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RESUMO 

A utilização da microtomografia computadorizada (microCT) tem crescido 

enormemente. No entanto, questões relacionadas a sua aplicação e a definições 

de parâmetros, ainda carecem de  investigações. O primeiro objetivo foi realizar 

uma revisão da literatura sobre o uso da microCT na Odontologia para o estudo 

do tecido ósseo e as etapas envolvidas na metodologia. A revisão de literatura 

demonstrou que para cada tipo de análise devem ser consideradas as 

características da amostra e os parâmetros a serem avaliados para que as 

etapas de aquisição, reconstrução e processamento da imagem sejam 

realizadas de forma ideal. O segundo objetivo foi investigar a influência de 

determinadas variáveis na análise microtomográfica do reparo ósseo, como: o 

tamanho do voxel e a espessura do filtro utilizado na aquisição de imagem, e a 

experiência dos examinadores no processamento dos dados. O objetivo 3 foi 

determinar se o binning da imagem e o número médio das projeções (frame 

averaging) obtidas durante a aquisição na microCT afetam os resultados 

morfométricos do reparo do tecido ósseo. Os objetivos 2 e 3 demonstraram que 

o tamanho do voxel e o binning da imagem afetam a análise dos dados, 

demonstrado pelas diferenças observadas nos parâmetros Tb.Th e BV/TV. Por 

último, no objetivo 4, a aplicação da microCT, em associação a outras 

metodologias, foi utilizada para avaliar o efeito da radioterapia e da laserterapia 

de baixa intensidade (LLLT) no reparo ósseo de defeitos enxertados com osso 

bovino mineralizado deproteinizado (DBBM) e não enxertados (coágulo). Pode–

se concluir no objetivo 4, por meio da análise microtomográfica e 

histomorfométrica, que a quantidade de tecido ósseo neoformado observada foi 

menor nos grupos submetidos à radioterapia, sendo que não foi observada 

diferença nos resultados pela aplicaçãp da LLLT. A incorporação das partículas 

do enxerto com o osso neoformado foi preservada demonstrando que a 

osteocondutividade do biomaterial foi mantida mesmo após a radioterapia.  

PALAVRAS-CHAVE: Microtomografia por Raio-X; Processamento de Imagem 

Assistida por Computador; Compressão de Dados; Osso; Enxerto de Osso 

Alveolar; Osso Esponjoso; Lesões por radiação 
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ABSTRACT 

The use of microcomputed tomography (microCT) has largely increased. Issues 

related to its application and parameter definitions still need to be investigated. 

The objective 1 of this work was to conduct a literature review on the use of 

microCT in Dentistry for bone tissue investigations and the steps involved in the 

methodology. The literature review indicated that the characteristics of the 

sample and the parameters to be evaluated should be considered so that the 

process of image acquisition, reconstruction and processing are properly carried 

out. The second objective was to investigate the influence of variables in the 

microtomographic analysis of bone repair, such as: voxel size and filter thickness 

used in image acquisition, and the experience of examiners in data analysis. 

Objective 3 was to determine whether image binning and frame averaging during 

microCT acquisition affect the morphometric results of bone tissue repair. 

Objectives 2 and 3 demonstrated that voxel size and image binning affect data 

analysis, demonstrated by the differences observed in the Tb.Th and BV/TV 

parameters. Finally, in objective 4, the application of microCT, in association with 

other methodologies, was used to assess the effect of radiotherapy and low-

intensity laser therapy (LLLT) on bone repair of defects grafted with deproteinized 

mineralized bovine bone (DBBM) and defects filled by clot. It could be concluded, 

that the amount of neoformed bone tissue observed was smaller in the groups 

submitted to radiotherapy, and no difference was observed in the results in LLLT 

groups. The incorporation of graft particles with the newly formed bone was 

preserved, demonstrating that the osteoconductivity of the biomaterial was 

maintained even after radiotherapy.  

Keywords: X-Ray Microtomography; Computer Assisted Image Processing; 

Data compression; Bone; Alveolar Bone Graft; Cancellous bone; Radiation 

injuries 
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1. INTRODUÇÃO E REFERENCIAL TEÓRICO  

A microtomografia computadorizada (microCT) é uma metodologia de 

análise que permite a visualização da morfologia interna e externa de amostras 

em escala micrométrica (até 1 μm), fornecendo informações sobre geometria 3D 

(Kuhl et al., 2010) em tempo de resposta relativamente curto com um alto 

rendimento (Chavez et al., 2021). As informações obtidas por meio das análises  

microtomográficas revolucionaram o campo de pesquisa que envolve o estudo 

do tecido ósseo por permitir a visualização da microarquitetura de forma não 

destrutiva (Bouxsein et al., 2010).  

A reconstrução de estruturas in vivo e ex vivo com elevada resolução 

espacial permite que alta correlação entre análises de microTC e 

histomorfometria bidimensional convencional (2D) seja obtida, como 

demonstrado por estudos prévios (Müller et al., 1998; Anavi et al., 2011). Esta 

resolução permite análise tridimensional altamente precisa do volume ósseo, da 

rede trabecular (número trabecular, espessura trabecular, separação trabecular, 

padrão trabecular) e das corticais ósseas (Kalpakcioglu et al., 2008; Guda et al., 

2014). Embora mais estudos sejam necessários para o aprimoramento do 

método, a evolução dos aparelhos microtomográficos pode possibilitar o 

diagnóstico e/ou acompanhamento de patologias ósseas por meio da análise de 

biópsias de pacientes com suspeita ou diagnótico de doenças ósseas 

metabólicas (Hutchinson et al., 2017). A microCT não fornece informações sobre 

as atividades celulares, mas diversas vantagens podem ser citadas, como 

análise da estrutura interna sem destruição da amostra, reconstrução 

tridimensional da amostra e possibilidade de posterior processamento 

histológico utilizando a mesma amostra (de Lange et al., 2014). 

A utilização de imagens obtidas por meio da microCT para análise do 

processo de reparo ósseo em estudos utilizando modelo animal tem crescido 

enormemente. Existem diversos sistemas disponíveis comercialmente que 

diferem em determinadas especificações, mas apresentam de forma semelhante 

os principais constituintes de um microtomógrafo, que são: tubo de raio-x com 

foco de dimensão micrométrica e campo de emissão cônico, a mesa com 

movimento de precisão rotacional e translacional, onde é fixado o objeto a ser 
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analisado e detector de radiação. Dentro disso, determinadas variáveis 

associadas a obtenção das imagens, processamento e análise dos dados podem 

afetar os resultados morfológicos (Christiansen, 2016). Dessa forma, o 

entendimento destas etapas é necessário para correta aplicação e interpretação 

dos dados.  

 

1.1. Microtomografia computadorizada: aquisição, reconstrução e 

processamento da imagem 

O funcionamento da microCT é similar ao da tomografia 

computadorizada (TC), que envolve uma fonte de radiação X em forma de feixe 

cônico com energia polienergética e detectores de radiação acoplados ao 

sistema computacional de aquisição e processamento da imagem adquirida 

(Versiani et al., 2018). O princípio básico para obtenção de imagem nesta 

ferramenta consiste na emissão do feixe de raios X e sua atenuação ao 

atravessar a amostra (Boerckel et al., 2014). A atenuação da radiação X depende 

da radiodensidade e do número atômico da amostra, consequentemente 

diferentes atenuações resultam em distintos tons na imagem captada pelo 

detector. Desta forma, o cálculo da atenuação é realizado pela comparação da 

intensidade da radiação proveniente da fonte com a intensidade da radiação 

captada pelo detector após passar pela amostra (Clark & Badea, 2014). No 

entanto, devido à heterogeneidade na densidade da amostra e da energia do 

feixe emitido pela fonte (fonte polienergética), o coeficiente de atenuação 

depende da intensidade de energia e das diferentes composições estruturais da 

amostra avaliada (Schulze et al., 2011) Neste contexto, a formação de ruídos e 

artefatos na imagem obtida pode ocorrer devido à diferença entre o coeficiente 

de atenuação do material e a atenuação real mostrada pelo receptor (Pauwels 

et al., 2012; Versiani et al., 2018). O detector nos sistemas microtomográficos 

são cintiladores do tipo flat panel que emitem luminescência quando há 

incidência de radiação ionizante. Por serem acoplados a um sensor de luz (carga 

acoplada), a intensidade da radiação que incide no detector é captada e emitida 

por elétrons para geração de um sinal elétrico. Este sinal é convertido em 

informação digital (pixels) (Boerckel et al., 2014). Este sistema tubo-detector 
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geralmente é fixo, e a amostra rotaciona em incrementos em torno do próprio 

eixo. No escaneamento de amostras in vivo, o posicionador de amostras é fixo 

e o sistema tubo-detector se movimenta circulamente em torno da amostra. No 

entanto, maior estabilidade e maiores resoluções são obtidas em equipamentos 

de bancada (ex vivo) (Bouxsein et al., 2010).  

Com o intuito de diminuir o artefato causado pela diferença de 

atenuação do raio X, filtros (colimadores) são utilizados para reduzir a 

intensidade dos fótons de baixa energia e minimizar as diferenças no 

comprimento de onda do feixe emitido (Schulze et al., 2011). A colimação da 

radiação emitida diminui o espalhamento do feixe, reduzindo o artefato 

denominado beam-hardening, ou endurecimento do feixe (Jovanović et al., 

2013). Quando a amostra escaneada apresenta elevado número atômico e o 

feixe de baixa energia não é filtrado, este é facilmente atenuado ao atingir a 

amostra fazendo com que a energia média dos fótons restantes aumente, com 

maior capacidade de atravessar o objeto. Isso irá levar à formação de imagens 

que não correspondem à estrutura real da amostra escaneada, pois as bordas 

da amostra aparecem mais claras e o centro da imagem, mais escuro (Bouxsein 

et al., 2010). Seguindo o mesmo raciocínio, amostras que apresentam elevada 

densidade, como implantes e outras estruturas metálicas, podem levar a maior 

atenução do feixe que são representadas na imagem por linhas finas que 

prejudicam a qualidade da imagem de forma considerável (Schulze et al., 2010). 

O escaneamento de amostras muito densas pode ser realizado com a rotação 

total (360o). Além disso, aumentar a tensão do feixe também auxilia na 

diminuição deste artefato (Kamburoglu et al., 2013).  

O detector possui sensibilidade variável, o que também pode resultar 

na formação de ruídos. A calibração do detector (flat field correction) deve ser 

realizada para minimizar essa diferença na senbilidade. A falha na detecção dos 

feixes atenuados devido à ausência de sensibilidade pelo detector, pode gerar 

“pixel morto” (dead pixel). Devido à rotação do sistema tubo-detector, ou da 

amostra, essa falha na detecção irá resultar em artefatos em forma de anel (ring 

artifacts) (Anas et al., 2011). O grau de rotação (rotation step) pode ser 

determinado pelo operador e depende das especificações do equipamento 
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utilizado (Cengiz et al., 2017). A cada movimentação, seja da amostra ou do 

sistema fonte-detector, a projeção é obtida. É possível estabelecer o número de 

projeções obtidas a cada movimento de rotação e o tempo para aquisição de 

cada projeção pelo sistema computacional do equipamento. Dessa forma, a 

média das projeções obtidas é calculada instantaneamente pelo algoritimo do 

sistema computacional. A princípio, quanto maior o número de projeções, menor 

a quantidade de ruído, porém, o tempo de escaneamento é aumentado 

(Friedrichsdorf et al., 2019). Desta forma, deve-se levar em consideração se a 

diminuição de ruído irá efetivamente melhorar a qualidade da imagem para 

compensar o tempo de escaneamento maior.  Outra ferramenta do sistema 

computacional dos microtomógrafos é o Binning da aquisição. Este parâmetro 

permite a combinação de pixels vizinhos para formar um pixel único maior. O 

pixel é o menor elemento que constitui uma imagem 2D. A imagem digital é 

processada por meio de dígitos binários (bits), então, uma imagem de 8 bits 

permite que o pixel apresente 256 (28) tons de cinza. Desta forma, ao unir pixels 

vizinhos pelo uso do Binning, possíveis ruídos da imagem podem ser reduzidos. 

Por outro lado, pode ocorrer diminuição da resolução da imagem por reduzir o 

nível de detalhamento (McDougald et al., 2017).  

Após a aquisição das imagens, a reconstrução 3D é geralmente 

realizada usando-se o algoritmo Feldkamp-David-Kress (FDK). Então, o modelo 

de matriz bidimensional é substituído pelo modelo de matriz volumétrica tendo o 

voxel como menor unidade de medida. Na etapa de pré-processamento da 

imagem, ferramentas de diminuição de ruído e artefatos podem ser aplicadas.  

No entanto, a diminuição da qualidade da imagem pode ocorrer neste processo 

(Cho et al., 2007). O enfoque dado para os métodos que têm como objetivo 

melhorar a qualidade da imagem, é decorrente da necessidade de diminuir os 

possíveis vieses da análise e para aplicação de métodos automatizados de 

mensuração.   

O processo de binarização da imagem obtida é necessário para que 

seja possível a realização de cálculos numéricos de informações advindas dessa 

imagem, ou seja, na determinação do que é considerado osso ou não, sendo 

este processo de segmentação realizado após a escolha do threshold. Esta 
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etapa da análise pode apresentar grande influência nos resultados da morfologia 

óssea (Bouxsein et al., 2010). A maioria dos estudos em animais utiliza threshold 

global. Este pode ser obtido pela segmentação visual por meio da determinação 

do valor obtido pela comparação da binarização com a imagem original, ou pelo 

método Otsu que é calculado de forma automática pelos softwares do sistema 

pela análise do histograma (Queiroz et al., 2017). Métodos de threshold locais 

utilizam algoritmos que determinam um valor de limiarização para cada voxel, 

baseado nos valores de limites locais dos voxels vizinhos em vez de um único 

valor de limite global (Waarsing et al., 2004). No entanto, o método de escolha 

do threshold não é padronizado entre os grupos de pesquisa. De acordo com o 

guideline de Bouxsein e colaboradores (2010), independentemente do método 

de binarização utilizado, recomenda-se comparar visualmente as escalas de 

cinzas para confirmar se a segmentação determinada representa realmente a 

estrutura do osso. O processo de binarização da estrutura óssea, torna-se ainda 

mais difícil em regiões de processo de reparo, uma vez que as trabéculas ósseas 

neoformadas apresentam mais heterogeneidade em relação a sua densidade. 

Dessa forma, em estruturas de dimensões muito reduzidas, como trabéculas de 

ratos, o tamanho do voxel poderá influenciar significativamente no processo de 

binarização, e consequentemente, nos resultados morfológicos obtidos (Müller 

et al., 1996). 

 

1.2. Processo de reparo ósseo  

A qualidade do tecido ósseo depende de suas propriedades 

estruturais, como geometria, macro e microarquitetura e das propriedades do 

tecido, como o módulo de elasticidade, densidade mineral, qualidade da matriz 

óssea e comportamento celular (Farlay & Boivin., 2012). Para avaliar o 

comportamento do tecido ósseo sob várias condições sistêmicas e locais, 

defeitos ósseos criados cirurgicamente em modelos animais são usados para 

fornecer melhor compreensão do processo de reparo e procedimentos 

regenerativos (Schindeler et al., 2018).  

O osso em condições fisiológicas  passa por constante remodelação, 

onde uma estrutura hierárquica complexa é responsável pela homeostase 
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mineral, equilíbrio ácido-base, reserva de tecido hematopoiético, citocinas e 

fatores de crescimento (Mackiewicz et al., 2011). O trauma neste tecido 

desencadeia eventos que objetivam sua regeneração. O processo de reparo 

ósseo pode ocorrer diretamente por meio de ossificação intramembranosa, 

indiretamente por ossificação endocondral ou pela combinação de ambas, como 

em situações de fraturas ou distrações osteogênicas (Borrelli et al., 2011). 

O reparo ósseo foi bem documentado em estudos histológicos em 

ossos longos de animais após lesão tecidual (Schindeler et al., 2018). A 

formação do coágulo sanguíneo dá início ao processo de reparo ósseo em três 

fases: inflamatória, fibroblástica e remodeladora. O estágio inflamatório 

apresenta fenômenos vasculares como a vasodilatação e aumento da 

permeabilidade capilar, que permite maior migração leucocitária. Com isso, 

ocorre a cascata de eventos celulares que resultam na formação da rede de 

fibrina devido à coagulação sanguínea. Nesse ambiente, há intensa proliferação 

celular proveniente da cavidade medular e do periósteo. Ocorre a diferenciação 

das células osteoprogenitoras que dão origem à síntese de osteóide sobre o 

tecido conjuntivo. A mineralização ocorre progressivamente para formação do 

tecido ósseo primário (woven bone). Nesta etapa, numerosas trabéculas de osso 

imaturo se formam e substituem a maior parte do tecido de granulação precoce. 

Podem ser observadas no defeito trabéculas ósseas e espaços fibrovasculares. 

A borda cortical adjacente ao defeito sofre reabsorção e os vasos sanguíneos 

dos canais haversianos unem-se por anastomoses aos vasos do defeito. Um 

novo osso passa a ser depositado ao redor deste vaso formando o novo sistema 

haversiano composto parcialmente de osso cortical pre-existente e do novo osso 

do defeito. O osso imaturo incorpora-se ao osso cortical e sofre remodelação até 

ser completamente substituído por osso lamelar (Mueller et al., 1991; Schilling et 

al. 1998). 

 

1.3. Efeito da radiação ionizante no processo de reparo 

O processo de reparo pode sofrer influências de fatores intrínsecos e 

extrínsecos (Borrelli et al., 2011). A irradiação do tecido ósseo altera a atividade 

metabólica celular levando a diversas alterações teciduais. Estudos que utilizam 
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biópsias humanas fornecem informações importantes sobre os mecanismos 

biológicos da radioterapia no osso (Brown et al., 2008). No entanto, estudos pré-

clínicos permitem isolar diversos fatores a serem investigados, além de permitir 

análises que não são possíveis em ensaios clínicos (Higham & Faithfull., 2015). 

Dessa forma, a associação de metodologias como ensaios mecânicos 

(Donnelly.,2011; Soares et al., 2020), microtomografia computadorizada e 

histomorfometria contribuem enormemente para o avanço do conhecimento dos 

efeitos da irradiação (Dalle Carbonare et al., 2005; Koontz et al.; 2017; Soares 

et al., 2019).   

Alterações estruturais e biológicas no tecido ósseo decorrente da 

radioterapia, como apoptose celular, reabsorção trabecular, alterações corticais, 

maior fragilidade óssea, têm sido demonstradas em estudos com roedores 

(Szymczyk et al., 2004; Wong et al., 2008; Rabelo et al., 2010; Limirio et al., 

2019; Green & Rubin, 2014; Mendes et al., 2020; Borges et al., 2021). Ocorre  

redução na proliferação e diferenciação de osteoblastos com modificação da 

morfologia óssea devido à hipocelularidade e à redução na vascularização 

(Fenner et al., 2010). As alterações vasculares, que se iniciam com o aumento 

da permeabilidade do endotélio, resultam em fibrose, estreitamento luminal e 

hipóxia (Baselet et al., 2018). As alterações a nível celular e vascular provocadas 

por altas doses de radiação no tecido ósseo resultam na formação de osso 

desorganizado e rico em tecido fibrótico. Essas alterações podem comprometer 

consideravelmente o reparo ósseo do tecido irradiado fibrótico (Barth et al., 2011; 

Lucatto et al., 2011; Bartlow et al., 2018; Mendes et al., 2020).  

O uso de biomateriais como substitutos ósseos tem sido utilizado para 

o tratamento de defeitos ósseos devido as suas propriedades osteocondutoras 

(Iocca et al., 2017). A osteocondutividade é uma propriedade do biomaterial de 

servir como arcabouço para que as células osteoprogenitoras do hospedeiro 

possam se proliferar. O uso de osso bovino (xenógeno) ou de materiais 

aloplásticos tem sido proposto, podendo ser usados isoladamente ou associados 

aos enxertos autógenos (Mendoza-Azpur et al., 2019). A utilização de enxerto 

ósseo particulado xenógeno é considerada tratamento previsível. No tecido 

ósseo saudável, a utilização de biomateriais particulados é mais eficiente para 
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diminuir alterações dimensionais quando comparado ao alvéolo preenchido 

somente por coágulo após exodontia (Iocca et al., 2017).  

Neste contexto, o uso de biomateriais representa uma possível 

abordagem de tratamento a ser realizado antes de iniciar as sessões de 

radioterapia, seja para preservação alveolar em sítios pós-extração dentária, 

visando futura instalação de implantes, seja para preenchimento de gaps em 

implantes imediatos instalados no período pré radioterapia. Implantes instalados 

prévios ao tratamento radioterápico têm demonstrado melhores resultados 

quando comparado aqueles instalados no período pós radioterapia (Alberga et 

al., 2021).  Essa abordagem diminui o risco de desenvolvimento de 

osteorradionecrose (ORN) pela realização da intervenção cirúrgica antes da 

radioterapia, e por permitir que a osseointegração se inicie no tecido que ainda 

não sofreu os efeitos da radiação (Arnold et al., 1998; Schoen et al., 2004). 

Apesar das evidências favoráveis ao uso de substitutos ósseos particulados nas 

condições do tecido não irradiado, no melhor conhecimento dos autores desse 

trabalho, até o presente momento não existem estudos experimentais que 

avaliem o reparo ósseo de lesões que foram enxertadas previamente à 

radioterapia.  

Abordagens terapêuticas e preventivas para minimizar os efeitos 

deletérios da radiação no tecido ósseo precisam ser investigadas. A busca por 

protocolos a serem aplicados não apenas para o tratamento de sequelas 

decorrentes da radiação, mas também para prevenir possíveis complicações, é 

extremamente necessária. A tentativa de acelerar o processo de reparo ósseo 

de lesões que podem existir no período muito próximo do início das sessões de 

radioterapia, como em alvéolos pós extração, é de grande relevância. Neste 

contexto, as aplicações clínicas da laserterapia têm sido amplamente estudadas. 

Os lasers de baixa potência emitem luz no espectro não ionizante, visível, 

próximo do infravermelho, que atuam em fotoceptores das células (parede 

celular ou organelas citoplasmáticas) (Gupta et al., 2014). Ocorre uma interação 

fotoquímica capaz de induzir aumento do metabolismo celular e 

consequentemente diferentes efeitos biológicos gerais como o analgésico, anti-

inflamatório e bioestimulativo (Garcia et al., 2010).  
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A Terapia com Laser de Baixa Intensidade (LLLT) mostra-se bastante 

eficaz no reparo do tecido ósseo (de Oliveira et al., 2018). O efeito biológico da 

LLLT é denominado fotobiomodulação, o qual induz alteração celular de forma 

não-destrutiva (Gupta et al., 2014). Especificamente no tecido ósseo, ocorre 

aumento no número de osteócitos e pode influenciar positivamente no seu reparo 

(Dörtbudak et al., 2002). Os efeitos positivos do LLLT (830nm) na cicatrização 

têm sido relatados em relação à maior quantidade de osso neoformado e 

aumento da vascularização na região de fratura (Fávaro-Pípi et al., 2010). A 

LLLT também pode estimular o reparo ósseo em defeitos preenchidos com 

biomateriais, como osso inorgânico bovino e hidroxiapatita (Obradović et al., 

2009), tornando válida a investigação desta terapia no processo de reparo de 

lesões enxertadas que serão submetidas aos efeitos deletérios da radiação 

ionizante.  

Em suma, com a tecnologia agregada à Odontologia, principalmente 

no campo de aquisição e processamento de imagens, o entendimento da 

biologia óssea e os fatores que afetam seu metabolismo ganhou novas 

proporções (Schneider et al., 2012). Apesar da literatura abordar o uso da 

microCT (Buie et al., 2007; Bouxsein et al., 2010), algumas questões 

relacionadas a sua aplicação na Odontologia e, também, a definições de 

parâmetros, ainda carecem de  investigações. É necessário o melhor 

entendimento dos efeitos destes parâmetros, relacionados à aquisição da 

imagem, processamento e análise, nos resultados morfométricos obtidos. 

Aplica-se neste contexto, o uso da microCT e outras metodologias para a 

avaliação de terapias que possam auxiliar no processo de reparo submetido à 

radioterapia (RTX) por meio da análise de seus efeitos nas características 

morfométricas do tecido ósseo.  
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2. PROPOSIÇÃO 

O objetivo desta tese de doutorado é fornecer informações relevantes 

à literatura referentes ao uso da microCT para análise do reparo ósseo por meio 

da avaliação de diferentes parâmetros de aquisição e processamento da 

imagem.  Além disso, a aplicação da microCT, em associação a outras 

metodologias, foi utilizada para avaliar o efeito da radioterapia e do LLLT no 

reparo ósseo de defeitos enxertados (DBBM) e não enxertados. Desta forma, 

este trabalho foi dividido em quatro objetivos: 

- Objetivo 1: realizar uma revisão da literatura sobre o uso da 

(microCT) na Odontologia para análise do reparo ósseo; 

- Objetivo 2: investigar a influência do tamanho do voxel e da 

espessura do filtro utilizado na aquisição de imagem, e a experiência dos 

examinadores no processamento dos dados na análise microtomográfica do 

reparo ósseo; 

- O objetivo 3: determinar se o binning da imagem e o número médio 

das projeções (frame averaging) obtidas durante a aquisição na microCT afetam 

os resultados morfométricos do reparo do tecido ósseo; 

- Objetivo 4: aplicação da microCT, em associação a outras 

metodologias para avaliar o efeito da radioterapia e da laserterapia de baixa 

intensidade (LLLT) no reparo ósseo de defeitos enxertados, com osso bovino 

mineralizado deproteinizado (DBBM), e não enxertados (coágulo).  
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3. CAPÍTULOS 

3.1. Capítulo 1 

Artigo publicado no periódico Brazilian Dental Journal 
 

Irie MS, Rabelo GD, Spin-Neto R, Dechichi P, Borges JS, Soares PBF. Use of 

Micro-Computed Tomography for Bone Evaluation in Dentistry. Braz Dent J. 

2018 May-Jun;29(3):227-238. doi: 10.1590/0103-6440201801979. PMID: 

29972447. 

 

 

 

 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Micro computed tomography (µCT) follows the same principle of computed-tomography 
used for patients, however providing higher-resolution. Using a non-destructive approach, 
samples can be scanned, and each section obtained is used to build a volume using 
tridimensional reconstruction. For bone analysis, it is possible to obtain information 
about the tissue’s microarchitecture and composition. According to the characteristics 
of the bone sample (e.g. human or animal origin, long or irregular shape, epiphysis or 
diaphysis region) the pre-scanning parameters must be defined. The resolution (i.e. voxel 
size) should be chosen taking into account the features that will be evaluated, and the 
necessity to identify inner structures (e.g. bone channels and osteocyte lacunae). The 
region of interest should be delimited, and the threshold that defines the bone tissue 
set in order to proceed with binarization to separate the voxels representing bone from 
the other structures (channels, resorption areas, and medullary space). Cancellous bone 
is evaluated by means of the trabeculae characteristics and their connectivity. The cortex 
is evaluated in relation to the thickness and porosity. Bone mineral density can also be 
measured, by the amount of hydroxyapatite. Other parameters such as structure-model-
index, anisotropy, and fractal dimension can be assessed. In conclusion, intrinsic and 
extrinsic determinants of bone quality can be assessed by µCT. In dentistry, this method 
can be used for evaluating bone loss, alterations in bone metabolism, or the effects of 
using drugs that impair bone remodeling, and also to assess the success rate of bone 
repair or surgical procedures.

Use of Micro-Computed Tomography 
for Bone Evaluation in Dentistry

Milena Suemi Irie1, Gustavo Davi Rabelo1, Rubens Spin-Neto2, Paula 
Dechichi3, Juliana Simeão Borges1, Priscilla Barbosa Ferreira Soares1

1Department of Periodontology 
and Implantology, UFU - 
Universidade Federal de Uberlândia, 
Uberlândia, MG, Brazil 
2Department of Dentistry 
and Oral Health, Aarhus 
University, Aarhus, Denmark
3Institute of Biomedical Sciences, 
UFU - Universidade Federal de 
Uberlândia, Uberlândia, MG, Brazil

Correspondence: Priscilla Barbosa 
Ferreira Soares, Av. Pará, 1720, 
Bloco 4L, Anexo A, 38400-902, 
Campus Umuarama, Uberlândia, 
MG, Brasil. Tel: +55-34-3225-8119. 
e-mail: pbfsoares@yahoo.com.br

Key-Words: bone, micro-
computed tomography, resolution, 
segmentation, texture analysis. 

Brazilian Dental Journal (2018) 29(3): 227-238
http://dx.doi.org/10.1590/0103-6440201801979
Review Article

ISSN 0103-6440

Introduction
Micro-computed tomography (µCT) follows the basic 

principles of medical computed tomography in which the 
sample is placed in the path of an x-ray beam forming 
a projection image on the scintillator or other x-ray-
sensitive detector array (1). The sample is rotated and 
imaged at a large number of angles, and the sequence 
of projection images is “back-projected” to reconstruct 
the x-ray absorption at each point within the scanned 
volume (1,2). The µCT is currently used to evaluate bone 
morphometric characteristics as the complimentary 
alternative of conventional histological analysis (2), when 
considering a tridimensional volume of the sample over 
two-dimensional histological sections. Using µCT allows a 
more representative analysis in the whole sample extension, 
being the most advantage compared to histology analysis, 
although, it should be emphasized that histology remains 
as the most indicated method to evaluate cells, proteins 
and composition. 

The µCT as non-destructive method provides 3D 
information without destroying the sample, allowing 
its inner reconstruction by radiographic image sections. 
The same sample can later be prepared for histologic 
analysis, generating complementary information of the 
same tissue areas. In addition, using µCT it is possible to 
measure bone quality based on other parameters such as 
mineral properties. Also, microarchitecture analyzed in a 

representative bone volume will assess distinct sites, and not 
just on the few sections provided in histology methods (3).

µCT and HR-pQCT (high-resolution peripheral 
quantitative computed tomography system) are nowadays 
the most useful high-resolution imaging of trabecular and 
cortical bone ultrastructure (4). The µCT equipment’s are 
available for in vivo and in vitro imaging for bone analysis. 
µCT has been widely used in medicine and dentistry fields 
to assess the bone quality defined by several structural 
parameters, making possible to evaluate the repair and 
regeneration of the bone tissue in animal and human 
samples (5). A large number of studies have used µCT in 
order to identify alterations and changes due to systemic 
diseases and conditions (e.g. osteoporosis, osteoarthritis, 
hypercalcemia, diabetes, etc) and also metabolic diseases and 
their respective treatment (e.g. anti-resorptive treatment, 
corticoids, etc) (6). High correlations and excellent 
agreement between conventional histomorphometry and 
µCT data have been demonstrated (7).

At the largest length scales, two types of bone structure 
are evidenced: trabecular and cortical bone. Trabecular or 
cancellous bone micro-architecture shows a porous network 
with small filaments inter-woven which results in higher 
porosity (80%-85%) comparing to cortical area (2-5%) 
(7,8). Trabecular bone can be 10 times thinner than the 
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cortical structure. High resolution images are necessary to 
analyze trabecular portions, particularly in rodent models, 
which can exhibit 0.2 mm of thickness in healthy mice (9). 
Cortical bone should be evaluated concerning structure by 
CT methods, and possible alterations on cortex structure 
are relevant to bone strength. If the cortex is thick, images 
of low resolution may be sufficient for analysis, however, 
if the cortices are thin, measurement of the morphological 
features could be a challenge (10).

Bone quality involves bone mass, structural properties: 
geometry, macro and micro-architecture, and tissue 
properties: modulus of elasticity, mineral density, collagen 
quality, cell and marrow behavior (11). Mechanical and 
biological behavior of bone tissue play important role in 
clinical practice, especially for evaluating distinct systemic 
and local conditions (diseases, therapies or lesions). This 
property can also contribute to better understanding of 
bone regenerative procedures, such as: alveolar ridge and 
maxillary sinus augmentation procedures, bone repair 
and fracture healing (12), surgical reconstruction and 
rehabilitation, and implant osseointegration (13). µCT has 
shown to be the most indicated technique for assessment 
of the bone mass and morphology in animal models (3). In 
addition, particularly in dentistry, this method is extremely 
useful to the study of human jaw bone tissue associated 
with different conditions and diseases, also to assess the 
changes when the bone is evolved by lesions or submitted 
to surgical procedures (14-16).

Before starting a µCT analysis, it is important to 
previously define all the crucial parameters to answer 
the study question. Variables in the analysis should be 
considered, including: type of the sample (i.e. bone site, 
size, thickness); sample preparation (not allowing dryness, 
excessive heating, mimicking the surrounding tissues as 
muscles); the next step of the assessment (histological 
processing, mechanical tests); the necessary resolution 
(different equipment, in vivo or in vitro condition, influence 
on binarization process), and at last the parameters to be 
evaluated (e.g. considering separated analysis of cortical 
and cancellous bone, bone repair, etc). Therefore, the aim of 
the present study was to review and discuss the equipment, 
sample preparation, scanning parameters, and analysis 
methods applied to bone tissue evaluation in dentistry 
using µCT-based methodology.

Review of Literature
Before Image Acquisition
Sample Preparation

For bone tissue analyses, the sample preparation and 
the stabilization of the sample holder inside the µCT 
unit should be standardized. Some systems have an open 
platform to fit the sample, so it is important to make sure 

that the entire sample fit this space and remain inside the 
field of view during the whole scanning (in 180° or 360° 
rotation). Otherwise, the image has to be reconstructed 
locally reducing image quality (17). Sample preparation 
will vary according to the type of specimen, however 
mostly samples are excised, and then the soft tissue may 
be removed. Moreover, specimens can be aligned with 
the vertical or horizontal axis of the unit, in this case the 
vertical positioning is more adequate. Horizontal placement 
is compromised with a slightly reduced image quality due 
to beam-hardening along and perpendicular to the long 
bone. No relative displacement is desirable during the 
measurement; if the sample changes the initial positioning 
during the scan, motion artifacts may appear (3). 

The µCT scanning of bone tissue can be done by 
maintaining the sample in liquid or air environment. 
However, if quantitative measurements of tissue mineral 
density are required, is recommended to scan in a liquid 
medium. Changes in medullary density can happen if the 
bone is dehydrated. Scans can take 10 to 11 hours, to 
avoid sample dehydration and shrinkage during scanning 
is recommended to scan samples inside liquid-filled tubes. 
The operator needs to assure all specimens are scanned in 
the same type and volume of the medium. Saline, ethanol, 
and neutral buffered formalin medium have been used 
for bone storage medium during µCT scanning (18). If the 
specimens are stored in ethanol, they should be rehydrated 
in saline solution (0.9%) by overnight immersion or over 
a weekend before scanning. Bone samples also can be 
harvested without chemical fixation and store frozen 
at -20°C immersed in saline inside a tube or wrapped in 
saline-soaked gauze (19). The bone samples can also be 
fixed and stored in the phosphate-buffered saline (PBS). 
However, attention should be given in cases of long term 
storage in PBS, because partial change to acetic acid may 
occur, leading to bone demineralization (20). To avoid air 
bubbles formation, all these liquids should be inserted using 
a syringe (3). To maintain normal hydration of bone during 
scanning, the specimens can be wrapped in paper tissue, 
inserted into a tube and then, moister the paper with water 
or saline solution to avoid dehydration during scanning 
(20). If the sample will follow for histology after µCT scan, 
first it should be fixed (usually in paraformaldehyde), and 
during the scan it should be kept in a saline or buffered 
solution. In cases of biomechanical tests and µCT performed 
in the same sample, for example, the sample should not 
be fixed and maintained frozen until scan.

Scanning and Quantitative Assessment 
Image Acquisition and Image Resolution

Before scan, some parameters should be defined in 
order to have better quality in the images that will be 
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reconstructed. Besides resolution and pixel size, the operator 
should define the use of filters. Aluminum or copper filters 
are used in order to reduce beam-hardening artifacts (3). 
By experience, the most used filter for bone evaluation is 
the aluminum with 0.5 mm.

Concerning resolution, the pixel size chosen will define 
the voxel size in the following step, i.e the tridimensional 
reconstruction. Voxel unit from µCT is denominated as 
isotropic voxels because it has all three equal dimensions. 
The resolution chosen for a µCT volume has strong influence 
on the results of cortical and trabecular bone analysis if 
the voxel size is not compatible with the structures size 
(21). This influence is not relevant when thick trabecula 
is analyzed, such as human sample (100 to 200 mm). 
However, results from small structures (20 to 60 mm), 
like rodent’s trabeculae, can be affected by voxel size 
resolution (7,22). Three-dimensional reconstructions of 
serial sections led to a new understanding of the branching 
patterns and remodeling processes of the cortex (2). The 
relation between voxel size and scanning time should also 
be considered. Scanning small and highly details structures 
with low resolution (>100 µm) can underestimate bone 
mineral density and overestimate sample thickness (3). 
Ideally, the smallest voxel size available should be used 
in order to obtain the highest amount of detail possible. 
However, resolution is time dependent, and high-resolution 
scanning (small voxel size) results on longer acquisition and 
reconstruction time, and large data sets. If μCT scanning is 
performed on live animals (i.e. in vivo) for long time, the 
high dose of radiation might become relevant and threaten 
the animal’s health state (23). 

When the ratio between voxel size and sample size 
decreases, in general, the measurement error is minimized. 
Thus, the ratio should be lower for more accurate µCT 
performance (3). Using the μCT evaluation based on 
nominal voxel sizes of 6, 10, 15, 20, and 30 μm there 
was a strong effect on the results of several commonly 
reported trabecular bone parameters in mice vertebral body 
trabecular bone (23). Since mice trabecular dimension is 
approximately 30 μm, scanning with larger voxel sizes can 
result on results which are poorly accurate. The trabecular 
bone structure outcomes are significantly affected by μCT 
scanning voxel size and by the global segmentation method 
(i.e. thresholding) used to separate bone from non-bone 
(23). Therefore, it is recommended that high-resolution 
scans should be used whenever possible to provide the most 
accurate estimation of trabecular bone microstructure. 

Regions of Interest: Cortical and Trabecular Bone
To determine the region of interest (ROI) of a sample it 

is important to define the interest landmarks, the contoured 
region of interest, and the size. The starting point should 

be known anatomical sites (i.e. landmarks), such as the 
proximal tibial plateau, the metaphyseal growth plate 
or another appropriate anatomic site in animal samples. 
For human samples, distinct characteristics should be 
considered, meaning differences between maxilla and 
mandible. According with the study question, the region 
analyzed in animal models should rely on the criteria: a) 
will cortical and cancellous bone be analyzed?; b) in studies 
of bone repair, the created lesion will be performed within 
the epiphysis or the diaphysis?; and for human studies, the 
criteria should follow similar questions: a) is it important to 
analyze cortical and cancellous bone separately?; b) should 
larger samples be segmented in smaller pieces?; c) is there 
standardization among the samples?; and just after these 
definitions, together with the criteria about the scanning 
phase (resolution, scanning time, sample preparation), the 
region of interest should be defined. The ROI size should 
be defined as the distance from the start point until the 
end of the defined region, set by number of sections to be 
scanned, based on the defined voxel size (3). The area and 
volume of the bone to be analyzed will depend on the type 
of study. To analyze trabecular bone in rats or mice, the 
metaphyseal region of long bones is mostly located a few 
millimeters adjacent to the metaphyseal growth plate. If the 
volume of interest is out of this region, more medullar areas 
are included reducing the mean value for the ratio bone 
volume/total volume. Thus, relevant differences between 
study groups can be masked (24). For the cortices, usually 
is selected diaphysis region, for the measurements of the 
cortical area, mean cortical thickness and total bone. For 
bone repair and regenerative procedures, the area should 
contain the whole lesion, in order to assess the new bone 
formation (Fig. 1).

3D Reconstruction
A volume image obtained from µCT consists of a stack 

of cross sections reconstructed according to the axis of 
rotation of the unit’s gantry. The reconstruction software 
usually generate voxels that are isotropic, and the voxel 
dimensions are automatically calculated with the same 
accuracy as the imaging system’s calibration (1). The bone-
tissue reconstruction allows the identification the specimen 
section by section. Then it is possible to analyze the whole 
volume by the delimitation of the region of interest (ROI), 
including cortical and cancellous bone (Fig. 2).  In X-ray 
microtomography, image information from a voxel with a 
very small physical size should be detected and the right 
choice of parameters for noise reduction becomes very 
important in the reconstruction step.

During reconstruction, the software usually allows to 
work on histogram, and also, to perform corrections such 
as: smoothing, ring artifacts reduction and beam-hardening 
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Figure 1. Rat femur with bone repair process evaluated 7 days after euthanization revealing new bone formation in the region of the created 
lesion using a drill (8 µm pixel size at 90 kV, 111 µA and 720 ms integration time; Rotation step 0.400 and Filter Al 0.5 + Cu 0.038). A: Coronal 
view. B: Sagittal view. C: Trans axial view.

Figure 2. Rat tibiae scanned at the diaphysis in order to evaluate the cortices (15 µm pixel size at 90 kV, 111 µA and 1800 ms integration time; 
Rotation step 0.600 and Filter Al 0.5 + Cu 0.038). A: One single slice in gray-scale image revealing the cortex and the medullar channel in the 
center. B: Representation of the slices grouped in a seriated organization in order to allow the 3D reconstruction. C: 3D volume of the whole 
scanned segment of the tibiae (in gray) and the plate (in light blue) that can be used to segment the volume to visualization of the inner structures 
of the bone. D: Another view of the 3D volume obtained from the serial sections.
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correction. The use of this tools enable to a more accurate 
3D volume for analysis and noise reduction, however, they 
could increase the time of the reconstruction step.

Choosing the More Appropriated Parameters: What 
is the Study Question?

The parameters evaluated should answer the major 
study questions, so the acquired data will provide 
information for the major deliverables of the project. The 
use of µCT evaluation should be able to represent the 
structural organization (microarchitecture) and the bone 
composition (mineral density defined by X-ray absorption). 
Using three-dimensional imaging techniques like µCT, more 
complete information of bone microarchitecture became 
available, and it is already known that the complexity of 
the microarchitecture will have an important influence on 
the mechanical competence of bone (25). Bone strength 
analysis relies on the evaluation of intrinsic (mineral and 
collagen quality, presence of microcracks) and extrinsic 
determinants (geometry, bone mass and mineral density, 
macro, and microarchitecture) (11). The µCT method will 
provide crucial information on some of these determinants. 
The identification of changes in these determinants will aid 
to understand the influence of structure and composition 
on strength, toughness and stiffness of bone.

 In human or animal bone, is possible to assess bone 
quality features by means of µCT with the use of X-rays. It 
is necessary to keep in mind what are the best parameters 
in cortical and cancellous bone that could differentiate two 
different conditions (i.e disease versus control). In addition, 
it should be possible to characterize different phases and 
the evolution of the specific situation in the study, such 
as in the cases of bone repair evaluation, fracture healing 
or osseointegration of the biomaterial or implant.

Binary Selection: Choosing the Threshold
An image is mathematically represented by a matrix of 

numbers, which contains a numerical value correspondent 
to the intensity value or pixel depth. Each image matrix 
element contains a numerical value that corresponds to the 
image intensity value or pixel depth (26). In µCT imaging, 
these intensities are often presented within a 8-bit gray-
scale, in 256 levels of gray, varying from 0 to 255. When 
proceeding binary selection, it means the process to convert 
the X-ray image acquired, and which is present in 256 levels 
of gray, to only two “colors”: one including and the other 
excluding the evaluation tissue. To perform such step, the 
definition of a threshold which separates what is and what 
is not tissue, is rather important. Choosing two thresholds 
(upper and lower), defining a range of what to be considered 
as bone, will enable to differentiate the bone from the holes 
(non-bone material), in order to use the numeral values 

obtained from each region to make the measurements. The 
question is whether the automatic segmentation from bone 
and non-bone parts within the image could compromise 
the final evaluation. The use of a global threshold refers to 
the use an automatic, easy and non-time consuming way 
to separate and differentiate the bone, however, careful 
should be taken in attention to this automated process. 
Problems such as noise, resolution limitations, and beam-
hardening will be critical in the segmentation of the original 
reconstructed grayscale data sets to separate bone from 
non-bone. Inappropriate segmentation method will reduce 
the potential power of µCT and may introduce bias in the 
architectural measurements (27).

There is no consensus on a threshold that could be 
used for all studies, and extreme care must be taken in the 
definition of the best threshold (3). For instance, selecting a 
global threshold in studies where bone mineralization may 
not be constant (e.g. during bone repair) or when there are 
extreme ranges of bone volume fraction among groups, 
and one unique value is not adequate. In dentistry, using 
human or animal bone, the threshold should be defined 
taking into account the type, site, and inherent bone 
characteristics. It is necessary to distinguish the evaluation 
of cortical and trabecular bone separately. Also, when the 
region of interest includes bone repair or healing (i.e. the 
region of a created lesion for bone repair evaluation, the 
site of osseointegration of the implant or biomaterial, or 
the tooth extraction area - Fig. 3), should also be delimited 
and separated from the other parts included in the field of 
irradiation. The ability to measure cortical and trabecular 
bone density and architecture separately with high-
resolution methods has enabled to better understand the 
changes that occur with age, diseases, differences between 
sexes and races, and the effects of drug treatment (28).

Cortical Bone Evaluation
Evaluation of the cortices should assess initially two 

important parameters: thickness (Ct.Th) and porosity (Ct.Po). 
The optimum resolution chosen is that one which allows 
the identification of the bone channels, including even 
the smaller ones. To assess cortical porosity in humans it 
should be known that the bone channels vary according 
to the site, age and systemic condition. In long bones they 
have a mean diameter of about 60 µm in aged women 
(29). In animals, for adult rats we found a mean diameter 
of 7 µm and for rabbits around 15 µm (unpublished data).  
The threshold should delimitate the bone matrix separated 
from the holes to make possible to reach the intracortical 
porosity by means of calculation of all pixels that do not 
correspond to bone tissue. By porosity, it is also possible 
to assess the differentiation between the open and closed 
porosity. When the open porosity is chosen, it will take 
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into account the open channels on the surfaces included 
in the ROI. On the other hand, the closed porosity will 
be related just to the intracortical porosity, by means of 
that only closed pores (channels) will be considered in the 
analysis. Besides thickness and porosity, the µCT software 
also allows identifying other characteristics, such as: bone 
surface area (Ct.BS), which in this case is related to all 
pixels on the contour of all channels within the region 
of interest. Additionally, other features, like the percent 
of bone volume, meaning the inverse counting of pixels 
compared to the porosity are also possible to obtain. It 
should be emphasized that the majority of the studies 
had focused on the trabecular bone for the evaluation of 
bone fragility; however, the cortex is the major dictator 
on this characteristic (10). Non-vertebral fractures occur 
predominantly at cortical sites and most of bone loss 
occurs by intracortical remodeling, that cavitates the 

cortex producing porosity, being more important in these 
cases the assessment of cortex than trabecular bone (10).

Cancellous Bone Evaluation
The trabeculae or “trabecular” bone is the primary 

anatomical and functional unit of cancellous bone, with 
high turnover rates compared with the cortical bone. 
In the prediction of bone strength, measurements of 
trabecular density and trabecular microstructure should 
be combined and performed in combination with cortical 
evaluation. Trabecular bone morphometry depends on the 
measurement of the bone volume (BV) and also on the 
characteristics of the trabeculae including: the trabecular 
number (Tb.N) calculated as the average number of 
trabeculae per unit length; the trabecular thickness (Tb.Th) 
as the mean thickness of trabeculae; and the trabecular 
separation (Tb.Sp) as the mean distance between trabeculae. 

Figure 3. Implant installed in a rabbit tibia (8.5 µm pixel size at 90 kV, 278 µA and 1320 ms integration time; rotation step 0.400 and Filter Cu 
0.1 mm; Reconstruction: Smoothing=2, Smoothing kernel=0 (Asymmetrical boxcar), Ring Artifact Correction=8 and Beam Hardening Correction 
(%)=80). A: µCT original file in a coronal view of the implant inserted in the tibia. B: Random images representing a sequence of the slices going 
through the implant, starting from the tibia without the implant on the upper left corner and finishing at the end of the implant in the lower 
right corner. C: µCT original file in a transaxial view of the implant inserted in the tibia. D: Random images representing a sequence of the slices 
going through the implant, starting from the superior part of the implant inserted within the cortex on the upper left corner and finishing at the 
end of the implant in the inferior part, inside the medullary portion in the lower right corner.
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By means of algorithms included in the analysis software, 
it is also possible to measure the connectivity density 
(Conn.D), as one measurement that gives information on 
the trabeculae degree of connectivity and the structure 
model index (SMI). SMI is an indicator of the trabeculae 
format, being the ones with the value more close to 0 
related to the parallel ones, and a value more close to 3 
meaning more cylindrical rods shape of the trabeculae 
(3). In osteoporosis for example, there is a conversion of 
plates into rods (6). Besides these parameters, others also 
could be measured as the bone surface density, but the 
majority of the studies in the literature focused on the 
ones previous mentioned.

Additional Analysis and “Unthresholded” Methods
Additional measurements using µCT are available 

through developed algorithms in order to assess 
architecture parameters and features do not associated 
with the classical analysis. The spatial organization of the 
cortical and trabecular bone gives additional information 
how these tissues are structured and the influence on their 
mechanical properties. The texture analysis enables to 
reach improvements in bone microarchitectural evaluation 
from low resolution images (e.g. radiographs, Dual-energy 
X-ray absorptiometry - DXA) or add a new mathematical 
way to measure structure parameters, based on the size, 
shape and distribution of elements within the tissue. Some 
parameters of the texture analysis are included in the 
conventional µCT software’s, and others can be acquired 
using plugins and download free software’s, like Image J 
(NIH). This analysis evaluates local variations in gray levels, 
the degree of complexity, given by numerical values as how 
a structure fills up the space; and quantifies the emptiness, 
by an indicator of the degree of gap distribution over a 
certain surface (30,31). The most used additional analysis 
on µCT are the degree of anisotropy, fractal dimension, and 
lacunarity, disposable in the evaluation software, except 
for the lacunarity.

Emphasizing anisotropy measurement, the degree 
of anisotropy gives information on the orientation of 
trabeculae in space. A preferential orientation of the 
trabecular plates observed along the direction of the 
strains exerted on bone is related to high anisotropy 
(6). Concerning the cortex, cortical structure follows a 
preferential orientation and hierarchical arrangement, 
inducing strong anisotropy (32). 

The Fractal Dimension (FD) is another parameter that 
may be extracted by µCT analysis. This parameter indicates 
how much an object occupies its underlying metric space, 
meaning that is a measure that characterizes how much 
an object occupies the space that contains it (31). The 
fractal geometry analysis has been used for describing 

irregular patterns with self-similarity at different 
scales, for example, it has been used to characterize 
the microstructure of porous media within the cortical 
bone (33). Fractal geometry analysis of cancellous bone 
identifies architectural features not easily recognized by 
conventional bone histomorphometric (34). A decrease in 
fractal dimension was already evidenced when there are 
alterations of trabecular bone, meaning loss of trabecular 
connectivity and increase in porosity (35). The complexity 
of trabecular bone microarchitecture, expressed by the 
mean value of the fractal dimension, was higher in cases 
of fracture compared with control cases (36).

Another important parameter is the lacunarity, which 
measures the gap or lacuna distribution, meaning higher 
the lacunarity, bigger will be the variation of pixels 
distribution within an image. High lacunarity means that 
pixels are grouped in a wide variety of sizes of islands, 
surrounded by a widely variant emptiness, indicating 
heterogeneity of spatial pattern or texture (31). Lacunarity 
plots characterize the spatial organization of an image, 
including the average size of any structural sub-unit(s) 
within the image, making them potentially useful in 
representing the trabecular thinning and perforation of 
vertebral trabecular bone associated with osteoporosis 
(37). In dentistry, the lacunarity measurements should be 
employed attempting to understand the heterogeneity of 
bone channels network in cortical bone and to evaluate the 
homogeneity in the trabeculae distribution in cancellous 
bone. Lacunarity decreases with the increase of regularity 
of gaps distribution (38). This parameter can be measured 
in both threshold and non-threshold methods, using free 
download software’s. The use of non-threshold images 
(original acquisition images), without binarization, could 
overcome some problems like low resolution, once the 
measurement works with the distribution of gray-level 
pixels in the image. 

Results of µCT Evaluation: Interpretation and 
Significance 
Morphometry and Mineral Density Measurements: 
Clinical Significance

Morphometry, an important parameter extracted by µCT 
analysis, is related to the measurement of bone architecture. 
Data obtained for analysis of the different conditions of 
bone integrity, reflects on the biomechanics behavior of 
this connective tissue. Using µCT, the assessment of the 
spatial organization of bone structure and their mineral 
composition is possible to identify alterations caused 
by diseases or physiological adaptation, with important 
clinical significance. 

Data extracted from µCT datasets make possible to 
explore the bone architecture in its macro and microscale. 
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When the bone quality is compromised, alterations in 
trabecular bone are evidenced. Trabecular bone volume, 
trabecular thickness and trabecular number are significantly 
decreased in osteoporosis (39) and in osteoarthritis (40). 
Bone trabeculae decreases in aging due to constant 
osteoblastic depression, and this usually leads to a 
progressive conversion of the trabeculae format from plates 
into rods (6). In relation to cortical bone, cortical thickness 
and porosity are the parameters that are directly related 
to bone strength, so being crucial concerning the clinical 
significance when analyzing the bone in diseases or distinct 
conditions. Cortical porosity is increased in several diseases, 
with increased osteoclast resorption activity. Cortical bone 
porosity is responsive to disease, therapy, and metabolic 
alterations, with the pore structure intimately related to 
biomechanical properties, for example, with the pores 
becoming increasingly interconnected and convoluted 
as age progresses (2). This cortical bone loss is one of the 
major responsible for the reduction in strength. The porosity 
is increased in diseases like diabetes (41), chronic kidney 
disease (42), osteoporosis (39), rheumatologic diseases 
and others, which present high risk of fractures. All these 
conditions have clinical relevance, and studies conducted 
in human or animal studies should apply techniques that 
are able to evaluate the bone quality, such as the µCT. 

Animal Studies: Bone Repair, Modeling, and 
Remodeling

The majority of studies concerning bone repair 
are concentrated in the application of synthetic bone 
substitutes, biomimetic molecular agents, physical 
stimulation, systemic or local conditions known to have 
deleterious effects on bone, or a combination of them 
(43,44). The evaluation of the bone repair process in 
conditions that affects bone turnover and metabolism, may 
be compromised by external causes and systemic conditions, 
can be investigated by using µCT. Experimental studies in 
rats revealed alterations in bone healing, for example due 
to radiotherapy, which affects the bone repair (12). For 
evaluation of dental implants osseointegration process, 
the µCT associated with animal model also is commonly 
used, and allows the assessment of the new bone formation 
process around the implant. Nevertheless, some of these 
studies were focused on histomorphometric findings and 
have some limitations, one of them related to the 2D 
evaluation of a few slides. By using µCT, the advantage 
could be the 3D evaluation by assessing the whole bone 
repair process, including the whole microstructure of the 
new bone formation.   

The bone healing cascade follows a process of: an 
early phase that enables temporarily fracture stabilization 
and further endochondral bone formation, characterized 

by the recruitment of mesenchymal cells and successive 
chondrogenesis resulting in a soft callus formation. The 
second stage is distinguished by deposition of the collagen 
and subsequent mineralization resulting in a woven bone 
formation and the last stage is characterized by the bone 
remodeling which restores the original bone structure and 
strength (44). Irrespective of the study question, using µCT 
by means of the whole 3D volume representative of the 
bone repair region, it is possible to achieve answers which 
provide insights into how the bone neoformation and 
healing took place (Fig. 4).

In the evaluation of new bone formation, when using 
µCT analysis, the bone volume (BV) is the most important 
assessed parameter. It means the new bone amount within 
the region of interest, represented by the lesion filled with 
bone, or the callus on fracture healing, or even the new 
bone surrounding implants. The same parameters for the 
trabecular bone can be evaluated. The characterization 
of the new bone trabeculae formation, and in the late 
phase, new formed cortices also can be evaluated by the 
parameters described previously (Fig. 4). Additionally, the 
parameters related to bone composition can be measured 
and differentiate the new bone, like bone mineral density 
(BMD) measure as the volumetric density of calcium 
hydroxyapatite (CaHA) in terms of g.cm-3. By µCT of 
fracture healing, using different ranges of voxel brightness 
(thresholds) to identify mineralized tissue of different 
densities, with values in a range for less dense new bone 
and calcified cartilage, another range for very dense cortical 
bone and other range for non-mineralized tissue (45). 

Final Recommendations
The use of µCT for bone tissue evaluation should be 

extensive and thorough, taking into consideration the 
maximum possible tissue extension through the whole 
tridimensional reconstruction of the sample.

The bone samples should be prepared and maintained 
in an adequate medium before and during the scanning. 
If histological processing will follow the scan, the correct 
fixation of the material should be made (with alcohol 
or paraformaldehyde, according to the next steps of the 
sample processing). Although, if is the case to perform 
mechanical tests, the storage should take place in adequate 
frozen conditions. 

Small and standardized bone samples will provide better 
scanning conditions, with influence on the final results 
regarding the possibility to scan with better resolution in 
this condition.

With regards to image acquisition, the resolution should 
be able to give accurate results concerning the structures to 
be evaluated. In cortical bone, the better resolution should 
allow the identification and measurement of the bone 
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channels, even the smaller ones. In cases that is necessary 
to assess the osteocytes lacunae, high-resolution around 
1 µm can be defined, but the longer scan time and a small 
analyzed area should be considered. 

Trabecular bone should be evaluated in order to allow 
the correct identification of the trabeculae, with the 
resolution choice considering the average of the trabeculae 
thickness. The same patterns for the trabeculae bone 
should be considered for bone repair, with the new bone 
formation at the initial stages presenting a trabecular-like 
arrangement. 

Other parameters during image acquisition should 
also be carefully defined, as the use of filters (aluminum, 
copper), the equipment potential and the correct location 
of the region that should be scanned.

Regarding to the reconstruction process, care should be 
taken with the correct delimitation of the region of interest, 
also, with the parameters such as the beam hardening 
correction, the smoothing and the ring artifact correction.

By the analysis of the bone parameters, the structural 
analysis should be able to compare different groups or 
conditions, following the same conditions in order to avoid 
bias (use of different thresholds for cortices and trabecular 
bone, but the same thresholds for the comparisons among 
the different groups). At the cortex, it should be possible 
to identify if one bone is more porous than the other, or if 
the bonne channels morphology or spatial distribution are 
altered in a specific condition. Within the trabecular bone, 
the number, thickness, size and shape of the trabeculae, 

Figure 4. Rat femur with bone repair process evaluated 7 days after euthanization. A: µCT scout view of the femur with the lesion in the middle (8 
µm pixel size at 90 kV, 111 µA and 720 ms integration time; Rotation step 0.400 and Filter Al 0.5 + Cu 0.038). B: Defined cortex after binarization 
with an ideal threshold. C: Defined lesion area (bone repair and medullar channel: after binarization, also with an ideal threshold. D and E: Both 
cortex and lesion area with over thresholding, revealing overestimation of the bone. F and G: Both cortex and lesion with under thresholding, 
revealing sub estimation of the bone definition.

together with their connectivity, should be possible to be 
analyzed and differentiate conditions with better or worst 
features related to an ideal bone quality and strength 
(Fig. 5). 

Concerning the bone material composition, the mineral 
density could be evaluated and aid to differentiate health 
and disease condition, by means of higher or lower X-ray 
absorbance of the scanned bone. In this analysis, careful 
should be taken related to the use of a calibrated µCT, by 
the use of phantoms of known amounts of hydroxyapatite. 

Attention on the use of right nomenclatures should 
be taken by using guidelines and following the correct 
information on operator manuals of the different µCT 
systems. 

Studies should describe all the parameters related to 
scanning, reconstruction, and analysis, in order to allow 
comparison and discussion with other studies. 

Micro CT bone evaluation within dentistry has 
unlimited applications, including: evaluation of diseases 
and conditions affecting bone metabolism and structure; 
analysis of repair and regenerating procedures; evaluation 
of new therapies and surgical interventions; evaluation of 
the effectiveness and use of biomaterials; and more. When 
it is possible to analyze human jaw samples, the evaluation 
by this high-resolution method enables to acquire several 
information, both on cortices and cancellous structure and 
composition (Fig. 6). Both type of studies, in experimental 
animal conditions or human samples are able to be 
investigated by the use of the µCT. Utilizing high-resolution 
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Figure 6. Human sample removed from the mandible of a patient (scan: 19 µm pixel size at 50 kV, 800 µA and 4000 ms exposure; Rotation step 
0.600 and Filter Al 0.5 mm). A: Scout view revealing the bone sample, with the superior part composed by the cortex and the inferior part with 
cancellous bone. B: One of the slices within the cortex revealing the bone channels in dark and the bone matrix in gray. C: 3D reconstruction 
of the bone sample removed. 

Figure 5. Flow chart with orientations for bone evaluation using microcomputed tomography. The inside figure reveals a scout view of a rat femur 
with a bone defect (lesion) at the diaphysis part, and both epiphysis where are possible to assess the cancellous bone. 
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imaging technique will allow characterization and changes 
in the bone tissue at the microarchitectural level.
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Resumo
A microtomografia computadorizada segue o mesmo princípio da 
tomografia computadorizada utilizada para avaliação dos pacientes, mas 
neste caso, é empregada para pequenas amostras com alta resolução. 
De forma não destrutiva, as amostras podem ser escaneadas, e cada 
fatia obtida é organizada de forma seriada para formar um volume 
tridimensional (3D). Para análise óssea, é possível obter informações 
de microarquitetura e composição mineral, permitindo avaliação 
distinta entre diferentes sítios. De acordo com as características de cada 
amostra óssea, como amostras de humanos, animais, ossos longos ou 
achatados, epífise ou diáfise, etc, devem ser definidos os parâmetros 
pré-escaneamento com a resolução desejada, levando em consideração 
quais informações serão extraídas da avaliação. Depois do escaneamento 
e da reconstrução, deve-se proceder com a seleção da região de interesse 
(ROI), e depois seguir com o processo de binarização, que se caracteriza 
pela escolha de um limiar que define os voxels que compõem a região 
de osso e àqueles que compõem a região dos buracos (canais, áreas 
de reabsorção e espaço medular). No osso trabecular e no reparo os 
parâmetros avaliados se baseiam nas características das trabéculas e sua 
conectividade. No osso cortical os parâmetros estão relacionados com 
a espessura e porosidade. Além dos parâmetros de microarquitetura, 
também é possível avaliar a densidade mineral óssea, calculada por volume 
de hidroxiapatita. Outros parâmetros também podem ser mensurados, 
utilizando técnicas computacionais como a análise de textura. Parâmetros 
intrínsecos e extrínsecos da qualidade óssea podem ser avaliados pela 
microtomografia computadorizada. Na odontologia, este método pode 
ser empregado em estudos que objetivem avaliar doenças, alterações 
metabólicas e medicamentos com repercussão no metabolismo ósseo, e 
na avaliação do processo de reparo e de técnicas cirúrgicas.
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Abstract 

To investigate whether two acquisition parameters such as voxel size 

and filter thickness used in a microcomputed tomography (microCT) scan, 

together with the examiner experience, influence the outcome of a bone repair 

analysis in an experimental model. Bone defects were created in rat tibias, and 

then scanned using two voxel sizes of 6- or 12-µm, and two aluminum filter 

thickness of 0.5- or 1-mm. After the scan, bone volume fraction (BV/TV) and 

trabecular thickness (Tb.Th) were analyzed twice by two groups of operators: 

experienced and non-experienced examiners. For BV/TV, no significant 

differences were found between scanning voxel sizes of 6 and 12µm for the 

experienced examiners; however, for the non-experienced, the analysis 

performed using 12µm voxel size resulted in higher BV/TV values (32.4 and 32.9) 

than the ones acquired on 6µm voxel size (25.4 and 24.8) (p<0.05). For Tb.Th, 

no significant differences between the analyses performed by experienced and 

non-experienced groups were observed when used the 6µm voxel size. However, 

non-experienced examiners analysis revealed higher Tb.Th values when using 

12µm voxel size compared with 6 µm (0.05 vs 0.03, p<0.05). Filter thickness had 

no influence on the results of all groups. In conclusion, voxel size and operator 

experience affected the measured Tb.Th and BV/TV of a region containing new 

bone formation. Operators experience in micro-CT analysis is more critical for 

BV/TV than for Tb.Th, whereas voxel size has a major effect on Tb.Th evaluation. 

Operators at initial phases on research training should be calibrated for bone 

assessment.  

Keywords: microcomputed tomography; bone architecture; trabecular bone; 

stereology; rodent; bone repair; animal models; imaging. 
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Introduction 

Microcomputed tomography (microCT) analysis is a nondestructive 

method that provides three-dimensional reconstructions of interior structures and 

other bone properties (Bouxsein et al., 2010; Kühl et al., 2013). A strong 

correlation between microCT and histomorphometric analysis has been reported 

in several studies (Müller et al., 1998; Anavi et al., 2011). MicroCT has been 

widely used in research fields of bone metabolism, repair, and regeneration (Irie 

et al., 2018). Acquisition and analysis of bone volumes using microCT consists 

of the following steps: a) scout view and preprocessing on 2D section 

visualization; b) sample scanning; c) segmentation and 3D reconstruction; and d) 

microstructure quantification and analysis. In each stage of this process, some 

variables, such as resolution and the use of filters may affect the morphological 

outcomes (Christiansen, 2016). A guideline based on the need for standardized 

terminology and consistent reporting of parameters analyzed was published 

(Bouxsein et al., 2010), and described that besides following the manufacturer-

specific instructions for regular quality control, images should be inspected 

visually to identify possible scanning artifacts. In this way, the influence of 

scanning and image processing during analysis and its influence on the results 

still needs to be accessed. 

Image resolution is determined by voxel size. Morphological 

assessment of thinner structures, such as rat bone trabeculae (20-70 µm), can 

be affected by resolution (Kim et al., 2004; Müller et al., 1998). Scanning small 

structures with low resolution can underestimate bone mineral density and 

overestimate its thickness (Longo et al., 2017). Most microCT systems provide a 

resolution on the order of 6-73 µm (Chopra et al., 2009). Ideally, the smallest 

voxel size (highest resolution) should be used in animal experiments; however, 

using a small voxel size increases the scanning duration and data generation, 

being sometimes too much time-consuming. Moreover, the amount of radiation 

must be considered when in vivo microCT scanning is applied (Christiansen, 

2016). 

Other acquisition parameter that influences on the quality of the results 

is the use of filters. They may minimize artifacts present in the images. Beam 
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hardening is an artifact produced by a polychromatic X-ray beam with different 

energy spectra. When the X-ray beam propagates through the sample, the low-

energy portion stops in the surface area, while the high-energy portion goes 

inside the sample. This phenomenon manifests as a higher-density image of the 

surface area of the sample. It is possible to minimize this artifact at the 

reconstruction stage. However, by placing a metal filter between the X-ray and 

the sample during image acquisition, the lower energy portion of the beam is 

filtered. The ideal filter and filter thickness to use will also depend on the sample 

size and density (Bouxsein et al., 2010). 

The region-of-interest (ROI, e.g., the specific site where bone healing 

will be assessed in this study) should be delimited and separated from the other 

structures across the acquired field of view (Behrooz et al., 2017; Irie et al., 2018). 

This process could be done manually or in an automatic fashion. After ROI 

delimitation, determining a grayscale threshold (0-255) distinguishes bone from 

nonbone, a process called image segmentation (or binarization). This process 

can be performed by means of local or global values. Most commonly, global 

thresholding is performed, in which a chosen value (Hounsfield units or g/cm3) 

distinguishes bone (above the threshold) from nonbone (below the threshold). 

The threshold is selected either visually, by analyzing the density of the 

histogram, or by setting a threshold value that will result in a volume dataset equal 

to the volume of the original bone sample (Ding et al., 1999). Local thresholds 

are based on the neighboring values of each voxel (Dufresne, 1998) or based on 

the local minima and local maxima values of the selected ROI. Diverse methods 

applying local threshold definition have been reported (Kuhn et al., 1990; 

Elmoutaouakkil et al., 2002) to overcome the limitations related to low resolution 

and nonhomogeneous samples that affects global thresholding. However, both 

processes (ROI delimitation and threshold setting) can be influenced by the 

examiner’s experience. 

The aim of this study was to investigate whether the acquisition voxel 

size, filter thickness, and operator experience affect the morphometric outcome 

of bone repair evaluation assessed by means of microCT. The null hypothesis 
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was that the acquisition voxel size, filter thickness, and examiner experience 

have no effect on the outcome. 

 

Material and Methods 

This study was approved by the Research Ethics Committee (approval 

number 093/17) of the institution and was carried out in strict compliance with the 

ethical principles for the care and use of laboratory animals, also according to the 

ARRIVE guidelines. Cortical bone defects of 1.6 mm in diameter were created 

using a cylindrical burr (Neodent®, Curitiba, Brazil) at a standardized location on 

the tibias of 5 Wistar rats. The animals were euthanized 7 days after surgery, and 

the right tibias were covered with moist gauze containing phosphate-buffered 

solution and stored in plastic tubes at -20 °C until scanning. The tibiae were 

positioned in the sample holder and left at room temperature before the scans. 

MicroCT scan of the 5 tibiae (Fig. 1) were acquired with a desktop SkyScan 1272 

high-resolution 3D X-ray microscope based on micro computed tomography 

(microCT) technology (Bruker, Kontich, Belgium).  

 

 

 

Fig. 1 MicroCT scout view of the tibia with the cortical defect (6 μm voxel size at 

70 kV, 142 μA, a 0.2 rotation step, and a 1 mm aluminum filter). 

 

Each sample was repeatedly scanned using the following acquisition 

parameters: voxel sizes of 6 μm and 12 μm, and aluminum filter thicknesses of 

0.5 mm and 1.0 mm (n = 5). Image reconstruction was performed with NRecon 

software (version 1.6.6.0, Bruker, Kontich, Belgium). A single set of parameters 
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was chosen visually based on minimum artifacts, irrespective of the tested group. 

Ring artifact correction was set at 9, smoothing at 1, and beam hardening 

correction at 0%. The reconstructions included the entire lesion, as follows: new 

bone formation inside the tibia canal and at the lesion site was manually 

delimitated in 2D slices (Fig. 2), from the bottom to the top of the lesion borders, 

delineated by a single examiner (LHST).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Demonstration of the region of interest (ROI) delimitation of the defect area. 

 

Morphometric data (bone volume ratio, BV/TV, and trabecular 

thickness in µm, Tb.Th) was evaluated by 5 experienced and 5 non-experienced 

examiners and assessed for each acquisition parameter. The non-experienced 

examiner’s group included operators with experience in microCT analysis, but 

none has ever performed bone analysis before the study. The experienced 

examiner’s group included researchers who had performed microCT analysis on 

rat bone tissue in previous experiments and other bone analysis. BV/TV and 

Tb.Th analyses were performed using the CTAn software (version 1.18.4.0, 

Bruker). Segmentation of the trabecular bone within the lesion area was manually 
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performed by each examiner. The entire lesion was defined by interpolation of 

the ROIs delineated by each examiner. Thresholds for segmentation of bone and 

nonbone (maximum and minimum gray levels) were visually and individually 

defined for each set of acquisition parameters. Then, BV/TV and Tb.Th 

measurements were calculated. 

Statistical analysis was performed using SigmaPlot® (SigmaPlot 

v13.1; Systat Software Inc.) considering a significance level of a=0.05. The 

influence of operator experience (experienced and non-experienced examiners), 

filter thickness (aluminum 0.5 and 1 mm) and scanning voxel size (6 and 12 µm) 

on BV/TV and Tb.Th were assessed using three-way analysis of variance 

(ANOVA) with Tukey’s post hoc test. Intraclass correlation coefficients (ICCs) for 

absolute agreement among total tissue volume (TV) measurements were 

calculated (Salarian, 2019) (MATLAB MathWorks, Natick, MA) to evaluate 

interexaminer reliability (Koo & Li, 2016) for cortical and trabecular bone 

segmentation in both the experienced and non-experienced groups. 

 

Results 

The ICC between the experienced examiners was 0.84, indicating 

good reliability. Thus, ICC between the non-experienced examiners indicated 

poor reliability (0.06). The mean and standard deviation values for BV/TV and 

Tb.Th are shown in Tables 1 and 3, respectively. The factor interactions (operator 

experience, voxel size and filter) for BV/TV (Table 2) and Tb.Th are described in 

Table 4. 

 
BV/TV 

The operator experience (p < .001), the voxel size (p < .001) and the 

interaction between these factors (p = .009) had significant effects on the BV/TV 

values (Table 3). The analysis performed by experienced examiners resulted in 

significantly lower BV/TV values (17.8 ± 4.3) than that performed by non-

experienced examiners (31.2 ± 2.1, p < .001). The effect of voxel size depended 

on the examiner experience. No significant difference was observed for the 

experienced examiners after scanning at voxel sizes of 6 (15.8 ± 4.5) and 12 µm 
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(15.6 ± 5.2) (p = 0.900). However, for the non-experienced examiners, the 

analysis performed on the 12 µm volumes (32.7 ± 15.5) resulted in higher BV/TV 

than did that performed on the 6 µm group (25.1 ± 14.2, p < .001). The effects of 

the filter and its interactions with tested factors were not significant. No significant 

interaction was found among the 3 factors (p = 0.500). 

 

Table 1. Mean BV/TV values (SDs) and results of Tukey HSD test  

Examiner 6 µm voxel size 12 µm voxel size 

 0.5mm filter 1.0mm filter 0.5mm filter 1.0mm filter 

Experienced 15.5 (4.0)Aa 16.0 (5.0)Aa 16.1 (5.6)Aa 15.1 (4.9)Aa 

Non-experienced 25.4 (14.1)Ba 24.8 (14.5)Ba 32.4 (15.1)Bb 32.9 (16.1)Bb 

Different uppercase letters in vertical columns indicate significant differences; different lowercase 

letters in horizontal rows indicate significant differences; Tukey HSD test (P<.05). 

 

Table 2. Three-way ANOVA interactions for BV/TV measurements 

 

 

 

 

 

 

 

 

 
*The mean difference is significant at the 0.05 level.  

 

Tb.Th 
The examiner (p < .001), the voxel size (p < .001) and the interaction 

between factors (p = .040) had significant effects on the Tb.Th values (Table 4). 

The analysis performed by the experienced examiners resulted in lower Tb.Th 

Source of variation P values 

Operators x Filter 0.800 

Operators x Voxel size 0.009* 

Filter x Voxel size 0.800 

Operators x Filter x Voxel size 0.500 
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values (0.04±0.01) than that performed by the non-experienced examiners 

(0.05±0.02, p <.001). The effect of the examiner depended on the voxel size of 

the volumes analyzed. There was no difference between experienced and non-

experienced operators in the 6 µm group (p = .900); however, the analysis 

performed on 12 µm volumes resulted in higher (p < .001) Tb.Th values for the 

experienced examiners (0.06±0.02) than for the non-experienced examiners 

(0.05 ± 0.01). The filter and interactions between 2 or 3 factors had no significant 

influence on Tb.Th values (p = .900). 

 

Table 3. Mean Tb.Th values (SDs) and results of Tukey HSD test  

Examiner 6 µm voxel size 12 µm voxel size 

 0.5mm filter 1.0mm filter 0.5mm filter 1.0mm filter 

Experienced 0.04 (0.01)Aa 0.03 (0.01)Aa 0.06 (0.02)Ab 0.06 (0.02)Ab 

Non-experienced 0.03 (0.00)Aa 0.03 (0.00)Aa 0.05 (0.01)Bb 0.05 (0.00)Bb 

Different uppercase letters in vertical columns indicate significant differences; different lowercase 

letters in horizontal rows indicate significant differences; Tukey HSD test (P<.05). 

 

Table 4. Three-way ANOVA interactions for Tb.Th measurements. 

 

 

 

 

 

 

 

 

 
*The mean difference is significant at the 0.05 level.  

 

 

Source of variation P values 

Operators x Filter 0.400 

Operators x Voxel size 0.040* 

Filter x Voxel size 0.400 

Operators x Filter x Voxel size 0.900 
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Discussion 

The present study investigated whether the acquisition voxel size, filter 

thickness, and operator’s experience influence on the results of the morphometric 

evaluation of bone volume and trabecular thickness, using an experimental 

model of bone repair in the rat tibiae. Both morphometric parameters of BV/TV 

and Tb.Th demonstrated some dependency upon examiner experience and 

acquisition voxel size. Regarding the filter thickness, this parameter had no effect 

on BV/TV and Tb.Th measurements. Thus, the null hypothesis that the 

acquisition voxel size, filter thickness, and experience of examiner parameters 

have no effect on the outcome of the morphometric evaluation was partially 

rejected. In this way, the present study pointed out two critical factors that should 

be considered for microCT analysis of a site with new bone formation: the 

acquisition voxel size and the experience of the examiners.  

Several segmentation methods have been described to separate 

trabecular from cortical bone in microCT volumes (Korfiatis et al., 2017; Lublinsky 

et al., 2007; Behrooz et al., 2017). Automated segmentation to distinguish cortical 

from trabecular bone is not possible for bone repair sites in some specific models 

(mostly on the diaphysis of long bones), once the cortical contour is not intact and 

a detailed delimitation of the lesion edges cannot be achieved. If a ROI (e.g., 

standardized circle) is defined in the cancellous region, the analysis can be 

underestimated when only a fraction of the ROI (i.e., the trabecular bone 

undergoing healing) is included (Behrooz et al., 2017). An automated method to 

identify and separate the callus and/or newly formed bone, original cortical bone, 

and the marrow portion without requiring the delimitation of specific ROIs was 

proposed previously (Bissinger et al., 2017). The authors applied global 

thresholding for each structure visually determined by two independent 

examiners and by the associated histogram. This method was not time 

consuming; however, it did not provide volume-dependent microCT assessments 

of parameters such as BV/TV. In this case, the most accurate method for 

nonintact cortical analysis is manual drawing of contour lines on the outer edge 

of the lesion. Therefore, creating a VOI by interpolating several ROIs is feasible 
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considering the rupture in the cortical bone, the dimensions of which diverge in 

each section. 

The ICC for total volume (TV) indicated good reliability between the 

VOIs of the experienced examiners. However, such good reliability was not 

observed between non-experienced examiners. This finding supports the 

difference in BV/TV outcomes between those groups. Bone volume fraction is 

one of the main morphological parameters for bone repair evaluation, and it 

depends on the total volume (Bouxsein et al., 2010). The results from the present 

study demonstrated that detailed volume of interest (VOI) delimitation by an 

experienced and calibrated examiner is critical for bone volume fraction analysis 

of a healing area. The relevance of examiner experience is also emphasized over 

the effect of resolution. BV/TV was influenced by the acquisition voxel size only 

for the non-experienced examiners. The analysis performed by an experienced 

examiner showed no difference between voxel sizes of 6 µm or 12 µm. 

The influence of operator’s experience was also observed for Tb.Th 

measurements. However, this difference was solely observed in the 12 µm group, 

indicating that Tb.Th analysis of bone repair in rats with the 6 µm voxel size 

volumes imply less bias than the examiner. When acquiring volumes at a larger 

voxel size, the bone surface is blurred, especially for trabecular structures within 

a healing area (which have higher resorption rates and even a thinner trabecula) 

(Glatt et al., 2007). This approach makes the binarization process more prone to 

bias, which was evident when the examiners had no previous experience in bone 

morphometric analysis. Longo et al. (2017) compared 9 µm and 18 µm voxel 

sizes in both in vivo and ex vivo microCT (Longo et al., 2017). The authors 

demonstrated that analysis with smaller voxel size volumes led to lower Tb.Th 

measurements in rat trabeculae. Similar results were found in the present study, 

in which a significant difference was observed between the 6- and 12-µm groups 

for Tb.Th. The findings of the present study supported the hypothesis that thinner 

trabecular structures are blurry when scanning at a larger voxel size, culminating 

in an increase in the mean measured thickness. 

The effect of the acquisition voxel size on trabecular structures has 

also been demonstrated in human cadavers’ investigations (Tjong et al., 2012). 



 

 

 

46 

 

While the effect of acquisition voxel size has been observed at larger dimensions, 

such as 41 µm in micro-CT compared to high-resolution peripheral quantitative 

computed tomography (HQ-pQCT) with acquisition voxel sizes of 41, 82 and 123 

µm, the results of the present study revealed the same effect even for a narrow 

difference in the voxel size during image acquisition. A smaller voxel size may 

allow more accurate segmentation of the trabecular structure, which results in 

more accurate quantification of the trabecular microstructure parameters. The 

acquisition resolution should always be chosen based on the size of the structure 

being analyzed as well as the size of the expected microarchitecture changes 

that the experimenter aims to quantify (Palacio-Mancheno et al., 2014). However, 

the resolution might be critical if it involves remodeling areas. In this way, the 

findings from the present study have demonstrated that scanning at a 6 µm or 12 

µm voxel size was not a limiting factor for BV/TV with calibrated examiners; 

rather, scanning at a 6 µm voxel size is a determinant for the Tb.Th 

measurements of a healing bone area. 

In the present study, a global threshold for each acquisition parameter 

was used. The cortical bone was kept out of the analyzed area, and only 

trabecular bone within the lesion was analyzed, providing a homogenous 

structure analysis. A local threshold method was proposed (Waarsing et al., 

2004), which was validated by histological analysis. The authors concluded that 

the performance of global threshold methods is equal to that of local thresholds 

when analyzing high-resolution scans of homogenous structures. However, when 

nonhomogeneous samples are analyzed (e.g., both thick cortices and thin 

trabeculae) or when the scan resolution is relatively low, the efficiency of the local 

threshold method overcomes that of the global methods. When analyzing high-

resolution volumes of a homogeneous bone sample, as done in the present 

study, subjective thresholding performs similarly to objective thresholding. 

Nonetheless, definition of a reliable threshold should be performed considering 

2D slicewise comparisons to the original, regardless of the segmentation method. 

Visual inspection of the segmentations to ensure that trabecular connectivity is 

maintained while excluding noise is crucial for micro-CT analysis (Tjong et al., 

2012). It was also reported that segmentation limitations could be mitigated by 
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high-resolution scanning (Palacio-Mancheno et al., 2014), corrections for beam 

hardening, and the implementation of a density-based thresholding method. 

The effect of beam hardening can be reduced by placing a metal filter 

during scanning and applying corrective algorithms during reconstruction (Gaêta-

Araujo et al., 2019). In the present study, the beam hardening correction was set 

at 0% to verify the effect of the filter without algorithm correction. However, no 

difference was observed in either parameter (BV/TV or Tb.Th) between 0.5- and 

1 mm-thick aluminum filters. It has been demonstrated that beam hardening 

leads to fewer artifacts for morphology than densitometric measurements 

(Meganck et al., 2009). However, one of the limitations of the present study is 

that bone mineral density was not assessed, to serve as a reference standard 

(i.e., the truth); thus, we can only assume that aluminum filter thickness did not 

influence the morphometric outcomes. Despite this limitation, the importance of 

a single experienced examiner for all the samples to avoid bias in the 

morphometric outcomes was clear. 

 

Conclusions 

Considering the limitations of the study design, it was possible to 

conclude: 

• Acquisition voxel size (6 and 12 µm) and operators’ experience influenced the 

outcome of the results obtained for trabecular thickness and bone volume 

ratio in a site of bone repair in an experimental model. 

• Individual experience of the operator in micro-CT analysis is more critical for 

BV/TV, whereas for Tb.Th, voxel size has a major effect. 

• It is recommended that high-resolution acquisitions should be used whenever 

possible, aiming to provide the most accurate measurements of bone 

microstructure parameters in an area on an active repair process. 
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Abstract  

Despite current advances in microCT analysis, the influence of some image 

acquisition parameters on the morphometric analysis have not been fully 

elucidated. Thus, the aim of this study was to determine if data binning and 

averaging affects morphometrics outcome of the bone repair  tissue. Four Wistar 

rats’ tibiae with the bone defect surgically created were individually scanned six 

times using a microCT unit. Each image acquisition was performed changing the 

frames averaging set for 1 and 2, while the software binning was configured for 

the values 1, 2 and 4. ANOVA two-way was performed to assess the effect of 

frame averaging and data binning, with Bonferroni post hoc test (p<0.01). The 

effect of data averaging was not significant for all parameters and no interactions 

between the factors were observed. The more the data binning was increased, 

the larger was trabecular thickness values. In contrast, lowest values of bone 

volume fraction and bone volume were found as data binning increased. 

Trabecular number and trabecular separation were not influenced. In conclusion, 

morphometrics outcome of bone repair analysis in microCT demonstrated 

dependency upon software binning. Therefore, image acquisition of small 

structures such as rat trabeculae should be performed without data binning.  

Keywords: X-Ray Microtomography; image Processing, Computer-Assisted; 

image pixel size; bone repair 

 

Introduction 

Bone is a dynamic tissue and its repair process involves inumerous 

events to achieve bone formation and to restore the damaged tissue1–3. Systemic 

and local conditions such as osteoporosis4, uncontrolled diabetes5 and 

radiotherapy6 have been associated with an arrest of the physiological bone 

formation and microarchitecture deterioration7. Comprehension of the 

mechanical and biological behavior of the bone tissue as well as the therapeutic 

strategies in compromised situations is necessary to overcome the impairment 

caused by these conditions8.  
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Microtomographic analysis in animal rodents provides a novel 

perspective of therapies that aim bone healing enhancement. Animal models of 

several diseases, treatments and the pre-clinical understanding of disease 

manifestations are assessed through microCT. It is currently considered the gold 

standard to evaluate bone tissue microarchitecture three-dimensionally (3D) 

which complements the traditional histomorphometry9–12. The non-destructive 

technique, convenience, time-saving, and volumetric analyses provided by the 

method are appealing to analyze bone cortical and trabecular architecture13–15. 

Due to the polychromatic characteristics of X rays beans in microCT, 

several parameters settings can be selected for image acquisition in microCT in 

order to achieve signal to noise ratio (SNR) improvement. SNR compares the 

level of the desired signal to the level of the undesirable background noise within 

an image16. The number of projections taken (frame averaging) in each rotation 

step of the sample (ex vivo scanning) or the tube-detector system (in vivo 

scanning) during image acquisition is previously determined. A set of projections 

is obtained and only the mean image is recorded9. Thus, the noise can be 

reduced by increasing frame averaging, but longer scan time is needed in 

detriment of more scan cycles9,14,17.   

During image acquisition each pixel of the detector can be counted 

individually, although the resulting signals are low. In 2x camera binning, a pixel 

size becomes 2x2 pixels and in 4x, camera binning is 4x4 pixels. The detector 

hardware allows the pixel combination during image acquisition that generates 

more contrast and less noise at the cost of image resolution, which is reduced. 

However, to boost the contrast might be desirable in certain situations, especially 

when scanning strongly attenuating structures. Implementing image binning 

reduces file sizes, thus leading to faster image processing16–18.  

Despite current advances, the influence of some image acquisition 

parameters on the morphometric analysis have not been fully elucidated. 

Parameter settings for image acquisition such as the software binning and data 

averaging, are rarely reported17 and little is known regarding its effects on the 

results of structural quantification. To our knowledge, no study has already 

evaluated the effect of these parameters on microCT analysis of bone repair. 
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Thus, the aim of this study was to answer the following question: “Is there any 

effect of the software binning and averaging data for μCT image acquisition on 

the morphometrics outcome of the bone repair?” The null hypothesis was that the 

parameters would not influence the outcome from μCT analysis. 

 

Methods 

This study was carried out following the ethical principles for the care 

and use of laboratory animals and according to the ARRIVE guidelines. The 

samples were obtained from a previous approved study in The Committee on the 

Ethics of Animal Experiments of Universidade Federal de Uberlândia (Protocol 

Number: 076/17, CEUA-UFU), thus it was exempted from reviewing. The surgical 

procedure was performed as previously described28. Briefly, four animals were 

submitted to general anesthesia intraperitoneally and surgical access to the left 

tibial methaphysis was obtained. A bone defect was performed with a drill 

measuring 1.6mm diameter (Neodent, Curitiba, Brazil) at 12.000 rpm, under 

copious irrigation with sterile saline solution of 0.9% sodium chloride. The suture 

was performed with 4-0 nylon surgical monofilament. All procedures were 

performed by a single operator (MSI). After 7 days, the animals were submitted 

to euthanasia by intraperitoneal overdose of thiopental (150 mg/kg). The tibiae 

were removed and covered with moist gauze containing sterile saline solution of 

0.9% sodium chloride and frozen at -20°C until the time of analysis. 

Four Wistar rats’ tibiae with the bone defect were individually scanned 

six times using a microCT unit (μCT 40, Scanco Medical, Bruttisellen, 

Switzerland). Each sample was wrapped in wet paper and positioned with the 

long axis perpendicular to the horizontal plane. The following scanning settings 

were used: 70 kV, 114 µA, 10 µm voxel size, 1 mm-thick Al filter, rotation step of 

0.5° and 180° rotation. Each image acquisition was performed changing the 

frames averaging set for 1 and 2, while the software binning was configured for 

the values 1, 2 and 4. 

The raw data were exported to NRecon software (Bruker, Kontich, 

Belgium). The images were reconstructed using the following settings: 30% for 

beam hardening correction, 0 for smoothing and 5 to reduce ring artifacts. Bone 
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volume (BV) (mm3), tissue volume (TV) (mm3), Bone volume fraction (BV/TV), 

trabecular thickness (Tb.Th), trabecular number (Tb.N) and trabecular 

separations (Tb.Sp) of the reconstructed volumes were assessed using the 

software CtAn (Bruker microCT, Kontich, Belgium). For this, the region of interest 

(ROI) was manually draw in each slice to delineate the lesion area. The same 

threshold (50-255) was set in all samples for bone segmentation. A single 

experient operator (PBFS) performed all analyses. The system of the device used 

for image acquisition (Scanco Medical, Bruttisellen, Switzerland) was distinct 

from the software employed for data reconstruction and analysis (Bruker, 

Kontich, Belgium). Thus, data binning of pixel matrices during image acquisition 

were computed in the results obtained from CtAn (Bruker, Kontich, Belgium) by 

multiplying linear measurements for 2 (binning 2x2) and 4 (binning 4x4), while 

volumetric measurements were multiplied for 7.99 (binning 2x2) and 64.94 

(binning 4x4). These calculations allowed compatible linear and volumetric data 

between image acquisition and processing.  

Statistical Analysis 

Statistical analysis was performed using Sigma Plot software (version 

13.1; Systat Software Inc., San Jose, CA, USA). Data were tested for normal 

distribution (Shapiro–Wilk's test) and equality of variances (Levene's test). 

ANOVA two-way was performed to assess the effect of frame averaging and data 

binning on the morphometric parameters, with Bonferroni post hoc test to 

compare the mean and standard deviation of the groups.  Due to the multiple 

tests (n=5) for each parameter, the Bonferroni correction was applied, which 

adjusted the significance level from 0.05 to 0.01.  

 

Results  

TV mean values and standard deviations of the groups are shown in 

Table 1. Two-way ANOVA showed no significant effect of the data binning (P = 

0.78) and frame averaging (P =0.63). Interaction between them (P = 0.80) was 

not observed.  
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BV mean values and standard deviations for each group are 

demonstrated in Table 2. Two-way ANOVA showed a significant effect of the 

binning parameter (P =0.01), however no significant effect was observed for data 

averaging (P = 0.91), and for interaction between both parameter (P = 0.95). 

There was no difference between Bin1 and Bin2 groups (P = 0.76), or between 

Bin2 and Bin4 (P = 0.11). However, Bin1 was statistically different (P = 0.009) 

from Bin4, irrespective of the levels of data averaging used. 

BV/TV mean values and standard deviations of each group are shown 

in Table 3. The influence of data averaging and binning on BV/TV was in 

agreement with the results from BV analysis. Two-way ANOVA showed a 

significant effect of the binning parameter (P < 0.001), however no significant 

effect was observed for data averaging (P = 0.72), and for interaction between 

both parameters (P = 0.99). There was no difference between Bin1 and Bin2 

groups (P = 0.66), or between Bin2 and Bin4 (P = 0.02). However, Bin1 was 

statistically different (P < 0.001) from Bin4, irrespective of the levels of data 

averaging used. 

Tb.Th mean values and standard deviations of each group are shown 

in Table 4. The effect of data averaging was not significant (P = 0.68). However, 

data binning effect on Tb.Th was observed in all levels (P < 0.001), without 

interaction with frame averaging parameters (P = 0.86). The more the data 

binning was increased, the larger was Tb.Th. Statistical differences with a P value  

< 0.001 were found in all comparisons. 

Tb.N and Tb.Sp mean values and standard deviations are presented 

in Table 5 and 6, respectively. Data averaging did not affect neither Tb.N (P = 

0.88), nor Tb.Sp (P = 0.81). In the same way, there was no influence of image 

binning in Tb.N (P = 0.16) and Tb.Sp (P = 0.17). Thus, no interaction was found 

between the parameters for both Tb.N (P = 0.96) and Tb.Sp (P = 0.74).  

Figure 1 shows a representative slice of the reconstructed data of each 

acquisition parameter of the correspondent region in the same sample. 
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Discussion 

MicroCT is one of the most commonly used methods to improve the 

knowledge of the microstructures of bone tissue under several pathological 

conditions. The aim of this study was to determine if data binning and averaging 

affects the morphometric outcome of the bone tissue repair. This study showed 

that data binning affected specific bone microstructure measurements. In 

contrast, no significant difference was observed in the evaluated parameters after 

comparison of one or two projections averaging during image acquisition. 

The samples of the experiment were sequentially scanned and 

reconstruction parameters were the same for all groups. Every effort was made 

to reduce the influence of confounding factors in the analysis. However, a degree 

of error was unavoidable. Each sample had its region of interest manually 

delineated because of the different pixel binning, thus tissue volume (TV) 

variations could be slightly detected. Despite that, no significant difference in 

volume extracted was shown. 

Scanning at 10 um voxel size for rat trabeculae assessment is 

considered suitable for the analysis12, however image quality relies on further 

factors determined by the spatial resolution. Spatial resolution is the minimum 

difference between two objects that is needed to be able to distinguish them as 

separate sources in the reconstructed image19. In other words, it indicates the 

ability to differentiate small structures. Image processing can be impacted by 

other factors rather than voxel size, such as image resolution, noise, artifacts, 

and post-acquisition processing (e.g., filtering)20.  

Data binning decreases image resolution. Our findings revealed that 

this operation affected trabecular thickness measurements significantly. The 

more the data binning was increased, the larger was Tb.Th. The same behavior 

has been demonstrated by previous studies in which Tb.Th was consistently 

found to increase as voxel size increased21,22. This pattern of dependence was 

expected mainly because larger voxel size scans led to the loss of detection of 

small trabeculae (partial volume effect). However, software binning shows a 

distinct mechanism that increases pixel/voxel size only after signal acquisition 

without affecting scan time16. Higher contrast was observed, as expected, but this 
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effect was noted only in the largest and most mineralized structures such as 

cortical bone. In the bone defect area, the trabeculae are thinner and closely 

arranged. Distinct levels of mineralization of the woven bone led to the 

occurrence of pixels displaying wider gray level intervals in this area, most of 

them indicating lower attenuation degree. When software binning is used, only 

the thickest portion of the trabeculae were segmented. Thinner structures less 

mineralized had its attenuation dissolved by pixel binning since a global threshold 

was further applied. Bone volume fraction (BV/TV) and BV reduction also reflects 

this effect. Although an increase in Tb.N and Tb.Sp values is expected as a result 

of this trabeculae “disruption” after segmentation, they did not demonstrate 

dependency of the binning process. Probably, not only the smallest portion of the 

trabeculae were undetected, but also the finest trabeculae dispersed in the 

healing area that counterbalancing the measurements.  

Signal to noise ratio is simultaneously dependent from the number of 

incident photons in the detector and the sensitivity of the charge-coupled 

detector19. Frame averaging can reduce the noise from intensity fluctuations 

above and below the actual image intensity. This noise has a random pattern 

even for continuous exposure parameters23. In the present study the increase in 

data averaging (1 to 2) had no effect in the evaluated parameters. This result 

should be cautiously interpreted. First, only the repair tissue of rats' tibia was 

analyzed in this study. The effect of data averaging on root resorption volume in 

rats has been previously demonstrated17. Therefore, further studies should 

investigate if such findings remain on different bony tissues and structures. 

Besides, Bonferroni correction was applied to reduce inflated type I error since 

multiple comparisons were performed. It warrants higher reliability and 

reproducibility of the differences observed in our findings. An impractical sample 

size would be required to ensure the data averaging influence on the analysis of 

our samples. Considering the ethical aspects of studies in animals, it seemed 

inappropriate an enormous increase in the sample size in order to verify the 

occurrence of small differences in stereological measurements due to different 

data averaging values. Moreover, in bone repair investigations, the size effects 

of assessed independent variables are usually great enough to be clinically 
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relevant24. This fact would probably make the data averaging influence on bone 

repair analysis become irrelevant, if it exists. Despite that, using the same 

parameter throughout image acquisition of all groups is strongly recommended.  

In microCT experimentations two features must be considered: time 

consumption and data storage. Time consumption is pertinent to both human 

resources and equipment depreciation. Besides, taking into account in vivo 

scanning, it is even more critical. It has been demonstrated that a standard 

microCT scan resulted in consistently high radiation doses (0.295–0.507 Gy per 

scan)25. The radiation levels in microCT observed in the mentioned experiment 

are usually not lethal; but have the potential to influence the experimental 

outcomes by disturbing the immune response and other physiological processes. 

Moreover, in vivo scanning requires the subject to be anesthetized making longer 

scanning unfeasible. In this context, increased data averaging requires longer 

scanning periods17 and image binning impact the file size16. The required disc 

space for data storage involves some practical questions regarding the 

maintenance and sharing of such a large amount of data26. Thus, to evaluate 

image parameters are necessary to provide information to assist the researchers 

in the determination of the scan protocols weighing factors such as scan time, 

field of view, and image resolution. 

Selection of parameters during the analysis in microCT may have 

significant effects on the results and affect reproducibility22,27. There is limited 

information in the current literature regarding standardization of important 

parameters during scanning, reconstruction, analysis and reporting of data from 

bone repair tissue, which makes it difficult to compare with other models and 

studies. Based on the results found in the present study, it is also opportune to 

study the influence of others image acquisition parameters, and different microCT 

devices should be assessed. 

In conclusion, the morphometric outcome of bone repair analysis in 

microCT demonstrated dependency upon software binning. Trabecular thickness 

was the most influenced parameter. Image acquisition of small structures such 

as rat trabeculae should be performed without data binning. In contrast, no 

difference was observed by increasing the frame averaging value to 2 and further 
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studies are desired to elucidate the influence of different values of averaged 

projections during image acquisition.    
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Figure 1 

 

Figure caption 

Figure 1. Representative slice of the reconstructed data of each acquisition 

parameter (A) Frame averaging = 1, data binning = 1; (B) Frame averaging = 1, 

data binning = 2; (C) Frame averaging = 1, data binning = 4; (D) Frame averaging 

= 2, data binning = 2; (E) Frame averaging = 2, data binning = 2; (F) Frame 

averaging = 2, data binning = 4.  
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Tables 

Table 1. Mean and standard deviation of TV values 

  TV (mm3) 
  Avg 1 Avg 2 

Bin 1 309.4 ± 39.1 Aa 291.9 ± 39 Aa 
Bin 2 289.1 ± 33.4 Aa 290.8 ± 23 Aa 
Bin 4 297.1 ± 12.1 Aa 294.8 ± 28 Aa 

 

Different uppercase letters in vertical columns indicate significant differences; different lowercase letters in 

horizontal rows indicate significant differences; Bonferroni posthoc test (P<.05). 

Table 2. Mean and standard deviation of BV values 

 BV (mm3) 
 Avg 1 Avg 2 

Bin 1 50.2 ± 18.6 Aa 48.2 ± 17.3 Aa 
Bin 2 39.9 ± 14.3 Aa 42.0 ± 13.4 Aa 
Bin 4 24.1 ± 7.4 Ba 26.0 ± 10.6 Ba 

 

Different uppercase letters in vertical columns indicate significant differences; different lowercase letters in 

horizontal rows indicate significant differences; Bonferroni posthoc test (P<.05). 
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Table 3. Mean and standard deviation of BV/TV values 

 BV/TV (%) 
 Avg 1 Avg 2 

Bin 1 15.9 ± 4.1 Aa 16.2 ± 3.7Aa 
Bin 2 13.5 ± 3.5 Aa  14.2 ± 3.4 Aa 
Bin 4 8.1 ± 2.2 Ba 8.6 ± 2.8 Ba 

 

Different uppercase letters in vertical columns indicate significant differences; different lowercase letters in 

horizontal rows indicate significant differences; Bonferroni posthoc test (P<.05). 

 

Table 4. Mean and standard deviation of Tb.Th values 

  Tb.Th 
  Avg 1 Avg 2 

Bin 1 0.13 ± 0.00 Aa 0.14 ± 0.01 Aa 
Bin 2 0.17 ± 0.01 Ba 0.18 ± 0.01 Ba 
Bin 4 0.27 ± 0.02 Ca 0.26 ± 0.03 Ca 

 

Different uppercase letters in vertical columns indicate significant differences; different lowercase letters in 

horizontal rows indicate significant differences; Bonferroni posthoc test (P<.05). 

Table 5. Mean and standard deviation of Tb.N values 

  Tb.N 
  Avg 1 Avg 2 

Bin 1 1.20 ± 0.3 Aa 1.16 ± 0.6 Aa 
Bin 2 1.63 ± 0.7 Aa 1.65 ± 0.6 Aa 
Bin 4 1.22 ± 0.4 Aa 1.33 ± 0.4 Aa 

 

Different uppercase letters in vertical columns indicate significant differences; different lowercase letters in 

horizontal rows indicate significant differences; Bonferroni posthoc test (P<.05). 
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Table 6. Mean and standard deviation of Tb.Sp values 

  Tb.Sp 
  Avg 1 Avg 2 

Bin 1 1.18 ± 0.6 Aa 1.30 ± 0.6 Aa 
Bin 2 1.69 ± 0.3 Aa 1.66 ± 0.3 Aa 
Bin 4 2.01 ± 0.1 Aa 1.90 ± 0.1 Aa 

 

Different uppercase letters in vertical columns indicate significant differences; different lowercase letters in 

horizontal rows indicate significant differences; Bonferroni posthoc test (P<.05). 
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3.4 Capítulo 4 

Artigo será submetido ao periódico Oral Surgery, Oral Medicine, Oral 
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Effect of ionizing radiation and LLLT (low-level laser therapy) on grafted 

and non-grafted lesions – an experimental study 

 

Abstract 

Objectives: Evaluate the effects of a single dose of ionizing radiation (15 Gy) and 

infrared LLLT (low-level laser therapy) application in grafted and non-grafted 

defects on bone microarchitecture and collagen maturity. 

Materials and Methods: Bone defects were surgically created on rats femurs. The 

right side was filled by clot and the left side deproteinized bovine bone mineral 

(DBBM) graft were inserted (Xenograft groups). Animals were aleatory divided 

into four groups (n = 8): nRTX: without ionizing radiation; RTX: with ionizing 

radiation; nRTX/LLLT: without ionizing radiation with LLLT application; 

RTX/LLLT: with ionizing radiation and without LLLT application. 

Microtomographic, histological and histomorphometric analyses were performed 

14 days after the surgery. Three-way ANOVA with Tukey post-hoc test was used 

to compare the groups (α = 5%). 

Results: MicroCT analysis revealed that radiotherapy led to lower values of 

BV/TV, relative BV/TV and Tb.N in both Clot and Xenograft groups. Regardless 

the radiotherapy treatment, defects filled with xenograft showed higher values of 

Relative BV/TV and Tb.N , in contrast, Clot groups demonstrated increased 

values of BV/TV (p<<0.001) and Tb.Th. Application of infrared LLLT did not affect 

the results. Histomorphometric results was in agreement with microCT analysis. 

Intermediately and densely packed collagen were predominant among the 

groups. Histological analysis revealed a disorganized bone formation bridging the 

cortical borders of the lesion in RTX groups. Primary bone involving the particles 

was commonly observed in all Xenograft groups and radiotherapy and LLLT 

treatments did not affect the percentage of bone-graft contact (p>.05) 

Conclusions:  Ionizing radiation affected the bone repair demonstrated by a 

smaller amount of newly formed bone in both grafted and non-grafted defects. 

However, the incorporation of the graft particles was maintained after irradiation. 

LLLT did not improve the bone healing. The promising results related to the 

osteconductive property of the bone graft particles applied before irradiation 
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should encouraging more efforts to investigate its application in clinical conditions 

before the radiotherapy onset.  

Keywords Ionizing radiation; bone repair; bone substitutes; x-ray 

microtomography; collagen; low-level laser therapy. 

 

Introduction 

Worldwide new cases of cancer are estimated to 19.3 million in 2020. 
1 Most of the patients undergo radiation therapy. While tumor radiation improves 

patient survival, it also has an effect on healthy tissue. Ionizing radiation (IR) in 

the bone might affect its volume, composition and microarchitecture.2 Both 

organic and mineral components of the matrix are damaged3. Osteoradionecrosis 

(ORN) is one of the most severe complication due to radiation of head and neck 

tumors. Blood vessels narrowing lead to a hypocellular tissue, hypoxia and 

necrosis of the bone.4 Tooth extraction after radiotherapy is a risk factor to ORN. 

Thus, it has been suggested to perform pretreatment extraction and surgical 

intervention when it is indicated.5  

Squamous cell carcinoma treatment usually requires surgical 

resection and radiotherapy which lead to functional maxillofacial sequels.6 

Prosthetic rehabilitation with implants might be an option to these patients who 

have suffered considerable tissue loss. In this context, timing of implant 

installation is still under discussion. Despite the risk of ORN, some studies have 

shown the viability of dental implants placement in a delayed timing (after 

radiotherapy).7–9 However, to avoid a second intervention, implant placement 

have more recently been placed simultaneously at the time of ablative surgery 

and free flap reconstruction with elevated success rate.10–12 The viability of 

immediate implant placement after tooth extractions performed at the time of the 

ablative surgery or in routine dental evaluations before radiotherapy has also 

been demonstrated.13 

In a healthy condition, socket preservation has been recommended to 

maintain bone volume after dental extraction. In cases of insufficient bone tissue 

to further implant placement, socket preservation is of greater importance. 

Techniques using socket grafting biomaterials seems to be more effective in the 
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reduction of the bone height remodeling than non-grafted sockets.14 As 

mentioned above, dental implant in patients who undergo postoperative 

radiotherapy has become widely accepted recently as a method to restore 

function and esthetic due to ablative surgeries.15 The association of a particulate 

bone graft might be advantageous for volume maintenance of the reconstruction 

site in these cases. There is no evidence about using xenogeneic bone substitute 

in areas that will be further included in the radiation field for head and neck cancer 

treatment. A proper clinical management and reconstruction techniques with 

dental implants can greatly improve the rehabilitative potential for these 

patients.11 

Low level laser therapy has been considered an important approach 

for various medical issues including tissue healing16. Its biological effects, known 

as photobiomodulation, is resulted from light application that stimulate cell 

responses. In the bone tissue, an increase in osteocyte number was observed 

after LLLT.17 Ionizing radiation compromises bone metabolism by reducing 

angiogenesis and osteogenesis.18 On the opposite side, LLLT (830nm) resulted 

in positive effects on healing represented by a greater amount of bone formation 

and blood vessels in the fracture area.16 LLLT also has provided favorable results 

in bone defects filled with biomaterials (bovine inorganic bone and 

hydroxyapatite).19 However, there is no evidence regarding LLLT effect on bone 

repair in defects filled with inorganic biomaterial before radiation. Thus, the aim 

of this study was to assess the effect of a single dose of ionizing radiation (15 

Gy) and LLLT application in grafted and non-grafted defects.  

 

Materials and Methods 

 
Study design 

 This study followed the normative guidelines of the National Council 

for Animal Control and Experimentation (CONCEA), a constituent of the Ministry 

of Science, Technology and Innovation (MCTI; Law 11.794, 08/19/2008), Brazil. 

The Bioethics Committee for Animal Experimentation of the Universidade Federal 

de Uberlândia has approved the experimental protocol (CEUA #093/17). Thirty-
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Two Rattus novergicus rats (average of 300g), were kept in cages with a 12-hour 

light-dark cycle, and controlled temperature conditions (average 22 ± 2oC). Diet 

consisted of standard laboratory pellets (Labina, Purina®, Paulínia, SP, Brazil) 

and water ad libitum.  

Initially, the animal legs were trimmed and cleaned with a 0.2% 

chlorhexidine solution (Rioquimica, São José do Rio Preto, SP, Brazil) to prevent 

possible infections. Then, the animals were submitted to intraperitoneal 

anesthesia combining 100mg/kg of 10% ketamine hydrochloride (Ketamina 

Agener®; Agener União Ltda, São Paulo, SP, Brazil) with 10mg/kg of 2% xylazine 

hydrochloride (Rompum ® Bayer SA, São Paulo, SP, Brazil). Incisions of 3 cm 

length were performed and bone defects were created using a spherical carbide 

burr (no 8) (Angelus Prima Dental, Londrina, PR, Brazil) measuring 2.1 mm of 

diameter. The depth of perforation was limited to the rupture of the cortical bone. 

The right side was left ungrafted filled only by clot (Clot groups). The left side was 

filled with inorganic particulate xenogeneic bone graft (Xenograft groups) (Bio-

oss® Small, Geistlich Pharma AG, Wolhusen, Switzerland). Aliquots of the bone 

graft particles were previously separated in eppendorf tubes in a sterile 

environment (laminar flow cabinet). After the surgery, the animals were randomly  

divided into four groups (n = 8): (a) nRTX: without ionizing radiation; (b) RTX: with 

ionizing radiation (single dose 15Gy); (c) nRTX/LLLT: without ionizing radiation 

with LLLT application; (d) RTX/LLLT: with ionizing radiation (single dose 15Gy) 

and without LLLT application. The randomization was obtained on the website 

random.org. All the procedures were performed by a single research (MSI).  

 

Application of LLLT 
The groups nRTX/LLLT and RTX/LLLT were submitted to laser 

therapy using a gallium-aluminum-arsenide (GaAlAs) infrared laser diode (Flash 

lase III, DMC Equipamentos/São Carlos, SP, Brazil) with a continuous 

wavelength of 830 nm, 50 mW of potency, and 0.028-cm2 beam diameter. The 

protocol consisted of transcutaneous applications in four points equidistant 

(6mm) from each other around the defect, with a fluence of 16 J/cm2 with the 

laser tip positioned over and perpendicular to the long axis of the bone. 
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Applications were made immediately after the surgery and every 48h, extending 

for 15 days.20 
 
Ionizing radiation 

Seven days after surgical procedure, RTX and RTX/LLLT groups 

received a single dose of 15 Gy of ionizing radiation on both legs through a 

medical linear accelerator 6MeV (Varian 600-C © Varian Medical System Inc 

Palo Alto, California, USA). Animals were submitted to general anesthesia by an 

intraperitoneal injection of 100 mg/kg ketamine and 70 mg/kg xylazine 

hydrochloride to be immobilized and fixed with tape. A bolus measuring 1,5cm of 

width was placed over the legs of all animals. Animals of nonirradiated (nRTX 

and nRTX/LLLT) group were also anesthetized (sham method). All animals were 

euthanized 14 days after the surgical procedure with intravenous injection of 

150mg/kg of 2.5% thiopental. Femurs were removed and immediately fixed in 4% 

phosphate-buffered paraformaldehyde solution during 48h (Figure 1). The 

samples were first scanned using X-ray microcomputed tomography (micro-CT). 

Subsequently, the samples were decalcified in 4% EDTA for 5 weeks, dehydrated 

with graded ethanol and embedded in paraffin. Longitudinal histological sections 

of 5 μm were obtained and stained with hematoxylin and eosin (H&E) for 

qualitative analysis, Mallory’s trichrome stain for histomorphometric analysis and 

Picrosirius Red for quantitative collagen analysis. 
 
Histomorphometric analysis Micro-CT analysis 

 The samples were scanned using microcomputed tomography 

Skyscan 1176 microcomputed tomography (Bruker, Kontich, Belgium) with a 

nominal isotropic voxel size of 9 μm (X-ray source 70 kV, 276 μA) using an 

aluminum filter (1 mm of thickness) and 180º rotation with an angular increment 

of 0.4° and averaging of 2 frames. The reconstructions were performed using the 

software nRecon (version 1.6.10.1, SkyScan, Bruker, Belgium), following the 

parameters of smoothing (0), ring artifacts reduction (12) and beam-hardening 

(30%) for all samples. Each dataset was opened in the software DataViewer 

(version 1.5 1.2. SkyScan, Bruker, Belgium) and the samples were rotated until 
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the longitudinal axis of the tibiae were parallel to the horizontal plane. The coronal 

views were saved for further analysis. The images were analyzed in CTAn 

software (version 1.14.4.1, SkyScan, Bruker, Belgium) using a standard 

threshold 82-255 for the Clot groups. The threshold was defined as the mean of 

the automatic threshold values (Otsu method) calculated from 10 samples. For 

Xenograft groups analysis, the volume of the graft particles was calculated 

applying the threshold value of 129-255. This value was obtained by calculating 

the predominant gray values in the histogram of the particles selected alone. The 

mean value obtained from 10 samples was used. The bone volume fraction 

(BV/TV) results were obtained using the threshold of 82-128. The region of 

interest included only the area of the newly formed bone using a circular 

predefined shape measuring 2.3 mm (size of the lesion), respecting the limits of 

the top to the bottom of the lesion. In order to obtain a standard protocol of 

analysis, the number of slices comprising the perforated cortical was assessed 

and the 50 slices (approximately 0.45mm) in the middle were selected. This 

volume of interest (VOI) corresponded to the cortical portion of the lesion. A single 

operator carried out all the analysis. The percent bone volume (BV/TV), 

trabecular thickness (Tb. Th), trabecular number (Tb. N), trabecular separation 

(Tb. Sp), were analyzed. In Xenograft groups, the bone volume fraction was also 

calculated subtracting the bone graft volume from the total volume, denominated 

“Relative BV/TV”.  

 

Bone matrix quantification and qualitative analysis 
Masson’s trichrome-stained and hematoxylin eosin (HE) sections 

were used to obtain histologic images of the lesion captured using a light 

microscope (Olympus BX61, Olympus Corporation, Tokyo, Japan) connected to 

a digital camera (Olympus DP80, Olympus Corporation, Tokyo, Japan) with an 

objective lens of 20x. 
For the histomorphometric analysis, the Masson’s trichrome-stained 

sections were evaluated. The HE sections were used for a general histologic 

analysis. A dedicated software (ImageJ 1.51k, Wayne Rasband, National 

Institute of Health, USA) was used for the quantitative analysis. A rectangular 
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area of interest (AOI) drawn between the cortices and the borders of the lesion 

was defined for each section. The software aleatorily generated a “grid”, providing 

an area of 3,675 pixels on top of each image. The grid was represented by 

intersecting lines with a distance between neighboring counting points of 40 μm. 

This grid configuration was determined in order to avoid over and under-sampling 

of the histologic sections, as reported by Hartlev et al., 2020.21 Each point was 

classified as: (a) bone; (b) soft tissue; or, in the grafted groups, (c) biomaterial. 

The graft particles were recognizable by their color and pattern.  In the same AOI, 

the percentage of direct contact between biomaterial particles and bone was 

assessed in Xenograft groups. The values were expressed as a percentage of 

bone-graft contact over the total surface of the particles. Intraclass correlation 

coefficient was calculated for intra-examiner calibration in 10 samples for the 

quantitative histological measurements. A high correlation coefficient (ICC =09) 

was obtained before the analysis.  
 

Collagen analysis 
 The collagen packing density was evaluated on Picrosirius Red-

stained sections of five chosen equal areas within the AOI of lesion. Images were 

captured by polarized light microscopy (Nikon Eclipse Ti - S) with a 20x objective 

lens against a black background. Collagen analysis of each area was performed 

using ImageJ (ImageJ 1.51k, Wayne Rasband, National Institute of Health, USA). 

The birefringence color changes from green to red (shorter to longer wavelength) 

as the density of the collagen packing increases.22 Color thresholds were 

determined by individual pixel selection using the tool Color Threshold, and each 

pixel was categorized as: red, representing densely packed collagen; yellow 

representing intermediately packed collagen; and green, representing loosely 

packed collagen. The results were obtained calculating the number of pixels 

stained between an intensity threshold in bins determined by 8-bit hue values (0–

25 for red, 26-52 for yellow, and 53–110 for green; modified from Smith & Barton, 

2014.23 The proportion of colors within birefringent tissue was normalized and 

compared between groups.  
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Statistical analysis 
 The data were analyzed using Shapiro-Wilk normality. The 

influence of LLLT, RTX and defect filling treatments on bone morphometric 

parameters were assessed using three-way analysis of variance (ANOVA). The 

percentage of bone volume graft among the Xenograft groups was compared 

using one-way ANOVA. In addition, two-way ANOVA was used to calculate the 

effect of LLLT and RTX treatments on bone-graft contact in histological pictures. 

Tukey’s post hoc test was applied for multiple comparisons when significant 

differences were detected. The differences were considered statistically 

significant at α=0.05. Statistical analyses were performed using Sigma Plot (v. 

12.,  Systat Software, Inc., San Jose, California, USA). 

 

Results 

 The animals showed no signs of infection at the surgical site. A 

reduction of the body weight (approximately 5%) after 5 days of the surgery was 

noted in all animals. The radiation was well tolerated and did not induce alopecia 

or weight loss monitored until the day of euthanasia.  

 
Micro-CT analysis - morphological parameters 

 The mean and standard deviation values of the micro-CT 

parameters are listed in Table 1. Radiotherapy resulted in lower values of BV/TV 

(P=0.005), Relative BV/TV (P=0.026), Tb.N (P<0.001) in both Clot and Xenograft 

groups, whereas a decrease in Tb.Sp (P<<0.001) was observed only in Clot 

groups. Defects filled with xenograft showed higher values of Relative BV/TV 

(P=0.022) and Tb.N (P<0.001) in both nRTX and RTX groups. In contrast, Clot 

groups demonstrated increased values of BV/TV (P<0.001) and Tb.Th (P<0.001) 

regardless the radiotherapy treatment, while Tb.Sp was greater (P<0.001) only 

in RTX group. Application of LLLT did not affect the results. There was not a 

statistically significant difference (P=0.114) in the percentage of graft particles 

volume among the groups. 

 

Histomorphometric analysis and histological findings 
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The results of the histomorphometric analysis are presented in Figure 

1. In both groups (Clot and Xenograft) the LLLT did not affect the amount of newly 

formed bone (BV/TV) and soft tissue (%) within the repair area (P>.05). In 

agreement with microCT results, the amount of woven bone formed was 

significantly diminished in the RTX groups (P<.001) and in Xenograft groups 

(P<.001). The presence of soft tissue was also higher (P≤.05) in these groups. 

No interaction between the three factors (LLLT, radiotherapy and defect filling) 

was noted (P=0.7). Radiotherapy and LLLT application did not affect the 

percentage of bone graft contact (P>.05) (Table 2).  

The degree of collagen packing was determined by Picrosirius Red-

stained sections evaluation under polarized light. The extent of collagen packing 

was analyzed as a proportion of collagen area (Figure 2). Intermediately (yellow) 

and densely packed collagen (red) were predominant among the groups. A very 

small fraction of collagen area (<1%) was occupied by loosely packed collagen 

(green) in all groups. The proportions of densely and intermediately packed 

collagen were similar (P>.05) in all groups filled by clot regardless the LLLT and 

RTX treatment. However, radiotherapy resulted in a decreased amount (P≤.05) 

of densely packed collagen in Xenograft group. LLLT treatment did not affect 

(P>.05) collagen packing of the woven bone.  

Histological section analysis showed similar bone healing in nLLLT 

and LLLT both in Xenograft and Clot groups. In the Clot group (Figure 3), nRTX 

showed predominantly trabecular bone and the defect closure was almost 

reached. The periosteum was well organized above the newly formed bone. The 

cortical portion of the lesion in the irradiated groups (RTX) were filled by woven 

bone with more elongated trabecular bone. The presence of granulation and 

medullary tissue between the trabecula was common. The healing pattern 

showed a disorganized bone formation bridging the cortical borders of the lesion. 

The presence of blood vessels were more frequently observed in nRTX groups. 

Figure 4 represents the grafted samples sections. Histological sections revealed 

a larger periosteum invagination in the AOI in grafted groups. In the nRTX groups, 

the cortical portion of the lesion showed mostly a primary bone (woven bone) 

around the particles and a more mature healing pattern aiming the wound 
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closure. In contrast, the presence of soft tissue was more evident in the RTX 

groups observed mainly in the external portion of the AOI. However, primary bone 

involving the particles was evident in the AOI near the medullary area of the lesion 

and within the cavity. The presence of multinucleated cells was more frequent in 

the grafted groups.  

 

Discussion 

 This experimental study assessed the effect of a single dose if 

irradiation (15Gy) and infrared LLLT application on bone repair. Ionizing radiation 

impaired the bone healing characterized by alterations in the woven bone 

microstructure, which was observed in both graft and non-grafted defects. In 

contrast, LLLT had no effect on the bone formation and its microarchitecture. 

Bone repair process in irradiated areas has been extensively evaluated in the 

literature. Despite that, few studies have focused on the effect of radiotherapy in 

ongoing healing surgical sites.26–28 However, it assumes greater relevance 

considering the possibility of defects reconstructions and dental implant 

osseointegration before the onset of radiotherapy sessions.  

It has been observed a strong tendency towards implant placement in 

the same intervention of the ablative surgery in order to prevent surgical 

procedure in irradiated tissue and to shorten the time for prosthetic 

rehabilitation.11 This approach usually involves free flaps reconstruction of the 

jaws and has shown to be a feasible option for prosthetic rehabilitation of oral 

cancer.29,30 Data from a retrospective study10 involving 210 patients revealed a 

greater overall success rate of implant osseointegration in irradiated patients 

when installed immediately at the time of flap transfer than those that a delayed 

setting was adopted (86 percent versus 64 percent). Evidences of increased 

damage when radiotherapy had been delivered preoperatively and minimal 

effects on bone healing when it had been applied after the surgery, can sustain 

this clinical finding.28,31 It seems that planning the rehabilitation treatment before 

radiotherapy sessions provides more time for integration of the graft and the 

implant.32 Therefore, the rationale to investigate the effect of ionizing radiation on 
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bone repair of defects filled with particulate bone graft has been based on these 

findings.  

In our previous study,26 30Gy delivered 2 weeks postsurgically did not 

affect the bone volume fraction of defects in rabbits. Interestingly, a decreased 

amount of bone volume fraction was evident in this experiment after 7 days of the 

irradiation procedure. To explain these findings, the mechanisms involved in the 

repair process and radiation delivery timing have to be considered. Bone healing 

of burr hole defect in long bones comprises, in summary, 2 healing stages. First, 

a phase of predominant woven bone formation along the lateral periost bridging 

the cortical, and then a second phase characterized by woven bone replacement 

by lamellar bone. In rats, the first phase has been observed until day 7. Then, the 

woven bone is remodeled to lamellar bone to reach the defect closure and the 

resorption of the woven bone inside the medullary cavity is observed.33 

Associating the healing phase with the irradiation timing is determinant for a 

proper interpretation of the results. It has been demonstrated that the effect of 

the radiotherapy on bone healing diverges as the degree of maturation of the 

tissue changes. The interval of 4 days or more between the surgery and the 

postoperative irradiation dramatically decreased the deleterious effect of ionizing 

radiation on bone healing in rats. At the same time, when radiotherapy had been 

delivered before the surgical intervention or in an early postoperative period 

(within 3 days) a decrease in bone formation was observed.28 Thus, it seems that 

the divergent results among the studies might be due to the distinct intervals 

between the surgery and the postoperative irradiation and because of the 

different animal models used.   

This effect on bone microstructure could probably be observed in a 

short period after irradiation because radiotherapy affect mainly the proliferative 

capacity of osteogenic precursor cells.34 The induced lesion is characterized as 

challenge for the physiologic environment that requires the recruitment and 

differentiation of the mesenchymal cells,35 which were affected by high dose of 

ionizing amid this process. This mechanism, involves metabolism acceleration in 

both hard and soft tissues in order to potentiate tissue healing and local tissue 

defensive reactions.33 Without this trigger, otherwise, radiation effect on the 
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mineralized portion of the bone probably would take longer to become apparent 

as reported previously.36 The ionizing radiation was delivered in a single dose of 

15 Gy. It promotes a rapid death of the most sensitive cells to ionizing radiation, 

whereas the fractionated applications induce a dose- and delay dependent 

response.37,38 The most commonly used protocol for head and neck cancer, when 

radiotherapy is given alone, is 2 Gy in a single fraction per day, five days a week, 

for six to seven weeks.39 However, fractionated dose delivery in animal 

experiment was not suitable due the tight schedule of the linear accelerator 

device used for the patients treatment and anesthetics difficulties related to 

animal experimentation. For this reason, the application of 15 Gy in a single dose 

was performed in order to simulate the effect of 60 Gy delivered in 2 Gy fractions. 

The more fractioned is the dose, the more the total final dose must be increased 

to achieve the same biologic effect.  

Regarding the grafted defects, the radiation did not interrupt the bone 

integration with the grafted particles, despite the indication of decreased amount 

of bone observed in the morphometric results when the percentage of newly 

formed bone was calculated as a fraction of the total volume. In the 

histomorphometric analysis only the area of actual bone was measured 

precluding the area of graft particles. Deproteinized bovine bone mineral particles 

(DBBM) degrade very slowly. These bone graft particles have been found after 4 

to 10 years after implantation.40 This characteristic allows the volume 

maintenance of the grafted areas to persist over the time, being advantageous 

especially in areas where bone dehiscence’s affect function and esthetic.14 Thus, 

it was expected to find a lower percentage of newly formed bone in grafted groups 

in this initial healing period. Biomaterials that take long periods for complete 

resorption result in a reduction of newly formed bone amount because of the 

continued space occupied by the particle.41 An ideal experimental model to 

assess the bone formation in grafted areas for longer periods is critical defects in 

which spontaneous bone healing does not occur during the lifetime of the animal. 

Larger defects in rats tibiae might lead to fractures, thus calvarial critical defect 

are the most frequent used. However, radiation delivery of 15 Gy in single dose 

is not possible in this area making this model unfeasible in the present study.  
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In order to allow a direct comparison between grafted and non-grafted 

groups without the intervention of the volume occupied by the particles, microCT 

analysis of the bone volume fraction was also assessed subtracting the graft 

volume from the total volume. The results revealed an increase percentage of 

bone volume observed in both RTX and nRTX groups. Despite the difficult to set 

a reliable threshold for bone and bone graft, the morphometric results from 

microCT agreed to the histomorphometric findings. Bio-oss® particles (Geistlich 

Pharma AG, Wolhusen, Switzerland) were visually distinguished from newly 

formed bone due its different gray levels. The threshold for the particles 

segmentation was obtained by selecting the graft alone and further histogram 

analysis of 10 samples to minimize any possible bias that arises from microCT 

methodological analysis. Even though, misleading measurements in the bone-

graft interface might occur in microCT analysis, thus histological analysis was 

also performed to ensure the reliability of the results. Histological analysis 

showed that the osteoconductive property of the xenogeneic granules was 

maintained with no sign of necrosis after irradiation. Besides, irradiation delivery 

did not affect the bone graft incorporation as demonstrated by the percentage of 

particles surface in contact to bone after radiotherapy.  

Few studies have evaluated the influence of postoperative irradiation 

on bone properties around particulate bone substitutes.37,43–45 Malard et al. 

(2005),37 investigated the possibility of bone reconstruction using macroporous 

biphasic calcium phosphate (CaP) inserted 3 weeks before radiotherapy 

associated to autologous bone marrow (BM) graft injected after irradiation. The 

results showed that CaP were osseointegrated even without marrow graft 

association. Histological analysis revealed the absence of fibrous tissue between 

bone and implanted CaP similar to the findings of the present study. The authors 

suggest that this integration had initiated before irradiation and was preserved 

contributing to bone bonding and stability. The same behavior has been noted in 

the osseointegration of implants coated with hydroxyapatite: the more organized 

the peri-implant bone was at irradiation onset, the less was the radiation damage 

on bone formation.32 However, as the bone remodeling of irradiated bone has 

shown to be altered in a long-term period,42 future studies should evaluate the 
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behavior of the grafted tissues over the time as well as the implant 

osseointegration in these areas. Nonetheless, the findings of the present study 

are promising, mainly because osteoconductive biomaterials can enhance bone 

deposition in unfavorable regions,46 which has been demonstrated preserved 

after irradiation. 

Mineralized bone graft has shown to be effective for volume 

maintenance when bone augmentation is required. The literature is extensive 

regarding the osteoconductive property of xenogeneic bone grafts.47 From a 

clinical perspective, its association with vascularized free flaps might be 

considered as an option for larger reconstructions considering that the particles 

serve as a scaffold for osteogenic cells48 supporting the consolidation of the free 

flap and the host before radiotherapy. The employment of nonautologous 

particulate grafts for socket preservation after tooth extraction is another 

condition that should be further explored in this context. The increased volumetric 

loss in postsurgical irradiated extraction sockets when compared to non-

irradiated patients has been demonstrated.49 The oral rehabilitation supported by 

implants could be improved in specifics cases through biomaterials association 

in order to minimize bone resorption and volumetric loss over the time as 

demonstrated in non-irradiated bone.50 Lower survival rate of implant installed in 

irradiated grafted bone when compared to native bone has been reported.9 These 

results were expected because of the increased complexity of the anatomical 

sites in cases that grafting procedures are required. However, a recent 

systematic review has demonstrated that the survival rate is still high (90.4%) for 

dental implants placed in both native and grafted bone during ablative surgery.51  

Another fundamental aspect that requires more investigation to ensure 

the previsibility of the oncologic treatment is the backscattering effect in the 

presence of biomaterials. The particulate graft used in this experiment is a 

deproteinized bovine bone material, which has cristallin hydroxyapatite as 

constituent. Stenson et al.,58 reported that stainless steel and titanium alloy 

caused increased radiation dose proximal to the interface and attenuated dose 

distal to the interface. Hydroxyapatite showed a relatively minor effect whereas 

poly-L-lactide PLA (bioabsorbable polymer) led to minimal radiation-dose 
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inhomogeneities for photons and electrons.52 Considering the difficult to obtain a 

biomaterial with ideal physical and mechanical properties, the biological 

implications of the backscatter and attenuation effects caused by the presence of 

reconstruction devices should also be evaluated.  

Collagen cross-linking is highly associated with bone mechanical 

properties. Therefore, it has been considered as a key predictor of bone fracture 

risks.53  The early post-radiotherapy increase in osteoclastic activity is followed 

by long-term depletion of local osteoclast. The decrease in bone resorption 

results in a low rate of remodeling that allows bone tissue to remain longer than 

normal. Consequently, collagen hyper-mineralization and hyper-orientation takes 

place.42 This effect has been reported in mature bone. In newly formed bone, a 

decrease in collagen density has been demonstrated after a single dose of 

30Gy.26 In the present study, fifteen grays delivered postsurgically did not affect 

collagen-packing density in defects filled with clot. However, a smallest 

percentage of densely packed collagen in irradiated grafted defects was 

observed. This finding can be attributed to the fact that the proportion between 

soft and hard tissue in grafted defects is higher than the clot group. Quantification 

analysis of fibrillar collagen levels after Picrosirius Red staining involves both 

mineralized and non-mineralized tissue. Thus, since components of the irradiated 

wound have different degrees of sensitivity,54 it is not possible to assume that the 

collagen packing density specifically of the newly formed bone was affected. 

Histological sections revealed a greater periosteum collapse inside the AOI in 

grafted groups. It is possible that ionizing radiation has an initial major effect in 

the periosteal collagen organization during this healing phase, although validation 

of this hypothesis requires further investigation.  

The protocol of the LLLT applied in this study was based on a previous 

study that has been demonstrate to be able to reach bone tissue due to its high 

penetrability potential.20 Unfortunately, photobiomodulation therapy using low-

level laser is still controversial in the literature due to the large variety of existing 

protocol.55 Our findings failed to demonstrate the effect of LLLT on newly formed 

bone in all groups. Batista et al., reported that LLLT was not efficient to overcome 

the deleterious effect of 30 Gy preoperatively delivered on bone healing. Some 
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authors also reported that LLLT did not improve bone formation in grafted sites.56–

58 However, this is contrast to most of the studies that have evaluated the LLLT 

alone 55,59 or in combination with bone grafts.60–62 It can be attributed to many 

factors, such as the divergence among the studies in the type of animal, the bone 

defect characteristics (size and area), evaluation period and method of analysis. 

Besides, it has been demonstrated an increased bone metabolism (resorption 

and formation) in LLLT treated defects that did not culminate in more bone 

volume fraction.63 Thus, it seems that the LLLT effects is relative to several 

aspect not only the application protocol but also the type of tissue and the 

experimental model.62 

In conclusion, preoperative delivery of 15 Gy lead to a delay in the 

bone repair demonstrated by a smaller amount of newly formed bone in both 

grafted and non-grafted defects. In addition, LLLT did not improve the bone 

healing. However, graft particles integration with the newly formed bone was 

preserved after 7 days of the irradiation delivery. The oral environment was not 

reproduced in this study, but the promising results related to the osteconductive 

property of the bone graft particles applied before irradiation should encouraging 

more efforts to investigate its application in clinical conditions before the 

radiotherapy begin.  
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Tables 

Table 1. Mean and standard deviation values of the microCT analysis 

 nRTX RTX 

 nLLLT LLLT nLLLT LLLT 

Percentage of graft 
volume (GV) 

    

Clot - - - - 

Xenograft 25.0 (5.5)
a
 30.8 (8.3)

a
 31.8 (6.0)

a
 28.0 (5.9)

a
 

Bone volume fraction 
(BV/TV) 

    

Clot 59.5 (5.4)
Aa

 60.6 (7.9)
Aa

 51.1 (10.1)
Ab

 56.9 (6.3)
Ab

 

Xenograft 45.0 (7.9)
Ba

 45.8 (4.5)
Ba

 41.1 (4.5)
Bb

 41.6 (5.5)
Bb

 

Relative Bone volume 
fraction (BV/(TV-GV)) 

    

Clot 59.5 (5.4)
 Aa

 60.6 (7.9)
 Aa

 51.1 (10.1)
 Ab

 56.9 (6.3)
 Ab

 

Xenograft 60.0 (9.5)
 Ba

 68.2 (9.6)
 Ba

 61.7 (9.5)
 Bb

 58.5 (9.4)
 Bb

 

Trabecular thickness 
(Tb.Th) 

    

Clot 0.09 (0.01)
 Aa

  0.1 (0.03)
 Aa

 0.11 (0.02)
 Aa

 0.11 (0.01)
 Aa

 

Xenograft 0.06 (0.01)
 Ba

  0.05 (0.00)
 Ba

  0.05 (0.00)
Ba

 0.05 (0.00)
 Ba

 

Trabecular number 
(Tb.N) 

    

Clot 6.2 (0.5)
 Aa

 5.8 (1.2)
Aa

 4.6 (1.1)
 Ab

 5.2 (0.9)
Ab

 

Xenograft 7.9 (0.4)
 Ba

 8.6 (0.7)
 Ba

 7.4 (0.6)
 Bb

 7.4 (0.8)
 Ba

 

Trabecular separation 
(Tb.Sp) 

    

Clot 0.09 (0.01)
 Aa

 0.1 (0.03)
 Aa

 0.19 (0.07)
 Ab

 0.14 (0.06)
 Ab

 

Xenograft 0.10 (0.01)
 Aa

 0.1 (0.01)
 Aa

 0.11 (0.01)
 Ba

 0.12 (0.01)
 Ba

 

Different uppercase letters indicate significant difference between the rows; different lowercase 

letters indicate significant difference the columns. 

 



 

 

 

85 

 

Table 2. Mean and standard deviation values of the percentage of bone/graft 

contact  

 

 nLLLT LLLT 

xRTX 52 (18)Aa 63 (12)Aa 

RTX 63 (12)Aa 47 (15)Aa 

 

Different uppercase letters indicate significant difference between the rows; different lowercase 

letters indicate significant difference the columns. 

 

 

Figure captions 

Figure 1. Histograms showing the histomorphometric results (mean±SD). 

Percentage of new bone area (A) and soft tissue (B) among the groups: bone 

formation was significantly increased in nRTX and the percentage of soft tissue 

was higher in RTX groups. These differences were observed in both Clot and 

Xenograft groups. LLLT did not affect the amount of bone formation and soft 

tissue in both clot and xenograft groups. Xenograft groups showed a smaller 

amount of BV/TV and higher levels of soft tissue in comparison to the Clot group 

regardless RTX and LLLT treatment. Photomicrographs (Masson’s Trichrome 

stained) of the cortical portion of the defect in Clot (C) and Xenograft (D) groups. 

(Different uppercase letters indicate significant difference between Clot and 

Xenograft groups; different lowercase letters indicate significant difference 

between nRTX and RTX groups). 

Figure 2. Quantification analysis of fibrillar collagen levels (mean±SD). (A) 

Polarized photomicrograph (PicroSirius Red stained) of the woven bone. (B) Red 

pixels selected (white area) by color threshold. (C) Yellow pixels selected (white 

area). (D) Green pixels selected (white area). (E) The normalized proportion of 

green, yellow and red birefringent collagen bundles in Clot groups. (F) The 

normalized proportion of green, yellow and red birefringent collagen bundles in 
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Xenograft groups. (Different uppercase letters indicate significant difference 

between Clot and Xenograft groups; different lowercase letters indicate 

significant difference between nRTX and RTX groups) 

Figure 3. Photomicrograph (H&E stained) of the non grafted groups 14 days after 

the surgery. The healing stages of the lesions were evaluated from the 

longitudinal femur sections. Approximated view shows the woven bone formed in 

the cortical portion of the lesion. Thinner trabecula with granulation tissue 

between them were observed in RTX groups. An impairment of the defect closure 

was also noted. (Asterisk: bone; square: medullary tissue; circle: granulation 

tissue; black arrow: osteoclast; blue arrow: osteocyte being embedded). 

Figure 4. Photomicrograph (H&E stained) of the grafted groups 14 days after the 

surgery. Overview of the longitudinal femur sections. Approximated view shows 

the remodeling process around the particles. Note the bone formation in the 

nRTX groups and the presence of granulation tissue in the RTX groups  (Asterisk: 

bone; square: grafted material; circle: granulation tissue). Multinucleated cells 

(black arrow) were observed on the biomaterial surface. 

 

References 

1.  Sung H, Ferlay J, Siegel RL, et al. Global Cancer Statistics 2020: 

GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 

Cancers in 185 Countries. CA Cancer J Clin. 2021;71(3). 

doi:10.3322/caac.21660 

2.  Soares PBF, Soares CJ, Limirio PHJO, et al. Effect of ionizing radiation 

after-therapy interval on bone: histomorphometric and biomechanical 

characteristics. Clin Oral Investig. 2019;23(6). doi:10.1007/s00784-018-

2724-3 

3.  Bartlow CM, Mann KA, Damron TA, Oest ME. Limited field radiation 

therapy results in decreased bone fracture toughness in a murine model. 

PLoS One. 2018;13(10). doi:10.1371/journal.pone.0204928 

4.  Lyons A, Ghazali N. Osteoradionecrosis of the jaws: current understanding 

of its pathophysiology and treatment. Br J Oral Maxillofac Surg. 2008;46(8). 

doi:10.1016/j.bjoms.2008.04.006 



 

 

 

87 

 

5.  Wang TH, Liu CJ, Chao TF, Chen TJ, Hu YW. Risk factors for and the role 

of dental extractions in osteoradionecrosis of the jaws: A national-based 

cohort study. Head Neck. 2017;39(7). doi:10.1002/hed.24761 

6.  Schiødt M, Hermund NU. Management of oral disease prior to radiation 

therapy. Support Care Cancer. 2002;10(1). doi:10.1007/s005200100284 

7.  Di Carlo S, De Angelis F, Ciolfi A, et al. Timing for implant placement in 

patients treated with radiotherapy of head and neck. Clin Ter. 2019;170(5). 

doi:10.7417/CT.2019.2153 

8.  Zen Filho EV, Tolentino EDS, Santos PSS. Viability of dental implants in 

head and neck irradiated patients: A systematic review. Head Neck. 

2016;38. doi:10.1002/hed.24098 

9.  Schiegnitz E, Al-Nawas B, Kämmerer PW, Grötz KA. Oral rehabilitation 

with dental implants in irradiated patients: A meta-analysis on implant 

survival. Clin Oral Investig. 2014;18(3). doi:10.1007/s00784-013-1134-9 

10.  Urken ML, Buchbinder D, Costantino PD, et al. Oromandibular 

reconstruction using microvascular composite flaps: Report of 210 cases. 

Arch Otolaryngol - Head Neck Surg. 1998;124(1). 

doi:10.1001/archotol.124.1.46 

11.  Korfage A, Schoen PJ, Raghoebar GM, Roodenburg JLN, Vissink A, 

Reintsema H. Benefits of dental implants installed during ablative tumour 

surgery in oral cancer patients: A prospective 5-year clinical trial. Clin Oral 

Implants Res. 2010;21(9). doi:10.1111/j.1600-0501.2010.01930.x 

12.  Ch’Ng S, Skoracki RJ, Selber JC, et al. Osseointegrated implant-based 

dental rehabilitation in head and neck reconstruction patients. In: Head and 

Neck. Vol 38. ; 2016. doi:10.1002/hed.23993 

13.  Alberga JM, Korfage A, Bonnema I, Witjes MJH, Vissink A, Raghoebar GM. 

Mandibular dental implant placement immediately after teeth removal in 

head and neck cancer patients. Support Care Cancer. 2020;28(12). 

doi:10.1007/s00520-020-05431-y 

14.  Iocca O, Farcomeni A, Pardiñas Lopez S, Talib HS. Alveolar ridge 

preservation after tooth extraction: a Bayesian Network meta-analysis of 

grafting materials efficacy on prevention of bone height and width 



 

 

 

88 

 

reduction. J Clin Periodontol. 2017;44(1). doi:10.1111/jcpe.12633 

15.  Alberga JM, Vosselman N, Korfage A, et al. What is the optimal timing for 

implant placement in oral cancer patients? A scoping literature review. Oral 

Dis. 2021;27(1). doi:10.1111/odi.13312 

16.  Fávaro-Pípi E, Feitosa SM, Ribeiro DA, et al. Comparative study of the 

effects of low-intensity pulsed ultrasound and low-level laser therapy on 

bone defects in tibias of rats. Lasers Med Sci. 2010;25(5). 

doi:10.1007/s10103-010-0772-2 

17.  Dörtbudak O, Haas R, Mailath-Pokorny G. Effect of low-power laser 

irradiation on bony implant sites. Clin Oral Implants Res. 2002;13(3). 

doi:10.1034/j.1600-0501.2002.130308.x 

18.  Rottensteiner-Brandl U, Distel L, Stumpf M, et al. Influence of Different 

Irradiation Protocols on Vascularization and Bone Formation Parameters 

in Rat Femora. Tissue Eng - Part C Methods. 2017;23(10). 

doi:10.1089/ten.tec.2017.0170 

19.  Obradović RR, Kesić LG, Peševska S. Influence of low-level laser therapy 

on biomaterial osseointegration: A mini-review. Lasers Med Sci. 

2009;24(3). doi:10.1007/s10103-008-0573-z 

20.  Marques L, Holgado LA, Francischone LA, Ximenez JPB, Okamoto R, 

Kinoshita A. New LLLT protocol to speed up the bone healing process—

histometric and immunohistochemical analysis in rat calvarial bone defect. 

Lasers Med Sci. 2015;30(4). doi:10.1007/s10103-014-1580-x 

21.  Hartlev J, Erik Nørholt S, Spin-Neto R, Kraft D, Schou S, Isidor F. Histology 

of augmented autogenous bone covered by a platelet-rich fibrin membrane 

or deproteinized bovine bone mineral and a collagen membrane: A pilot 

randomized controlled trial. Clin Oral Implants Res. 2020;31(8). 

doi:10.1111/clr.13605 

22.  Junqueira LCU, Bignolas G, Brentani RR. Picrosirius staining plus 

polarization microscopy, a specific method for collagen detection in tissue 

sections. Histochem J. 1979;11(4). doi:10.1007/BF01002772 

23.  Smith LR, Barton ER. Collagen content does not alter the passive 

mechanical properties of fibrotic skeletal muscle in mdx mice. Am J Physiol 



 

 

 

89 

 

- Cell Physiol. 2014;306(10). doi:10.1152/ajpcell.00383.2013 

24.  Marx RE. Osteoradionecrosis: A new concept of its pathophysiology. J Oral 

Maxillofac Surg. 1983;41(5). doi:10.1016/0278-2391(83)90294-X 

25.  Granström G. Radiotherapy, osseointegration and hyperbaric oxygen 

therapy. Periodontol 2000. 2003;33. doi:10.1046/j.0906-

6713.2002.03312.x 

26.  Mendes EM, Irie MS, Rabelo GD, et al. Effects of ionizing radiation on 

woven bone: influence on the osteocyte lacunar network, collagen 

maturation, and microarchitecture. Clin Oral Investig. 2020;24(8). 

doi:10.1007/s00784-019-03138-x 

27.  Pelker RR, Friedlaender GE. The Nicolas Andry Award-1995. Fracture 

healing: Radiation induced alterations. Clin Orthop Relat Res. 1997;(341). 

doi:10.1097/00003086-199708000-00038 

28.  Arnold M, Stas P, Kummermehr J, Schultz-Hector S, Trott KR. Radiation-

induced impairment of bone healing in the rat femur: Effects of radiation 

dose, sequence and interval between surgery and irradiation. Radiother 

Oncol. 1998;48(3). doi:10.1016/S0167-8140(98)00039-5 

29.  Allen RJ, Nelson JA, Polanco TO, et al. Short-Term Outcomes following 

Virtual Surgery-Assisted Immediate Dental Implant Placement in Free 

Fibula Flaps for Oncologic Mandibular Reconstruction. Plast Reconstr 

Surg. Published online 2020. doi:10.1097/PRS.0000000000007352 

30.  Schoen PJ, Reintsema H, Raghoebar GM, Vissink A, Roodenburg JLN. 

The use of implant retained mandibular prostheses in the oral rehabilitation 

of head and neck cancer patients. A review and rationale for treatment 

planning. Oral Oncol. 2004;40(9). doi:10.1016/j.oraloncology.2003.08.024 

31.  Brogniez V, Nyssen-Behets C, Grégoire V, Reychler H, Lengelé B. Implant 

osseointegration in the irradiated mandible: A comparative study in dogs 

with a microradiographic and histologic assessment. Clin Oral Implants 

Res. 2002;13(3). doi:10.1034/j.1600-0501.2002.130302.x 

32.  Weinländer M, Beumer J. III, Kenney EB, et al. Histomorphometric and 

fluorescence microscopic evaluation of interfacial bone healing around 

three different dental implants before and after radiation therapy 



 

 

 

90 

 

[Histomorphometrische und fluoreszenzmikroskopische analyse der 

knochenheilung im kontaktbereic. Implantologie. 2007;15(2). 

33.  Schilling T, Müller M, Minne HW, Ziegler R. Influence of inflammation-

mediated osteopenia on the regional acceleratory phenomenon and the 

systemic acceleratory phenomenon during healing of a bone defect in the 

rat. Calcif Tissue Int. 1998;63(2). doi:10.1007/s002239900508 

34.  Matsumura S, Jikko A, Hiranuma H, Deguchi A, Fuchihata H. Effect of X-

ray irradiation on proliferation and differentiation of osteoblast. Calcif 

Tissue Int. 1996;59(4). doi:10.1007/s002239900129 

35.  Green DE, Rubin CT. Consequences of irradiation on bone and marrow 

phenotypes, and its relation to disruption of hematopoietic precursors. 

Bone. 2014;63. doi:10.1016/j.bone.2014.02.018 

36.  Mitchell MJ, Logan PM. Radiation-induced Changes in Bone. 

Radiographics. 1998;18(5). doi:10.1148/radiographics.18.5.9747611 

37.  Malard O, Guicheux J, Bouler JM, et al. Calcium phosphate scaffold and 

bone marrow for bone reconstruction in irradiated area: A dog study. Bone. 

2005;36(2). doi:10.1016/j.bone.2004.07.018 

38.  Rubin P. Regeneration of bone marrow in rabbits following local, 

fractionated irradiation. Cancer. 1973;32(4). doi:10.1002/1097-

0142(197310)32:4<847::AID-CNCR2820320416>3.0.CO;2-V 

39.  Baujat B, Bourhis J, Blanchard P, et al. Hyperfractionated or accelerated 

radiotherapy for head and neck cancer. Cochrane Database Syst Rev. 

2010;2010(12). doi:10.1002/14651858.CD002026.pub2 

40.  Piattelli M, Favero GA, Scarano A, Orsini G, Piattelli A. Bone reactions to 

anorganic bovine bone (Bio-Oss) used in sinus augmentation procedures: 

a histologic long-term report of 20 cases in humans. Int J Oral Maxillofac 

Implants. 14(6):835-840. http://www.ncbi.nlm.nih.gov/pubmed/10612920 

41.  MacNeill SR, Cobb CM, Rapley JW, Glaros AG, Spencer P. In vivo 

comparison of synthetic osseous graft materials. A preliminary study. J Clin 

Periodontol. 1999;26(4). doi:10.1034/j.1600-051X.1999.260407.x 

42.  Oest ME, Gong B, Esmonde-White K, et al. Parathyroid hormone 

attenuates radiation-induced increases in collagen crosslink ratio at 



 

 

 

91 

 

periosteal surfaces of mouse tibia. Bone. 2016;86:91-97. 

doi:10.1016/j.bone.2016.03.003 

43.  Pinholt EM, Kwon PHJ. The effect of therapeutic radiation on canine 

alveolar ridges augmented with hydroxylapatite. J Oral Maxillofac Surg. 

1992;50(3). doi:10.1016/0278-2391(92)90321-P 

44.  Khateery S, Waite PD, Lemons JE. The influence of radiation therapy on 

subperiosteal hydroxyapatite implants in rabbits. J Oral Maxillofac Surg. 

1991;49(7). doi:10.1016/S0278-2391(10)80237-X 

45.  Kudo M, Matsui Y, Ohno K, Michi K. A histomorphometric study of the 

tissue reaction around hydroxyapatite implants irradiated after placement. 

J Oral Maxillofac Surg. 2001;59(3). doi:10.1053/joms.2001.20998 

46.  Mendoza-Azpur G, de la Fuente A, Chavez E, Valdivia E, Khouly I. 

Horizontal ridge augmentation with guided bone regeneration using 

particulate xenogenic bone substitutes with or without autogenous block 

grafts: A randomized controlled trial. Clin Implant Dent Relat Res. 

2019;21(4). doi:10.1111/cid.12740 

47.  Fernandez de Grado G, Keller L, Idoux-Gillet Y, et al. Bone substitutes: a 

review of their characteristics, clinical use, and perspectives for large bone 

defects management. J Tissue Eng. 2018;9. 

doi:10.1177/2041731418776819 

48.  Tapety FI, Amizuka N, Uoshima K, Nomura S, Maeda T. A histological 

evaluation of the involvement of Bio-Oss® in osteoblastic differentiation 

and matrix synthesis. Clin Oral Implants Res. 2004;15(3). 

doi:10.1111/j.1600-0501.2004.01012.x 

49.  Agbaje JO, Jacobs R, Michiels K, Abu-Ta’a M, Van Steenberghe D. Bone 

healing after dental extractions in irradiated patients: A pilot study on a 

novel technique for volume assessment of healing tooth sockets. Clin Oral 

Investig. 2009;13(3). doi:10.1007/s00784-008-0231-7 

50.  Araújo MG, Lindhe J. Ridge preservation with the use of Bio-Oss® 

collagen: A 6-month study in the dog. Clin Oral Implants Res. 2009;20(5). 

doi:10.1111/j.1600-0501.2009.01705.x 

51.  In ’t Veld M, Schulten EAJM, Leusink FKJ. Immediate dental implant 



 

 

 

92 

 

placement and restoration in the edentulous mandible in head and neck 

cancer patients: a systematic review and meta-analysis. Curr Opin 

Otolaryngol Head Neck Surg. 2021;29(2). 

doi:10.1097/MOO.0000000000000685 

52.  Stenson KM, Balter JM, Campbell JH, Carroll WR. Effects of implantable 

biomaterials on radiation dosimetry. Head Neck. 1997;19(5). 

doi:10.1002/(sici)1097-0347(199708)19:5<384::aid-hed4>3.0.co;2-w 

53.  Saito M, Marumo K. Collagen cross-links as a determinant of bone quality: 

A possible explanation for bone fragility in aging, osteoporosis, and 

diabetes mellitus. Osteoporos Int. 2010;21(2). doi:10.1007/s00198-009-

1066-z 

54.  Jegoux F, Malard O, Goyenvalle E, Aguado E, Daculsi G. Radiation effects 

on bone healing and reconstruction: interpretation of the literature. Oral 

Surgery, Oral Med Oral Pathol Oral Radiol Endodontology. 2010;109(2). 

doi:10.1016/j.tripleo.2009.10.001 

55.  Escudero JSB, Perez MGB, de Oliveira Rosso MP, et al. 

Photobiomodulation therapy (PBMT) in bone repair: A systematic review. 

Injury. 2019;50(11). doi:10.1016/j.injury.2019.09.031 

56.  Oliveira P, Ribeiro DA, Pipi EF, Driusso P, Parizotto NA, Renno ACM. Low 

level laser therapy does not modulate the outcomes of a highly bioactive 

glass-ceramic (Biosilicate®) on bone consolidation in rats. J Mater Sci 

Mater Med. 2010;21(4). doi:10.1007/s10856-009-3945-4 

57.  Pinto KNZ, Tim CR, Crovace MC, et al. Effects of biosilicate® scaffolds and 

low-level laser therapy on the process of bone healing. Photomed Laser 

Surg. 2013;31(6). doi:10.1089/pho.2012.3435 

58.  Kim J-R, Kim S-H, Kim I-R, Park B-S, Kim Y-D. Low-level laser therapy 

affects osseointegration in titanium implants: resonance frequency, 

removal torque, and histomorphometric analysis in rabbits. J Korean Assoc 

Oral Maxillofac Surg. 2016;42(1). doi:10.5125/jkaoms.2016.42.1.2 

59.  Abramoff MMF, Pereira MD, De Seixas Alves MT, Segreto RA, Guilherme 

A, Ferreira LM. Low-level laser therapy on bone repair of rat tibiae exposed 

to ionizing radiation. Photomed Laser Surg. 2014;32(11). 



 

 

 

93 

 

doi:10.1089/pho.2013.3692 

60.  de Oliveira GJPL, Aroni MAT, Pinotti FE, Marcantonio E, Marcantonio 

RAC. Low-level laser therapy (LLLT) in sites grafted with osteoconductive 

bone substitutes improves osseointegration. Lasers Med Sci. 2020;35(7). 

doi:10.1007/s10103-019-02943-w 

61.  Márquez Gerbi ME, Barbosa Pinheiro AL, Marzola C, et al. Assessment of 

bone repair associated with the use of organic bovine bone and membrane 

irradiated at 830 nm. Photomed Laser Surg. 2005;23(4). 

doi:10.1089/pho.2005.23.382 

62.  de Oliveira Rosso MP, Oyadomari AT, Pomini KT, et al. 

Photobiomodulation therapy associated with heterologous fibrin 

biopolymer and bovine bone matrix helps to reconstruct long bones. 

Biomolecules. 2020;10(3). doi:10.3390/biom10030383 

63.  Nicolau RA, Jorgetti V, Rigau J, Pacheco MTT, Dos Reis LM, Zângaro RA. 

Effect of low-power GaAIAs laser (660 nm) on bone structure and cell 

activity: An experimental animal study. Lasers Med Sci. 2003;18(2). 

doi:10.1007/s10103-003-0260-z 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

94 

 

Figure 1   

 

 

 

 

 

 

 

 

 



 

 

 

95 

 

Figure 2  

 

 

  

 

 

 

 

 



 

 

 

96 

 

Figure 3 
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Figure 4 
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4. CONCLUSÕES 

Com base nas metodologias utilizada e nos resultados obtidos destes 

estudos, pode-se concluir que: 

- Diversas aplicações da análise microtomográfica dos tecidos ósseos 

dentro da Odontologia são utilizadas, tais como: avaliação de doenças e 

condições que afetam o metabolismo e a estrutura óssea; análise de 

procedimentos de reparo e regeneração; avaliação de novas terapias e 

intervenções cirúrgicas; avaliação da eficácia e uso de biomateriais e implantes. 

Portanto, para cada tipo de análise devem ser consideradas: características da 

amostra; o preparo da amostra; metodologias associadas (processamento 

histológico, testes mecânicos); a resolução e os parâmetros de aquisição ideais 

e, por fim, os parâmetros a serem avaliados.   

- Determinados parâmetros de aquisição podem afetar a análise 

microtomográfica do reparo ósseo em um modelo experimental. O tamanho do 

voxel (6 e 12 µm) e a experiência dos examinadores influenciaram os resultados 

obtidos para a Tb.Th e BV/TV. A análise dos dados morfométricos da BV/TV foi 

influenciada pelo tamanho do voxel apenas para os examinadores não 

experientes. De forma que não houve diferença nos dados provenientes das 

análises em 6 e 12µm quando realizada por examinadores experientes A 

influência da experiência do operador também foi observada nos dados de 

Tb.Th. No entanto, essa diferença foi observada apenas no grupo de 12 µm, 

indicando que a análise de Tb.Th do reparo ósseo em ratos em volumes com 

voxel de 6 µm implica em menor viés inerente à experiência do examinador.  

- O binning de pixels realizado durante a aquisição de imagens 

microtomográficas também influenciou a análise do reparo ósseo. Quanto maior 

o binning de dados, maiores valores de Tb.Th e menores valores de BV/TV e BV 

foram observados. Não foi observada diferença nos dados de Tb.N e Tb. Sp. Os 

mesmos parâmetros morfométricos avaliados não apresentam diferença 

estatística ao aumentar o número de projeções em que a imagem é calculada 

(frame averaging) de 1 para 2.  

- A análise histomorfométrica e microtomográfica do reparo do tecido 

ósseo irradiado (15Gy) 7 dias após cirurgia resultou em menor neoformação 

- Colocar em topicos o que pode ser modificado
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óssea tanto em defeitos enxertados por DBBM, quanto em defeitos não 

enxertados preenchidos por coágulo. A aplicação da laserterapia de baixa 

intensidade não apresentou efetividade em acelerar o processo de reparo 

demonstrado pela quantidade de tecido ósseo neoformado. A incorporação das 

partículas do enxerto com o osso recém-formado foi preservada mesmo após 7 

dias da radioterapia, demonstrando que a osteocondutividade do biomaterial foi 

preservada. 
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ANEXOS 

 

 

 

 



Universidade Federal de Uberlândia 
– Comissão de Ética na Utilização de Animais – 

 
CERTIFICADO  

 
Certificamos que o projeto intitulado “Efeito da radioterapia e laser de baixa 
intensidade no reparo ósseo em defeito preenchido com enxerto ósseo 
particulado”, protocolo nº 093/17, sob a responsabilidade de Priscilla Barbosa 
Ferreira Soares – que envolve a produção, manutenção e/ou utilização de 
animais pertencentes ao filo Chordata, subfilo Vertebrata, para fins de pesquisa 
científica – encontra-se de acordo com os preceitos da Lei nº 11.794, de 8 de 
outubro de 2008, do Decreto nº 6.899, de 15 de julho de 2009, e com as 
normas editadas pelo Conselho Nacional de Controle da Experimentação 
Animal (CONCEA), e foi APROVADA pela COMISSÃO DE ÉTICA NA 
UTILIZAÇÃO DE ANIMAIS (CEUA) da UNIVERSIDADE FEDERAL DE 
UBERLÂNDIA, em reunião 18 de Outubro de 2019. 
 
(We certify that the project entitled “Efeito da radioterapia e laser de baixa intensidade no 
reparo ósseo em defeito preenchido com enxerto ósseo particulado”, protocol 093/17, under the 
responsibility of Priscilla Barbosa Ferreira Soares - involving the production, maintenance 
and/or use of animals belonging to the phylum Chordata, subphylum Vertebrata, for purposes of 
scientific research - is in accordance with the provisions of Law nº 11.794, of October 8th, 2008, 
of Decree nº 6.899 of July 15th, 2009, and the rules issued by the National Council for Control 
of Animal Experimentation (CONCEA) and it was approved for ETHICS COMMISSION ON 
ANIMAL USE (CEUA) from FEDERAL UNIVERSITY OF UBERLÂNDIA, in meeting of October 
18th, 2019).  
 
Vigência do Projeto Início: 20/06/2018  Término: 02/11/2020 
Espécie / Linhagem / Grupos Taxonômicos Rattus norvegicus 
Número de animais 64 
Peso / Idade 300g / 18 semanas 
Sexo Machos 
Origem / Local Rede de Biotérios de Roedores da UFU 
Local onde serão mantidos os animais: Rede de Biotérios de Roedores da UFU 
Alterações realizadas:  
Aumento de 16 ratos machos, serão utilizados 64 ratos machos Rattus norvegicus, da linhagem 
Wistar, clinicamente sadios com 18 semanas de idade e peso aproximado de 300g. 
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