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RESUMO

Introducdo: O objetivo deste estudo foi avaliar, por meio da andlise de
elementos finitos (AEF), as alteracdes iniciais na distribuicdo e magnitude das
tensdes no ligamento periodontal (LPD), no movimento de mesializacdo do
primeiro molar superior, considerando a variacdo no nivel horizontal do osso
alveolar e No ponto de aplicacdo da forca. Métodos: Os modelos tridimensionais
foram criados a partir da tomografia computadorizada de um cranio seco e,
posteriormente, exportados ao programa Autodesk Simulation Multiphysics®
2016, para a realizacdo da AEF. A simulacdo da variacdo no nivel do osso
alveolar foi definida em 4 estagios: 1) sem perda de o0sso alveolar, 2) 1,0 mm, 3)
2,0 mm 4) 3,0 mm de perda horizontal de osso alveolar. O ponto de aplicagéo da
forca variou em dois niveis: 1) Centro da coroa, 2) 1,0 mm apical. Resultados:
Os resultados mostraram que, no movimento de inclinacdo, ha distribuicdo nao
uniforme das tensfes no LPD, e a presenca de areas de grande concentracédo de
compresséo e tracdo. No movimento de translacéo, a distribuicdo das tensodes foi
uniforme. Para cada milimetro de perda éOssea, foi necessaria a reducdo na
magnitude da forca de 31,4 gf, para manter este equilibrio na distribuicdo das
tensdes. Quando a aplicacdo da forca € deslocada apicalmente em 1,0mm, a
reducdo na magnitude da forca para cada milimetro de perda 6ssea € de 29,4 df.
Para cada milimetro de perda 6ssea, ha o deslocamento do centro de resisténcia
(Cres) do LPD de 0,63mm, apenas no eixo vertical e na direcdo apical.
Conclusdes: Para que a movimentagdo do primeiro molar superior com perda
horizontal do osso alveolar ocorresse sem a formacéo de areas de concentracao
de tensé@o no LPD, foi necessario ajustar a magnitude da forga e a aplicacdo dos

momentos equilibrantes a medida que o CRes é deslocado apicalmente.

Palavras-chave: Movimentacdo dentaria, Perda de Osso Alveolar, Analise de

Elementos Finitos, Ligamento Periodontal



INTRODUCAO

A conscientizacdo da importancia de uma denticdo saudavel e de um
sorriso harmdnico fez com que o numero de pacientes adultos, que procuram por
tratamento ortodontico, aumentasse nas Ultimas décadas.! Segundo estudo
publicado, no inicio de 2016, pela Associacdo Americana de Ortodontia, 27%
dos pacientes em tratamento ortodontico, nos Estados Unidos e Canada, séo
adultos.

Para a Ortodontia, é considerado adulto, aquele paciente que estd com o
crescimento finalizado. Ou seja, a correcao ortoddntica € realizada, apenas, pela
movimentagdo dos dentes nos alvéolos, sem considerar o desenvolvimento dos
maxilares e dos processos alveolares.? Este, por si s6, € um fator limitante para o
tratamento ortodontico. Porém, a reducdo nos tecidos de suporte periodontal,
frequentemente observada nos pacientes adultos, seja em decorréncia de
trauma ou doenca periodontal, torna o tratamento ortodontico ainda mais
desafiador®.

Com a diminuicdo do suporte periodontal, hd o deslocamento apical do
centro de resisténcia do dente. Consequentemente, ha o aumento da distancia
entre o ponto de aplicagcdo da forca e o ponto de resisténcia, alterando o
momento e aumentando a tendéncia de inclinacdo dentaria e a concentracao
indesejada de forcas no ligamento periodontal*. Além disso, a reducdo da
superficie do ligamento periodontal, causada pela perda do osso alveolar, diminui
a area de dissipacédo das forcas, podendo resultar, também, numa concentracdo
indesejada de forcas. Como consequéncia, poderdo aparecer mais areas de
hialinizacdo,”” dificultando o movimento dentario e contribuindo para o
desenvolvimento de reabsorc¢des radiculares externas.

O tratamento ortoddntico ndo € contraindicado em pacientes com perdas
severas no periodonto de suporte, desde que haja saude dos tecidos
remanescentes.*®° Porém, o controle da aplicacdo da forca ortodéntica, tanto na
intensidade como na dire¢ao, passa a ser fundamental para que a movimentagéo
dentaria seja eficiente e néo traga danos aos dentes e ao periodonto de suporte.

Frequentemente, o tratamento em adultos requer abordagem

multidisciplinar. Neste contexto, um dos desafios da Ortodontia é a
movimentagdo de dentes comprometidos periodontalmente, com a finalidade de



otimizar espagos remanescentes de perdas dentarias, criando as condigcdes
necessarias para a realizacao de outros procedimentos odontologicos.

Alguns estudos, usando a Analise de Elementos Finitos (AEF),
investigaram a acao de forcas aplicadas diretamente sobre a coroa em dentes
anteriores, portanto uniradiculares, com a simulagédo de diversos niveis de perda
no 0sso alveolar. Os resultados destes trabalhos sugerem que a diminuigéo na
intensidade de forca e o aumento na relacdo momento/forca (M/F) séo
necessarios para se obter o movimento de corpo em dentes com perdas no
periodonto de suporte.**?

Porém, apesar da grande demanda clinica, a discusséo na literatura da
correlacdo entre a perda de suporte periodontal e a aplicacdo de forcas, em

dentes multirradiculares, é muito pequena. Jeon et al*®

avaliaram a aplicacao de
forcas em modelos tridimensionais de molares, simulando a perda de o0sso
alveolar. Os resultados também indicaram a necessidade de alteracdo na
intensidade da forca aplicada e na relagdo M/F para que o padréo de distribuicédo
de forcas no LPD se mantenha equilibrado com a perda de suporte periodontal.

Com a utlizacdo da AEF, uma série de simulagbes, variando a
intensidade e o ponto de aplicacdo das forcas ortoddnticas, bem como as
propriedades dos dentes e dos seus tecidos de suporte, podem ser analisadas e
informacBes valiosas podem ser utilizadas para facilitar o planejamento e a
aplicacdo das forcas ortodonticas.'***’ Porém, a precisdo dos resultados destes
trabalhos esta diretamente relacionada a rigueza de detalhes anatdmicos dos
modelos tridimensionais, ao numero de elementos e ao grau de refinamento na
malha de elementos finitos.*®

O objetivo deste trabalho foi avaliar, por meio da AEF, a resposta inicial e a
distribuicdo das tensdes no ligamento periodontal, no movimento de mesializacao
do primeiro molar superior, considerando a variagcdo no nivel horizontal do osso

alveolar e no ponto de aplicacao da forga.



MATERIAL E METODOS

Modelagem

A modelagem foi feita a partir de tomografia tipo cone-beam obtida de um
cranio seco com denticdo permanente completa procedente do departamento de
Anatomia da Pontificia Universidade Catoélica do Parana (PUCPR). O tomdgrafo
utilizado foi o I-CAT (Classic I-CAT, Imaging Sciences, Hatfield, Pa), operado a
120kVp, 0,5 mm de tamanho de ponto focal nominal, gama dinamica da escala
de cinzas de 14 bits, 0,4 mm de tamanho de voxel, produzindo 256 fatias de
imagens com 0,25 mm de espessura convertidos em arquivos exportaveis em
formato DICOM.

No departamento de Engenharia Mecanica da PUCPR, foi utilizado o
programa CAD Simpleware® (Innovation Centre, Exeter, United Kingdom) para
definir os limites de cada componente anatdmico do modelo (osso cortical, 0Sso
trabecular, esmalte, dentina e polpa) em NURBS bilineares (non-uniform rational
B-spline). Esta conversdo permitiu maior manipulacéo e controle das curvas ou
superficies geradas e, consequentemente, maior versatilidade na representacéo
das superficies complexas. Apés a definicdo dos limites dos tecidos 6sseos, este
modelo foi transferido no formato STEP para o programa de CAD denominado
Solidworks® 2015 - academic version (Dessault Systémes Solidworks Corp.,
Concord, Ma). Nesta fase, foram retiradas as superficies sobrepostas, realizadas
a suavizacdo da intersecdo das superficies e corrigidos 0s espacos vazios
gerados pela retirada das vascularizagdes e nervos.

Para simplificar o modelo, apenas a hemimaxila esquerda foi considerada
(Fig 1, pag. 6).



Fig 1. Modelo tridimensional da hemimaxila
esquerda.

A partir desta hemimaxila, foi gerado o primeiro modelo tridimensional
(Modelo 1) composto pelo primeiro molar, ligamento periodontal (LPD), 0sso

cortical, osso alveolar e bracket (Fig 2).

Fig 2. Modelo tridimensional 1. Fig 3. Modelo tridimensional 2.

O segundo modelo tridimensional, Modelo 2, foi gerado (Fig 3), no qual a
posicdo do bracket foi deslocada apicalmente, até o limite da superficie do
esmalte dentério com o inicio da raiz. As demais caracteristicas ficaram idénticas
ao Modelo 1 (Fig 2, pag. 6).

A imagem tridimensional do bracket metalico com slot 0.022” x 0.028”
Twin-Edge® Standard Edgewise (TP Orthodontics, La Porte, IN) foi elaborada de

acordo com as dimensdes obtidas pelos projetores de perfil da marca Nikon



Profile Projector V-16E (Tokio, Japdo) e Metronics Quadra-Chek 2000
(Manchester, NH).

O LPD foi criado por meio da expanséo da superficie externa da raiz para
a criacdo de um modelo que represente este tecido. Apds a expansao, foi usada
a ferramenta de seccao por Loft do programa CAD denominado Solidworks® 2015
- academic version (Dessault Systemes Solidworks Corp., Concord, Ma), que
usou curvas como guias que acompanhassem o lado externo do LPD, criando a
cavidade necessaria na superficie 6ssea para acomoda-lo juntamente com a raiz.
Com esse método, foi possivel criar uma superficie sem rugosidades evitando as
concentracdes de tensdes que pudessem distanciar o resultado final do real. Este
modelo ndo apresentou espessura uniforme, variando de 0,1 mm a 0,5 mm,

ficando, assim, mais préximo da anatomia real*® (Fig 4, pag. 7).

LPD

Fig 4. Vista Mesial (A), Vista Distal (B) e Vista Apical (C) do LPD.
Variacéo da espessura do LPD.



Modelo 1

Modelo 2

Fig 5. Sem perda éssea (A), 1,0 mm (B),
2,0 mm (C) e 3,0 mm (D) de perda éssea.

As simulacdes do nivel horizontal do osso alveolar, nos dois modelos,

foram divididas em quatro estagios: A) Sem perda éssea; B) 1,0 mm de perda;
C) 2,0 mm de perda; D) 3,0 mm perda (Fig 5).

Entdo, os modelos de sélidos geométricos do primeiro molar foram

transferidos no formato STEP para o programa de CAE (Computer Aided

Engineering), denominado Autodesk Multphysics Simulation® 2016 — Academic

version (Autodesk, San Rafael, CA), para andlise de elementos finitos. Nesta

fase, foi construido o modelo de elementos finitos com elementos tetraédricos

lineares de quatro nos.

O modelo de elementos finitos do osso cortical e trabecular, do LPD, da

dentina, do esmalte e do bracket foram considerados homogéneos, isotrépicos e
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com comportamento elastico linear,?>%

com moédulo de Young e coeficiente de
Poisson especificos (Tabela 1).?**” A polpa foi desconsiderada devido & sua
rigidez ser irrelevante perante os demais componentes do modelo?® e por n&o ser

objeto de pesquisa deste trabalho.

Tabela I. Mddulo de Young e Coeficiente de Poisson

Médulo de Young Coeficiente de Poisson
Material (MPa)
Ligamento Periodontal 0,87 0,35
Esmalte 84.100,00 0,20
Dentina 18.600,00 0,31
Osso cortical 13.800,00 0,26
Osso trabecular 345,00 0,31
Aco inoxidavel 210.000,00 0,27

Fonte: Malek et al, 2001”°. Quian et al, 2008°°. Kojima and Fukui, 2006**. Xia et al, 2013

As condi¢cdes de contorno foram definidas para simular o restante da
hemimaxila (Fig 1, p4g.6). Os nos das faces mesial, distal e superior dos modelos
foram fixados, restringindo as translacdes nas dire¢cdes x, y e z (Fig 6, pag. 10).

Apos a andlise de convergéncia do campo de tensfes definiu-se a malha
para realizacdo das AEF. Os comprimentos das arestas dos elementos
resultantes variam entre 0,317 mm a 0,004 mm, no modelo sem perda 6ssea; de
0,572 mm a 0,002 mm nos com 1,0 mm de perda éssea; 0,482 mm a 0,002 mm
nos modelos com 2,0 mm de perda 6ssea e de 0,653 mm a 0,005 mm nos
modelos com 3,0 mm de perda 6ssea. A malha resultante foi formada por
3.216.873 elementos tetraédricos lineares e por 553.736 ndés nos modelos sem
perda 6ssea; 3.569.459 elementos tetraédricos lineares e por 618.528 nés nos
modelos com 1,0 mm perda 6ssea; 3.790.685 elementos tetraédricos lineares e
por 658.024 noés nos modelos com 2,0 mm perda 6ssea e 5.094.956 elementos
tetraédricos lineares e por 880.076 n6s nos modelos com 3,0 mm perda éssea
(Fig 7, pag. 10). O algoritmo de geragcdo da malha foi ajustado para ficar com no

minimo 4 tetraedros na espessura do LPD (Fig 8, pag. 11).



48722
—

Fig 6. Condicdes de contorno.

Fig 7.

Malha do modelo tridimensional.
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Fig 8. Malha do LPD.

APLICACAO DA FORCA

No Modelo 1, sem perda éssea, inicialmente, foi simulada a forca no
sentido mesial 2,94 N (300 g¢f),?®* decomposta nos vetores Fx=-0,059 N,
Fy=-2,929 N e Fz=0,061 N (Fig 9, pag. 12). Esta for¢a foi aplicada sobre o
bracket, simulando o movimento de inclinagdo mesial. Posteriormente, para
simular o movimento de corpo, ou de translagdo do dente, e aliviar as
concentracdes de tensdes,*® foi aplicada, sobre o bracket, a mesma forca no
sentido mesial acrescida de um conjunto de momentos equilibrantes
tridimensionais (Fig 10, pag. 12). Estes momentos sdo: Mx=31,38 N.mm,
My=0,36 N.mm e Mz=17,89 N.mm.

11



Fig 9. Forca mesial e movimento de inclinacao.

) ‘ (B) (©)

Fig 10. Vista Oclusal (A), Vestibular (B) e Mesial (C). Momento triplo e
movimento de translacéo.
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Com a perda horizontal do osso alveolar em 1,0 mm, 2,0 mm e 3,0 mm, a
reducdo na magnitude da forca e ajustes nos momentos equilibrantes
tridimensionais foram estabelecidos, a fim de manter o mesmo padréao qualitativo
de distribuicdo de tensdo obtido no movimento de translacdo do modelo sem
perda 0ssea.

No modelo 2, sem perda 0ssea, inicialmente, também foi aplicada forca no
sentido mesial de 2,94 N (300 gf),*®**° decomposta nos vetores Fx=-0,059 N,
Fy=-2,929 N e Fz=0,061 N, simulando o movimento de inclinagdo mesial.
Posteriormente, o movimento de translacdo®® foi simulado, também, com a
aplicacdo dos momentos equilibrantes tridimensionais: Mx=28.31 N.mm,
My= 0,44 N.mm e Mz= 18,02 N.mm.

No modelo 2, também foram simuladas as perdas horizontais do 0sso
alveolar em 1,0mm, 2,0mm e 3,0mm. Ajustes na forca e nos momentos
equilibrantes tridimensionais, também, foram estabelecidos, a fim de manter o
mesmo padrao de distribuicdo de tensdo obtido no movimento de translacdo sem
perda éssea.

Ap6s o processamento da andlise de elementos finitos, os dados
numéricos produziram mapas gréaficos codificados por cores para melhor
comparacao da distribuicdo das tensdes principais. Os registros obtidos foram
avaliados de acordo com as tensdes principais minima e maxima. Por convencao
a tensdo principal minima (TPMin) sdo as tensdes de menor magnitude e,
geralmente, representa uma tensdo compressiva e, a tensao principal maxima
(TPMéax) sdo as tensdes de maior magnitude e, geralmente, representa uma

tensao de tragéo.
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RESULTADOS

Anélise de Elementos Finitos (AEF)

A representacdo grafica da analise dos campos de tensdes foi feita de
acordo com uma escala de cores e permitiu a avaliacdo qualitativa das
distribuic6es de forcas. As areas correspondentes as cores quentes, ou valores
positivos, indicam regides de tracdo. As &reas correspondentes as cores frias, ou
valores negativos, indicam regiées de compressao.

Os eixos X, y e z foram usados como referéncia para realizar a
interpretacdo dos resultados no programa Autodesk Multphysics Simulation ®
2016 — Academic version (Autodesk, San Rafael, CA), o eixo x representa o
plano transversal, o eixo y o0 plano antero-posterior ou sagital e o z o plano
vertical ou frontal.

A forca mesial de 2,94 N (300 ¢f,) aplicada no bracket do Modelo 1 (Fig 2,
padg. 6), sem perda Ossea, gerou distribuicdo ndo uniforme de areas
compressivas e de tracao por todo o LPD (Fig 11, pag. 15 ). As areas de maior
compressédo no LPD puderam ser observadas no terco cervical da face mesial, do
limite com a face vestibular até a regido central. Ainda na face mesial, observou-
se uma pequena area, bem delimitada, de grande compressao no terco médio da
raiz vestibular. Esta area coincide com a area de menor espessura do LPD (Fig 3,
pag. 6). Na face distal, as maiores areas de compressado foram observadas no
terco apical da raiz palatina. Na face vestibular, as &reas com maior compressao
foram localizadas no tergo cervical, no limite com a face mesial e na parte distal
de terco apical da raiz palatina. Por palatino, a maior compresséo foi observada
no terco apical no limite com a face distal. Por fim, na vista apical, areas de
grande compressao foram identificadas nos apices da raiz mésio-vestibular e na
parte distal do apice da raiz palatina. Estas areas de grande concentracdo de
compressao nos apices coincidem com areas de menor espessura do LPD (Fig 3,
pag. 6). As maiores areas de tracdo puderam ser visualizadas na face distal,
concentrando-se no centro do terco cervical e estendendo-se ao limite com a
face vestibular. Na face mesial, as maiores forcas de tracao foram localizadas no
terco apical da raiz palatina, estendendo-se até o terco meédio. Na face vestibular,
a porcao distal do terco cervical e a parte distal do terco médio da raiz mésio-
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vestibular foram as areas de maior tragdo. Por palatino, as areas com maior
tracdo foram observadas na parte mesial no terco apical da raiz palatina e no
limite distal do terco cervical. Na vista apical, o apice da raiz disto-vestibular e a
porcdo mesial do apice da raiz palatina concentraram as maiores forcas de
tracdo. Nesta simulagdo, TPMin variaram de -0,055 MPa a 0,025 MPa (Fig 11,
pag. 15).

Movimento de inclinagao Movimento de translacao

A
MPa MPa
0,025 0,015
0,017 0,011
0,009 0,007
0,001 ?\ 0,004
-0,007 0,000
-0,015 B
-0,023
-0,031
-0,039
-0,047
-0,055

Fig 11. Modelo 1, Sem perda Ossea. Vista Mesial (A), Distal (B) e Apical (C)
da distribuicdo de tensées minimas, no movimento de inclinacéo e translacao.
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No Modelo 1 (Fig 2, p4g. 6), sem perda déssea, com a aplicacdo dos
momentos equilibrantes tridimensionais (Fig 11, pag. 15), foi possivel simular o
movimento de translacdo, onde o dente se movimenta sem as tendéncias de
inclinacdo ou giro e a distribuicdo das areas de compressao e tracdo € mais
uniforme. Na face mesial do LPD, h4 um predominio de campos de compresséo,
com uma concentragdo maior ao longo da raiz palatina e principalmente no tergo
meédio da raiz mésio-vestibular. Na vista palatina, observa-se o predominio dos
campos de tracdo com distribuicdo uniforme. Por vestibular, pode-se observar a
divisdo homogénea entre os campos de tensdo. As areas de compressao estao
localizadas ao longo das por¢des mesiais das trés raizes, enquanto as areas de
tracdo estdo nas porcoes distais das raizes. A vista palatina mostra o mesmo
padrdo homogéneo de divisdo dos campos de tensdo. Na vista apical, observa-se
que as areas de compressédo estdo distribuidas ao longo das faces mesiais das
raizes e do tergo cervical da face mesial, com concentragdo maior no centro da
face mesial da raiz mésio-vestibular e na regido mesial do apice da raiz palatina.
As areas de tracdo estdo distribuidas mais uniformemente e se localizam nas
porcOes distais das raizes e no terco cervical da face distal. Nesta simulacao,
TPMin variaram de -0,023 MPa a 0,015 MPa (Fig 11, pag. 15).

As Figuras 12 a 15, paginas 17 a 20, mostram a distribuicdo das tensodes
no LPD, no movimento de translacdo do Modelo 1, de acordo com a alteracédo no
nivel do osso alveolar em quatro estagios. A situacao inicial foi considerada com
0,0 mm de perda 6ssea horizontal. Depois 1,0 mm, 2,0 mm e 3,0 mm de perda
O0ssea. Nestas simulagfes, a analise dos campos de tensédo foi feita com base na
tensdo (TPMin) e (TPMax). Para cada nivel 6sseo, foram alterados os momentos
equilibrantes tridimensionais e a magnitude da for¢ca, de maneira que 0 mesmo
padrao de distribuicdo de tensdes, obtido no movimento de translacdo do Modelo
1, sem perda 6ssea, fosse mantido (Fig 11, pag. 15).
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TPwmin

TPmax

MPa

0,015

0,011
0,007
0,004
0,000
-0,004
-0,008
-0,012
-0,015
-0,019

-0,023

Fig 12. Modelo 1, Sem perda éssea. Vista Mesial (A), Distal (B), Apical (C) da

distribuigéo de tensBes minimas e maximas, no movimento de translagéo.
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TPmin

TPmax

MPa

0,015
0,011

0,007
0,004
0,000
-0,004
-0,008
-0,012
-0,015
-0,019

-0,023

Fig 13. Modelo 1, com 1,0 mm de perda Ossea. Vista Mesial (A), Distal (B),
Apical (C) da distribuicdo de tensdes minimas e maximas, no movimento de

translacéo.
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MPa

0,015
0,011

0,007
0,004
0,000
-0,004
-0,008
-0,012
-0,015
-0,019

-0,023

Fig 14. Modelo 1, com 2,0 mm de perda Ossea. Vista Mesial (A), Distal (B),
Apical (C) da distribuicdo de tensBes minimas e maximas, no movimento de

translacao.
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TPwmin

TPmax

MPa

0,015
0,011

0,007
0,004
0,000
-0,004
-0,008
-0,012
-0,015
-0,019
-0,023

Fig 15. Modelo 1, com 3,0 mm de perda 6ssea. Vista Mesial (A), Distal (B),
Apical (C) da distribuicdo de tensfes minimas e méaximas, no movimento de

translacgéo.
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A magnitude da forga variou de 2,94 N (300 gf), para 2,79 N (284 gf), 2,5 N
(255 gf) e 2,01 N (205 gf), conforme variou, respectivamente, o nivel é6sseo nos
quatro estagios (Tabela Il). A diminuicdo na intensidade da forca foi de,
aproximadamente, 5,3% com a perda de 1,0 mm; 15,0% com 2,0 mm e 31,6%

com 3,0 mm.

Tabela Il. Alteracdes na magnitude da forca

Modelo 1 Modelo 2
Nivel 6sseo |Forca| Forca | Nivel 6sseo | Forga Forca
(mm) (N) | (gf) (mm) (N) (f)
0,0 2,94 | 300 0,0 2,94 300
1,0 2,79 | 284 1,0 2,75 280
2,0 2,50 | 255 2,0 2,50 255
3,0 2,01 | 205 3,0 2,06 210

Fonte: O autor

Com a perda do suporte 6sseo, houve diminuicdo da area de superficie do
LPD (Fig 16, pag. 22). Foi de 1.068,87 mm?, nos modelos sem perda 6ssea, para
955,64 mm? com 1,0 mm de perda, 896,84 mm? para 2,0 mm de perda e 747,28
mm? com 3,0 mm de perda (Tabela Ill). A reducéo foi de, aproximadamente,
10,6% com a perda de 1,0mm; 16,1% com 2,0mm e 30,0% com 3,0 mm. Estas

alteracGes sdo as mesmas para os Modelos 1 e 2 (Figs 2 e 3, pag. 6).

Tabela lll. Alterac6es na area de superficie do LPD

Nivel 6sseo (mm) Area do LPD (mm?)
0,0 1068,87
1,0 955,64
2,0 896,84
3,0 747,28

Fonte: O autor
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. A
. B
. c
‘ D

Fig 16. Sem perda no nivel ésseo (A), 1,0 mm (B), 2,0 mm (C) e 3,0 mm (D).
Deslocamento do CRes (ponto amarelo) e diminui¢do da superficie do LPD.
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O posicionamento do centro de resisténcia (CRes) do LPD foi calculado
tomando como referéncia o centro do bracket (Fig 17). Sua localizacdo também
variou com a alteracdo no nivel do osso alveolar. Este deslocamento pode ser
observado no eixo vertical, com a variacdo maxima de 2,0 mm para apical no
modelo com perda 6ssea de 3,0 mm. Nos eixos horizontal e transversal as

alteragdes no posicionamento foram muito pequenas (Tabela 1V, pag. 24).

(A)

(B)

Fig 17. Vista Oclusal (A), Vestibular (B), Mesial (C) Palatina (D). Sistema de
coordenadas X, y e z. Localizagdo do centro de resisténcia (CRes).

(C) R,
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Tabela IV. Posicao do centro de resisténcia

Modelo 1 Modelo 2
Nivel 6sseo | Rx Ry Rz Nivel 6sseo Rx Ry Rz
(mm) (mm) | (mm) | (mm) (mm) (mm) | (mm) | (mm)
0,0 6,0 -0,9 | -10,6 0,0 6,0 -0,8 | 9,6
1,0 6,0 -09 | -11,3 1,0 6,0 -0,9 | -10,3
2,0 6,0 -0,9 | -11,7 2,0 6,0 -0,9 | -10,7
3,0 6,0 -1,0 | -12,6 3,0 6,0 -0,9 | -11,6

Fonte: O autor

Com a redugcdo no nivel Osseo, foram necessarios a diminuicdo na
magnitude da forca e o0 ajuste nos momentos equilibrantes tridimensionais. O
maior ajuste foi no eixo vertical, variando de 17,9 N.mm a 12,2 N.mm conforme o
nivel 6sseo foi reduzido. No eixo transversal a forca passou de 31,4 N.mm para
25,5 N.mm. No eixo horizontal, a variacdo foi de 0.4 N.mm a 0.2 N.mm
(Tabela V).

Tabela V. Momentos Equilibrantes Tridimensionais

Modelo 1 Modelo 2
Nivel dsseo| Mx My Mz | Nivel 6sseo| Mx My Mz
(mm) (N.mm) | (N.mm) | (N.mm) (mm) (N.mm) | (N.mm) | (N.mm)
0,0 31,80 | 0.36 17,89 0,0 28,38 | 0,44 18,02
1,0 31,38 | 0,30 17,00 1,0 28,31 | 0,37 16,86
2,0 29,35 | 0.24 15,13 2,0 26,24 | 0,30 14,98
3,0 25,45 | 0,15 12,19 3,0 23,90 | 0,21 12,59

Fonte: O autor

No Modelo 2 (Fig 3, pag. 6), o bracket foi reposicionado 1,0mm
apicalmente, até o limite do esmalte com a raiz, sendo esta a Unica diferenca
para o Modelo 1 (Fig 2, pag. 6). Para simular o movimento de inclinagdo, no
Modelo 2 sem perda 0ssea, foi aplicada a mesma for¢ca mesial de 2,94 N (300 gf,)
no centro do bracket. A distribuicdo das areas de tracdo e compresséo, no LPD,
também apresentou padréo nao uniforme (Fig 18, pag. 25). Os resultados séo,
qualitativamente, semelhantes, & mesma simulacao feita no Modelo 1 sem perda
Ossea (Fig 11, pag. 15).

Na simulacdo do movimento de translacdo, no Modelo 2 (Fig 3, pag. 6),
sem perda Ossea, também foram aplicados os momentos equilibrantes
tridimensionais (Tabela V) para se conseguir um padrdo mais homogéneo das
tensdes (Fig 18, Pag. 25). Apesar das alteragcdes nos momentos equilibrantes, os
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resultados desta simulacdo séo, qualitativamente, semelhantes aos encontrados

na simulacao feita no Modelo 1 (Fig 11, pag 15).

Movimento de inclinacao

Movimento de translagao

MPa

0,025
0,017

0,009

0,001

-0,007
-0,015
-0,023
-0,031
-0,039
-0,047

-0,055

Fig 18. Modelo 2, sem perda Ossea. Vista Mesial (A), Distal (B) e Apical (C) da
distribuicdo de tensBes minimas, no movimento de inclinacdo e translacgéo.
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As Figuras 19 a 22, paginas 26 a 29, mostram a distribuicdo das tensdes

no LPD, no movimento de translagédo do Modelo 2, de acordo com a alteracao no

nivel do osso alveolar nos mesmos quatro estagios avaliados com o Modelo 1

(Fig 2, pag. 6). Nestas simulacfes, a analise dos campos de tensao também foi

feita com base na TPMin e TPMax. Para cada nivel 6sseo, foram alterados os

momentos equilibrantes tridimensionais e a magnitude da forgca de maneira que 0

mesmo padrao de distribuicdo de tensdes, obtido no movimento de translacéo do

Modelo 2 (Fig 3, pag. 6), sem perda 0ssea, fosse mantido (Fig 18, pag. 25).

TPwmin

TPmax

MPa

0,015
0,011

0,007
0,004

0,000

-0,004
-0,008
-0,012
-0,015
-0,019

-0,023

)

Fig 19. Modelo 2, sem perda 6ssea. Vista Mesial (A), Distal (B), Apical (C) da

distribuicdo de tensdes minimas e maximas, no movimento de translacao.
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TPwmin

TPmax

MPa

0,015

0,011
0,007
0,004
0,000
-0,004
-0,008
-0,012
-0,015
-0,019

-0,023

Fig 20. Modelo 2, com 1,0 mm perda 6ssea. Vista Mesial (A), Distal (B), Apical
(C) da distribuicdo de tensdes minimas e maximas, no movimento de translacao.
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TPwmin

TPmax

MPa
0,015
0,011

0,007
0,004
0,000
-0,004
-0,008
-0,012
-0,015

-0,019

-0,023

Fig 21. Modelo 2, com 2,0 mm perda éssea. Vista Mesial (A), Distal (B), Apical
(C) da distribuicao de tensdes minimas e maximas, no movimento de translacao.
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TPwmin

TPmax

MPa

0,015
0,011

0,007
0,004

0,000

-0,004
-0,008
-0,012
-0,015
-0,019
-0,023

Fig 22. Modelo 2, com 3,0 mm perda éssea. Vista Mesial (A), Distal (B), Apical
(C) da distribuicao de tensdes minimas e maximas, no movimento de translacao.
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A intensidade da forga variou de 2,94 N (300 df), para 2,75 N (280 df),
2,5 N (255 ¢f) e 2,06 N (210 gf), conforme variou, respectivamente, o nivel
0sseo nos quatro estagios (Tabela Il, pag. 21). A diminuicdo na intensidade da
forca foi de, aproximadamente, 6,6% com a perda de 1,0 mm; 15,0% com 2,0 mm
e 30,0% com 3,0 mm.

A alteracdo feita, no posicionamento vertical do bracket, também
influenciou as mudancas na localizagcdo do CRes do LPD, uma vez que o centro
do bracket foi usado como referéncia (Fig 16, pag. 22). No Modelo 2, a
localizacdo do CRes também variou com a alteracdo no nivel do osso alveolar.
Embora a diferenga na localizagdo inicial, no eixo vertical, seja diretamente
correlacionada ao reposicionamento apical do bracket, quando comparada ao
Modelo 1 (Fig 2, pag. 6), o deslocamento apical maximo, no Modelo 2 (Fig 3,
pag. 6) também foi de 2,0 mm. Os deslocamentos nos eixos horizontal e
transversal, assim como no Modelo 1, foram muito pequenos (Tabela 1V, pag.
24).

A Tabela V, pagina 24, mostra as alteraces nos momentos triplos para o
Modelo 2 ( Fig 3, pag. 6). O maior ajuste foi no eixo vertical, variando de
18,02 N.mm a 12,59 N.mm conforme o nivel 6sseo foi reduzido. Estes valores
foram ligeiramente maiores que os observados no Modelo 1. No eixo transversal
a variacao foi de 28,31 N.mm a 23,90 N.mm, valores um pouco menores que 0S
produzidos pelo Modelo 1. No eixo horizontal, a variacao foi de 0,44 N.mm a
0,21 N.mm, valores um pouco maiores que os produzidos pelo Modelo 1.

Anélise Estatistica

A andlise estatistica foi usada para avaliar as correlagbes entre a
magnitude da forca, os momentos equilibrantes (Mx, My e Mz) e o
posicionamento do centro de resisténcia (Rx, Ry e Rz) com a variacao nos niveis
de perda Ossea e na posi¢ao do bracket.

O teste de normalidade de Shapiro-Wilk, indicado para testar a
normalidade dos dados em amostras pequenas, mostrou uma tendéncia de
distribuicdo normal dos dados para todas as variaveis analisadas, segundo a

posicdo do bracket, uma vez que p > 0,05 (Tabela VI, pag 85).
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A Tabela VII, pagina 85, apresenta as estatisticas descritivas para cada
uma das variaveis, considerando as duas posicoes do bracket e os quatro niveis
de perda Ossea.

O teste de homogeneidade de Levene indicou variancia homogénea entre
os dados de cada uma das variaveis, considerando as duas posicoes do bracket
e 0s quatro niveis de perda 6ssea (Tabela VIII, pag. 86).

Foi aplicado o teste paramétrico de correlacdo de Pearson para a
avaliacdo da associacdo das varaveis, levando em consideracédo o Modelo 1 e o
Modelo 2 (tabelas 1X, X, Xl e XIl, pags. 86 a 88).

Para o Modelo 1, esta analise mostrou uma correlacdo evidente, acima de
— 0,90, entre a perda 6ssea e os momentos equilibrantes (Mx, My e Mz), porém
foi significante (p<0,05), apenas para 0s momentos nos eixos y e z (My e Mz). A
correlacdo da magnitude de forca com a perda 6ssea foi bastante significante,
-0,971, ou seja, quando a quantidade de perda 6ssea aumenta, a magnitude de
forca diminui. A correlacdo entre a perda 6ssea e 0 posicionamento
tridimensional do centro de resisténcia foi bastante evidente, 0,987, mas
significante (p<0,05), apenas para as medidas no plano vertical (Rz) (Tabelas I1X
e X, pags. 86 e 87).

O gréafico 1 (pag. 32), mostra esta correlacao linear entre a magnitude da
forca e a perda Ossea. Para a obtencdo deste gréfico, foi adotado um modelo de
regressdo linear usando o método de minimos quadrados ordinarios. O
coeficiente linear foi de 308 e o coeficiente angular foi de 31,4. Com estes dados
pode-se dizer que para cada milimetro de perda 0ssea, a redu¢cdo na magnitude
da forca deve ser de 31,4 gf. O coeficiente de determinacéo (R?) foi de 0,942, ou
seja, apesar da amostra pequena, as variagdes na perda 0ssea sdo capazes de
explicar 94,2% da variagdo na magnitude da forca aplicada. O grafico 2 (pag. 32),
mostra esta correlagéo linear entre a perda 6ssea e o deslocamento do CRes no
eixo X, vertical. O coeficiente linear foi de 10,62 e o coeficiente angular foi de
0,63, ou seja, para cada milimetro de perda 6ssea ha um deslocamento apical,

vertical do CRes de 0,63 mm. O coeficiente de determinacao (R?) foi de 0,974.
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Grafico 1 - Relagdo entre Forga aplicada e perda 6ssea para Modelo 1

R? Linear = 0,942
310,00

30000 ©
290,005
280,00 i
Forga Aplicaca (af) = 308 - 31 4*Perda Cssea (mm)
270,00

260,005

250,004

Forga Aplicada (gf)
o

240,00

230,00

220,005

210,004

200,00

T T T T
0 1 2 3
Perda Ossea (mm)

Fonte: O autor

Gréfico 2 - Relagdo entre Rz e perda 6ssea para Modelo 1

R Linear = 0,974
12 G0
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12,209
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10,60

10,40
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Perda Ossea (mm)

Fonte: O autor
Para o Modelo 2, a correlagdo entre a perda 6ssea e 0os momentos
equilibrantes (Mx, My e Mz) também foi evidente, acima de — 0,93, mas foi

significante (p<0,05), apenas para 0s momentos nos eixos y e z (My e Mz). A
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correlacdo da magnitude de forca com a perda 6ssea também foi bastante
significante, -0,981. A correlagdo entre a perda Ossea e posicionamento
tridimensional do centro de resisténcia, também foi bastante evidente, 0,988, mas
significante (p<0,05), apenas para as medidas no plano vertical (Rz). (Tabelas XI
e Xll, pags. 87 e 88)

O grafico 3, pagina 33, mostra esta correlacdo linear entre a magnitude da
forca e a perda é6ssea. O coeficiente linear foi de 305 e o coeficiente angular foi
de 29,4. Ou seja, para cada milimetro de perda 6ssea, a reducdo na magnitude
da forca deve ser de 29,4 gf. O coeficiente de determinacéo (R?) foi de 0,962. O
grafico 4, pagina 34, mostra esta correlacdo linear entre a perda 0ssea e 0
deslocamento do CRes no eixo x, vertical. O coeficiente linear foi de 9,58 e o
coeficiente angular foi de 0,63, ou seja, para cada milimetro de perda 6ssea ha
um deslocamento apical, vertical do CRes de 0,63 mm. O coeficiente de
determinacao (R?) foi de 0,976.

Gréfico 3 - Relagdo entre Forga aplicada e perda 6ssea para Modelo 2

R2 Linear = 0,962
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Fonte: O autor
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Gréfico 4 - Relagdo entre Rz e perda 6ssea para Modelo 2
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DISCUSSAO

A Analise de Elementos Finitos (AEF) permite modelar matematicamente
estruturas geométricas irregulares complexas como os dentes e seus tecidos de
suporte periodontal.****'” Também torna possivel a aplicacdo de um sistema de
forcas em qualquer ponto ou direcdo das estruturas avaliadas, trazendo
informagdes sobre o deslocamento e o grau de tensdo provocados por essas
cargas.’® Porém, para que a AEF possa representar as propriedades fisicas e

1417 tornando a

morfolégicas de cada estrutura envolvida no movimento dentario,
simulacdo mais proxima da realidade, o modelo geométrico tridimensional deve
ser rico em detalhes anatdmicos e a malha apresentar alta resolucdo.’® Neste
trabalho, os modelos tridimensionais tiveram como base as imagens tomogréficas

19,31,32

de um cranio seco, e ndo a forma anatdbmica média dos dentes e dos

tecidos de suporte.%213333% A espessura do LPD n&o foi considerada como

sendo uniforme,1%:13:20.21.34

variando de 0,1 mm a 0,5mm. O algoritmo de geracéo
da malha foi ajustado para ficar com no minimo 4 tetraedros no LPD. E a malha
apos a analise de convergéncia, variou de 3.216.873 a 5.094.956 elementos
tetraédricos lineares e 0s nos de 553.376 a 880.076. Todos estes aspectos
tornaram a AEF mais precisa.

Neste estudo, todos os elementos dos modelos tridimensionais, incluindo o
LPD foram considerados homogéneos, isotropicos e com comportamento elastico
linear. Esta abordagem reduz o tempo de andlise e permite a avaliacdo
qualitativa dos resultados.”®?® E, como o pico de tensdo principal no LPD foi
inferior a 7,5% durante a aplicacéo das forgas, permanecendo no segmento linear
da curva que representa o movimento dentéario,” isto justifica a abordagem linear
do LPD."%

A movimentacdo de molares com reducdo no periodonto de suporte,
buscando a otimizacdo dos espacos remanescentes de perdas dentarias na
regido posterior das arcadas, é um desafio frequente no tratamento de pacientes
adultos. A AEF realizada no presente trabalho permitiu avaliar a distribuicdo das
tensbes no LPD durante o movimento de mesializagdo do primeiro molar
superior. Foi possivel simular os movimentos de inclinacdo e de translacao,

perdas horizontais no 0sso alveolar e modificar o ponto de aplicacdo das forcas.
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Inicialmente, o0 movimento de inclinagdo, causado pela aplicacdo da forca
mesial, produziu distribuicdo ndo uniforme das tensfes e gerou areas de grande
concentracdo de compressao e de tracdo. Posteriormente, com a aplicacdo da
forca mesial e um conjunto de momentos equilibrantes tridimensionais, foi
possivel simular o movimento de translacdo onde a distribuicdo das tensfes é
uniforme. Esta metodologia foi empregada anteriormente,*® porém os momentos
usados para simular o movimento de translacdo foram menos precisos do que no
presente estudo, quanto a distribuicdo uniforme dos campos de tensao.

O mesmo padrao de distribuicAo dos campos de tensdo, gerados na
primeira simulagédo do movimento de translagéo, foi usado como referéncia para
avaliar as alteracdes na magnitude de forca e nos momentos equilibrantes, a
medida que aumento na perda horizontal do osso alveolar foi simulada. Esta
metodologia também foi utilizada anteriormente,*® porém, no presente trabalho,
além da alteracdo no nivel da perda do periodonto de suporte, foi simula a
variacdo no ponto de aplicacdo da forca.

Os resultados do presente trabalho mostram que é possivel estabelecer
correlacdo linear entre a magnitude da forca e a reducdo no nivel do osso
alveolar. Desta maneira, foi possivel estabelecer um guia clinico sugerindo que,
para cada milimetro de perda éssea, a reducdo na magnitude da forca deve ser
de 31,4 gf. Para as simulacdes feitas com a aplicacdo da for¢ca mais para apical,
para cada milimetro de perda 6ssea, a reducdo na magnitude da forca deve ser
de 29,4 gf.

Também foi possivel estabelecer correlacdo linear entre a reducdo no
nivel do osso alveolar e o deslocamento do CRes do LPD. Embora o
posicionamento do CRes tenha sido avaliado tridimensionalmente, o seu
deslocamento, em decorréncia da perda de suporte periodontal, s6 foi,
estatisticamente, significante no eixo vertical. Desta maneira, igualmente,
estabeleceu-se um guia clinico sugerindo que, para cada milimetro de perda
0ssea, ha o deslocamento do CRes do LPD, no sentido vertical e para apical, de
0,63 mm. Nos modelos onde o bracket foi deslocado apicalmente, esta relag&o foi
a mesma. Estas correlacdes lineares sdo compativeis com os resultados obtidos
anteriormente.*®

Apesar da AEF possibilitar a modificagdo das geometrias e permitir a

simulacdo de varios niveis de perdas 0sseas horizontais, no presente trabalho,
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elas foram limitadas a 3,0 mm, ficando aquém da furca dentaria. Este limite foi
estabelecido, pois dentes com exposi¢ao da furca tém a higienizacao dificultada
e, consequentemente, apresentam probabilidade maior de apresentarem doenca
periodontal,®=° fato que limitaria ou impossibilitaria a movimentac&o ortodéntica.
Conduta diferente foi adotada por Jeon et al*®* que simularam perdas 6sseas
verticais de até 6,0 mm, situacdo em que a furca radicular do primeiro molar
ficaria exposta ao meio bucal.

Com a perda do suporte 6sseo houve a diminuicdo da area de superficie
do LPD. Neste trabalho, a reducéo foi de 10,6% com a perda de 1,0 mm; 16,1%
com 2,0 mm e 30,0% com 3,0 mm. Estas alteracdes foram as mesmas para 0s
Modelos 1 e 2. Estes resultados confirmam a necessidade de reducdo na
magnitude da forca, para que haja a reducéo nas areas de hialinizacdo>’ em
decorréncia da concentragdo maior de forgas no LPD.

Os resultados deste trabalho revelaram que as alteragdes nos momentos
equilibrantes tridimensionais necessarias para manter o0 mesmo padrdo de
distribuicdo das tensbes conforme o nivel do osso alveolar era reduzido, foram
estatisticamente significantes somente nos eixos vertical e horizontal. Este
resultado pode ser traduzido, clinicamente, como uma tendéncia de inclinacao
para mesial no movimento de mesializacdo, porém a inclinacdo lingual e a
tendéncia giroverséo da coroa néo foi significativa.

Os resultados mostram, estatisticamente, que a aplicacdo da forca num
ponto mais apical, & medida que a perda horizontal do osso alveolar aumenta,
melhora o controle da movimentacdo do primeiro molar superior. No presente
trabalho esta variagdo do ponto de aplicacdo da forga limitou-se ao recurso
clinicamente usado de deslocar o bracket para apical. O reposicionamento foi de
apenas 1,0 mm, pois este foi o limite para que o bracket ndo posicionado além do
esmalte dentério e tivesse a sua adesdo comprometida. Futuros trabalhos podem
simular variagdo maior no ponto de aplicacdo da for¢ca, usando outras técnicas de
adesao do bracket e associagdes com recursos de ancoragem temporaria, como
mini-implantes, usados na mecénica ortodontica.

Os resultados apresentados no presente trabalho, foram baseados em
simulacbes feitas usando modelos tridimensionais, obtidos matematicamente.
Nao foram consideradas as varia¢des biologicas, como mudangas no tamanho

dos dentes e no padréo de perda 6ssea. Ainda assim, estabelecem importantes
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referéncias que podem auxiliar o ortodontista na aplicagdo de forcas para a
movimentag&do de molares com perda de suporte periodontal.
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CONCLUSOES

De acordo com a metodologia empregada e os resultados apresentados,

concluiu-se que:

1. A simulacdo do movimento de inclinacdo gerou padrao nédo uniforme da
distribuicdo das tensdes no LPD, implicando no aparecimento de areas de grande
concentracéo de compressao e tracgao.

2. A simulacdo do movimento de translacdo gerou padrdo uniforme da
distribuicdo das tensbes no LPD.

3. Ha correlacgéo linear entre a magnitude da forca e a reducéo no nivel do
0sso alveolar, na qual, para cada milimetro de perda déssea, houve reducdo na
magnitude da forca de 31,4 gf.

4. Quando a aplicacao da forca foi deslocada apicalmente em 1,0 mm, a
reducdo na magnitude da forca para cada milimetro de perda éssea foi de
29,4 df.

5. H& correlacéo linear entre a mudanca do posicionamento tridimensional
do CRes do LPD e a reducdo no nivel do osso alveolar, na qual, para cada
milimetro de perda 6ssea, ha o deslocamento do CRes do LPD de 0,63 mm,

apenas no eixo vertical e no sentido dos apices radiculares.
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ABSTRACT

Introduction: The objective of this study was to evaluate the initial changes in the
distribution and magnitude of stresses in the periodontal ligament (PDL) during
mesialization of the maxillary first molar. This was done using finite element
analysis (FEA), considering the variation in the horizontal level of the alveolar
bone and the point of application of force. Methods: Three-dimensional models
were created using computed tomography of a dry skull and later exported to
Autodesk Simulation Multiphysics® 2016 program for the FEA. The simulation of
variation in alveolar bone level was defined in four stages: 1) without alveolar
bone loss and 2) 1.0 mm, 3) 2.0 mm, and 4) 3.0 mm of horizontal alveolar bone
loss. The variations in the level of the point of application of force were 1) crown
center and 2) 1.0 mm apical. Results: The results showed that in the inclination
movement, there is an uneven stress distribution in the PDL, and the presence of
areas of high concentration of compression and tension. In the translational
movement, the stress distribution was uniform. For each millimeter of bone loss, a
reduction in force magnitude by 31.4 gf was required to maintain this balance in
the stress distribution. When force application is displaced apically by 1.0 mm, the
reduction in the force magnitude for every millimeter of bone loss is 29.4 gf. For
each millimeter of bone loss, there is displacement of the center of resistance
(CRes) of the PDL by 0.63 mm, only in the apical direction in the vertical axis.
Conclusions: For movement of the maxillary first molar with horizontal alveolar
bone loss to occur without the formation of areas of stress concentration in the
PDL, it was necessary to adjust the magnitude of force and application of

balancing moments, as the CRes is apically displaced.

Keywords: Bone movement, Alveolar bone loss, Finite element analysis,

Periodontal ligament
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INTRODUCTION

Increase in the awareness about the importance of a healthy dentition and
a harmonious smile has led to a dramatic increase in the number of adult patients
seeking orthodontic treatment over the last decades. According to a study
published by the American Orthodontics Association in early 2016, 27% of the
patients undergoing orthodontic treatment in the United States and Canada are
adults.

For orthodontics, a patient whose growth is complete is considered an
adult. That is, orthodontic correction is performed only by the movement of the
teeth in the alveoli, without considering the development of the jaws and alveolar
processes.? This, by itself, is a limiting factor for orthodontic treatment. However,
reduction in the supporting periodontal tissues due to trauma or periodontal
disease is often observed in adult patients, and this makes orthodontic treatment
even more challenging.®

With the reduction of the periodontal support, there is an apical
displacement of the center of resistance of the tooth. Consequently, there is an
increase in the distance between the point of application of the force and the point
of resistance, changing the moment and increasing the tendency of tooth
inclination and the undesired concentration of forces in the periodontal ligament.*
In addition, the reduction of the surface of the periodontal ligament, caused by
alveolar bone loss, decreases the area of dissipation of the forces, and may also
result in an undesired concentration of forces. Consequently, more areas of
hyalinization may appear,®”’ making tooth movement difficult and contributing to
the development of external root resorptions.

Orthodontic treatment is not contraindicated in patients with severe losses
in the supporting periodontium, provided that the remaining tissues are
healthy.*®° However, controlling the application of orthodontic force, both in
intensity and in direction, becomes fundamental for efficient tooth movement that
does not damage the teeth and the supporting periodontium.

Treatment in adults often requires a multidisciplinary approach. In this
context, one of the challenges of orthodontics is the movement of periodontally
compromised teeth, in order to optimize residual spaces of dental losses, creating

the necessary conditions for performing other dental procedures.
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Some studies, using Finite element analysis (FEA), investigated the action
of forces applied to the anterior teeth, and therefore, uniradicular teeth, with the
simulation of various levels of alveolar bone loss. The results of these studies
suggest that the decrease in force intensity and increase in the moment/force
(M/F) ratio are necessary to obtain bodily movement of the teeth with loss in the
supporting periodontium.'*?

However, despite the great clinical demand, the correlation between the
loss of periodontal support and application of forces in multiradicular teeth has

rarely been discussed in the literature. Jeon et al*®

evaluated the application of
forces in three-dimensional models of the molars, simulating the alveolar bone
loss. Their results also indicated the need to change the intensity of the force
applied and the M/F ratio, to balance the pattern of force distribution in the PDL
with the loss of periodontal support.

A number of simulations with varying intensities and points of application of
orthodontic forces as well as the properties of the teeth and their supporting
tissues can be analyzed using FEA, and the valuable information obtained can be
used to facilitate planning and application of orthodontic forces.****" However,
the accuracy of the results of these works is directly related to the abundance of
anatomical details in the three-dimensional models, number of elements, and
degree of refinement of the finite element mesh.®

The objective of this research was to evaluate the initial response and
stress distribution in the periodontal ligament during mesialization of the first
maxillary molar using FEA, considering the variation in the horizontal level of the

alveolar bone and the point of application of force.
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MATERIAL AND METHODS

Modeling

The modeling was made using cone-beam tomography images obtained
from a dry skull with complete permanent dentition from the Department of
Anatomy of the Pontifical Catholic University of Parana (PUCPR). The tomograph
used was the i-CAT (Classic i-CAT; Imaging Sciences International, Hatfield, PA),
operated at 120 kVp, 0.5 mm nominal focal point size, dynamic range of 14-bit
grayscale, 0.4 Mm voxel size, producing 256 slices of 0.25 mm thick images
converted into exportable files in the digital imaging and communications in
medicine (DICOM) format.

In the Department of Mechanical Engineering of PUCPR, the computer-
aided designing (CAD) software Simpleware® (Simpleware Ltd., Innovation
Center, University of Exeter, UK) was used to define the limits of each anatomical
component of the model (cortical bone, trabecular bone, enamel, dentin, and pulp)
in bilinear non-uniform rational B-spline (NURBS). This conversion allowed
greater manipulation and control of the curves or surfaces generated and
consequently, greater versatility in the representation of the complex surfaces.
After defining the limits of the bone tissues, this model was transferred in the
STEP format for the CAD software called Solidworks® 2015 - Academic Version
(Dessault Systemes Solidworks Corp., Concord, MA). At this stage, the
superimposed surfaces were removed, the intersections of the surfaces were
smoothed, and the voids generated by the removal of vascularizations and nerves
were corrected.

To simplify the model, only the left hemimaxilla was considered (Fig 1,
p. 47).

From this hemimaxilla, the first three-dimensional model (Model 1)
comprising the first molar, periodontal ligament (PDL), cortical bone, alveolar
bone, and bracket was generated (Fig 2, p. 47).
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Fig 1. Three-dimensional model of the left hemimaxilla

A second three-dimensional model (Model 2) was generated (Fig 3, p. 47),
in which the position of the bracket was apically displaced, to the limit of cemento
enamel juction. The other characteristics were identical to Model 1 (Fig 2, p. 47)

Fig 2. Three-dimensional Model 1 Fig 3. Three-dimensional Model 2

The three-dimensional image of the standard Edgewise metallic bracket
with a 0.022" x 0.028" slot was developed according to the dimensions obtained
by the profile projector (Nikon Profile Projector V-16E [Nikon, Tokyo, Japan]and
Metronics Quadra-Chek 2000 [Metronics Inc., Manchester, NH]).

The PDL was created by expanding the external surface of the root to
create a solid representing this tissue. After the expansion, the loft section tool of
Solidworks® 2015 was used create a cavity in the bone to accommodate the root.
This was done using curves as guides that accompany the external side of the
PDL by the loft section tool. It was thus possible to create a surface without
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roughness, avoiding the concentration of stresses that could distance the result
from the real situation. The thickness of this solid ranged from 0.1 mm to 0.5 mm,
thus making it resemble the real anatomy (Fig 4, p. 50).*°

The simulations of the horizontal level of the alveolar bone were divided
into four stages in both the models: A) no losses; B) 1.0 mm loss; C) 2.0 mm; and
D) 3.0 mm (Fig 5, p. 51).

Then, the models of the first molar were transferred in the STEP format to a
computer-aided engineering (CAE) program called Autodesk Multiphysics
Simulation® 2016 - Academic Version (Autodesk, San Rafael, CA), for finite
element analysis. At this stage, the finite element model was constructed with

four-node linear tetrahedral elements.

LPD

Fig 4. Mesial view (A), distal view (B), and apical view (C) of the PDL.
Variation in PDL thickness (D).
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Modelo 1 Modelo 2

Fig 5. Bone loss. No losses (A), 1.0 mm loss (B), 2.0 mm loss (C) e
3.0mm loss (D)

The finite element model of the cortical and trabecular bones, PDL, dentin,
enamel, and bracket were considered homogeneous, isotropic, and with linear

20-23

elastic behavior, with specific Young's modulus and Poisson's coefficient

(Table 1).>*?” The pulp was disregarded as its rigidity was irrelevant to the other

16 and it was not the object of research for this study.

components of the mode
The boundary conditions were made to simulate the rest of the
hemimaxilla. The nodes of the mesial, distal, and superior faces of the models
were fixed, preventing translation in the X, y, and z axes (Fig 6, p. 52).
After the convergence analysis of the stress field, the mesh for the FEA
was defined. The edge lengths of the resulting elements ranged from 0.317 mm to
0.004 mm in the model without bone loss; 0.572 mm to 0.002 mm in those with

1.0 mm bone loss; 0.482 mm to 0.002 mm in those with 2.0 mm bone loss; and
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0.653 mm to 0.005 mm in those with 3.0 mm bone loss. The resulting mesh was

formed by 3,216,873 linear tetrahedral elements and 553,736 nodes in the models

without bone loss; 3,569,459 linear tetrahedral elements and 618,528 nodes in

the models with 1.0 mm bone loss; 3,790,685 linear tetrahedral elements and
658,024 nodes in the models with 2.0 mm bone loss; and 5,094,956 linear
tetrahedral elements and 880,076 nodes in the models with 3.0 mm bone loss

(Fig 7, p. 53). The mesh generation algorithm was adjusted to have at least four
tetrahedron-thick PDL (Fig. 8, p. 53).

Table I. Young’s Modulus and Poisson’s Coefficient

Young’s Modulus Poisson’s Coefficient
Material (MPa)
PLD 0.87 0.35
Enamel 84100 0.20
Dentin 18600 0.31
Cortical bone 13800 0.26
Trabecular boné 345 0.31
Stainless steel 210000 0.27

Source: Malek et al, 2001°°. Quian et al, 2008°. Kojima and Fukui, 2006°*. Xia et al, 2013°".

20 a1

Fig 6. Boundary conditions
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Fig 7. Three-dimensional model mesh

Fig 8. PDL mesh
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APPLICATION OF FORCE

Initially in model 1 (without bone loss), a mesial force of 2.94 N (300 gf)
was simulated,”®?° and resolved into three vectors: Fx=-0.059 N, Fy=-2.929 N,
and Fz=0.061 N (Fig 9, p. 54). This force was applied to the bracket, simulating
mesial inclination. Subsequently, to simulate bodily movement or translation of the
tooth, and to relieve stress concentrations,*® the same force was applied in the
mesial direction, in addition to a set of three-dimensional balancing moments to
the bracket (Fig. 10, p. 55). These moments were as follows: Mx=31.38 Nmm,
My=0.36 Nmm, and Mz=17.89 Nmm.

Fig 9. Mesial force and inclination movement

With the horizontal alveolar bone loss of 1.0 mm, 2.0 mm, and 3.0 mm, the
reduction in the force magnitude and adjustments in the three-dimensional
balancing moments were established to maintain the same qualitative pattern of
stress distribution obtained in the translation movement of the model without bone
loss.

In model 2 (without bone loss), initially, a mesial force of 2.94 N (300 gf)
was also simulated,?®? and resolved into vectors Fx=-0.059 N, Fy=-2.929 N, and
Fz=0.061 N, simulating mesial inclination. Later, the translation movement®* was
also simulated, with the application of three-dimensional balancing moments:
Mx=28.31 Nmm, My= 0.44 Nmm, and Mz- 18.02 Nmm.
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(A) (B) (C)

Fig 10. Occlusal (A), vestibular (B), and mesial (C) views. Triple moment and
translation movement

In model 2, horizontal alveolar bone losses were also simulated in for 1.0
mm, 2.0 mm, and 3.0 mm. Adjustments in force and three-dimensional balancing
moments were also established to maintain the same stress distribution pattern as
that obtained in the translation movement without bone loss.

After processing the finite element analysis, numerical data produced color-
coded graphical maps for better comparison of the distribution of the principal
stresses. The records obtained were evaluated according to the minimum and
maximum principal stresses. By convention, the minimum principal stress (MinPS)
is the stress of smallest magnitude and represents the compressive stress; the
maximum stress (MaxPS) is the stress of greater magnitude and represents the

tensile stress.
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RESULTS

Finite element analysis (FEA)

The graphical representation of the analysis of the stress fields was done
according to a color scale and allowed qualitative evaluation of the force
distributions. Areas corresponding to warm colors or positive values indicate
regions of tension. Areas corresponding to cold colors or negative values indicate
regions of compression.

The X, y, and z axes were used as references to interpret the results in
Autodesk Multiphysics Simulation ® 2016 - Academic Version (Autodesk, San
Rafael, CA). The x axis represented the transverse plane, y axis represented the
anteroposterior or sagittal plane, and the z axis represented the vertical or frontal
plane.

The mesial force of 2.94 N (300 gf) applied to the Model 1 bracket (Fig 2, p.
47), without bone loss, generated a non-uniform distribution of compressive and
tension areas throughout the PDL (Fig 11, p. 57). The areas of greatest
compression in the PDL could be observed in the cervical third of the mesial face,
extending from the margin of the vestibular face to the central region. Still on the
mesial face, a small, well-delineated area of great compression was observed in
the middle third of the mesiobucal root. This area coincided with the area of
thinner PDL (Fig 3, p. 47). On the distal face, the largest areas of compression
were observed in the apical third of the palatal root. On the vestibular face, the
areas with greater compression were located in the cervical third, at the margin
with the mesial face and in the distal part of the apical third of the palatal root. On
the palatal face, the greatest compression was observed in the apical third, at its
margin with the distal face. Finally, in the apical view, areas of great compression
were identified at the apexes of the mesiobuccal root and the distal part of the
apex of the palatal root. These areas of high concentration of compression at the
apexes coincide with the areas of less PDL thickness (Fig. 3, p. 47). The largest
areas of tension could be visualized on the distal face, concentrated in the center
of the cervical third and extending to its margin with the vestibular face. On the
mesial face, the greatest tension forces were located in the apical third of the
palatal root, extending to the middle third. On the vestibular face, the distal portion

of the cervical third and the distal part of the middle third of the mesiobuccal root
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were the areas of greatest tension. On the palatal face, areas with greater tension
were observed in the mesial part of the apical third of the palatal root and in the

distal limit of the cervical third. In the apical view, the apex of the distobuccal root

and the mesial portion of the apex of the palatine root concentrated the greatest

tensile forces. In this simulation, MinPS ranged from -0.055 MPa to 0.025 MPa

(Fig 11, p. 57).

Inclination movement

Translation movement

MPa

0,025

MPa

0,017
0,009
0,001 BN
-0,007
-0,015
-0,023
-0,031
-0,039

-0,047

-0,055

0,015
0,011

0,007

0,004

0,000

-0,004
-0,008
-0,012
-0,015
-0,019

-0,023

Fig 11. Model 1, no bone loss. Mesial (A), distal (B), and apical (C) views of the
minimum stress distribution, in the inclination and translation movements.
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In Model 1 (Fig 2, p. 47), without bone loss, by applying the three-
dimensional balancing moments (Fig 11, p. 57), it was possible to simulate the
translational movement, in which the tooth moves without inclining or turning
tendencies and the distribution of the areas of compression and tension is more
uniform. On the mesial face of the PDL, there is a predominance of compression
fields, with a higher concentration along the palatal root and especially in the
middle third of the mesiobuccal root. In the palatal view, predominance of the
uniformly distributed tension fields is observed. From the vestibular face, a
homogeneous division between the tension fields can be observed. The
compression areas are located along the mesial portions of the three roots, while
the tension areas are in the distal portions of the roots. The palatal view shows
the same homogeneous pattern of division of the stress fields. In the apical view,
it is observed that the areas of compression are distributed along the mesial faces
of the roots and the cervical third of the mesial face, with a higher concentration in
the center of the mesial face of the mesiobuccal root and the mesial region of the
apex of the palatine root. The areas of tension are distributed more evenly and
are located in the distal portions of the roots and in the cervical third of the distal
face. In this simulation, MinPS ranged from -0.023 MPa to 0.015 MPa (Fig 11, p.
57).

Figs 12 to 15, p. 59 to 62 show the distribution of stresses in the PDL
during the translation movement of Model 1 according to the change in the level of
the alveolar bone in the four stages. The initial situation was considered with 0.0
mm of horizontal bone loss. Then, 1.0 mm, 2.0 mm, and 3.0 mm of bone loss
were considered. In these simulations, the analysis of stress fields was made
based on stresses MinPS and MaxPS. For each bone level, the three-dimensional
balancing moments and force magnitude were altered, so that the same stress
distribution pattern obtained in the translation movement of Model 1 without bone

loss was maintained (Fig. 11, p. 57).
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Fig 12. Model 1, no bone loss. Mesial (A), distal (B), and apical (C) views of the
minimum and maximum stress distribution in the translation movement.
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Fig 13. Model 1, with 1.0 mm of bone loss. Mesial (A), distal (B), and apical (C)
views of the minimum and maximum stress distribution in the translation
movement.
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Fig 14. Model 1, with 2.0 mm of bone loss. Mesial (A), distal (B), and apical (C)
views of the minimum and maximum stress distribution in the translation

movement.
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Fig 15. Model 1, with 3.0 mm of bone loss. Mesial (A), distal (B), and apical (C)
views of the minimum and maximum stress distribution in the translation
movement.
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The force magnitude ranged from 2.94 N (300 gf) to 2.79 N (284 ¢f), 2.5 N
(255 gf), and 2.01 N (205 df), depending on the variation in the bone level in the
four stages (Table Il). The decrease in force intensity was approximately 5.3%
with a loss of 1.0 mm, 15.0% with 2.0 mm, and 31.6% with 3.0 mm.

Table Il. Force magnitude range

Model 1 Model 2
Bone level |Force| Force | Bone level Force Force
(mm) (N) | (gf) (mm) (N) (gf)
0,0 2,94 | 300 0,0 2,94 300
1,0 2,79 | 284 1,0 2,75 280
2,0 2,50 | 255 2,0 2,50 255
3,0 2,01 | 205 3,0 2,06 210

Source: The author

With loss of bone support, there was a decrease in the surface area of the
PDL (Fig. 16, p. 64). It was 1068.87 mm? in the models without bone loss, 955.64
mm? with 1.0 mm of loss, 896.84 mm? with 2.0 mm loss, and 747.28 mm? with 3.0
mm loss (Table Ill). The reduction was approximately 10.6% with a loss of 1.0
mm, 16.1% with 2.0 mm, and 30.0% with 3.0 mm. These changes were the same
for Models 1 and 2 (Figs 2 and 3, p. 47).

Table Ill. Surface area of the PDL range

Bone level (mm) Area of PDL (mm?)
0,0 1068,87
1,0 955,64
2,0 896,84
3,0 747,28

Source: The author
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Vestibular

Fig 16. No loss in bone level (A), 1.0 mm (B), 2.0 mm (C), and 3.0 mm (D).

Displacement of CRes (yellow dot) and decrease of the PDL surface.
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The positioning of the center of resistance (CRes) of the PDL was
calculated with reference to the center of the bracket (Fig 17, p. 65). Its location
also varied with the change in the alveolar bone level. This displacement can be
observed in the vertical axis, with a maximum variation of 2.0 mm (apically) in the
model with 3.0 mm bone loss. In the horizontal and transverse axes, the positional
changes were very small (Table 1V, p. 66).

(A)

(C)

(B)

R«

Fig 17. Occlusal (A), vestibular (B), mesial (C), palatal (D) views. X, y, and z
coordinate system. Location of the center of resistance (CRes)
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Table IV. Positioning of the center of resistance

Model 1 Model 2
Bone level Rx Ry Rz Bone level Rx Ry Rz
(mm) (mm) | (mm) | (mm) (mm) (mm) | (mm) | (mm)
0,0 6,0 -0,9 | -10,6 0,0 6,0 -0,8 | -9,6
1,0 6,0 -0,9 | -11,3 1,0 6,0 -0,9 | -10,3
2,0 6,0 -0,9 | -11,7 2,0 6,0 -0,9 | -10,7
3,0 6,0 -1,0 | -12,6 3,0 6,0 -0,9 | -11,6

Source: The author

With the reduction in bone level, it was necessary to decrease the force
magnitude and adjust the three-dimensional balancing moments. The greatest
adjustment was in the vertical axis, ranging from 17.9 Nmm to 12.2 Nmm as the
bone level decreased. In the transverse axis, the force went from 31.4 Nmm to
25.5 Nmm. In the horizontal axis, the variation was from 0.4 Nmm to 0.2 Nmm
(Table V, p. 66).

Table V. Three-dimensional balancing moments

Model 1 Model 2
Bone level | Mx My Mz Bone level Mx My Mz
(mm) (N.mm) | (N.mm) | (N.mm) (mm) (N.mm) | (N.mm) | (N.mm)
0,0 31.80 0.36 17,89 0,0 28.38 0.44 18.02
1,0 31.38 0,30 17,00 1,0 28.31 0.37 16.86
2,0 29.35 0.24 15,13 2,0 26.24 | 0.30 14,98
3,0 25.45 0,15 12,19 3,0 23.90 0.21 12,59

Source: The author

In Model 2 (Fig 3, p. 47), the bracket was repositioned 1.0 mm apical to the
border of cement enamel juction, this being the only difference for Model 1 (Fig 2,
p. 47). To simulate the inclination movement, in Model 2 without bone loss, the
same mesial force of 2.94 N (300 gf) was applied to the center of the bracket. The
distribution of tension and compression areas in the PDL also presented a non-
uniform pattern (Fig 18, p. 67). The results are qualitatively similar to those
obtained in the same simulation as Model 1 without bone loss (Fig 11, p. 57).

In the simulation of the translation movement in Model 2 (Fig 3, p. 47)
without bone loss, the three-dimensional balancing moments were also applied
(Table V, p. 66) to obtain a more homogeneous stress pattern (Fig 18, p. 67).
Despite the changes in the balancing moments, the results of this simulation are
qualitatively similar to those found in the simulation made in Model 1 (Fig 11, p.
57).
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Fig 18. Model 2, no bone loss. Mesial (A), distal (B), and apical (C) views of the
minimum stress distribution, in the inclination and translation movements.
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Figs 19 to 22, p. 68 to 71, show the distribution of stresses in the PDL in

the translation movement of Model 2 according to the change in the level of the

alveolar bone in the same four stages evaluated with Model 1 (Fig 2, p. 47). In

these simulations, the analysis of stress fields was also made based on MinPS

and MaxPS. For each bone level, the three-dimensional balancing moments and

force magnitude were altered, so that the same stress distribution pattern as that

obtained in the translation movement of Model 2 (Fig. 3, p. 47), without bone loss,

was maintained (Fig 18, p. 67).

MinPS
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-0,004
-0,008
-0,012
-0,015
-0,019

-0,023

Fig 19. Model 2, no bone loss. Mesial (A), distal (B), and apical (C) views of the

minimum and maximum stress distribution in the translation movement.
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Fig 20. Model 2, with 1.0 mm of bone loss. Mesial (A), distal (B), and apical (C)
views of the minimum and maximum stress distribution in the translation
movement.
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Fig 21. Model 2, with 2.0 mm of bone loss. Mesial (A), distal (B), and apical (C)
views of the minimum and maximum stress distribution in the translation

movement.
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Fig 22. Model 2, with 3.0 mm of bone loss. Mesial (A), distal (B), and apical (C)
views of the minimum and maximum stress distribution in the translation

movement.
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The force intensity ranged from 2.94 N (300 gf) to 2.75 N (280 gf), 2.5 N
(255 gf), and 2.06 N (210 gf), depending on the variation in the bone level in the
four stages (Table I, p. 63). The decrease in force intensity was approximately
6.6% with a loss of 1.0 mm, 15.0% with 2.0 mm, and 30.0% with 3.0 mm.

The change made in the vertical positioning of the bracket also influenced
the changes in the location of the CRes of the PDL, since the center of the
bracket was used as a reference (Fig 16, p. 64). In Model 2, the location of the
CRes also varied with the change in the alveolar bone level. Although the
difference in the initial location on the vertical axis is directly correlated to the
apical repositioning of the bracket, when compared to Model 1 (Fig 2, p. 47), the
maximum apical displacement in Model 2 (Fig 3, p. 47) was also 2.0 mm. The
displacements in the horizontal and transverse axes, as well in Model 1, were
very small (Table 1V, p. 66).

Table V, p. 66, shows the changes in the triple moments for Model 2 (Fig 3,
p. 47). The greatest adjustment was in the vertical axis, ranging from 18.02 Nmm
to 12.59 Nmm, as the bone level decreased. These values were slightly higher
than those observed in Model 1. In the transverse axis, the variation was from
28.31 Nmm to 23.90 Nmm, i.e., slightly lower than those produced by Model 1. In
the horizontal axis, the variation was from 0.44 Nmm to 0.21 Nmm, i.e., slightly

higher than those produced by Model 1.

Statistical analysis

Statistical analysis was used to evaluate the correlations between force
magnitude, balancing moments (Mx, My, and Mz), and the positioning of the
center of resistance (Rx, Ry, and Rz) with the variation in the bone loss levels and
the position of the bracket.

The normality test of Shapiro-Wilk, indicated to test the normality of the
data in small samples, showed a tendency of normal distribution of the data for all
variables analyzed, according to the position of the bracket (p > 0.05; Table VI, p.
85).

Table VII, p. 85 presents the descriptive statistics for each of the variables,

considering the two positions of the bracket and the four levels of bone loss.
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Levene's test for homogeneity indicated a homogeneous variance between
the data of each variable, considering the two positions of the bracket and the four
levels of bone loss (Table VI, p. 86).

Pearson's parametric correlation test was used to evaluate the association
of variables, considering Model 1 and Model 2 (Tables IX, X, XI, and XII; p. 86 to
88).

For Model 1, this analysis showed an evident correlation ( > -0.90) between
bone loss and balancing moments (Mx, My, and Mz); however, it was significant
(p<0.05) only for moments in the y and z axes (My and Mz). The correlation
between the force magnitude and bone loss was quite significant (-0.971) that is,
when the amount of bone loss increases, the force magnitude decreases. The
correlation between bone loss and the three-dimensional positioning of the center
of resistance was quite evident (0.987); however, it was significant (p<0.05) only
for measurements in the vertical plane (Rz) (Tables IX and X, p. 87 and 88).

Graph 1, p. 74, shows this linear correlation between force magnitude and
bone loss. To obtain this graph, a linear regression model was adopted using the
method of ordinary least squares. The linear coefficient was 308 and the angular
coefficient was 31.4. With these data, it can be said that for every millimeter of
bone loss, the reduction in force magnitude should be 31.4 gf. The coefficient of
determination (R?) was 0.942, that is, despite the small sample, variations in bone
loss can explain 94.2% of the variation in magnitude of the force applied. Graph 2,
p. 74, shows this linear correlation between bone loss and displacement of the
CRes in the vertical x axis. The linear coefficient was 10.62 and the angular
coefficient was 0.63, that is, for each millimeter of bone loss there is an apical and
vertical displacement of the CRes by 0.63 mm. The coefficient of determination
(R?) was 0.974.
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Graph 1 - Correlation between force magnitude and bone loss Model 1.
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Graph2 - Correlation between Rz and bone loss Model 1.
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For Model 2, the correlation between bone loss and balancing moments
(Mx, My, and Mz) was also evident (> -0.93); however, it was significant (p<0.05)
only for moments in the y and z axes (My and Mz). The correlation of force
magnitude with bone loss was also quite significant (-0.981). The correlation
between bone loss and the three-dimensional positioning of the center of
resistance was quite evident (0.988); however, it was significant (p<0.05) only for
measurements in the vertical plane (Rz). (Tables Xl and XII, p. 87 and 3588)

Graph 3, p. 75, shows this linear correlation between force magnitude and
bone loss. The linear coefficient was 305 and the angular coefficient was 29.4. In
other words, for every millimeter of bone loss, the reduction in force magnitude
should be 29.4 gf. The coefficient of determination (R?) was 0.962. Graph 4, p. 76,
shows this linear correlation between bone loss and displacement of the CRes in
the vertical x axis. The linear coefficient was 9.58 and the angular coefficient was
0.63, that is, for each millimeter of bone loss, there is an apical and vertical
displacement of the CRes by 0.63 mm. The coefficient of determination (R%) was
0.976.

Graph 3 -Correlation between force magnitude and bone loss Model 2.

R? Linear = 0,962
310,00
30000 ©
290,004 Force (gf) = 305 - 29,46* bone loss (mm)
280,00 o
270,00
260,00
fo}
o
5 |
N
0}
O 240,00
f—
L
230,00
220,00
210,00 o}
200,00
T T T T
0 1 2 3

Bone loss (mm)

Source: The Author

75



Graph 4 - Correlation between Rz and bone loss Model 2.
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DISCUSSION

Finite element analysis (FEA) allows modeling of mathematically complex
irregular geometric structures such as teeth and their periodontal supporting
tissues.'>®7 It also enables the application of a system of forces at any point or
direction of the evaluated structures, providing information about the displacement
and degree of stress caused by these loads.’® However, for the FEA to represent
the physical and morphological properties of each structure involved in the dental

movement,**t’

making the simulation closer to reality, the three-dimensional
geometric model must be rich in anatomical details and the mesh must have a
high resolution.*® In this study, the three-dimensional models were based on the

|19,31,32

tomographic images of a dried skul and not on the average anatomical

measurements of the shape of the teeth and supporting tissues.'%12133334 The

PDL thickness was not considered uniform?0:13:20.21.34

and ranged from 0.1 mm to
0.5 mm. The mesh generation algorithm was adjusted to be with at least four
tetrahedron-thick in the PDL. The mesh, after convergence analysis, ranged from
3,216,873 to 5,094,956 linear tetrahedral elements and from 553,376 to 880,076
nodes. All these aspects made the FEA more accurate.

In this study, all elements of three-dimensional models including the PDL,
were considered homogeneous, isotropic, and with linear elastic behavior. This
approach reduces the time of analysis and allows qualitative evaluation of the
results.?>* Moreover, since the main stress peak in the PDL was less than 7.5%
during the application of forces, remaining in the linear segment of the curve
representing the tooth movement,® this justifies the linear approach of the
PDL.19’31

The movement of the molars with reduction in the supporting periodontium,
seeking to optimize the remaining spaces of dental losses in the posterior region
of the arches, is a frequent challenge in the treatment of adult patients. The FEA
performed in the present study allowed the evaluation of the stress distribution in
the PDL during the mesialization movement of the maxillary first molar. It was
possible to simulate the inclination and translation movements, horizontal losses

in the alveolar bone, and to modify the point of application of the forces.
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Initially, the inclination movement caused by the application of the mesial
force produced non-uniform stress distribution and generated areas of great
concentration of compression and tension. Subsequently, with the application of
the mesial force (a set of three-dimensional balancing moments), it was possible
to simulate the translation movement in which the stress distribution is uniform.
This methodology has been employed previously;** however, the moments used
to simulate the translation motion were less precise due to the uniform distribution
of the stress fields.

The same pattern of distribution of stress fields as that generated in the first
simulation of the translation movement was used as a reference to evaluate the
changes in force magnitude and balancing moments as increased horizontal
alveolar bone loss was simulated. This methodology has also been used
previously;*® however, in the present work, besides the change in the level of the
loss of the supporting periodontium, the variation in the point of application of the
force was also simulated.

The results of the present study show that it is possible to establish a linear
correlation between the force magnitude and the reduction in the alveolar bone
level. Thus, it was possible to establish a clinical guide suggesting that for every
millimeter of bone loss, the reduction in force magnitude should be 31.4 gf. For
simulations made with the application of a more apical force, for every millimeter
of bone loss, the reduction in force magnitude should be 29.4 gf.

It was also possible to establish a linear correlation between the reduction
in alveolar bone level and the displacement of the CRes of the PDL. Although the
positioning of the CRes was evaluated three-dimensionally, its displacement due
to the loss of periodontal support was only statistically significant in the vertical
axis. Thus, a clinical guide has also been established suggesting that for each
millimeter of bone loss, there is a displacement of the CRes of the PDL in the
vertical direction (para-apical) by 0.63 mm. In the models where the bracket was
apically displaced, this relation was the same. These linear correlations are
compatible with the results obtained previously.™

Although the FEA allows modification of the geometries and simulation of
several levels of horizontal bone loss, in the present study, they were limited to
3.0 mm, falling short of the furcation. This limit was established, since teeth with

furcation exposure are difficult to clean and consequently, they are more likely to
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develop periodontal disease,®®

a fact that would limit or prevent orthodontic
movement. A different approach was adopted by Jeon et al.,'* who simulated
vertical bone loss up to 6.0 mm, in which situation the root furcation of the first
molar would be exposed.

With loss of bone support, there was a decrease in the surface area of the
PDL. In the present study, the reduction was 10.6% with a loss of 1.0 mm, 16.1%
with 2.0 mm, and 30.0% with 3.0 mm. These changes were the same for Models
1 and 2. These results confirm the need for a reduction in force magnitude, so that
areas of hyalinization are not formed®’ due to the greater concentration of forces
in the PDL.

The results of this work revealed that the changes in the three-dimensional
balancing moments required to maintain the same stress distribution pattern as
the alveolar bone level was reduced were statistically significant only in the
vertical and horizontal axes. This result can be translated clinically as a tendency
of mesial inclination in the mesialization movement; however, the lingual
inclination and the gyroversion tendency of the crown were not significant.

The results statistically show that the application of force at a more apical
point, with an increase in the horizontal alveolar bone loss, improves control of the
movement of the maxillary first molar. In the present study, this variation at the
point of application of force was limited to the resource clinically used for
displacing the bracket to the apical position. The repositioning was only of 1.0
mm, as this was the limit for the bracket to not be positioned beyond the enamel
and have its adherence compromised. Future studies may simulate greater
variation at the point of application of force, using other bracket adherence
techniques and associations with temporary anchoring resources, such as mini-
implants, used in orthodontic mechanics.

The results presented in this study were based on simulations performed
using mathematically obtained three-dimensional models. Biological variations,
such as changes in tooth size and bone loss pattern, were not considered.
Nevertheless, important references that may aid the orthodontist in the application

of forces for moving molars with periodontal support loss were established.
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CONCLUSION

According to the methodology used and the results presented, the following
conclusions were made:

1. The simulation of the inclination movement generated a non-uniform
pattern of stress distribution in the PDL, implying the appearance of areas of high
concentration of compression and tension.

2. The simulation of the translation movement generated a uniform pattern
of stress distribution in the PDL.

3. There is a linear correlation between the force magnitude and the
reduction in the level of the alveolar bone, in which, for every millimeter of bone
loss, there was a reduction in the force magnitude by 31.4 df.

4. When force application was apically displaced by 1.0 mm, the reduction
in force magnitude for every millimeter of bone loss was 29.4 gf.

5. There is a linear correlation between the change in the three-
dimensional positioning of the CRes of the PDL and the reduction in the level of
the alveolar bone, in which, for every millimeter of bone loss, there is a
displacement of the CRes of the PDL by 0.63 mm, only in the vertical axis and

towards the root apexes.
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ANEXO

Analise estatistica - Tabelas

Tabela VI. Testes de Normalidade.

Shapiro-Wilk
Variavel Posicéo
Estatistica gl valor p
Forca Aplicada (N) Bracket no centro 0,94 4 0,65
Bracket na regiéo apical 0,96 4 0,79
Forc¢a Aplicada (gf) Bracket no centro 0,94 4 0,65
Bracket na regido apical 0,96 4 0,79
Mx Bracket no centro 0,88 4 0,32
Bracket na regido apical 0,87 4 0,30
My Bracket no centro 0,99 4 0,96
Bracket na regiéo apical 1,00 4 0,98
Mz Bracket no centro 0,94 4 0,65
Bracket na regido apical 0,97 4 0,83
Rx Bracket no centro 0,85 4 0,22
Bracket na regiéo apical 0,99 4 0,97
Ry Bracket no centro 0,95 4 0,71
Bracket na regido apical 0,97 4 0,85
Rz Bracket no centro 0,99 4 0,96
Bracket na regiéo apical 0,99 4 0,97
Fonte: O autor
Tabela VII. Descritivas.
Intervalo de confianca de
95% para média
Desvio Erro Limite Limite
Média Padréo Padréo inferior superior Minimo Maximo
Forca Aplicada (N) Bracket no centro 4 2,56 0,41 0,20 1,91 3,21 2,01 2,94
Bracket na regido apical 4 2,56 0,38 0,19 1,96 3,17 2,06 2,94
Forca Aplicada (gf)  Bracket no centro 4/ 26096 41,76 20,88 194,51 327,40 204,89 299,69
Bracket na regido apical 4 261,21 38,78 19,39 199,51 322,91 209,99 299,69
Mx Bracket no centro 4 29,49 2,90 1,45 24,88 34,11 25,45 31,80
Bracket na regido apical 4 26,71 2,12 1,06 23,33 30,08 23,90 28,38
My Bracket no centro 4 0,26 0,09 0,04 0,12 0,40 0,15 0,36
Bracket na regido apical 4 0,33 0,10 0,05 0,18 0,49 0,21 0,44
Mz Bracket no centro 4 15,55 2,52 1,26 11,54 19,56 12,19 17,89
Bracket na regido apical 4 15,61 2,37 1,19 11,84 19,39 12,59 18,02
Rx Bracket no centro 4 6,06 0,02 0,01 6,03 6,08 6,04 6,07
Bracket na regido apical 4 6,12 0,01 0,01 6,09 6,14 6,10 6,13
Ry Bracket no centro 4 0,95 0,04 0,02 0,89 1,01 0,91 1,00
Bracket na regiéo apical 4 0,88 0,04 0,02 0,82 0,94 0,84 0,93
Rz Bracket no centro 4 11,57 0,83 0,41 10,26 12,89 10,63 12,62
Bracket na regido apical 4 10,54 0,83 0,41 9,22 11,85 9,59 11,58

Fonte: O autor
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Tabela VIIl. Teste de Homogeneidade de Variancias.

Estatistica de Levene gll gl2 Valor p
Forca Aplicada (N) 0,025 1 6 0,880
Forca Aplicada (gf) 0,025 1 6 0,880
Mx 0,241 1 6 0,641
My 0,049 1 6 0,831
Mz 0,006 1 6 0,941
Rx 0,500 1 6 0,506
Ry 0,310 1 6 0,867
Rz - 1 6 0,994
Fonte: O autor
Tabela IX. Correlac6e para o Modelo 1. _
Forca Forca
Aplicada | Aplicada Perda Ossea
(N) (99 Mx My Mz (mm)
Forca Aplicada (N)  Correlacio de Pearson 1 1,000” 0,976 0,988 1,000” 0,971
Valor p - 0,0239 0,0122 0,0001 0,0293
N 4 4 4 4 4
Forga Aplicada (gf) Correlagdo de Pearson 1,000” 0,976 0,088 1,000” -0,971
Valor p - 0,0239 0,0122 0,0001 0,0293
N 4 4 4 4 4 4
Mx Correlagédo de Pearson 0,976 0,976 0,931 0,976 -0,901
Valor p 0,0239 0,0239 0,0692 0,0239 0,0992
N 4 4 4 4 4 4
My Correlagdo de Pearson 0,088 0,988* 0,931 1 0,088" -0,995
Valor p 0,0122 0,0122 0,0692 0,0120 0,0054
N 4 4 4 4 4 4
Mz Correlagédo de Pearson 1,000” 1,000” 0,976 0,088 1 -0,972
Valor p 0,0001 0,0001 0,0239 0,0120 0,0279
N 4 4 4 4 4 4
Perda Ossea (mm) Correlagdo de Pearson -0,971 -0,971 0,90 -0,995 -0,972
Valor p 0,0293 0,0293 0,0992 0,0054 0,0279
N 4 4 4 4 4 4

Fonte: O autor

Nota: ** A correlagéo é significativa no nivel 0,01 (bilateral).*. A correlagéo é significativa no nivel 0,05 (bilateral).
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Tabela X. Correlacdes para o Modelo 1.

Perda
Ossea
(mm) Rx Ry Rz
Perda Ossea (mm) Correlacéo de Pearson 1 -0,775 0,836 0,987*
Valor p 0,2254 | 0,1643 | 0,0128
N 4 4 4 4
Rx Correlacdo de Pearson -1 1 -0,302 -0,665
Valor p 0,2254 0,6979 0,3349
N 4 4 4 4
Ry Correlacdo de Pearson 1 -0,302 0,913
Valor p 0,1643 0,6979 0,0875
N 4 4 4
Rz Correlacdo de Pearson 0,987 -0,665 0,913 1
Valor p 0,0128 0,3349 0,0875
N 4 4 4 4
Fonte: O autor
Nota: * Acorrelacdo é significativa no nivel 0,05 (bilateral).
Tabela XI. Correlac6es para o Modelo 2.
Forca Forca
Aplicada | Aplicada Perda Ossea
(N) (9 Mx My Mz (mm)
Magnitude da forca  Correlagéo de Pearson 1 1,0007| 0,976* 0,991 0,9987|- 0,981
N) Valor p - 0,0245 0,0093 0,0024 0,0192
N 4 4 4 4 4
Magnitude da forca  Correlacéo de Pearson 1,000 0,976 0,991" 0,998 |- 0,981
CY) Valor p - 0,0245 0,0093 0,0024 0,0192
N 4 4 4 4 4 4
Mx Correlagdo de Pearson 0,976 0,976 1 0,947 0,976’|- 0,937
Valor p 0,0245 | 0,0245 0,0535 0,0236 0,0635
N 4 4 4 4 4 4
My Correlagdo de Pearson 0,991” 0,991" 0,947 1 0,994 -0,998
Valor p 0,0093 | 0,0093 0,0535 0,0062 0,0025
N 4 4 4 4 4 4
Mz Correlagédo de Pearson 0,998" 0,998" 0,976 0,994" 1 -0,989
Valor p 0,0024 | 0,0024 0,0236 0,0062 0,0113
N 4 4 4 4 4 4
Perda Ossea (mm) Correlagdo de Pearson -0,981(- 0981 |- 0,937 -0,998 -0,989
Valor p 0,0192 | 0,0192 0,0635 0,0025 0,0113
N 4 4 4 4 4 4

Fonte: O Autor

Nota: ** A correlagdo € significativa no nivel 0,01 (bilateral).

* Acorrelacdo é significativa no nivel 0,05 (bilateral).
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Tabela Xll. Correlacbes para o Modelo 2.

Perda
Ossea
(mm) Rx Ry Rz
Perda Ossea (mm) Correlacéo de Pearson 1,000 -0,600 0,791 0,088
Valor p 0,4000 0,2087 0,0119
N 4 4 4 4
Rx Correlacdo de Pearson -0,600 1,000 0,000 -0,483
Valor p 0,4000 1,0000 0,5169
N 4 4 4 4
Ry Correlacdo de Pearson 0,791 0,000 1,000 0,874
Valor p 0,2087 1,0000 0,1265
N 4 4 4 4
Rz Correlacdo de Pearson 0,988 -0,4831 0,8735 1,0000
Valor p 0,0119 0,5169 0,1265
N 4 4 4 4

Fonte: O autor

Nota: * Acorrelacdo é significativa no nivel 0,05 (bilateral).
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