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RESUMO

Introducao: A reparagéo de um defeito craniano é um procedimento desafiador,
que requer nado somente o preenchimento da falha dssea mas também
estabilidade a longo prazo do material empregado e restabelecimento do contorno
e simetria. Diversos tipos de materiais com diferentes caracteristicas bem como
diferentes métodos de producado dos implantes vém sendo testados, sem que
ainda haja um substituto ésseo considerado ideal. No presente estudo foram
investigadas as propriedades de osseointegracdo de implantes da liga Ti6Al4V
construidos por prototipagem com poros tridimensionalmente conectados
considerando a influéncia do recobrimento dos mesmos com uma camada
delgada de B-fosfato tricalcico nestas propriedades.

Método: Trinta ratos foram submetidos a criacao de defeitos ésseos bilaterais na
calvaria, que foram preenchidos com implantes, recobertos ou n&do com B-fosfato
tricalcico, de modo aleatério. Os animais foram distribuidos em grupos e
sacrificados 15, 45 e 90 dias apds o procedimento. A integracdo dos implantes foi
inicialmente avaliada por ensaio de compressdo. A interface osso-implante foi
analisada por meio de microscopia eletrénica de varredura.

Resultados: A forca maxima para produzir o deslocamento inicial dos implantes
foi aumentando durante o periodo estudado, alcangcando valores da ordem de
100N para ambos os tipos de implante. Foi observada integracéo entre o 0sso € a

superficie dos implantes, com crescimento 6sseo progressivo no interior dos

vii



poros. Nao foram observadas diferencas significativas entre implantes recobertos
e nao recobertos por B-fosfato tricalcico.

Conclusao: Foi alcangada uma adequada osseointegracdo nas reconstrucoes
cranianas utilizando implantes prototipados da liga Ti6Al4V com as caracteristicas
de porosidade e superficie descritas, sem influéncia do recobrimento ceramico
adotado. Os resultados sugerem que as caracteristicas de construcao utilizadas
podem ser incorporadas aos implantes para reconstrugado craniana para melhorar

os resultados cirurgicos.

Palavras-chave: Titanio. Osseointegracdo. Cranio. Préteses e Implantes.

Anormalidades Craniofaciais.
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ABSTRACT

Background: The repair of a calvarial defect is a challenging procedure, requiring
not only filling of the bone gap but long term stability of the employed material and
satisfactory contour and symmetry. Several types of materials with different
characteristics have been studied, as well as various methods of implant
production. However, to date no ideal bone substitute has been found. The
osseointegration properties of porous prototyped implants with tridimensionally
interconnected pores made of the Ti6Al4V alloy and the influence of a thin layer of
calcium phosphate coating were investigated.

Methods: Bilateral critical size calvarial defects were produced in thirty rats and
filled with coated and uncoated implants in a randomized fashion. The animals
were distributed in groups and kept for 15, 45 and 90 days before sacrifice. Implant
mechanical integration to bone was evaluated with a push-out test. Bone-implant
interface was analyzed using scanning electron microscopy.

Results: The maximum force to produce initial displacement of the implants
increased during the study period, reaching values around 100N for both types of
implants. Intimate contact between bone and implant surface was present, with
progressive bone growth into the pores. No significant differences were seen
between coated and uncoated implants.

Conclusion: Adequate osseointegration can be achieved in calvarial
reconstructions using prototyped Ti6AI4V scaffolds with the described physical

characteristics of surface and porosity. The results suggest that the proposed
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implant design characteristics can be incorporated into calvarial implants to

improve reconstructive results.

Keywords: Titanium. Osseointegration. Skull. Prostheses and Implants.

Craniofacial Abnormalities.
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INTRODUCAO GERAL

A trepanacao craniana é o procedimento cirdrgico mais antigo realizado
pelo homem. Relatos mostram que sua pratica era comum entre povos como 0s
incas, polinésios e egipcios. Paralelamente ao desenvolvimento técnico da
trepanagdo craniana surgiu a necessidade de procedimentos reconstrutores.
Evidéncias arqueoldgicas apontam a realizagdo de cranioplastias utilizando
materiais como conchas, cabacas, placas de prata e ouro entre os incas. Foram
achados cranios préximos a pecas de dimensdes compativeis com os defeitos
0sseos observados ou mesmo com os materiais firmemente locados no local
trepanado, o que indica que foram inseridos ainda em vida e envolvidos no
processo de cicatrizagdo. O primeiro relato de um procedimento utilizando enxerto
0sseo data de 1668 por van Meekeren, quando realizou uma reconstrucdo
craniana utilizando um xenoenxerto de calota craniana de céo'2.

A realizagdo de cranioplastias acompanha a histéria do trauma
cranioencefalico e a evolugdao no tratamento das doencas intracranianas. O
numero de procedimentos aumentou nos séculos XIX e XX, em grande parte
devido ao elevado nimero de traumas causados pelas guerras®. Atualmente uma

parcela significativa das indicac6es consiste de sequelas de traumatismos ou de



pacientes previamente submetidos a craniectomias para tratamento de neoplasias
ou de outras condigdes que cursam com hipertensio intracraniana®>. A melhora
da qualidade do atendimento médico pré e intra-hospitalar tem permitido uma taxa
de sobrevida cada vez maior dos individuos acometidos pelas condi¢cdes citadas,
contribuindo para o aumento do niumero de indicagdes de tratamento dos defeitos
0sseos.

Além da reconstituicdo morfoldgica tridimensional da area lesada, de
importancia eminentemente estética, e da barreira fisica de protecdo ao cérebro,
as evidéncias vém apontando para uma repercussao favoravel na recuperacao
funcional do tecido cerebral ap6s a realizacao da cranioplastia. Estudos mostram a
melhora de sintomas como cefaleia e crises epilépticas, além da recuperacao de
déficits neurolégicos cognitivos e melhora do nivel de consciéncia em pacientes
submetidos ao procedimento reparador®®®.

Dados epidemioldgicos brasileiros mostram que embora 0 niumero de
craniotomias descompressivas e craniectomias para tratamento de neoplasias
(duas das etiologias mais comuns de defeitos 6sseos cranianos) tenha mantido
certa estabilidade ao longo dos ultimos cinco anos (Figura 1), houve aumento de

quase 50% no numero de cranioplastias (Figura 2).
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Figura 1: Namero de cirurgias de craniectomia descompressiva/craniotomias para
tratamento de neoplasias realizadas no Brasil entre 2009 e 2013. (Fonte:

DATASUS, Ministério da Saude).
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Figura 2: Namero de cirurgias de cranioplastia realizadas no Brasil entre 2009 e

2013. (Fonte: DATASUS, Ministério da Saude).



Materiais em Reconstrucao Craniofacial

Os materiais utilizados em reconstrugcdo craniofacial podem ser

classificados em™®'':

e Enxertos 6sseos
- Autoenxerto: proveniente do mesmo individuo;
- Aloenxerto: proveniente de outro individuo da mesma
espécie;
- Xenoenxerto: proveniente de individuo de outra

especie.

e Biomateriais
- Inabsorviveis: titanio, platina, polietileno, ceramicos
(fosfato de calcio, hidroxiapatita), polimetiimetacrilato (PMMA),
poliuretano, etc;
- Absorviveis: acido polilatico, &cido poliglicélico,

policaprolactona, etc.

Conceitua-se biomaterial como “qualquer substancia (exceto drogas) ou
combinacgéo de substancias, de origem natural ou sintética, que possa ser utilizada
por qualquer periodo de tempo, como todo ou parte de um sistema que trata,

aumenta ou substitui qualquer tecido, 6rgao ou funcao do corpo”9. Devem ser



diferenciados dos materiais biol6gicos, que sdo aqueles produzidos por um
sistema biolégico, como, por exemplo, pele e 0sso.

Foram postuladas as carateristicas do substituto 6sseo ideal, o qual
deve ser forte, leve, maleavel, ndo condutor de temperatura, esterilizavel, inerte,
radiolucente, ndo magnético, esteticamente agradavel, prontamente disponivel e
de baixo custo’. Todavia, ainda hoje n&o foi encontrado um Gnico material capaz

de reunir todas estas propriedades, 0 que estimula a pesquisa por alternativas.

Enxertos 6sseos

Os enxertos Osseos estdo entre os materiais hd mais tempo
empregados na reconstrugdo craniana. O enxerto autdlogo de osso é,
intuitivamente, o substituto primordial a ser utilizado. No entanto, apesar de exibir
como principal atrativo a auséncia de resposta imunoldgica contra o enxerto, o
osso autélogo apresenta uma série de desvantagens. Entre estas temos sua
disponibilidade limitada, dificultando a reconstrucdo de defeitos mais extensos,
maior dificuldade de modelagem, morbidade da é&rea doadora do enxerto e
reabsorcdo. Em uma revisdo recente, Neovius e Engstrand'’ mostraram que 50%
dos pacientes submetidos a reconstrucdo com osso autélogo preservado por
congelamento evoluiram com reabsorcdo 6ssea sintomatica. Em outro estudo®
reportou-se que durante seguimento de longo prazo, entre os pacientes que
necessitaram de mais de uma intervengdo para reconstrucdo, 0 motivo mais

frequente de reoperacao (62%) foi a necessidade de melhoria do contorno ésseo



em decorréncia de absorcdo. No total, de todos os pacientes que receberam

enxertos 0sseos, 23,5% necessitaram de reviséo cirurgica.

Titanio

O uso de metais na cranioplastia teve inicio na antiguidade e ganhou
novo impulso nas primeiras décadas do século XX, com a utilizacdo de metais
nobres como ouro, prata e platina, e subsequentemente com a introducédo de
novas ligas como vitdlio (cromo-cobalto-molibdénio) e ticénio (cromo-cobalto-
niquel-molibdénio). Outros metais antes indisponiveis devido a incapacidade de
purificacdo e producdao em escala tiveram também sua introducao, por exemplo, o
tantalo e o titanio™'°.

Descoberto em 1791 pelo mineralogista inglés William Gregor, o titanio
tornou-se comercialmente disponivel apenas na década de 40 do século XX. A
primeira utilizacdo em reconstru¢ao craniana foi realizada por Simpson em 1965.
Na época ja notavam-se caracteristicas favoraveis ao seu uso como maior
radiolucéncia em comparacao a outros materiais metalicos entdo empregados e
menor custo''°.

Atualmente o titanio encontra-se disponivel sob forma de titanio
comercialmente puro (TiCP) ou de ligas, sendo a mais utilizada para finalidade
biomédica a liga de titanio-aluminio-vanadio (TigAl4sV). A presenca destes
elementos auxilia na estabilizacdo das formas cristalinas do titanio, aumentando
sua forca ténsil e forca especifica (forca em relacdo a densidade)'. As

propriedades mecanicas do titdnio aliadas a sua leveza (densidade menor que
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outras ligas como acgo inoxidavel, vitalio e ticbnio) sdo consideradas 6timas para
uso em implantes.

Estudos experimentais in vivo e in vitro demonstram auséncia de
toxicidade celular e boa biocompatibilidade, havendo tanto o crescimento celular
sobre corpos de prova semeados com culturas de células (observando-se a
formagdo de estruturas semelhantes ao tecido 6sseo) quanto a integracdo de
implantes com o tecido 6sseo em animais'>'". Em ambito clinico, trabalhos que
relataram o seguimento de pacientes submetidos a cranioplastias com uso de
telas e placas de titdnio mostram bons resultados, tanto do ponto de vista da
adequacao morfoldgica tridimensional da area reconstruida quanto do perfil de

complicacdes observadas®*'®2.

Bioceramicas

O tecido 6sseo tem sua matriz composta por uma fase organica rica em
colageno e uma fase mineral inorganica, que responde por cerca de dois tergos da
massa 0ssea. A fase inorganica é composta predominantemente por hidroxiapatita
— Cas(PO4)3(OH) — e é responsavel pela resisténcia do osso a compressao®'?.
Dessa maneira é l6gico o emprego da hidroxiapatita e demais compostos
relacionados, como a fluoroapatita, fosfato tricalcico e fosfato tetracalcico como
biomateriais na reparacao éssea.

As ceramicas de fosfato de calcio sdo compostos bioativos, uma vez

que interagem com o tecido 6sseo formando ligagdes quimicas com este. Apds a

implantagdo no organismo ha formagdo de uma lamina de moléculas de agua
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sobre o implante, seguida da incorporagdo de ions como Ca*’, Na* e CI.
Proteinas sdo entdo dinamicamente adsorvidas a essa superficie, e a elas ligam-
se células (osteoblastos). A superficie do material implantado tem repercussao
direta neste processo, com a liberagdo de ions Ca™ e PO,® a partir do
revestimento de biocerdmica exercendo influéncia positiva sobre a resposta
celular e consequentemente melhorando o processo de regeneragao 6ssea?.

Apesar de suas propriedades quimicas favoraveis as bioceramicas sao
demasiadamente frageis para uso isolado na composicdo de implantes,
especialmente se destinados a uso em areas sujeitas a carga. Assim, seu maior e
mais estudado emprego tem sido sob a forma de revestimento de superficie de
implantes metalicos ou poliméricos. Dessa forma pode-se combinar a forca
mecanica do metal com as propriedades biolégicas da ceramica.

Muitos estudos tém sido publicados mostrando as propriedades de
osteoconducdo dos revestimentos ceramicos. A osteoconducdo refere-se a
capacidade de um material de conduzir o crescimento 6sseo em sua
superficie???®, Foi demonstrado que os revestimentos ceramicos induzem um

intimo contato 6sseo com a superficie do implante®*2°

, maior fixagdo do implante
ao 0sso?’, facilitacdo de crescimento 6sseo em areas onde haja lacunas entre o
0sso e a superficie do implante?® e o crescimento 6sseo em diregéo ao interior dos
implantes®?8. Ainda, alguns estudos apontam para um possivel papel destas
substancias como osteoindutoras, ou seja, capazes de induzir o crescimento

6sseo e ndo meramente atuar como suporte®®°.



Prototipagem Rapida

Prototipagem pode ser definida como a fabricacdo de estruturas bi ou
tridimensionais utilizando graficos computadorizados pré-programados contendo
um mapa camada a camada destas estruturas®’. Varios métodos estdo
disponiveis atualmente, prestando-se a diferentes materiais e aplicagdes, como
impressao tridimensional, deposicdo de material fundido, estereolitografia,
manufatura de objeto laminado, sinterizacao direta de metal a laser (DMLS), fuséo
seletiva a laser.

O emprego da prototipagem rapida deu-se inicialmente na area de
engenharia, dirigido a producao de estruturas complexas para uso, por exemplo,
em projetos espaciais'’. O primeiro passo na fabricagdo consiste na obtencédo de
uma representacao tridimensional do objeto a partir de um sistema de digitalizacao
tridimensional ou de um software de CAD (Computer Assisted Design - Desenho
Assistido por Computador) (Figura 3). A seguir, 0 arquivo € enviado para um
sistema CAM (Computer Aided Manufacturing - Manufatura Assistida por
Computador), o qual secciona a estrutura em fatias paralelas entre si e
perpendiculares ao eixo de construcdo, além de processar a trajetéria da
ferramenta de construcéao.

A DMLS é um método de construcdo por prototipagem no qual as
particulas de p6 metalico (sendo mais utilizadas na area médica as ligas de titanio
como TigAlsV) sado agregadas mediante um derretimento local promovido por um
raio laser controlado por computador operando a temperaturas abaixo do ponto de

fusdo do material (sinterizacdo). O laser percorre a superficie de trabalho coberta
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pelo p6 promovendo a agregacdo do mesmo nos pontos estabelecidos para a
camada em questdo (Figura 4). O processo opera segundo um principio de
construcdo camada a camada; quando os pontos estabelecidos para uma
determinada camada foram modelados, a plataforma de construcdo sobre a qual
deposita-se 0 pé € movida inferiormente e uma nova camada de p6 € espalhada
sobre a superficie. Inicia-se entdo o0 processo na nova camada e este repete-se

até o término da construcdo® (Figura 5).

Figura 3: Modelo CAD de construgao de implante para reconstrugao craniana.
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Figura 4: Acédo do laser sobre a camada de pd metdlico promovendo a

sinterizacdo do mesmo. As areas ja sinterizadas pela acao do laser aparecem ao

centro em coloragcdo pouco mais escura e com maior brilho.

Prototipagem Rapida em Cirurgia Craniofacial

No ambito da reconstrucdo craniofacial a complexidade anatémica
tridimensional das areas a serem reparadas torna dificil a obtencdo de um
implante preciso através da modelagem manual de qualquer material a ser
utilizado. A busca por melhores resultados do ponto de vista estético e funcional é

um desafio constante. Este cenario levou ao uso de implantes pré-fabricados na
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tentativa de solucionar os problemas observados com o uso da modelagem

intraoperatoria.
Fonte de L Sistema de
laser scanner
re::ost;‘rsitnig]r?tg ge 6 Objeto em
P / construcéo
Pa livre

Plataforma de
construcéo

Pistdo da estacédo

Sistema de de construcéo

liberacédo de po

Figura 5: Representacao esquematica do processo de DMLS.

A pré-fabricacdo de implantes para reconstrucdo craniana iniciou-se
com a modelagem do material no paciente, sobre o couro cabeludo da area
afetada, criando uma impressdo pouco precisa do defeito 6sseo subjacente®. A
reconstrugdo tridimensional usando exames de imagem por tomografia
computadorizada e ressonancia nuclear magnética iniciou-se na década de 80,
passando aos métodos de prototipagem rapida'®. A prototipagem foi empregada

na confecgdo de implantes inicialmente de modo indireto, no qual se produz um
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modelo do cranio do paciente contendo a area de interesse ou um molde para

posterior confecgcdo manual do implante baseada nestes. O método direto, mais

recentemente desenvolvido, consiste na confecgdo do implante por modelagem

digital tomando como base uma imagem especular da area contralateral ndo

afetada. Isto permite uma melhor acuracia tridimensional dos implantes

10,33 A

sequéncia de producao de um implante customizado por prototipagem é mostrada

Processamento em
software CAD/CAM

na Figura 6.
Imagens de TC/RNM N Obtencao do
em formato DICOM o A modelo 3D
Implantagdo no Limpeza e pos-
paciente 7 processamento

Confecgdo do
implante por
prototipagem rapida

Figura 6: Processo de producao de implante customizado por prototipagem rapida.
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Aplicacao Experimental de Implantes Construidos por

Prototipagem

Alguns estudos recentes avaliaram o uso de implantes construidos

1617 ou indiretos’. A

empregando a prototipagem, quer por métodos diretos
construgdo direta tem permitido o emprego de geometrias tridimensionais mais
complexas, tendendo-se a utilizacdo de implantes porosos no intuito de promover
o crescimento ésseo em seu interior e, dessa maneira, melhorar sua integracao
tecidual e estabilidade'®'"%. O efeito positivo da porosidade sobre o crescimento
6sseo ja havia sido demonstrado anteriormente'®, mas a obtencdo deste tipo de
estrutura de modo regular por métodos convencionais de construcdo sem uso de
prototipagem era mais dificil.

Foi demonstrada a biocompatibilidade dos implantes de titanio
construidos por métodos indiretos ou diretos (sinterizacdo por laser), sejam estes
compostos por titdnio comercialmente puro (TiCP) ou pela liga TigAl4V, recobertos
ou hio por bioceramicas (fosfato de calcio)'>".

Um destes trabalhos® utilizou estruturas porosas de liga de TigAl,V sem
qualquer revestimento implantadas no cranio de porcos. Houve crescimento ésseo
progressivo no interior dos implantes, mas também a formacao de tecido fibroso
ao redor dos mesmos, 0 que minimizou a area de contato 6sseo. A hipotese
aventada para explicar esta ocorréncia foi a presenca de um intervalo entre o
implante e a superficie 0ssea, dificultando a adesao celular ao metal.

Apesar do grande volume de pesquisas e da existéncia de algum

direcionamento com relagdo as caracteristicas consideradas adequadas a
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construcao de implantes para substituicdo 6ssea, ainda nao foi possivel chegar a
um substituto ideal. Faz-se necessaria assim a realizacdo de novos estudos com o
objetivo de avaliar diferentes materiais e métodos para a construcdo de tais

implantes, especialmente no &mbito da reconstrugao craniofacial.
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OBJETIVOS

1 — Avaliar a propriedade de osseointegracdo de implantes porosos da
liga TisAlsV construidos por meio de sinterizagdo direta de metal a laser em

defeitos 6sseos da calvaria de ratos.

2 — Avaliar a possivel influéncia do recobrimento dos implantes com

uma camada de B-fosfato tricalcico na integracao dos mesmos.
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ABSTRACT

PURPOSE: To investigate the osseointegration properties of prototyped implants with
tridimensionally interconnected pores made of the TigAl,V alloy and the influence of a thin calcium
phosphate coating.

METHODS: Bilateral critical size calvarial defects were created in thirty Wistar rats and filled with
coated and uncoated implants in a randomized fashion. The animals were kept for 15, 45 and 90
days. Implant mechanical integration was evaluated with a push-out test. Bone-implant interface
was analyzed using scanning electron microscopy.

RESULTS: The maximum force to produce initial displacement of the implants increased during the
study period, reaching values around 100N for both types of implants. Intimate contact between
bone and implant was present, with progressive bone growth into the pores. No significant
differences were seen between coated and uncoated implants.
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CONCLUSION: Adequate osseointegration can be achieved in calvarial reconstructions using
prototyped TigAl4V Implants with the described characteristics of surface and porosity.

Key words: Titanium. Skull. Osseointegration. Prostheses and Implants. Biocompatible Materials.
Ceramics. Rats.

Introduction

Cranioplasty is one of the oldest performed surgical procedures.
Archeological evidence suggests that ancient civilizations attempted to perform
cranioplasties with materials such as gold, shells and gourds. Since then different
materials have been employed, with variable success'. In present times, despite
the development of better implantable materials, surgeons are still challenged by
the need for safer and more precise reconstructions, especially in terms of
recreating as normal a cranial tridimensional contour as possible.

Titanium and its alloys have been widely used in the field of surgery for the
construction of implantable devices. Their biocompatibility has been extensively
demonstrated, especially related to bone, both experimentally?> and clinically®™®
with variable implant designs and methods of construction.

In an attempt to improve bone contact and integration with the
reconstruction material, ceramics have been employed either as single constituent
of implants or mainly as coating materials. The ceramic coating of metallic implants
functions as a transition layer between bone tissue and the non-physiological metal
surface, enhancing the contact and conducting bone growth along the surface of
the implant'®. Calcium phosphate coatings are reported to increase contact
between bone and implant'’, and to enhance implant fixation, including a

facilitation of bone growth over gaps between the two surfaces'?.
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Rapid prototyping methods have been employed for a long time in fields
where precise building of complex structures was necessary, such as aerospace
engineering and racing cars development®. These properties were more recently
found useful in medical sciences, especially regarding biomaterials research,
giving rise to studies of complex geometry implant construction'®. There is also
some evidence of good osseointegration of titanium implants built by rapid
prototyping in facial bone'*.

The goals of this study were to evaluate the osseointegration properties of
porous prototyped implants with tridimensionally interconnected pores made of the
TigAl4V alloy in the setting of cranial reconstruction, and possible influences of a
thin layer of calcium phosphate coating, using a model of critical size cranial defect

in rats.

Methods

The study protocol was fully approved by the Committee for Ethics in Animal
Research of the University of Campinas - UNICAMP, under the number 2252-1,
and complied with the Council for International Organization of Medical Sciences

(CIOMS) ethical code for animal experimentation.

Implant design and construction

Implants were designed in a round shape, with a diameter of 5 mm. Two
interconnected porous layers were built, with each pore having a diameter of 500
um (Figure 1). Construction was performed using titanium-aluminum-vanadium

(TisAl4V) alloy powder (EOS Titanium Ti64, EOS GmbH — Electro Optical Systems;
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Munich, Germany), which was processed by direct metal laser sintering (DMLS)

using an EOSINT M 270 (EOS GmbH) equipment.

| seoun_— |

FIGURE 1 - SEM images of prototyped TigAl,V scaffold, depicting the porosity and surface
roughness obtained (Magnification: x40 left; x65 right).

Ceramic coating

Coating of the implants with B-tricalcium phosphate (B-TCP) was performed
using radiofrequency assisted physical vapor deposition. The used parameters
were 30W source power and a pressure of 4x10? Torr, with a duration of 25

minutes. This resulted in a coating thickness of 100 nm.

Surgical procedure

Thirty male, three month-old, Wistar rats were operated. The procedure was
performed under general anesthesia with intraperitonially administered xylazine
(Xilazin®, Syntec do Brasil Ltda., Cotia, Brazil) and ketamine (Cetamin®, Syntec do
Brasil Ltda., Cotia, Brazil). The animals were immobilized using a stereotaxic

surgery frame. A median incision was made in the scalp and periosteum, which
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was laterally dissected from the calvarium using an elevator. Two parallel, full-
thickness craniotomies with 5mm diameter were then performed on the parietal
bones using a low-speed drill under saline irrigation, according to the critical size
defect proposed by Bosch'. Each animal received one TigAlV and one TigAl,V+B-
TCP implant. The position of the implants was randomized between left and right
sides using a list of randomized positions for the TigAlsV+B-TCP implant provided
by an online random number generator (available at www.randomization.com).
Then, periosteum and scalp were separately sutured using 5-0 nylon sutures. Each
animal was numbered and separated into three groups that would be kept for

different periods before euthanasia, i.e. 15, 45 and 90 days.

Animal sacrifice and material retrieval

The animals were euthanized in groups after the assigned postoperative
periods, using a carbon dioxide inhalation chamber.

The scalp over the operated region was removed and after careful
macroscopic observation and periosteal dissection, the uppermost part of the
cranium was cut off at the levels of temporal, occipital and frontal bones, including
both implants fully surrounded by uninjured bone. Specimens were initially kept in

saline solution and refrigerated to preserve fresh tissue characteristics.

Push-out tests
Push-out tests were performed using a mechanical essay equipment, model

DL 2000 (EMIC Equipamentos e Sistemas de Ensaio LTDA, Sdo José dos Pinhais,
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Brazil), with a 500 N probe model CCE500N (EMIC). Acquired data were
processed with TESC version 3.04 software (EMIC).

The tests were performed in an up to 24-hour period following obtainment of
the samples. The cranial bone containing the implants was carefully positioned
over a centrally perforated stand, with the convex outer face down. The stand hole
had a larger diameter than the one of the implant in order not to restrain its
downward movement during the test. Each implant was tested separately after
proper positioning over the stand. The test was conducted in a nondestructive
fashion. The execution of each essay was followed in real time through a force x
time graph exhibited by the software. Once the maximum force (Fmax) was

reached and its values constantly decreased, the test was interrupted.

Samples preparation and cutting

After the push-out tests, samples were fixed in formaldehyde solution and
embedded in resin. Cutting of the samples was performed using a Model 650 Low
Speed Diamond Wheel Saw (South Bay Technologies, Inc., San Clemente, USA)
and a four inch diamond waffering blade (Buehler, Lake Bluff, USA). The blocks
were cut with a coronal plane orientation, initially tangential to the anterior edges of
both implants. Two sequential Tmm-thick cuts were made starting from the anterior

edge in a posterior direction, in order to analyze the interior of the implants.

Scanning electron microscopy analyses
Microscopic analyses were always performed on the occipital face of the

cuts. Samples were coated with gold using a Sputter Coater Model SC7620
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(Quorum Technologies Ltd., Ashford, United Kingdom). Scanning electron
microscopy (SEM) images and energy-dispersive X-ray spectroscopy (EDS) were
obtained with a Leo 440i microscope coupled with a EDS detector model 6070
(LEO Electron Microscopy, Cambridge, United Kingdom).

EDS dot mapping images were obtained using the following parameters:
magnification of 50x, beam acceleration of 20 kV and acquisition time of three
minutes. The chosen elements for image construction were Titanium (red dots) and
Calcium (green dots).

All SEM and EDS images analyzed correspond to the occipital (posterior)
surface of the second 1Tmm cut, i.e. 2mm from the frontal (anterior) edge of the

implants.

Statistical analysis

Statistical analysis was performed using Bioestat 5.0 software (Instituto de
Desenvolvimento Sustentavel Mamiraua, Tefé, Brazil). The continuous variable
“Force” obtained from push-out tests was analyzed for normal distribution within
groups using the Shapiro-Wilk test. Intragroup comparisons between the different
types of implants were done by using two-tailed Student’s t-test for paired
samples. Comparisons between different time groups were performed by using

single-factor Analysis of Variance (ANOVA) test.
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Results

All animals had an uneventful postoperative course and exhibited normal
behavior and no discernible deficits, except for one pertaining to the third operated
group (15 days), which died minutes after the surgical procedure, probably due to

anesthetic prolonged effect.

Macroscopic evaluation

Wound healing was considered satisfactory and no noticeable scalp scars
were seen at the time of necropsies. After scalp removal, complete periosteal
healing was observed in all animals, with no gross signs of inflammation. Also,
during periosteal elevation from the calvarium, a firm adhesion of the former to the
upper surface of the implant was invariably present (Figure 2 — Left).

Once the bone specimens were retrieved, it was observed that the implants
were surrounded by bone of normal appearance, with no signs of interposed
fibrous tissue. On the inner surface of the specimens, bone ingrowth towards the
implant pores could be seen, especially in those pertaining to the animals of 45-
day and 90-day groups (Figure 2 - Right). By applying gentle pressure over the

implants no visible movement ensued.
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FIGURE 2 - Dissection performed after animal sacrifice showing firm periosteal adhesion to the
surface of the implant (left). Inner surface of the specimen recovered exhibiting growth of bone into
the pores of the implant (right).

Push-out tests

The mean Fmax required to disrupt the implant-bone interface was
progressively higher from the 15-day to the 90-day groups and this tendency was
observed for both types of implants. Comparison of the values among the groups
revealed that forces needed to displace either type of implant after 45 and 90 days
were significantly higher than those needed at 15 days. Differences between
values for each type of implant at 45 and 90 days groups did not reach statistical
significance. No significant differences were observed between the mean
maximum forces within groups between TigAlsV and TigAl4V+B-TCP implants

(Table 1).
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TABLE 1 - Mean results of push-out tests for type of implant and groups (Fmax

values in Newtons).

15 days 45 days 90 days
TigAl4V 21.3 98.7* 97.3*
TisAl,V+B-TCP 12.4 83.6" 93.4*

*P<0.05 compared to mean value for TigAl,V at 15 days.
#5<0.05 compared to mean value for TigAl,V+B-TCP at 15 days.

SEM and EDS analyses

Standard SEM images better evaluated growth of bone into the pores,
especially the more centrally located ones as seen on the coronal cuts of the
implants. A progressive filling of the pores by bone was observed between the
groups, with the 90-day one exhibiting the highest occupation. This tendency was
equally present in both types of implants (Figures 3 and 4). Also, intimate contact
between newly formed bone and the inner surface of the channels could be

observed and confirmed by EDS spectra (Figure 5).
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FIGURE 3 - SEM images of TigAl,V implants at 15-day (upper), 45-
day (center) and 90-day (lower) stages, showing progressive
increase in pores occupation by bone ingrowth (Magnification x50).
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FIGURE 4 - SEM images of TigAl,V+B-TCP implants at 15-day
(upper), 45-day (center) and 90-day (lower) stages, showing

progressive increase in pores occupation by bone ingrowth
(Magnification x50).
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FIGURE 5 - Close-up of the internal wall of a pore of a TigAl4V implant belonging to the 90-day
group. EDS spectra demonstrating the presence of bone (Region L2 — right spectrum) in intimate
contact with the scaffold surface (Region L1 — left spectrum) (Magnification x350).

Dot map images obtained using EDS technique were useful to assess the

morphology of the cranial bone surrounding the implants as well as the
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bone/implant interface. By comparing images obtained from the three groups,
some enlargement of the native bone’s edge in contact with the implant as well as
progressive bone penetration into the peripheral pores was noticed. Animals from
the 15-day group exhibited thinner bone edges surrounding the implant and poorer
contact was seen between them. Both 45 and 90-day groups’ cuts showed similar
appearances, in which native bone edges had greater contact with the lateral
implant surface. Also, bone growth was seen towards both levels of pores and on
the lower surface (which was in contact with the dura mater) of some implants

(Figures 6 and 7).
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FIGURE 6 - EDS dot map images of TigAl,V implants at 15-day
(upper), 45-day (center) and 90-day (lower) stages, showing
progressive enhancement of bone contact with the lateral surface of
the implants and growth of bone into the pores (Red dots: Titanium;
Green dots: Calcium. Magnification x50).
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FIGURE 7 - EDS dot map images of TigAl,V+B-TCP implants at 15-
day (upper), 45-day (center) and 90-day (lower) stages, showing
progressive enhancement of bone contact with the lateral surface of
the implants and growth of bone into the pores (Red dots: Titanium;
Green dots: Calcium. Magnification x50).
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Discussion
Titanium and its alloys are extensively used to produce implants for bone

reconstruction and fixation due to their biocompatibility'®®.

Recently, the
incorporation of rapid prototyping methods allowed the construction of more
precise and customized implants, a great advantage in the setting of craniofacial
reconstruction'’. The aim of this study was to evaluate the osseointegration
capability of customized TigAl4V implants produced by DMLS, with and without a
thin B-TCP coating, in a rat cranial reconstruction model.

The experimental animal model employed in this study of bilateral parietal
5mm craniotomies has been frequently used due to its favorable characteristics,
the main one being the ability to produce paired analysis. It also fulfills the criteria
for a critical size defect, and allows for the evaluation of biomaterials for bone
reconstruction'® 819,

In macroscopic observations an invariably firm periosteal adhesion was
seen over all outer implant surfaces. Moreover, surrounding bone was closely in
contact with the implants, without any discernible mobility or interposed fibrous
tissue. Also, the fact that the implants were slightly thicker than the calvarial bone
allowed a clear visualization of bone ingrowth towards the lateral pores (Figure 2).
These observations were confirmed by SEM images, which showed progressive
centripetal bone filling of both levels of pores, with close contact between bone and
implant surface.

The described findings agree with the described characteristics of

biocompatibility exhibited by titanium and its alloys with bone tissue. Several
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studies have demonstrated these properties either with osteoblast cultures®® or
with in vivo experiments®*'",

Integration between bone and implants was further demonstrated by push-
out test results. It is accepted that such tests are able to estimate the mechanical
interlocking between bone and implant?’. The results of push-out tests
demonstrated that a considerably high force was required to disrupt the bone-
implant interface, and that it was increasingly higher as the period elapsed
between surgery and sacrifice grew, reaching values around 100N. These data
indirectly demonstrate the progressive ingrowth of bone towards the implant that
took place mainly during the period between 15 and 45 days, which was also
demonstrated by the SEM and EDS images.

There are few studies in the literature that used push-out tests to evaluate
the strength of the bone-implant interface in the calvaria, although this method is
widely employed in other experimental bone surgery models, such as those of long

bones of the limbs???3

. In an evaluation of the influence of growth hormone
supplementation on calvarial healing using an identical experimental model, a
Fmax of 14.1 £ 5.1N was exerted on the defect of the placebo group and 35.4 +
10.3N in the treatment group until a fracture ensued®*. Some papers evaluating a
variety of biomaterials for calvarial reconstruction in rats by means of push-out
tests executed similarly to what was done in our study had variable results. In the

1.'® Fmax values around 50N and 30N were obtained after 3

study of Jones et a
months of reconstruction with demineralized bone matrix (DBM) and bone grafts
respectively. Two studies assessing reconstruction with scaffolds treated with

growth factors obtained a Fmax of 130N for implants made of polycaprolactone
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and collagen treated with bone morphogenetic protein-2 (BMP-2) after 15 weeks?®,
and of 138N using calcium deficient hydroxyapatite (CDHA) implants coated with
chitosan and treated with BMP-2 after eight weeks?®.

No studies were found applying push-out tests to evaluate calvarial
reconstructions with titanium implants and, to the best of our knowledge, this is the
first one to do so. The obtained Fmax values demonstrate that there was
progressive strengthening of the interface between bone and both types of scaffold
during the studied period. Comparing these with the previous literature findings, it
can be noticed that they were superior to what has been found with traditionally
employed materials such as autologous bone grafts, which is considered by many
as the standard material for calvarial reconstruction, as well as with DBM and

purely ceramic implants (in the paper by Zhao et al.?®

, scaffolds made solely with
CDHA obtained a Fmax of 72N after eight weeks). Besides that, the Fmax values
obtained with the titanium scaffolds in our study were close to the ones required for
fracturing intact calvarial bones of 12-week-old rats, which were found to range
from 80N to 100N,

The variation of Fmax values among the experimental groups shows that
most of bone ingrowth occurred until 45 days after the surgical procedure, with no
significant improvement after this period (no statistically significant difference
between 45-day and 90-day groups). This evolution pattern was also observed in

other experimental in vivo studies'®?’

and pointed out in a recent review on critical
size calvarial defects in rats'.
It is generally reported in the literature that ceramic coatings improve the

osseointegration of metallic scaffolds by promoting the filling of gaps between bone
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and implant ', enhancing bone contact with the implant surface and possessing

29,30

osteoinductive properties However, the results of experimental studies

comparing titanium implants with and without ceramic coatings have conflicting

31-35 11,12,28,36 with

results, with evidence either of lack of benefit or superior results
bone growth acceleration®. Taking together the results of push-out tests and SEM
images observations, it was not possible to demonstrate a benefit of the B-TCP
coating. It is possible that the employed coating characteristics were not adequate
to promote or enhance bone ingrowth to an extent that was significantly different
from what was observed with the uncoated scaffolds.

The concept that drove the design of the scaffolds used in this study was to
obtain osseointegrated customized titanium implants built by rapid prototyping.
This would allow for better results in terms of contour and symmetry, which are of
vital importance in craniofacial reconstruction and a drawback of traditional
methods. Besides, complications such as postoperative implant displacement,
infections and implant exposure could be potentially reduced®. One other
advantage would be the reduction of operative time, since time consuming
intraoperative modeling would not be necessary"”.

Recent reviews emphasized the pivotal role of implant surface physical
components (mainly porosity and roughness) to promote adequate
ossointegration®®**°. Additionally, there is a chemical component that can be
added, mainly ceramic coatings, in an attempt to establish a more receptive
surface for cell adhesion by mimicking bone tissue and enabling ionic exchanges

with host tissue'®.
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It has been demonstrated that the scaffold design and building method used
in our study were able to provide an optimal environment for bon ingrowth, since
the key physical elements that favor osseointegration were present, i.e.
tridimensionally interconnected pores with adequate diameter and a sulfficiently
irregular surface to promote cell adhesion and osteoconduction. The lack of benefit
of the ceramic coating in our study could be attributed either to non-ideal settings
of the produced coating, such as its thickness, or to an already satisfactory enough
result of the uncoated implant that could hinder the detection of an eventual
influence. It is possible then that in the setting of calvarial reconstruction the
addition of a ceramic coating would not be essential, once an adequately designed

implant is provided.

Conclusion
Adequate osseointegration can be achieved in calvarial reconstructions
using prototyped TigAlsV scaffolds with the described physical characteristics of

surface and porosity.
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CONCLUSAO GERAL

1- Os implantes de liga de TigAl4V porosos construidos por meio de
prototipagem DMLS com a configuracéo proposta apresentaram boa integracao ao
tecido 6sseo da calvaria, demonstrada pelo crescimento ésseo progressivo no

interior dos poros e aumento da resisténcia mecanica da interface.

2- Nao houve influéncia do revestimento cerdmico utilizado na

integragao dos implantes ao 0sso.
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ANEXOS

ANEXO 1: Aprovagao do protocolo de estudo pelo Comité de Etica no Uso de

Animais da Unicamp
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responsabilidade de Prof. Dr. Paulo Kharmandayan / Davi Reis Calderoni, esta

de acordo com os Principios Eticos na Experimentagio Animal adotados pelo
Colégio Brasileiro de Experimentagéo Animal (COBEA), tendo sido aprovado pela
Comissao de Etica no Uso de Animais — CEUA/Unicamp em 30 de setembro de
2010.
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