in the transition to the
mandibular ramus. The angle between the mandibular rami decreased from the phase 1 to phase
6. The position of condyle changed to anteriorsuperior position from initial phase. In
conclusion, the results presented similar biomechanical pattern in the power stroke phase, in
accordance with the described experimentally by Weijs and Dantuma (1975).

Keywords: rat, finite element method, mastication, biomechanics.
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1 INTRODUCAO

A mastigacdo tem sido avaliada em amplas pesquisas cientificas, uma vez que este
processo, assim como suas alteracBes, tem sido associado a manutencdo do periodonto de
suporte e a alteragdes no processo de remodelacdo Ossea e nos tecidos dentais (Kaku et al.,
2005). Nesta tematica, pode-se encontrar estudos que utilizam diferentes espécies de animais
para experimentos in vivo e, com isso, tornou-se importante a necessidade do entendimento dos
processos fisiologicos destes animais, a fim de permitir uma melhor interpretacdo dos
resultados experimentais e possibilitar uma relacdo com 0s processos da mastigacdo em
humanos. Dentre as diferentes espécies de animais, as linhagens de ratos tém sido utilizadas e
assim, no contexto da pesquisa aplicada ao processo da mastigacdo, diferentes ferramentas
foram utilizadas para compreensdo da mastigacao nesta espécie (Weijs e Dantuma, 1975; Kaku
et al., 2005; Cox et al. 2011, 2012; Ferreira et al., 2020; Rossi et al., 2021).

Hiiemde e Houston (1971) relataram que em mamiferos existem padrdes basicos de
movimentos mandibulares associados a alimentacdo, e que estes padrbes influenciam a
morfologia da denticdo, a anatomia e a posi¢cdo dos musculos da mastigacdo e a forma da
articulacdo temporomandibular. Dentre os mamiferos, os roedores mostram provavelmente a
mais extrema adaptacdo do aparelho da mastigacdo. Nos roedores, a incisdo que é realizada
pelos incisivos reduz o material antes da ingestdo. A inciséo € descrita de maneira separada da
mastigacdo. Apds a incisdo, o material é transferido para os molares, onde ocorrerd a
mastigacdo (Hiiemde e Ardran, 1968). Estes movimentos dependem diretamente de uma
musculatura da mastigacao especializada.

Weijs e Dantuma (1975) utilizaram a eletromiografia, assim como técnicas de imagens
em cinematica, para entender o processo da mastigacdo em ratos da linhagem Wistar. Assim,
determinaram 16 diferentes fases da mastigacdo, nas quais descreveram caracteristicas da

mandibula e as varia¢Oes de atividades muscular. As 16 fases da mastigagdo foram agrupadas
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em 4 grandes a¢Oes do ciclo mastigatério, baseadas no estudo de Hiiemée e Ardran (1968),
assim denominadas: (1) Mordida: realizada pela preensdo dos incisivos; (2) Preparatéria
(mordida molar): transferéncia do alimento para a regido dos molares e inicio do processo de
trituracdo pelos molares; (3) Apertamento (molar): trituracdo pelo apertamento dos molares; e
(4) Recuperacdo ou relaxamento: afastamento do molar caracterizado pelo relaxamento dos
musculos da mastigago.

Cox et al. (2012) utilizaram o método dos elementos finitos (MEF) para entender as
implicacdes biomecanicas que a morfologia do sistema da mastigacdo provoca em diferentes
espécies de roedores. Os autores desenvolveram o modelo de elementos finitos de cada espécie
através de microtomografias computadorizadas e, ainda, acrescentaram as informagdes a
respeito dos musculos que atuam na mastigacdo, a saber, 0 musculo masseter superficial, as
partes anterior e posterior do musculo masseter profundo, as partes anterior, posterior e
infraorbital do musculo zigomatico-mandibular, o masculo temporal e os musculos pterigoides
interno e externo. Os autores relataram que o conhecimento da morfologia do cranio e dos
musculos da mastigacao permitiu identificar que os ratos apresentam alta performance tanto na
fase de roer quanto na fase de triturar o alimento.

A caracterizacdo do ciclo mastigatorio foi um importante embasamento para pesquisas
envolvendo a biomecénica craniofacial. As simulagdes computacionais pelo MEF
proporcionaram a possibilidade de estimar parametros biomecénicos, como as forcas
musculares, forcas de mordida e movimentos da mandibula, que séo considerados parametros
de maior dificuldade de mensuracao experimentalmente (Watson et al., 2014).

O uso do MEF associado a mastigacao possibilitou avaliar a mecanobiologia do 0sso
alveolar em situaces de alteracdo oclusal, uma vez que nas simula¢des envolvendo a mordida
e o0 apertamento dental é possivel analisar as deformacgdes Osseas associadas a mudangas no

padrdo mastigatorio (Ferreira et al., 2020; Rossi et al., 2021).
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Ferreira et al. (2020) utilizaram como modelo experimental uma alteracdo oclusal,
através da extracdo dental (incisivo superior), e avaliaram sua influéncia na resposta do tecido
6sseo alveolar do dente adjacente em ratos da linhagem Wistar. Os autores quantificaram os
niveis de expressdo da -catenina e a deformacéo do osso alveolar por meio do MEF. Rossi et
al. (2021) utilizaram como modelo experimental uma condi¢do de contato prematuro no
primeiro molar superior direito com o objetivo de avaliar a morfologia, a arquitetura e a
remodelacdo dssea do 0sso alveolar da maxila de ratos da linhagem Wistar. Por meio da analise
histol6gica, imunohistoquimica e pelo MEF, os autores avaliaram tridimensionalmente a
microarquitetura 0ssea, a area da crista 0ssea alveolar, a expressdo de RANK-L e TRAP e a
distribuicédo de deformacéo equivalente e minima principal da regido do primeiro molar superior
direito do rato. Para tanto, em ambos 0s estudos os autores desenvolveram um modelo
tridimensional do cranio e da mandibula do rato, tanto dos grupos controles quanto dos grupos
experimentais para simular a mordida e conseguir quantificar as deformacdes mecanicas no
0sso alveolar. Os autores se atentaram a anatomia real do modelo, utilizando de conhecimentos
obtidos em dissec¢des e em trabalhos como o de Cox et al. (2012) (Ferreira et al., 2020; Rossi
etal., 2021).

Estes recentes estudos (Ferreira et al., 2020; Rossi et al., 2021) sugeriram que o melhor
entendimento do ciclo da mastigacdo associado ao uso das simulacGes computacionais é
fundamental para concluir os efeitos das alteracGes oclusais sobre os tecidos de suporte
periodontal, importante tematica pesquisada na Odontologia.

Com a evolucdo da simulacdo computacional associada a biomecéanica craniofacial
(Prado et al., 2013; Freire et al., 2014; Rossi et al., 2014; Prado et al., 2016), torna-se possivel
a aplicacdo dos conceitos e dados estabelecidos por Weijs e Dantuma (1975) referentes ao ciclo

da mastigacéo de ratos, neste caso da linhagem Wistar. A necessidade do melhor entendimento
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do ciclo da mastigacgéo de ratos da linhagem Wistar, sugerida por pesquisas recentes (Ferreira
et al., 2020; Rossi et al., 2021) reforga a necessidade do presente estudo.

Sendo assim, o presente estudo teve como objetivo avaliar o comportamento mecanico
das estruturas 6sseas da mandibula de ratos da linhagem Wistar durante a fase de apertamento
molar no ciclo da mastigacdo da estrutura éssea, as caracteristicas das varia¢fes do angulo entre
os ramos da mandibula e da posi¢do da cabeca da mandibula durante a fase de apertamento

molar.
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2 ARTIGO: COMPUTATIONAL ANALYSIS OF THE MECHANICAL BEHAVIOR
OF MANDIBULAR BONE STRUCTURES DURING THE MOLAR POWER STROKE

PHASE IN WISTAR RATS*

*Artigo submetido para analise no periodico internacional: Journal of Morphology

(ANEXO 1)
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ABSTRACT

The aim of this study was to evaluate the mechanical behavior of the bony structures of the
mandible of Wistar rats during the molar power stroke phase of the chewing cycle, the
characteristics of the variations in the angle between the rami of the mandible and the position
of the mandibular condyle from the mandibular deformation during the molar power stroke
phase. The finite element models were built from the microCT image segmentation of the bone
structure of the skull of a male and 3 months old Wistar rat. From the segmentation of the
microCT image, a three-dimensional surface of the mandible was constructed. The virtually
estimated force is initially obtained by calculating the cross-sectional area. As it is an analysis
based on the concept of the molar power stroke process, during the chewing cycle, described
by Weijs and Dantuma (1975), this process has 6 phases, in which each one has characteristic
muscular activities and characteristic effects on the bony structure. Thus, this study was
organized in a simulation, featured by a nonlinear force loading of 6 phases of the molar power
stroke cycle. The results were evaluated according to the effects of muscle forces during the
power stroke. The calculation of the total deformation of the mandibular rami was performed,
which presented the direction of the deformation and the amount of deformation in millimeters
(mm). In an overview, the total deformation of the mandible presented similar configurations
in all phases, with minor variations between the sides. The deformations in the mandibular body
showed inferior direction in the anterior region to the molars and posterior direction in the
transition to the mandibular ramus. The angle between the mandibular rami decreased from the
phase 1 to phase 6. The position of condyle changed to anteriorsuperior position from initial
phase. In conclusion, the results presented similar biomechanical pattern in the power stroke
phase, in accordance with the described experimentally by Weijs and Dantuma (1975).

Keywords: rat, finite element method, mastication, rodent.
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INTRODUCTION

Chewing has been evaluated in extensive scientific research, since this process, as well
as its alterations, has been associated with the physiologic maintenance of the periodontium and
changes in the bone remodeling process and dental tissues (Kaku et al., 2005). In this topic,
studies that use different animal species for in vivo experiments and the need to figure out their
physiological processes is important to obtain a better interpretation of experimental data and
enable a relationship with masticatory knowledge applied to humans. Among the different
species, the rat lineage has been used and thus, in the context of research applied to the chewing
process, different tools have been used to understand the rat chewing process (Weijs and
Dantuma, 1975; Kaku et al., 2005; Cox et al. 2011, 2012; Ferreira et al., 2020; Rossi et al.,
2021).

Hiiemde and Houston (1971) reported that in mammals there are basic patterns of
mandibular movements associated with feeding, whose patterns influence the dentition
morphology, the anatomy of the masticatory muscles and the shape of the temporomandibular
joint (TMJ). Among mammals, rodents probably show the most extreme adaptation of the
masticatory apparatus. In rodents, the incision made by the incisors reduces the material before
ingestion. Incision is described separately from mastication. After the incision, the material is
transferred to the molars, where chewing occurs (Hiiemé&e and Ardran, 1968). These
movements depend directly on a specialized group of masticatory muscles.

Weijs and Dantuma (1975) used electromyography, as well as kinematic imaging
techniques, to figure out the chewing process in Wistar rats. Thus, they described 16 different
phases of chewing, in which they described the pattern of mandible response associated with
the variations in muscle activity. The 16 phases of mastication were grouped into 4 major phases
of the chewing cycle, based on the study by Hiiemé&e and Ardran (1968), as follows: (1) Bitting:

performed by gripping the incisors; (2) Preparatory stroke: transfer of food to the molar region
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and initial grinding process by the molars; (3) Power stroke: grinding by clenching of molars;
and (4) Recovery stroke: removal of the molar characterized by relaxation of the masticatory
muscles.

Cox et al. (2012) used the finite element method (FEM) to understand the
biomechanical implications in morphology of the masticatory system of different rodents. The
authors developed a finite element model through microCT scans and added information about
the masticatory muscles, involving the superficial masseter muscle, the anterior and posterior
parts of the deep masseter muscle, the anterior, posterior and infraorbital parts of the
zygomaticomandibularis muscle, the temporalis muscle and the internal and external pterygoid
muscles. The authors reported that the knowledge of the skull morphology and the masticatory
muscles allowed to identify that rats present high performance both in the gnawing (incisor
biting) and phase of grinding.

The characterization of the masticatory cycle was an important basis for research
involving craniofacial biomechanics. Computational simulations using FEM provided the
possibility to estimate biomechanical parameters, such as muscle forces, bite forces, mandible
bone stress, strain, deformation and movements, which are considered parameters that are more
difficult to measure experimentally (Watson et al., 2014). The use of FEM associated with
chewing have also allowed to evaluate the alveolar bone mechanobiology in situations of
occlusal alteration, since in the simulations involving biting and power stroke are possible to
analyze the bony deformations associated with changes in the masticatory pattern (Ferreira et
al., 2020; Rossi et al., 2021).

Ferreira et al. (2020) used an occlusal alteration as an experimental model, through
dental extraction (upper incisor), and evaluated its influence on the response of the alveolar
bone tissue of the adjacent tooth in Wistar rats. The authors quantified protein expression levels

associated to the alveolar bone deformation using the FEM. Rossi et al. (2021) used as
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experimental rat model a condition of premature contact in the right maxillary first molar in
order to evaluate the morphology, architecture and bone remodeling of the maxillary alveolar
bone of Wistar rats. These recent studies (Ferreira et al., 2020; Rossi et al., 2021) have
suggested that a better understanding of the rat chewing cycle, associated with the use of
computational simulations, is essential to conclude the interpretation of effects by occlusal
changes on periodontal support tissues.

The present study proposed the use of in vivo data from previous study (percentage of
muscle contraction from electromyographic data) (Weijs and Dantuma, 1975) to make a more
realistic computational model. Therefore, the aim of this study was to evaluate the mechanical
behavior of the bony structures of the mandible of Wistar rats during the molar power stroke
phase of the chewing cycle, the characteristics of the variations in the angle between the rami
(AR) of the mandible and the position of the mandibular condyle (PC) from the deformation

during the molar power stroke phase.

MATERIALS AND METHODS

This study used microtomographic images that had already been obtained in previous
research in the original protocol (CEUA/UNICAMP protocol — number 4401-1), with no in
vivo manipulation. Therefore, the Ethics Committee on the Use of Animals at UNICAMP —
CEUA/UNICAMP exempted the present study from a new evaluation, considering it approved

(ANEXO 2).

Sample and Construction of finite element models
The finite element models were built from the microCT image segmentation of the
bone structure of the skull of a male and 3 months old Wistar rat from the Multidisciplinary

Center for Biological Investigation on Laboratory Animal Center — CEMIB-UNICAMP. All
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procedures were performed according to national legislation enforced by the National Council
of Animal Experimentation Control (CONCEA) of Brazil. The euthanasia was performed by
anesthesia overdose (pentobarbital sodium, 100 mg/kg). The head was disjointed from the body
and fixed in 10% formalin solution and 0.1 M phosphate buffer (pH 7.4) for 24h at 4 °C. Then,
the head was scanned in a SkyScan 1174 microtomography (Bruker, Kontich, Belgium),
configured with 500 pA current and 50 kV peak voltage.

From the segmentation of the microCT image, a three-dimensional surface of the
mandible was constructed, which was optimized and converted into a volumetric model
composed by tetrahedral elements (Figure 1). In addition to the bone structure, to better
reproduce the effects of muscle forces on the mandible, a model of the temporomandibular joint
(TMJ) disc and the connective tissue of symphysis were also constructed from the microCT

image.

GEOMETRY FINITE ELEMENT MODEL

Figure 1. Three-dimensional geometry and finite element model composed by tetrahedral
elements of mandible (yellow), symphysis (red) and TMJ disc (light grey).
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Estimated calculation of muscle strength and orientation

Previous studies have presented computational simulations with muscle action from
the calculation of muscle action force determined experimentally (Cox et al. 2011, 2012;
Watson et al., 2014) and virtually (Humphries et al., 2021). When performed virtually, the value
IS estimated, since the calculation involves the average value of muscle fiber length (Humphries
etal., 2021). The virtually estimated force is initially obtained by calculating the cross-sectional

area (CSA). To obtain the CSA values, the following formula must be used:

csa=m
-

where CSA is the cross-sectional area (in cm?), Vm is the muscle volume (in cm®) and Lf is the

average length of muscle fiber (in cm).

Muscle volumes (Table 1) were obtained from the segmentation of contrast-enhanced
microtomography images, performed in a previous study (Haddad, 2018). From the muscle
location, the average fiber length of each muscle was estimated through the distance from the
origin to the insertion (Table 2). Obtaining the CSA values for each muscle (Table 3), the
maximum estimated force value (Table 4) was obtained by multiplying the CSA values by the
muscle tension value equal to 22.5 N/cm? (Humphries et al., 2021).

Muscle force orientation was obtained using Rhinoceros 3D 5.0 software (McNeel &
Associates, Seattle, USA) through lines representing the connection of the central positions of
the origin and insertion sites of each muscle. From the lines, the X, y and z components of each

muscle force were determined.
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Table 1. Virtual muscle volumes of Wistar rat from 3D reconstruction of contrast-enhanced

microCT.
MUSCLE VOLUME (cm®)
RIGHT SIDE VALUES LEFT SIDE VALUE
S
Temporalis 0.301 Temporalis 0.301
Superficial Masseter 0.305 Superficial Masseter 0.305
Deep Masseter 0.507 Deep Masseter 0.507
Orbital Zygomaticomandibularis 0.017 Orbital Zygomaticomandibularis 0.017
Anterior Zygomaticomandibularis 0.073 Anterior Zygomaticomandibularis 0.073
Posterior Zigomaticomandibularis 0.023 Posterior Zigomaticomandibularis 0.027
Internal Pterygoid 0.126 Internal Pterygoid 0.126
External Pterygoid 0.047 External Pterygoid 0.047

Table 2. Muscle fiber length of Wistar rat from 3D reconstruction of contrast-enhanced

microCT.
MUSCLE FIBER LENGTH (cm)
RIGHT SIDE VALUES LEFT SIDE VALUE
S
Temporalis 1.9144  Temporalis 1.8430
Superficial Masseter 2.4407  Superficial Masseter 2.4679
Deep Masseter 2.8116  Deep Masseter 2.8323
Orbital Zygomaticomandibularis 1.1267  Orbital Zygomaticomandibularis 1.1315
Anterior Zygomaticomandibularis 1.4867  Anterior Zygomaticomandibularis 1.4884
Posterior Zigomaticomandibularis 1.1661  Posterior Zigomaticomandibularis 1.2334
Internal Pterygoid 1.0399 Internal Pterygoid 1.0366
External Pterygoid 0.9294  External Pterygoid 0.9375

Table 3. Values of CSA calculation from masticatory muscle parameters of Wistar rat.

CSA — CROSS-SECTIONAL AREA (cm?)

RIGHT SIDE VALUES LEFT SIDE VALUE
S
Temporalis 0.1576  Temporalis 0.1637
Superficial Masseter 0.1253  Superficial Masseter 0.1241
Deep Masseter 0.1806  Deep Masseter 0.1793
Orbital Zygomaticomandibularis 0.1545  Orbital Zygomaticomandibularis 0.0153
Anterior Zygomaticomandibularis 0.0495  Anterior Zygomaticomandibularis 0.0495
Posterior Zigomaticomandibularis 0.0199  Posterior Zigomaticomandibularis 0.0219
Internal Pterygoid 0.1219  Internal Pterygoid 0.1223
External Pterygoid 0.0506  External Pterygoid 0.0502
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Table 4. Maximum estimated muscle force of masticatory muscle of Wistar rat.
ESTIMATED MUSCLE FORCE (TOTAL - 100%, IN NEWTONS)

RIGHT SIDE VALUES LEFT SIDE VALUES
Temporalis 3.546 Temporalis 3.6832
Superficial Masseter 2.8192  Superficial Masseter 2.7922
Deep Masseter 4.0635  Deep Masseter 4.0342
Orbital Zygomaticomandibularis 3.4762  Orbital Zygomaticomandibularis 0.3442
Anterior Zygomaticomandibularis 1.1137  Anterior Zygomaticomandibularis 1.1137
Posterior Zigomaticomandibularis 0.4477  Posterior Zigomaticomandibularis 0.4927
Internal Pterygoid 2.7427  Internal Pterygoid 2.7517
External Pterygoid 1.1385  External Pterygoid 1.1295

According to the study performed by Weijs and Dantuma (1975), each phase of the
masticatory cycle is characterized by the percentage of action of each muscle, whose data were
obtained by electromyography. Thus, in each of the 6 phases proposed in this study, the

percentages were applied to the maximum estimated force values.

Simulation by finite element analysis

As it is an analysis based on the concept of the molar power stroke process, during the
chewing cycle, described by Weijs and Dantuma (1975), this process has 6 phases, in which
each one has characteristic muscular activities and characteristic effects on the bony structure.
Thus, this study was organized in a simulation, featured by a nonlinear force loading of 6 phases
of the molar power stroke cycle.

The phases 1 to 4 show the maximum muscular activity value in the power stroke of
the superficial masseter. The phases 4 and 5 show that all portions of the masseter and the
posterior temporal muscle rapidly diminishes. The phase 6 comprises the opening movement,
in which all portions of the temporal muscle are silent (Weijs and Dantuma, 1975).

Analyzes were performed using Ansys Workbench Structural Mechanics v17.2

software (Ansys Inc. Canonsburg, USA). The finite element models were imported and
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assigned according to the mechanical properties. All the structures were considered as linear
elastic and isotropic material. The mandible was assigned as bone structure with elastic modulus
E = 19,620 MPa and Poisson’s ratio v = 0.3 (Cox et al., 2012). The symphysis was assigned as
connective tissue with elastic modulus E = 50 MPa and Poisson’s ratio v = 0.4 (Cox et al., 2012)
and the TMJ disc was assigned as fibrocartilage with elastic modulus E = 44.1 MPa and
Poisson’s ratio v = 0.4 (Tanaka et al., 2001).

For the boundary condition, the nodes of the superior surface on the disc were fixed in
the medial-lateral axis and considered free in the antero-posterior and superior-inferior axes.
For the loading condition, the values of the estimated muscular forces of each muscle were
applied in their respective areas of insertion (Figure 2), which were determined by the
visualization of the three-dimensional surfaces of the muscles. The values were applied
corresponding to each force component (axes), characterizing the direction of muscle
contraction. The forces were applied following the estimated value in each phase, featuring a

nonlinear loading divided into the six phases.

Figure 2. Analysis configuration including the load and boundary conditions. The load
condition is indicated by the pink nodes on each muscle insertion area. The boundary conditions
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are indicated by the pink nodes on the occlusal surface of lower molars (red arrows) and the
superior surface of TMJ disc (green arrows).
Data analysis

The results were evaluated according to the effects of muscle forces during the power
stroke on the AR and PC parameters, whose data were described by Weijs and Dantuma (1975),
featuring a large or small AR and anterior or posterior PC. For both parameters, the calculation
of the total deformation (TD) of the mandibular rami was performed, which presented the
direction of the deformation and the amount of deformation in millimeters (mm). From images
by inferior view of TD in each phase (Figure 3), the AR value was obtained using ImageJ v1.53
software (National Institutes of Health, USA). To obtain the AR value, the sides of the angle
were considered by a line from the right and left angular processes to the contact point between
the lower incisors (Figure 4). The contact point between the incisors was considered the vertex
of the angle. The AR values were compared from the initial model (no muscle action) to the
last phase (Phase 6).

The PC was evaluated from the effect of the TD on mandibular rami and, consequently,
on the condyles. From medial view images of the 6 phases on the right and left sides, the highest
point of the articular condyle surface curvature was considered as a position reference. The
images of each phase were placed in superposition to compare the positions of each reference

point of the condyle (Figures 5 and 6).

RESULTS

In an overview, the TD (Figure 3) of the mandible presented similar configurations in
all phases, with minor variations between the sides. The deformations in the mandibular body
showed inferior direction in the anterior region to the molars and posterior direction in the

transition to the mandibular ramus. In the mandibular ramus, the TD presented different patterns
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in the angular process, coronoid process, and condyle. In the phases 1 and 2, the angular process
presented deformation toward posterior direction and in the phases 3 to 6, the deformation
presented medial direction. In all phases, the coronoid process showed deformation toward
medial direction. The condyle showed deformation toward superior and anterior directions in

all phases.

COMBINED PHASES

PHASE 1

5385885 EE0T

PHASE 2 PHASE 5

PHASE 3 PHASE 6

BT HT

Figure 3. Total deformation configurations of the combined phases (anterolateral view) and in
each phase of power stroke cycle (anterior view).
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The AR value showed changes according to the power stroke phases. From the
muscular actions in the phase 1, the angle presented minor decrease to the phase 3. From the
phase 4, the AR values presented major decrease, finishing with a smaller angle in the last phase

(Table 5).

PHASE 1 PHASE 2 PHASE 3

UNLOADED
MODEL

PHASE 4 PHASE 5 PHASE 6

Figure 4. Inferior view of the models in the unloaded phase and the six phases of the power
stroke cycle. The yellow line in the unloaded model indicates the angle between the mandibular
rami.

Table 5. Values of angle between the mandibular rami in the unloaded model (initial condition)
and the six phases of power stroke cycle.

PHASES VALUES
Unloaded model 38.41
Phase 1 36.93
Phase 2 36.87
Phase 3 35.82
Phase 4 34.55
Phase 5 34.09

Phase 6 34.55
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The PC was evaluated from the initial position (without muscle action). From the
initial position, the condyle presented superior and anterior position, featuring minor variations
in each phase. On the right side (Figure 5), the condyle was positioned superiorly and anteriorly
in phase 1, 2, 3 and 4. In phases 5 and 6, the position was posterior in relation to the previous
phases but maintained a superior and anterior position from the initial position. On the left side
(Figure 6), the condyle presented superior and anterior position in phase 1 and 2. In the phase
3, the condyle positioned posteriorly and inferiorly in relation to phase 2. In the phase 4, the
deformation resulted in anterior and superior position in relation to phase 3 and in the phases 5

and 6, the condyle presented posterior and inferior position in relation to phase 4.

Figure 5. Position of right condyle (medial view) from the initial condition (unloaded model)
and the six phases of power stroke cycle. The black point on the left indicates the point selection
on the highest point of the condyle curvature. The colored points on the right side indicate each
phase of power stroke cycle: White (Initial condition — unloaded model); Black point (Phase
1); Red point (Phase 2); Blue point (Phase 3); Green point (Phase 4); Purple point (Phase 5)
and Orange point (Phase 6). The dashed line indicates the orientation of position of condyle
from the initial condition (point number 0) to the last phase (point number 6).
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Figure 6. Position of left condyle (medial view) from the initial condition (unloaded model)
and the six phases of power stroke cycle. The black point on the left indicates the point selection
on the highest point of the condyle curvature. The colored points on the right side indicate each
phase of power stroke cycle: White (Initial condition — unloaded model); Black point (Phase
1); Red point (Phase 2); Blue point (Phase 3); Green point (Phase 4); Purple point (Phase 5)
and Orange point (Phase 6). The dashed line indicates the orientation of position of condyle
from the initial condition (point number 0) to the last phase (point number 6).
DISCUSSION

This study presented a computational simulation using the FEM based on the effects
of masticatory muscle on the Wistar rat mandible, described by Weijs and Dantuma (1975).
The simulation was carried out specifically to reproduce the 6 phases of the power stroke,
characterized by the molar action on the food particles. The description proposed by Weijs and
Dantuma (1975) presents kinematic parameters from data obtained by electromyography and
x-ray cinematographic films. The FEM simulation in our study featured a static structural
analysis, which presented the data from the total deformation of the mandible after muscle
actions in the different phases of the power stroke. Although the methods are different, this
simulation allows to apply the mandibular pattern in the power stroke phases since the closed

mouth position (Weijs and Dantuma, 1975) features the deformation instead movements. The

molar chewing process under static conditions has been simulated previously by FEM, which
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resulted in stress and, consequently, bone deformations in the mandible (Tsouknidas et al.,
2017; Buezas et al., 2019), allowing the study of the mechanical behavior of the mandible
successfully.

Differently from the study by Weijs and Dantuma (1975), which obtained muscle force
data from electromyography, this study used a method similar to previous FEM studies for the
reproduction of muscle action, using morphological data of the mandibular elevator muscles
from microCT associated to iodine-based contrast (Cox et al., 2012; Buezas et al., 2019), and
the calculation of the estimated muscle force from the CSA. This method was previously used
to simulate muscle action in infant mandibles (Humphries et al., 2021), which was used as a
reference for this study. On the other hand, the study by Tsouknidas et al. (2017) used the
resultant of muscle forces in two scenarios involving incisal loading (named as gnawing) and
molar loading (named as chewing).

Previous studies (Cox et al., 2012; Tsouknidas et al. 2017; Buezas et al., 2019)
simulated a linear muscle load to assess the stress distribution on the mandible in rodents. In a
novel purpose, this study reproduced the non-linear feature of the muscle actions in the 6 phases
of the power stroke (molar chewing) by FEM and, thus, it allows to evaluate the different
patterns of mandibular deformation from the variations of the muscular actions in each phase.
Such variations were used from the variations of the muscular contraction percentages proposed
by Weijs and Dantuma (1975), which has applied in the estimated maximum values of muscle
force calculated in our study. These associations support the realistic characteristic of
computational models, since the association of experimental with computational data is
important for model validation (Rossi et al., 2021).

Our results were evaluated according to the biomechanical response of mandible
described by Weijs and Dantuma (1975). According to these authors, the angle between the

mandibular rami (named AR in our study) varies during the power stroke phases, which
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decreases from large to small angle from the first to the last phase. From the TD of the mandible,
the AR values decreased along the 6 phases of the power stroke and, thus, corroborating with
described pattern. Although the absolute AR values were not described in the study by Weijs
and Dantuma (1975), these authors describe a variation to a very smaller angle in the last phase
of the power stroke. Our study presented a lower variation of values (36.93° in phase 1 to 34.55°
in phase 6), whose scenario might be associated with the static simulation. Regarding the
positioning of the condyle, the study by Weijs and Dantuma (1975) described a transition to an
anterior position from the first to the last phase of power stroke. In the anteroposterior direction,
our results corroborate with the previously proposed description because, in general, the final
position of the condyle in this axis was anterior in relation to the first phase. However, our
results showed low variations as seen in figures 7 and 8. It is suggested that this pattern is
associated with the decrease of temporal muscle contraction, whose muscle is closer to the
condyle, after phase 2 on the right and left sides. In addition, the superior position of the condyle
was also observed, whose result is associated with total deformation in the regions of the middle
third of the mandibular ramus (considering the superior-inferior thirds) due to the major
influence of the masseter muscle action in these regions. The region of the condylar process is
highly subjected to muscle actions during chewing, as observed in the stress distribution in the
study by Tsouknidas et al. (2017).

Considering the objectives of this study, computational simulation by FEM was
important to apply the biomechanical concepts in a functional approach (Prado et al., 2013;
Freire et al., 2014; Prado et al., 2016). However, the difficult to validate finite element models
in the simulation of molar chewing in rats occur due to the difficulties in obtaining in vivo data.
Thus, our study proposed the use of in vivo data from previous study (percentage of muscle
contraction from electromyographic data) (Weijs and Dantuma, 1975) to make a more realistic

computational model. Our study was carried out based on a static structural analysis, which is
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considered a limitation in relation to the kinematic data carried out by Weijs and Dantuma
(1975). The recent technologies for kinematic studies such as three-dimensional
videofluoroscopy associated with dynamic finite element analysis can bring more realistic data

for understanding the mandibular biomechanical behavior of rats during mastication.

CONCLUSION
Considering the limitations of computational simulation by FEM, the results presented
similar biomechanical pattern in the power stroke phase, in accordance with the described

experimentally by Weijs and Dantuma (1975).
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3 CONCLUSAO

A partir dos objetivos propostos e, considerando as limitagGes da analise de elementos
finitos, os resultados deste estudo demonstraram computacionalmente o comportamento da
estrutura mandibular em acordo com o proposto experimentalmente no estudo de Weijs e
Dantuma (1975). Os dados concluem que as variagdes nas contragfes musculares aplicadas no
modelo computacional alteram o angulo entre os ramos da mandibula e a posi¢do do condilo

durante a fase de mordida molar em ratos da linhagem Wistar.



35

REFERENCIAS*

1. Cox PG, Fagan MJ, Rayfield EJ, Jeffery N. Finite element modeling of squirrel, guinea pig
and rat skulls: using geometric morphometrics to assess sensitivity. J Anat. 2011, 219: 696-7009.
2. Cox PG, Rayfield EJ, Fagan MJ, Herrel A, Pataky TC, Jeffery N. Functional evolution of
the feeding system in rodents. PLoS One. 2012;7(4):e36299.

3. Ferreira BC, Freire AR, Araujo R, do Amaral-Silva GK, Okamoto R, Prado FB, Rossi AC.
B-catenin and its relation to alveolar bone mechanical deformation - a study conducted in rats
with tooth extraction. Front Physiol. 2020; 11:549.

4. Freire AR, Noritomi PY, Rossi AC, Prado FB, Haiter Neto F, Caria PHF. Biomechanics of
the Human Canine Pillar Based on its Geometry Using Finite Element Analysis. International
Journal of Morphology (Online), 2014; 32:214-220.

5. Hiiemde KM, Ardran GM. A cinefluorographic study of mandibular movement during
feeding in the rat (Rattus norvegicus). J. Zool. (London). 1968; 154: 139-154.

6. Hiiemde KM, Houston WJB. The strutcture and function of the jaw muscles in the rat
(Rattus norvegicus L.) I. Their anatomy and internal architecture. Zoological Journal of the
Linnean Society. 1971; 50(1):75-99

7. Kaku M, Uoshima K, Yamashita Y, Miura H. Investigation of periodontal ligament reaction
upon excessive occlusal load — osteopontin induction among periodontal ligament cells. J
Periodont Res. 2005; 40: 59-66.

8. Prado FB, Freire AR, Claudia Rossi A, Ledogar JA, Smith AL, Dechow PC, Strait DS,
Voigt T, Ross CF. Review of In Vivo Bone Strain Studies and Finite Element Models of the
Zygomatic Complex in Humans and Nonhuman Primates: Implications for Clinical Research
and Practice. Anat Rec (Hoboken). 2016; 299(12):1753-1778.

9. Prado FB, Noritomi PY, Freire AR, Rossi AC, Haiter Neto F, Caria PHF. Stress Distribution
in Human Zygomatic Pillar Using Three-Dimensional Finite Element Analysis. International
Journal of Morphology (Online). 2013; 31:1386-1392.

10. Rossi AC, Freire AR, Ferreira BC, Faverani LP, Okamoto R, Prado FB. Effects of
premature contact in maxillary alveolar bone in rats: relationship between experimental
analyses and a micro scale FEA computational simulation study. Clin Oral Investig. 2021;
25(9):5479-5492.

*De acordo com as normas da UNICAMP/FOP, baseadas na padronizacéo do International Committee
of Medical Journal Editors — Vancouver Group. Abreviatura dos periédicos em conformidade com o
PubMed.



36

11. Rossi AC, Freire AR, Prado FB, Asprino L, Correr-Sobrinho L, Caria PH. Photoelastic and
finite element analyses of occlusal loads in mandibular body. Anat Res Int. 2014; 2014:174028.
12. Watson PJ, Groning F, Curtis N, Fitton LC, Herrel A, McCormack SW, Fagan MJ.
Masticatory biomechanics in the rabbit: a multi-body dynamics analysis. J R Soc Interface.
2014; 11(99):20140564.

13. Weijs WA, Dantuma R. Electromyography and Mechanics of Mastication in the Albino
Rat. J Morphol. 1975, 146: 1-34.



37

ANEXO 1: COMPROVANTE DE SUBMISSAO NA REVISTA

Journal of Morphology
Research Article

Privacy policy

COMPUTATIONAL ANALYSIS OF THE MECHANICAL BEHAVIOR
OF MANDIBULAR BONE STRUCTURES DURING THE MOLAR
POWER STROKE PHASE IN WISTAR RATS

This submission has been sent to the
editorial office and cannot be edited

Submission Status Submitted

Further instructions will be emailed to
Submitted On 16 November 2022 by ALEXANDRE FREIRE you from Manuscript Central.
Submission Started 15 November 2022 by ALEXANDRE FREIRE View Submission Overview

| Terms &Conditions | Contactus | Help | Cookie Preferences

Need help choosing a journal?

We've put together some resources
and tools to help you find the right
journal for your research

Find a Journal




ANEXO 2: COMPROVANTE DO COMITE DE ETICA EM PESQUISA

% | Y

Comiss3o de Etica no Uso de Animais bl
- CEUA/Unicamp 3 Y
CEUANURizamp

INFORMAGAOQ

& Comisso de Etica no Uso de Animais da UMICAMP — CEUA/UNICAMP
— eszclarsce que ndo ha necsssidade de submeter o projete de pesquisa
SAMALISE COMPUTACIOMAL DO COMPORTAMENTO MECAMNICO DAS
ESTRUTURAS OSSEAS MANDIEULARES DURAMNTE A FASE DE MORDIDA
MOLAR EM RATOS DA LINHAGEM WISTAR™, de responsabilidade da Frofa.

Dra._Ana Claudia Rossi & dos executores: Juliana Haddad, Felippe Bevilacgua

Fradoge Slexandre Rodrigues Freire, para analise desta comiss3o.

Justifica-se por se tratar de um projeto que utiizard  imagens
microtomograficas  (microCT) obtidas dos ratos dos grupos confrole e
experimental ja realizadas no protocole orginal (protocole CEUAUNICAMPE -

nimers 4401-1). Mao havera manipulacdo in wie na Unicamp para este projeto.

Campinas, 24 de maio de 2022,

Prof. Dr. Wagner José Favaro Fosangela dos Santos

Fresidante Secretaria Exscutiva

CEUAUMICAMP CEUAMUMICAMP

CELALNICAMP Tebefone: [19) 35215359
Fua Monteim Lohato, B0 E-mail: comisib@unicamp br
13083370 Campinas, 5F - Bras] hiEps-wanw, b Lnicamp bricomissoes/ceus_prncipal

Documento sssinade. Verficar sulenbicidsde == sigad unicamp briverfica
Irormar codigo COE1D9EZ 1ASCSTC BDDOS3ES JO3T4CEF

Documento gssinado eletronicaments por WAGHNER FAVARD, PRESIDENTE DA CEUAUNICAMP
2052022, as 17:44 horas, confiome Art. 1D§2‘:EMP1201‘EDEI1 Y 1" da Reschugao GR B42017.

Decumento assinado eletronicaments por ROSANGELA DOS SANTOS, SECRETARIA EXECUTIVA CEUA/UNICAMP,
em 25052022, 3s 0840 horas, mnfl:nneﬁlt 1052 daMP 22002001 e Art. 1* da Resolugao GR 542017,

A auterticidade do docurmento pode ser comfenda no sie:
ﬁ fverfica, infiormando o ?ﬁmﬁmﬁr
C TC1 BDDOS3IES 4037 e

NI AR
1S

38



39
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