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RESUMO 

 

Imagens tridimensionais são amplamente utilizadas na endodontia para avaliação de 
técnicas e materiais endodônticos, além de diagnóstico, planejamento e 
proservação. O objetivo deste estudo foi avaliar diferentes etapas do tratamento 
endodôntico usando microtomografia computadorizada (micro-CT) e nanotomografia 
computadorizada (nano-CT), além da avaliação de estruturas endodônticas 
pequenas por meio de diferentes aparelhos de tomografia computadorizada de feixe 
cônico (TCFC).  Publicação 1 – Avaliou a influência do tamanho do voxel em análise 
do preparo do canal radicular por micro-CT. Imagens de micro-CT usando diferentes 
tamanhos de voxel não influenciaram os resultados de aumento de volume e 
avaliação de debris. Porém, as imagens a 5 µm mostraram maior acurácia para 
avaliar a porcentagem de superfícies não instrumentadas. Publicação 2 – Avaliou a 
influência do tamanho do voxel do micro-CT na detecção de microtrincas dentinárias. 
Diferentes tamanhos de voxel influenciam a análise de microtrincas por micro-CT. 
Análises a 5 μm mostraram que o preparo do canal radicular com HyFlex EDM 
aumentou a presença de microtrincas no terço médio. Publicação 3 – Avaliou a 
influência do tamanho do voxel de micro-CT na avaliação de debris. Os tamanhos 
dos voxels avaliados não tiveram impacto significativo na análise de debris. 
Publicação 4 –Investigou a capacidade de preenchimento de Bio-C Sealer em 
comparação com AH Plus usando diferentes métodos de segmentação e tamanhos 
de voxel em imagens de micro-CT. Bio-C Sealer mostrou capacidade de 
preenchimento similar ao AH Plus. Segmentação visual e automática podem ser 
aplicadas a imagens de micro-TC com tamanhos de voxel de 5 a 20 µm para análise 
do preenchimento de cimentos com radiopacidade adequada. Publicação 5 - Avaliou 
a influência do cimento endodôntico na remoção do material obturador, bem como a 
eficácia do XP-endo Finisher e PDL 50/.01 como protocolo de retratamento 
complementar. A remoção do AH Plus foi menor do que no Bio-C. PDL 50/.01 e XP-
endo Finisher proporcionaram maior remoção de materiais obturadores no terço 
apical após o retratamento. Publicação 6 -   Investigou a influência do tamanho do 
voxel na avaliação por micro-CT da remoção de material obturador remanescente. 
Os tamanhos dos voxel utilizados não influenciaram nas análises de material 
obturador residual. Publicação 7 – Classificou dez dispositivos de TCFC de acordo 
com a detecção de estruturas endodônticas finas. As tarefas endodônticas avaliadas 
foram dependentes do dispositivo de TCFC, e sua detecção foi influenciada pela 
presença de metal. Publicação 8 -  Avaliou a influência dos protocolos de TCFC e a 
presença de metal na visualização de trincas radiculares e estruturas anatômicas 
endodônticas pequenas. A capacidade das imagens de TCFC para análise de 
trincas é altamente limitada e restrita. Estruturas anatômicas endodônticas pequenas 
são melhor visualizadas com um protocolo com FOV pequeno e alta resolução, 
desde que não haja objetos de alta densidade na região de interesse. Publicação 9 - 
Avaliou a influência do alargamento foraminal na formação de microtrincas e 
transporte apical em canais radiculares com curvatura apical. O alargamento 



 

foraminal promoveu novas microtrincas, não observadas no grupo controle. Maior 
transporte apical foi observado quando o alargamento foraminal foi realizado. 
 
Palavras-chave: Endodontia. Dentina. Preparo de canal radicular. Cavidade pulpar. 
Microtomografia por Raio-X. 
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ABSTRACT  
 
Three-dimensional images are widely used in endodontics, both in the evaluation of 
endodontic techniques and materials and in diagnosis, planning and prognosis. The 
aims of this study was to evaluate different steps of endodontic treatment using 
computed microtomography (micro-CT) and computed nanotomography (nano-CT). 
Additionally to verify the capacity of 10 cone beam computed tomography (CBCT) 
devices to visualize small endodontic structures. Publication 1 – Assessed the 
influence of micro-computed tomography (micro-CT) voxel size on evaluation of the 
root canal preparation. Micro-CT images using different voxel sizes did not influence 
the results of volume increase and debris evaluation. However, images at 5 µm 
showed greater accuracy to evaluate the percentage of uninstrumented surfaces. 
Publication 2 - Assessed the influence of micro-CT voxel size on dentinal microcrack 
detection. The voxel size may influence the detection of dentinal microcracks. HyFlex 
EDM caused even more microcracks to develop in the middle third, detectable only 
by visualization of images made at 5 μm voxel size. Publication 3 – Assessed the 
influence of micro-CT voxel size on the evaluation of debris accumulation. The voxel 
sizes evaluated did not have a significant impact on the analysis of accumulated 
debris.  Publication 4 – Investigated the filling ability of Bio- C Sealer in comparison 
with AH Plus  using different segmentation methods and voxel sizes in micro-CT 
images. Bio-C Sealer had appropriate filling ability. Visual and automatic 
segmentation can be applied to micro-CT images with voxel sizes from 5 to 20 µm to 
evaluate the filling of sealers with adequate radiopacity. Publication 5 - Assessed the 
influence of root canal sealers on filling material removal during endodontic 
retreatment, as well as to compare the efficacy of XP-endo Finisher and ProDesign 
Logic 50/.01 as supplementary retreatment protocols. The removal of AH Plus was 
more difficult than in Bio-C. PDL 50/.01 and XP-endo Finisher provided greater 
removal of filling materials in the apical third after retreatment. Publication 6 - 
Investigated the influence of micro-CT voxel size on assessment of remaining filling 
material.  The voxels sizes used (5, 10 and 20 µm) did not influence the analyzes of 
residual filling material in both sealers evaluated. Publication 7 – Classified ten CBCT 
devices, by using a ranking model, according to the detection of fine endodontic 
structures. The evaluated endodontic tasks were CBCT device-dependent, and its 
detection was influenced by the presence of metal. Publication 8 – Assessed  the 
influence of CBCT scanning protocols and the presence of metal on the visualization 
of root cracks and fine endodontic anatomical structures. The capacity of CBCT 
images for visualizing cracks is highly limited and restricted to certain devices and 
protocols in the absence of metal. Fine endodontics structures were better visualized 
with a small FOV high-resolution protocol as long as there were no high-density 
objects in the region of interest.  Publication 9 - Evaluated the foraminal enlargement 
and its influence on microcrack formation and apical transportation in root canals with 
apical curvature. The foraminal enlargement promoted new microcracks, not 
observed in the control group. Higher apical transportation was observed when 
foraminal enlargement was performed. 
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1 INTRODUÇÃO 

 

Imagens tridimensionais obtidas por microtomografia computadorizada (micro-

CT) são amplamente utilizadas para avaliação de todas as etapas do tratamento 

endodôntico1-3. No entanto, parâmetros adequados para os escaneamentos por 

micro-CT ainda são estudados. Apesar de imagens com maior resolução, 

apresentando menor tamanho de voxel, serem mais indicadas para as análises por 

micro-CT4, elas demandam maior tempo de escaneamento e maior tempo para o 

carregamento nos softwares de reconstrução e análise.  

Para análise do preparo de canais radiculares, as resoluções de aquisição 

são variadas1,3,5-9, podendo trazer resultados diversos nas diferentes comparações6-

8.  Para análise de debris após preparo ou limpeza dos canais radiculares, esta 

variação de parâmetros também é observada1,6,10, podendo mostrar limitações para 

análise destas estruturas12-14. Por exemplo, voxels que representam a parede da 

dentina removida durante a instrumentação e ocupada por detritos de tecido duro 

podem não ser avaliados com precisão1,12. 

A análise de microtrincas dentinárias por micro-CT também apresenta 

limitações15, sobretudo com relação as diferentes resoluções de escaneamento 

usadas16-20.  Além disso, o uso de micro-CT para visualizar pequenas trincas 

mostrou menor acurácia que o microscópio cirúrgico com transiluminação15. Assim, 

para detectar pequenas estruturas ou realizar medições de alta precisão, uma 

ferramenta de maior precisão é necessária21. Os dispositivos de nano tomografia 

computadorizada (nano-TC) apresentam pequeno ponto focal e aumento da relação 

sinal-ruído, possibilitando atingir resolução espacial máxima na faixa 

submicrométrica22. Além disso, os dispositivos nano-CT são equipados com 

detectores de tela plana (FPD) que geram qualidade de imagem superior à dos 

dispositivos charge-couple (CCD), proporcionando imagens sem distorção, alta 

sensibilidade a raios-X e excelente resolução de contraste23. 

O preparo biomecânico visa proporcionar limpeza e conformação do canal 

radicular, por meio da ação mecânica dos instrumentos e atuações física e química 

das soluções irrigadoras24. A desinfecção e completa limpeza do sistema de canais 

radiculares é um procedimento complexo25. Configurações anatômicas desafiadoras, 

como curvaturas9, fazem com que o preparo seja ainda mais desafiador5. A evolução 



 17 

dos instrumentos endodônticos fabricados com ligas de Níquel e Titânio (NiTi) 

usando tratamento térmico permitiu maior resistência à fadiga cíclica e maior 

flexibilidade26,27 proporcionando preparos centralizados em canais curvos28. 

  HyFlex CM (Coltene / Whaledent AG, Altstatten, Suíça) é um Sistema NiTi 

com tratamento térmico control memory (CM), que proporciona maior resistência à 

flexão para a liga de NiTi29,30. O sistema Hyflex EDM (Coltene / Whaledent AG, 

Altstatten, Suíça) é composto por instrumentos com tratamento térmico CM, e que 

são confeccionados por eletro-erosão30. Este método proporciona superfície dura e 

áspera e melhora a ação de corte e propriedades mecânicas do instrumento31-33. O 

Sistema HyFlex EDM é composto de instrumento rotatórios de alargamento cervical 

25.12, para Glide Path 10.05, modelagem 25.08 e instrumentos para ampliação 

apical 40.04, 50.03 e 60.02.   

A Easy Equipamentos Odontológicos é uma indústria brasileira que 

desenvolve instrumentos de NiTi com tratamento térmico CM. ProDesign Logic 

segue o conceito de lima única em movimento rotatório após glide path com 

instrumentos para exploração (25.01, 30.01, 35.01 e 40.01). Além dos instrumentos 

para preparo final dos canais radiculares (conicidades .05 e 06) existem 

instrumentos intermediários (conicidades .03 e .04), indicados para canais atresiados 

e curvos. ProDesign Logic apresenta maior resistência à fadiga cíclica que os 

instrumentos reciprocantes Wave One Gold34. Em estudo por micro-CT, ProDesign 

Logic apresentou menor transporte em raízes mesiais de molares inferiores, quando 

comparado aos instrumentos ProTaper Gold, ProDesign S, e HyFlex EDM30. O 

sistema Reciproc Blue, (VDW, Munique, Alemanha) é acionado em movimentação 

reciprocante a esquerda, e apresenta as mesmas dimensões do Reciproc. O 

tratamento térmico Blue Wire modifica a estrutura molecular dos instrumentos 

aumentando flexibilidade e resistência à fadiga cíclica35.  

O preparo com adequada conicidade e manutenção do trajeto original do 

canal radicular favorece a obturação36,37. Uma obturação correta pode impedir a 

reinfecção do sistema de canais radiculares e o desenvolvimento da lesão periapical. 

Técnicas obturadoras que empregam cone único com tamanho semelhante aos 

instrumentos mecanizados de NiTi de modelagem, tem como principais vantagens a 

facilidade de execução, baixo custo e tempo de procedimento curto38,39. Todavia, as 

técnicas de obturação necessitam de cimentos endodônticos para o preenchimento 
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entre a guta percha e a parede do canal40. AH Plus é um cimento obturador à base 

de resina epóxi, considerado padrão ouro devido suas excelentes propriedades 

físico-químicas41. Cimentos endodônticos à base de trissilicato de cálcio apresentam 

capacidade de induzir diferenciação celular42,43, além de apresentarem bioatividade, 

estimulando a mineralização43,44. Recentemente foi desenvolvido o cimento 

biocerâmico Bio-C Sealer (Angelus, Londrina, PR, Brazil), que segundo o fabricante 

não apresenta material resinoso em sua composição, sendo assim, sua viscosidade 

é dada por um álcool de cadeia longa, o politilenoglicol, aumentando sua 

biocompatibilidade. Este material apresenta adequada radiopacidade e escoamento, 

curto tempo de presa, capacidade de alcalinização45 e baixo percentual de falhas 

após imersão em diferentes meios de armazenamento46. Desta forma, se justifica a 

avaliação do preenchimento Bio-C Sealer em canais radiculares, sobretudo em 

canais curvos que apresentam maior desafio para obturação endodôntica. 

Vários estudos utilizaram micro-CT como método de avaliação da capacidade 

de preenchimento das obturações endodônticas, comparando o volume dos canais 

preparados e após a obturação com diferentes técnicas obturadoras em diferentes 

resoluções, dificultando comparações mais precisas47-50.  As imagens para análise 

de obturação têm sido obtidas com diferentes parâmetros de resolução47-49, sendo 

ainda relatada dificuldade ou até mesmo impossibilidade de observação de 

determinadas estruturas, como falhas ou gaps50,51. Segundo alguns autores a 

formação de artefatos também pode dificultar a análises de obturação, uma vez que 

tanto o cimento quanto a guta percha apesentam grande radiopacidade, podendo 

ocasionar margens borradas e mal definidas52,53. Assim, se faz necessário verificar a 

reprodutibilidade das análises da presença de falhas na obturação endodôntica, 

usando materiais com radiopacidades diferentes e métodos menos dependentes do 

avaliador.  

Em alguns tratamentos endodônticos, devido à persistência bacteriana já 

existente ou contaminação do canal radicular posterior ao tratamento, o retratamento 

endodôntico é indicado37. A remoção do material obturador pode ser realizada de 

diversas maneiras, como uso de instrumentos manuais, instrumentos rotatórios, 

reciprocantes ou mesmo associações de técnicas. O emprego de técnicas que 

utilizam instrumentos rotatórios na remoção da massa obturadora do interior do 

canal radicular permite remoção da guta-percha em direção coronária reduzindo o 



 19 

risco de extravasamento de material obturador54. No entanto nenhuma técnica de 

retratamento é capaz de remover totalmente o material obturador do interior dos 

canais radiculares55,56.  

O sistema ProDesign Logic RT (Easy Equipamentos Odontológicos, Belo 

Horizonte, MG, Brasil) foi desenvolvido especificamente para realização de 

retratamento endodôntico. Este sistema é composto por três instrumentos fabricados 

com liga de NiTi submetida a tratamento térmico CM, seguindo o conceito de 

preparo coroa ápice: 30.10 para ser empregada no terço cervical, 25.08 para o terço 

médio e 20.06 para o terço apical.  XP-endo Finisher (XP-F) (FKGDentaire,La 

Chaux-deFonds, Suíça) é um instrumento de NiTi, que tem forma de C em sua 

ponta,  sendo acionado em movimentação rotatória. Este instrumento é fabricado a 

partir de uma liga de NíTi com tratamento térmico MaxWire, tem um tamanho de 

ponta ISO # 25 e não possui conicidade, porém quando ativado, após exposição à 

temperatura corporal (35° C) se expande em até 6 mm. O instrumento XP-F mostrou 

bons resultados com relação à remoção de debris na limpeza final57 e na 

complementação de limpeza em retratamento de canais radiculares59.  

Análises em micro-CT são eficazes para comparações do retratamento 

endodôntico, uma vez que fornece uma avaliação quantitativa dos resíduos de 

materiais obturadores em mm3 60,61. Porém não existe uma padronização com 

relação ao tamanho de voxel dos escaneamentos e aos parâmetros de aquisição de 

imagens55,58-61. Resultados divergentes entre os estudos têm sido atribuídos à 

anatomia dos canais radiculares59, material obturador ou procedimentos de 

retratamento62. Porém as diferentes resoluções empregadas entre as análises 

devem ser levadas em consideração, uma vez que, dependendo do que se visa 

avaliar, a utilização de resoluções elevadas permite a análise de estruturas 

específicas e de tamanhos reduzidos63,64.   

Além de todos os fatores técnicos relacionados as diferentes etapas do 

tratamento endodôntico, o conhecimento da anatomia radicular é importante para o 

diagnóstico, tratamento e prognóstico das doenças endodônticas65-67. A tomografia 

computadorizada de feixe cônico (TCFC) é uma tecnologia de TC avançada com 

ampla aplicação em imagiologia dentomaxilofacial, uma vez que este método 

permite a análise de pequenas estruturas em três dimensões. As imagens de TCFC 
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permitem um melhor conhecimento da detecção de características endodônticas, 

impactando diretamente nas decisões clínicas65-67 

 No entanto, a detecção precisa de estruturas anatômicas pequenas como 

canal estreito, istmo, ramificações e pequenas trincas radiculares em imagens TCFC 

permanece um desafio67-69. Além disso, o diagnóstico baseado em TCFC é 

dificultado por artefatos decorrentes de materiais de alta densidade, como guta-

percha, cimentos endodônticos e pinos metálicos70-73. Assim, deve-se ter cuidado ao 

interpretar os relatórios baseados em TCFC para fins endodônticos67,74-80. Ainda, a 

qualidade da imagem obtida por um aparelho TCFC não podem ser simplesmente 

extrapolados para outro aparelho de TCFC81,82 . Embora estudos anteriores tenham 

mostrado alta sensibilidade e especificidade para imagens de TCFC67,75, outros 

estudos não mostraram diferença significativa entre esta modalidade de imagem e 

imagens 2D para a realização de diferentes tarefas83-85. Essa variabilidade pode ser 

explicada pela grande diversidade de aparelhos de TCFC disponíveis no mercado, 

com características técnicas distintas e, consequentemente, desempenho clínico 

diferente86,87. 

A seleção de protocolos de alta resolução em dispositivos de TCFC é 

fortemente recomendada para visualizar pequenas estruturas do sistema de canais 

radiculares e do periodonto88. Embora alguns autores recomendem uma TCFC com 

pequeno campo de visão (FOV) e tamanhos pequenos de voxels89 para aplicações 

endodônticas, uma revisão sistemática não encontrou qualquer correlação entre 

tamanhos menores de voxels e melhor precisão diagnóstica de fraturas radiculares 

em pacientes com dentes não tratados endodonticamente83. Além disso, o efeito do 

tamanho do voxel pode ser dependente do dispositivo devido a outros fatores 

limitantes para a resolução espacial90. Portanto, a influência de diferentes 

dispositivos de CBCT, bem como do protocolo de aquisição e a presença de metal 

no campo de visão requerem uma investigação mais aprofundada. 
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2 PROPOSIÇÃO 

 

Os objetivos do presente estudo foram os que seguem.  

 

2.1 Objetivo Geral 

 

Avaliar diferentes etapas do tratamento endodôntico usando micro-CT e nano-

CT e a influência do tamanho do voxel nas análises por micro-CT, além da 

capacidade de visualização de estruturas anatómicas endodônticas em imagens 

adquiridas de 10 aparelhos de TCFC. 

 

2.2 Objetivos Específicos  

 

Avaliar a influência do tamanho do voxel nas imagens de micro-CT em 

análises de aumento do volume, debris e superfície não instrumentada do canal 

radicular, após instrumentação com ProDesign Logic (PDL) ou HyFlex EDM 

(HFEDM). 

 

Avaliar a influência do tamanho do voxel do micro-CT na detecção de 

microtrincas dentinárias após instrumentação com PDL ou HFEDM.  

 

Avaliar por micro-CT o acúmulo de debris após a aplicação de PUI em canais 

radiculares curvos preparados com PDL ou HEDM, bem como a influência do 

tamanho do voxel nestas análises. 

 

Avaliar a porcentagem de vazios em canais radiculares curvos preenchidos 

com Bio-C Sealer, em comparação com o padrão ouro AH Plus, utilizando imagens 

de micro-CT com diferentes tamanhos de voxel e métodos de segmentação. 

 

Avaliar a influência de um cimento à base de silicato de cálcio pronto para 

usar em comparação a um cimento à base de resina epóxi na remoção do material 

obturador durante o retratamento endodôntico, bem como comparar a remoção do 

material obturador, transporte apical e aumento de volume de canais radiculares 
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mesiais curvos de molar inferior preenchidos com AH Plus ou Bio-C Sealer, após o 

uso de PDL 50/.01 ou XP‐endo Finisher. 

 

Avaliar influência do tamanho de voxel nas imagens de micro-CT em 

quantificação volumétrica do material obturador remanescente após o retratamento 

de canal radicular curvo preenchido com AH Plus ou Bio-C Sealer. 

 

Classificar dez dispositivos de TCFC de acordo com a detecção de estruturas 

endodônticas finas na presença e ausência de pino metálico. 

 

Avaliar 10 dispositivos de TCFC quanto à influência dos protocolos de 

aquisição e da presença de metal na visualização de trincas radiculares e estruturas 

anatômicas pequenas, como canais estreitos, istmo e delta apical. 

 

Avaliar a influência do alargamento foraminal na formação de microtrincas e 

transporte apical em incisivos laterais superiores com curvatura apical por meio de 

nano-TC. 
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3 PUBLICAÇÕES 

 
Essa pesquisa resultou nas publicações apresentadas a seguir. 
 

3.1 Publicação 1 
 
Effect of voxel size of micro-computed tomography on the assessment of root 

canal preparation 

 

Abstract  

Introduction: The aim of this study was to assess the influence of micro-computed 

tomography (micro-CT) voxel size on evaluation of root canal preparation using 

rotary heat-treated nickel-titanium files. Methods: Curved mesial root canals of 

mandibular molars were prepared using ProDesign Logic 30/.05 (PDL) or HyFlex 

EDM 25/.08 (HEDM) (n=12). The specimens were scanned using micro-CT with 5 

μm of voxel size before and after root canal preparation. Images with sub-resolution 

of 10 and 20 μm voxel sizes were obtained. The percentage of volume increase, 

debris and uninstrumented root canal surface were analyzed in the different voxel 

sizes. Data were compared using unpaired Student’s t-test and ANOVA statistical 

tests (α = .05). Results: No differences were observed for percentage of volume 

increase, debris and instrumented surface between the root canals prepared by PDL 

and HEDM (P > .05).  Both systems promoted higher percentage of debris in the 

apical third compared to the middle third (P <.05). After instrumentation using PDL 

the percentage of uninstrumented surface was higher in the apical third than middle 

third only when analysis were performed at 5 µm (P < .05). When comparing the 

different voxel sizes (5, 10 or 20 µm), both groups showed different means for the 

variables, with no significant difference (P > .05). Conclusions: PDL and HEDM had 

similar root canal preparation capacity. Micro-CT images using different voxel sizes 

did not influence the results of volume increase and debris evaluation. However, 

images at 5 µm showed greater accuracy to evaluate the percentage of 

uninstrumented surfaces. 

 

Keywords: Endodontics; dentin; root canal preparation; dental pulp cavity; x-ray 

microtomography 

                                                 
 Artigo escrito nas normas do periódico Journal of Endodontics para o qual foi submetido. 
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Introduction 

The root canal preparation aims cleaning and shaping the root canal by means 

of action of instruments and irrigating solutions (1).  Disinfection and complete 

cleaning of the root canal system is a complex procedure (2), and an improper 

cleaning may result in treatment failure (3).  The evolution of endodontic instruments 

using nickel-titanium alloys (NiTi) and heat treatment allowed greater resistance to 

cyclic fatigue and greater flexibility (4) providing centralized preparation in curved root 

canals (5, 6). 

ProDesign Logic (PDL) (Easy Equipamentos Odontológicos, Belo Horizonte, 

MG, Brazil) is a rotary NiTi instrument system (7) glide path file (taper .01) and 

shaping files (taper .05 or .06) (6). The heat treatment Control Memory (CM) of these 

files provides flexibility and improves their flexural resistance (4), promoting 

centralization for curved root canal preparation (5, 6). Hyflex EDM (HEDM) (Coltène / 

Whaledent, Allstätten, Switzerland) instruments have also CM heat treatment, 

however, are produced via electro‐discharge machining (EDM) (8). This 

manufacturing process improves the mechanical properties of HEDM (9). These files 

maintain its integrity after multiple uses, and they are associated with high resistance 

to cyclic fatigue (10). 

Micro-computed tomography (micro-CT) has been used to evaluate root canal 

preparation using different NiTi instruments (5, 11, 12). However, these analyzes can 

be influenced by many factors, such as different scan settings, images resolutions 

and misinterpretation of ring artifacts (13). For analysis of root canal preparation, 

different micro-CT acquisition parameters are used, with scanning voxel size of 9 µm 

(6, 14, 15), 14 to 15 µm (5, 16, 17), 16 to 18 µm (11, 12, 18), until 30 µm (19). The 

different approaches for image acquisition, image evaluation, and reporting of 

outcomes make difficult the interpretation of reported results and comparation of 

different studies (13). 

Up to now there are no studies that assessed the influence of micro-CT voxel 

size on root canal preparation evaluation, as well as no study assessed this influence 

at 5 µm. Therefore, the aim of this study was to assess the influence of micro-CT 

voxel size on analysis of increase in volume, debris, and uninstrumented root canal 

surface, after instrumentation with PDL or HEDM. The null hypotheses were that 

there would be no differences between the voxel sizes, and between the different 

systems to root canal preparation. 
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Material and Methods 

 

Sample size calculation  

For sample calculation, G* Power 3.1.7 for Windows program (Heinrich-Heine-

Universität Dusseldorf, Dusseldorf, Germany) was used. T test for 2 independent 

groups was used with an alpha-type error of .05 and a beta power of .95 for all the 

variables. Previous studies that used micro-CT imaging for evaluating root canal 

preparation with similar morphology were used to determine the specific effect size 

for volume of root canal, 2.723 (15); debris, 3.432 (14); and untouched surface, 1.451 

(20). Twelve specimens per group were indicated as being the ideal size required.  

 

Specimen Selection 

All procedures were approved by the Faculty’s Ethics Committee (CEP no. 

64736116.4.0000.5416).  The roots were inspected under a stereomicroscope at ×12 

magnification to exclude those with any external dentinal defect and the roots with 

immature apices. 

Human mandibular first and second molars previously stored in 0.1% thymol 

solution at 5°C were used. The inclusion criteria included two independent mesial 

root canals according type IV Vertucci’s classification (21), angle of curvature 

between 25° and 35° in accordance with the Schneider method (22) and radius of 

curvature smaller than 10 mm, following the Pruett’s method (23), besides complete 

apical formation, absence of root fractures, calcifications or internal resorptions. For 

this purpose, a digital radiographic system (RVG 6100; Kodak Dental Systems, NY) 

was used to select teeth according to inclusion criteria. Image J program (National 

Institutes of Health, Bethesda, MD, USA) was used to assess the degree of curvature 

in radiographic images.  All selected teeth were scanned using a micro-CT device 

(SkyScan 1276; Bruker-micro-CT, Kontich, Belgium) at a low-resolution (35 µm voxel 

size) under the following settings:  copper and aluminum filters, 87-millisecond 

exposure time, frame averaging of 3, 180° rotation around the vertical axis, rotational 

step of 0.5° at 80 kV and 300 µA.  

The mesial root canals of the specimens were divided into two experimental 

groups randomly (n = 12), considering the preoperative volume of the root canals. 

The root length was standardized at 18 mm, with a tolerance of ±1 mm of 
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discrepancy. The specimens were embedded in condensation silicone (Oranwash, 

Zhermack SpA, Badia Polesine, Italy) to simulate the periodontal ligament. 

 

Root Canal Instrumentation 

Conventional access cavities were performed, and the root canals were 

explored by using a size #10 K-file (Dentsply Sirona Endodontics, Ballaigues, 

Switzerland). The working length was established 1 mm shorter from the apical 

foramen of each specimen. In the sequence, a trained operator instrumented all the 

specimens with the aid of an operating microscope (MC-M1232, DF Vasconcellos, 

Valença, RJ, Brazil) at 13X magnification, using an endodontic motor (VDW Silver, 

VDW GmbH, Munich, Germany). 

PDL Group: Instrumentation with PDL. The 30/.01 file was used in continuous 

rotation at 350 rpm speed and 1 Ncm torque, using in-and-out movements up to the 

working length. Then, the 30/.05 file was used at 600 rpm speed and 4 Ncm torque.   

HEDM Group:  Instrumentation with HEDM. The 10/.05 file was used in 

continuous rotation at 300 rpm speed and 1.8 Ncm torque, using in-and-out 

movements up to the working length. Then, the HEDM 25/.08 file was used at 500 

rpm speed and 2.5 Ncm torque. 

The root canal irrigation was performed with 5 mL of 2.5% sodium hypochlorite 

(NaOCl), using a 30G side-vented needle (NaviTip, Ultradent Products, South 

Jordan, UT) adapted to a 5 mL syringe (Ultradent Products), which was placed 2 mm 

short of the working length. As final irrigation, 2 mL of 17% EDTA followed by 5 mL of 

distilled water were used.  

 

Micro-CT analysis 

The specimens were rescanned at a high-resolution (5 µm voxel size) before 

and after instrumentation in a micro-CT device (SkyScan 1272; Bruker-microCT, 

Kontich, Belgium) under the following settings: copper filter, 180° rotation around the 

vertical axis and rotational step of 0.2° at 100 kV and 100 µA. The images were 

reconstructed using NRecon software (V1.6.10.4; Bruker, Belgium), and 

superimposed with geometric alignment using the DataViewer software (V.1.5.1, 

Bruker, Belgium). The qualitative analysis was performed using the CTAn software 

(V.1.14.4, Bruker, Belgium). Images at 5, 10 and 20 μm were used for quantitative 
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analysis (Figure 1). For this purpose, the previously scanned 5 μm images were 

resized by 2 and 4, respectively using the CTAn software (24-26). 

Analyzes were performed in the middle and apical thirds of the roots, being 

considered 3 mm for each third. Preoperative volume, volume of prepared canal, 

surface area after preparation and volume of debris after preparation were obtained. 

Based on these values, the percentage of volumetric increase (% Volumetric 

increase), percentage of debris (% Debris) and percentage of uninstrumented 

surface (% Uninstrumented surface) were calculated using the following formulas: 

 

% Volumetric increase =   100 -     Volume of prepared canal x 100      

                                                                  Preoperative volume 

 

                    % Debris =     Volume of debris x 100 

                                         Volume of prepared canal 

 

     % Uninstrumented surface =   Uninstrumented surface area x 100 

                                                          Surface area after preparation 

 

 

Statistical analysis 

The data obtained for each of the parameters evaluated were submitted to the 

Shapiro-Wilks normality test, and all data presented normal distribution. For analysis 

between groups and between the middle and apical thirds was use no-paired t-test. 

For analysis among images with different voxel size was used ANOVA test. The level 

of significance was set at P < .05. 
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Figure 1 – Representative micro-CT images  at different voxel sizes showing original 

transversal slices of the roots canals  (A),  segmented root canals (B)  and the 

superposition of the segmented root canal before and after instrumentation for 

volumetric analyses (C).       

Results                                       

No differences were observed for percentage of volume increase, debris and 

uninstrumented surface between the root canals prepared by PDL and HEDM in the 

middle and apical thirds at all voxel sizes (5, 10 and 20 μm) (P > .05) (Figure 2).  

Both systems promoted higher percentage of debris in apical third compared with 

middle third (P <.05). The comparison for uninstrumented surface of root canal 

showed similar results between thirds for both groups at 10 and 20 μm (P > .05). 

However, after instrumentation with PDL the percentage of uninstrumented surface 

was higher in the apical third than middle third at 5 μm (P < .05). When comparing 

images with different voxel sizes (5, 10 or 20 µm), both groups showed different 

means for the variables without significant difference (P > .05) (Table 1).  
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Table 1 - Means and standard deviations of volume, volume increase (%), debris (%) 

and uninstrumented surface (%) of root canals in different voxel sizes after 

preparation  

There was no statistically significant difference among the columns. Different 

superscript lowercase letters in the same column indicate statistical difference 

between the thirds of the same preparation (P <. 05). 

 

 

  ProDesign Logic HyFlex EDM 

  5 µm 10 µm 20 µm 5 µm 10 µm 20 µm 

Pre-operative 

canal (mm3) 

Middle 0.4 ± 0.1a 0.4 ± 0.1a 0.4 ± 0.1a 0.4 ± 0.1a 0.3 ± 0.2a 0.4 ± 0.2a 

Apical 0.20 ± 0.07b 0.20 ± 0.07b 0.19 ± 0.06b 0.2 ± 0.1b 0.2 ± 0.1b 0.2 ± 0.1b 

Prepared 

canal (mm3) 

Middle 0.5 ± 0.1a 0.5 ± 0.1a 0.6 ± 0.1a 0.7 ± 0.2a 0.7 ± 0.2a 0.7 ± 0.2a 

Apical 0.30 ± 0.07b 0.27 ± 0.05b 0.27 ± 0.05b 0.31 ± 0.04b 0.3 ± 0.2b 0.3 ± 0.1b 

Volume 

Increase (%) 

Middle 60 ± 30a 60 ± 30a 60 ± 30a 90 ± 50a 80 ± 50a 90 ± 30a 

Apical 60 ± 50a 50 ± 30a 60 ± 50a 70 ± 60a 70 ± 40a 70 ± 50a 

Debris (%) 
Middle 3 ± 2b 3 ± 2b 2 ± 2b 4 ± 2b 3 ± 2b 3 ± 2b 

Apical 5 ± 3a 5 ± 2a 4 ± 3a 6 ± 3a 6 ± 3a 5 ± 3a 

Uninstrumented 

surface (%) 

Middle 30 ± 20b 30 ± 20a 30 ± 20a 40 ± 10a 30 ± 20a 30 ± 10a 

Apical 54 ± 20a 50 ± 20a 40 ± 20a 50 ± 20a 40 ± 20a 30 ± 20a 
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Figure 2 – 3D reconstructions and cross-sectional views of images with 5 µm of 

voxel size of middle and apical thirds of mesial roots od mandibular molars prepared 

by ProDesign Logic or HyFlex EDM. Root canal before preparation (red), root canal 

after preparation (green). 

 

Discussion 

 

Micro-CT is one of the most used analysis tool for root canal preparation 

assessments (5, 6, 27). Therefore, it is important to know the influence of scanning 

parameters on the outcomes of each variable associated to the instrumentation 

capacity. Previous study has reported no influence of voxel size on debris evaluation 

when analyses was performed between 5 and 20 µm voxel size (25). However, other 

investigation, assessing the influence of voxel size on microcracks analyses showed 

higher accuracy for images with lower voxel size (26). Therefore, in agreement with 

the current literature, our results report that the influence of voxel size on analyses of 

root canal preparations using micro-CT is variable-dependent. Although, in the 
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present study, the voxel size did not influence the analyses of root canal volume and 

debris, the root canals prepared by PDL showed higher uninstrumented surface in 

apical third than middle third only when the evaluation was performed at 5 µm.  

A high percentage of uninstrumented surface after root canal preparation have 

been reported by several investigations. However, their micro-CT images were 

obtained using different parameters of scanning, varying since 9 to 30 µm of voxel 

size (6, 11, 12, 16, 18, 19). These studies have showed conflicting results, even 

using similar size (6, 11, 12, 16, 18) or similar root canal anatomy for root canal 

preparation (6, 11, 12, 18). In this study a different outcome was observed when the 

uninstrumented surface analyzes were performed at 5 µm, therefore, the micro-CT 

voxel size must be taken into account for comparisons between studies. A voxel is 

the discrete unit of the scan volume that is the result of the tomographic 

reconstruction representing three dimensions (13). The voxel size seems to be one of 

the main factors that can affect the quality of the images and consequently the 

analyzes performed (13, 24). The analysis of trabecular bone structure was 

significantly affected by micro-CT scanning voxel size (23, 28, 29). A previous study 

(29), evaluating the presence of voids in filled root canal at different voxel size, 

detected more voids at smaller voxel sizes (5.2, 8.1 and 11.2 µm) than at 16.73.  

The CM heat treatment applicated for PDL and HEDM instruments allows safe 

preparations in curved canals (5). Moreover, the EDM surface treatment present in 

HEDM files improve its mechanical properties (10). The greater taper of the first 4 

mm for 25/.08 HEDM file, with its progressive taper reduction until to .04 has 

motivated the use of PDL file with larger tip diameter, size 30/.05 in this study.  The 

constant taper of PDL promotes similar size along the active part between the 

instruments evaluated. Thus, in the present study, PDL and HEDM presented similar 

percentage of volumetric increase and uninstrumented surface. 

The presence of debris in the root canal make difficult its disinfection (31), and 

decreases sealer adhesion to dentinal tubules (26). There were no differences for 

percentage of debris accumulated between the root canals prepared for PDL or 

HEDM. However, for both instruments evaluated, there was more percentage of 

debris in apical third than middle third, with means of 5,07 % for PDL and 5,77 for 

HEDM, in analysis at 5 µm. Previous studies have also observed large amounts of 

accumulated debris in mesial roots of mandibular molars (6, 14, 26).  These studies 

suggest greater apical enlargement (6) or additional cleaning protocols as passive 
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ultrasonic irrigation (14, 26) or XP‐endo Finisher (14) as methods to decrease 

accumulated root canal debris after root canal preparation using mechanized NiTi 

files. 

 Since the influence of voxel size on root canal preparation analyses seems to 

be depended of the variable evaluated, it is important the planning of study design 

considering the choice of adequate micro-CT scanning protocol. In addition, taking 

account that besides voxel size, the final images resolution also depends of other 

paramenters such as mean absorption of the sample, detector noise, reconstruction 

algorithm, X-ray focal spot size and shape, detector aperture, and scanner geometry 

(32),   a pilot study is strongly recommended before the scans, instead of using 

parameters from previous study. 

 

Conclusion 

 

 Within the limitations of this ex vivo study, it can be concluded that voxel 

sizes do not have a significant impact on analysis of volume of root canals and 

accumulated debris. However, the voxel size should be considered as a potential 

factor for uninstrumented surface, since it was observed different results for images 

at 5 µm, in comparation with images of 10 and 20 µm of voxel sizes. Further research 

is necessary using lower micro-CT voxel size scans. 
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3.2 Publicação 2 

 
Influence of voxel size on dentinal microcrack detection by micro-CT after root 

canal preparation 

 

Abstract 

The aim of this study was to assess the influence of micro-computed tomography 

(micro-CT) voxel size on dentinal microcrack detection after root canal preparation 

using rotary heat-treated nickel-titanium files. Curved mesial root canals (n = 24) of 

mandibular molars were prepared using ProDesign Logic 30/.05 (PDL) or HyFlex 

EDM 25/.08 (HEDM). The specimens were scanned by micro-CT with a voxel size of 

5 µm before and after root canal preparation. The percentage of microcracks was 

evaluated in images at 5, 10 and 20 μm voxel size, by two examiners at two 

moments. The Kappa and McNemar tests (α = 0.05) were used. The percentage of 

dentinal microcracks was similar before and after PDL and HEDM preparations, at 10 

and 20 μm (p > 0.05). HEDM showed a higher percentage of dentinal microcracks in 

the middle third at 5 μm after preparation (p < 0.05). The detection of dentinal 

microcracks before and after instrumentation using PDL was more accurate at 5 μm 

than at 20 μm, in all thirds (p < 0.05). Within the expected limitations of this ex vivo 

study, it can be concluded that different resolutions influence the micro-CT analysis 

of microcracks. The voxel size may influence the detection of dentinal microcracks. 

The highest accuracy to detect microcracks was observed for analyses performed 

with a voxel size of 5 μm. HyFlex EDM caused even more microcracks to develop in 

the middle third, detectable only by visualization of images made at 5 μm voxel size. 

 

 

Keywords: Endodontics; Dentin; Root Canal Preparation; Dental Pulp Cavity; X-Ray 

Microtomography 
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Introduction 

Nickel-titanium (Ni-Ti) files have improved root canal preparations by enabling 

enlargement and maintenance of the canal trajectory1,2. Although mechanized root 

canal preparation presents several advantages, it has also been reported to cause 

potential dentinal microcracks3-6. The performance of endodontic files during root 

canal preparation is related to their cross-sectional design, taper, and thermal or 

surface treatment7,8. Heat treatments applied to NiTi files have been associated with 

lower risk of dentinal microcracks9. These microcracks could potentially promote a 

vertical root fracture10, especially in roots with reduced dentin thickness11. Owing to 

contrasting information in the literature, there is still no consensus on whether root 

canal preparation using continuous or reciprocating motion induces the formation of 

microcracks4,9,12-14. 

High precision tools are required to detect microcracks, such as micro-

computed tomography (micro-CT), which allows the defect to be located with great 

precision9. Microcracks can be evaluated for endodontic instrumentation at different 

resolutions, using scanning voxel sizes of 10 μm14, 14 μm15,16, 17.42 to 21 μm9,12,17, 

and 30 μm13,18. Although most studies using micro-CT have not observed any 

correlation between root canal preparation with NiTi files and microcrack formation14-

18, some studies have correlated the presence of microcracks with root canal 

preparation using rotary NiTi files12,13. 

ProDesign Logic - PDL (Easy Equipamentos Odontológicos, Belo Horizonte, 

MG, Brazil) are Ni-Ti files with control memory (CM)19. PDL allow shorter working 

time associated with resistance to cyclic fatigue20. In addition, preparation with these 

instruments has not been associated with the formation of new dentin defects17. 

Although Hyflex EDM – HEDM files (Coltène / Whaledent, Allstätten, Switzerland) 

also have CM characteristics, they are manufactured using electrical discharge 

machining18,21. HEDM instruments maintain their integrity after multiple use, and are 

associated with high resistance to cyclic fatigue20. There is contrasting evidence 

regarding microcracks after HEDM root canal preparation13,18. 

There are no studies that assessed the influence of micro-CT voxel size on 

microcrack evaluation, much less any assessing this influence at 5 µm. Therefore, 

this study aimed to evaluate the influence of micro-CT voxel size on microcrack 

detection after instrumentation with CM files. The null hypotheses were that there 
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would be no difference among the voxel sizes, or between the dentinal macrocracks 

present after preparation with PDL and HEDM. 

 

Materials and methods 

 

Specimen Selection 

The sample size for this study was calculated using a specific software (G * 

Power 3.1.7 for Windows, Heinrich Heine, Universitat Dusseldorf). The chi‐square 

test was used, with an alpha type error of 0.05, beta power of 0.90, and effect size of 

0.93. The ideal sample size was reported to be six specimens per group.  

All procedures were approved by the dental school ethics committee (CEP no. 

64736116.4.0000.5416). The roots were inspected under a stereomicroscope at 12× 

magnification to exclude any roots with external dentinal defect or immature apices.  

The study used human mandibular first and second molars previously stored in 0.1% 

thymol solution at 5°C. The inclusion criteria required teeth with two independent 

mesial root canals according to Vertucci’s type IV classification23, angle of curvature 

between 25° and 35° based on the Schneider method24, and radius of curvature 

smaller than 10 mm, following the Pruett method25, in addition to complete apical 

formation, and absence of root fractures, calcifications or internal resorptions. 

Compliance with the criteria required that the specimens be radiographed using a 

digital system (RVG 6100; Kodak Dental Systems, NY), and scanned with a micro-

CT device (SkyScan 1176; Bruker-microCT, Kontich, Belgium). The first scanning 

was performed at low-resolution (35 µm voxel size) under the following settings: 

copper and aluminum filters, 87-millisecond exposure time, frame averaging of 3, 

180° rotation around the vertical axis, rotational step of 0.5° at 80 kV and 300 µA. 

After excluding all the teeth that did not comply with the inclusion criteria, 12 mesial 

roots of mandibular molars were selected, totaling 24 root canals. 

The mesial root canals of the specimens were divided into two experimental 

groups randomly (n = 12), with stratified random sampling, considering the 

preoperative volume of the root canals. The root length was standardized at 18 mm, 

with a tolerance of ±1 mm of discrepancy. The specimens were embedded in 

condensation silicone (Oranwash, Zhermack SpA, Badia Polesine, Italy) to simulate 

the periodontal ligament. 
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Root Canal Preparation 

Conventional access cavities were performed, and the root canals were 

explored by using a size #10 K-file (Dentsply Sirona Endodontics, Ballaigues, 

Switzerland). The working length was established at 1 mm short of the apical 

foramen of each specimen. Afterwards, a trained operator instrumented all the 

specimens with an operating microscope (MC-M1232, DF Vasconcellos, Valença, 

RJ, Brazil) at 13× magnification, using an endodontic motor (VDW Silver, VDW, 

Munich, Germany). 

PDL Preparation: A 30/.01 file was used in continuous rotation at 350 rpm 

speed and 1 Ncm torque, using in-and-out movements up to the working length. 

Then, a 30/.05 file was used at 600 rpm speed and 4 Ncm torque.   

HEDM Preparation: A 10/.05 file was used in continuous rotation at 300 rpm 

speed and 1.8 Ncm torque, using in-and-out movements up to the working length. 

Then, a HEDM 25/.08 file was used at 500 rpm speed and 2.5 Ncm torque. 

Root canal irrigation was performed with 5 mL of 2.5% sodium hypochlorite 

(NaOCl), using a 30G side-vented needle (NaviTip, Ultradent Products, South 

Jordan, UT) adapted to a 5 mL syringe (Ultradent Products), which was placed 2 mm 

short of the working length. The final irrigation used 2 mL of 17% EDTA, followed by 

5 mL of distilled water, as described above. 

 

Micro-CT Analysis 

The micro-CT analysis was performed by scanning the specimens with a voxel 

size of 5 µm in a micro-CT device (SkyScan 1272. Bruker, Kontich, Belgium), before 

and after instrumentation, under the following settings: copper filter, 180° rotation 

around the vertical axis and rotational step of 0.2° at 100 kV and 100 µA. The images 

were reconstructed using a NRecon software program (NRecon v.1.6.3; Bruker), and 

superimposed with geometric alignment using a DataViewer software program (Data 

Viewer v.1.5.1, Bruker). The qualitative analysis was performed using a CTAn 

software program (CTAn v.1.14.4, Bruker). The original images were resized 

isotropically to perform analyses with different voxel sizes. Images at 10 and 20 μm 

were obtained for qualitative analysis.  This was achieved by resizing the previously 

scanned 5 μm images by 2 and 4, respectively, using a CTAn software program, 

while the dataset previously superimposed in DataViewer software was being 
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loaded.26 Three dimensional images were made with a CTVox software program 

(CTVox v.3.2; Bruker).  

The analyses were performed in the middle and apical thirds of the roots, 

considering 3 mm for each third. The microcracks were evaluated by opening the 

cross-sectional images before and after instrumentation, and evaluating them at the 

same time. The analyses were performed in three voxel sizes, totaling 14,400 slices 

of cross-sectional images at 5 μm, 7,200 at 10 μm, and 3,660 at 20 μm, per third in 

each group. The images were then compared twice by two blinded examiners, at two 

different times. Microcracks were defined as lines or defects extending from inside 

the root canal to the dentin, or from the outer root surface into the dentin (Figure 1). 

The distribution of microcracks was expressed as a percentage of the total cross-

sectional images. 

 

Statistical Analysis 

The results were expressed as a percentage for each group. Kappa statistics 

were used to ascertain intra- and extraexaminer agreement. The McNemar test was 

used to determine significant differences before and after instrumentation, and at 

different voxel sizes in the same group. The level of significance was set at 5%. 

 

Results 

The kappa values were greater than 0.81 for all parameters assessed, thus 

confirming intraexaminer and extraexaminer agreement. The detection of dentinal 

microcracks in the PDL group, before and after instrumentation, was more accurate 

at 5 μm than at 20 μm in all thirds (p < 0.05) (Table 1). Figure 2 shows a thinner 

continuity of microcracks based on different voxel sizes. 

No differences were observed in the apical third before or after instrumentation 

in any of the voxel sizes (5, 10 and 20 μm), in the HEDM group, (p > 0.05). The 

comparison between before and after instrumentation with PDL and HEDM showed 

that the percentage of dentinal microcracks was similar for both groups at 10 and 20 

μm (p > 0.05). However, the percentage of dentinal microcracks after instrumentation 

with HEDM was higher in the middle third at 5 μm (p < 0.05) (Table 1). Figure 3 

shows cross-sectional images revealing microcracks before and after instrumentation 

with the PDL and HEDM systems. 
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Table 2 - Percentage of sections with dentinal microcracks before and after 

preparation, based on different voxel sizes 

  ProDesign Logic 30.05  HyFlex EDM 25.08 

  5 µm 10 µm 20 µm  5 µm 10 µm 20 µm 

Before 

preparation 

 

Middle 3.04a 2.92ab 1.85b  19.94a* 18.80b 17.32b 

Apical 3.19a 2.35b 2.32b  1.40a 1.13a 1.13a 

After 

preparation 

Middle 3.36a 3.02a 2.09b  24.11a* 20.04b 18.16b 

Apical 3.45a 2.44ab 2.38b  1.52a 1.23a 1.20a 

Different lowercase letters on the same line indicate statistical difference among the 

different analysis resolutions of the same group. * represents statistical difference 

between before and after preparation in same group and third (McNemar test, 5% 

significance). 
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Figure 1 - 3D reconstructions showing microcracks in the mesial roots of mandibular 

molars. 
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Figure 2 - Representative cross-sectional micro–CT images showing a thinner 

continuity of microcracks based on different voxel sizes. 



 44 

 

Figure 3 - Representative cross-sectional micro–CT images, at 5 µm voxel size, 

showing microcrack continuity with a 50 µm interval between slices, before and after 

instrumentation with the ProDesign Logic and HyFlex EDM systems. Microcracks are 

circled in red. 

  

Discussion 

 

Tooth fracture is a critical issue in endodontics, owing to its direct relation to 

long-term survival rates27. In the present study, a higher percentage of microcracks 

was observed at a small voxel size (5 μm). Hence, our first null hypothesis was 

rejected, considering that microcrack detection was influenced by the voxel size. 

Many factors may influence microcrack evaluation, such as different scan 

settings, number of cross-sectional images, different voxel sizes, and 

misinterpretation of ring artifacts18. The influence of voxel size has been previously 

assessed for cone beam computed tomography28,29. Similarly, previous studies have 

observed that analysis of trabecular bone structure can be significantly affected due 

to micro-CT voxel size26,30,31. In endodontics, Orhan et al.32 evaluated the presence 

of voids in filled root canals, at different voxel sizes. The authors detected more voids 
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at smaller voxel sizes (5.2, 8.1 and 11.2 µm) than at 16.73 µm. In the current study, 

voxel size was the only variable evaluated, since the samples were scanned at 5 µm, 

and the reconstructed images were resized to acquire images with 10 and 20 µm 

voxel size26. This method allows the micro-CT images to be resized to higher voxel 

sizes, which represent an average of the previous voxels26,33. Therefore, the smallest 

voxel size used during the scanning procedure can be considered the gold standard 

for determining the level of accuracy under limited resolution scenarios 31,34.   

The analyses at 10 and 20 µm were similar regarding the presence of 

microcracks before and after the preparation with HEDM files. However, assessment 

at 5 μm showed a higher percentage of microcracks in the middle third after 

instrumentation, partially rejecting the second null hypothesis. The highest number of 

image slices at 5 μm can be attributed to the ability of micro-CT to detect a thinner 

continuity of microcracks than images at 10 and 20 µm, based on its high-resolution 

scans, known to provide more accurate analysis of microstructures30. On the other 

hand, considering that statistical significance is dependent on the sample size35, and 

that each cross-sectional image was used for statistical qualitative tests9,12,14, the 

larger number of slices observed at the higher resolution (5 µm) may have 

contributed to the statistical significance observed in the analyses before and after 

preparation with HEDM performed at 5 um.  

In a previous study, HEDM did not cause microcracks in mandibular premolars 

with straight root canals18. However, Mandava et al.13 showed a higher percentage of 

microcracks after HEDM instrumentation in mesial curved canals of mandibular 

molars. The root canal anatomy may have contributed to producing discordant 

observations between the two studies, since mesial curved canals may favor 

microcracks formation13. The increased percentage of microcracks could be 

attributed to the taper7,9, the hard surface induced by the surface treatment21,36,37, the 

tip design, the cross-sectional geometry, the variable pitch or the flute form7,9,27. 

Specifically, the greater taper of the first 4 mm of the 25/.08 HEDM file, despite its 

progressive taper reduction to .0413,21,38, may have caused a more aggressive 

instrumentation than the constant taper of the 30/.05 PDL file. The propagation of 

microcracks in HEDM instrumentation was probably caused by tensions inside the 

root canal, which were transmitted to the external root surface, thus increasing a 

preexisting defect. A previous study reported that this effect is caused by the collapse 

of the dentin bonds around the external root surface10. 
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After PDL preparation, no new microcracks were observed, even at 5 μm. 

Moreover, no correlation was observed between the instrumentation and the 

formation/propagation of microcracks after preparation with PDL files17.  Although 

PDL also has CM heat treatment19, its reduced taper could influence the differences 

observed in regard to the HEDM group, even at the similar speed and torque values 

used in both systems.  

 In the present study, the images revealed that microcracks were already 

present in all the groups before instrumentation, thus corroborating previous 

investigations that used larger voxel sizes12,15,16,18. These defects in uninstrumented 

teeth could be attributed to the forces at play during extraction, excessive occlusal 

functional loads, tooth age39 or dentin dehydration16. The authors decided to reduce 

this methodological bias by carefully selecting the specimens, and storing them in 

0.1% thymol, as part of our methodology. This resulted in a low percentage of pre-

existing microcracks. The majority of microcracks were observed from the external 

root surface extending to the root canal, corroborating a previous study9.  In the 

current study, the preoperative volume of root canals was considered in selecting the 

sample. The HF-EDM group presented a higher percentage of microcracks than the 

PDL group. Micro-CT analysis allows visualization of preexisting and post-operative 

microcracks, thereby allowing each specimen to act as its own control40. However, 

the greater presence of preexisting microcracks may have induced a greater 

formation of microcracks during the preparation by HF-EDM. Therefore, within the 

limitations of this ex vivo study, it can be concluded that the voxel size should be 

considered as a potential factor for detecting microcracks when assessing micro-CT 

images. Further studies are needed to evaluate detection in lower micro-CT voxel 

size scans. 

 

Conclusions 

 As expected, the results showed that different resolutions influenced the 

micro-CT analysis of microcracks. The highest accuracy in detecting microcracks 

was observed for analyses performed at 5 μm voxel size. HyFlex EDM caused even 

more microcracks to develop in the middle third, detectable only by visualization of 

images made at 5 μm voxel size. 
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3.3 Publicação 3 
 
Influence of voxel size on micro-CT analysis of debris after root canal 

preparation 

 

Abstract 

The aim of this study was to assess the influence of micro-computed tomography 

(micro-CT) voxel size on the evaluation of debris accumulation after passive 

ultrasonic irrigation (PUI) in curved root canals prepared with rotary nickel-titanium 

files. Mesial root canals (n=24) of mandibular molars with curvature between 25° and 

35° were prepared using ProDesign Logic 30/.05 (PDL) or HyFlex EDM 25/.08 

(HEDM). PUI was performed after root canal preparation of all root canals. The 

specimens were scanned using high-resolution (5μm voxel size) micro-CT imaging 

before and after experimental procedures. The percentage of debris was analyzed in 

the middle and apical thirds using images with 5, 10 and 20μm voxel sizes. Data 

were compared using unpaired and paired Student’s t-test, ANOVA and Tukey’s 

statistical tests (α=0.05). There were no differences among the debris analyses 

performed at different voxel sizes (5, 10 and 20μm) (p>0.05). The percentage of 

debris was similar between the root canals prepared by PDL and HEDM before and 

after PUI (p>0.05). In both groups, the percentage of debris decreased in the middle 

third after PUI (p<0.05). Within the limitations of this ex vivo study, it can be 

concluded that the voxel sizes evaluated did not have a significant impact on the 

analysis of accumulated debris. However, the results showed a tendency for 

detection of more debris in the analysis performed using a lower voxel size. PUI 

decreased the debris accumulation in the middle third of curved root canals. 

 

Keywords: Root canal preparation; Dental pulp cavity; Instrumentation; X-Ray 

microtomography; Ultrasonic therapy 
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Introduction 

The aim of root canal treatment is to prevent apical periodontitis, by 

eliminating microorganisms from the root canal system.1 However, hard tissue debris 

is deposited on root canal walls after root canal preparation.2 The presence of debris 

in the root canal makes disinfection difficult,2,3 and decreases sealer adhesion to 

dentinal tubules.4 Paqué et al.2 developed a method to view and analyze 

accumulated hard tissue debris in root canals using micro-computed tomography 

(micro-CT). Since then, micro-CT imaging has been used to evaluate debris 

accumulation.5-9 

  However, micro-CT analysis can be influenced by many factors, such as 

different scan settings, image resolutions and ring artifacts.10 Different micro-CT 

acquisition resolutions are used to analyze debris accumulation, using scanning 

voxel sizes of 9 µm5, 7, 14 µm8,11, 18µm6,12, and up to 20 µm.2 The different means of 

image acquisition and image evaluation make it difficult to discuss results and 

compare different studies.10 A smaller voxel size is ideal for micro-CT analysis,13 

however, high-resolution scans require longer acquisition time, and generate large 

data sets. 

New mechanized heat-treated nickel and titanium (NiTi) instruments have 

been proposed especially for centralized preparation in curved root canals.5,14 

ProDesign Logic (PDL) (Easy Equipamentos Odontológicos, Belo Horizonte, MG, 

Brazil) manufactures NiTi instruments submitted to a heat treatment and featuring a 

controlled memory (CM), with improved flexural resistance.15 Hyflex EDM – HEDM 

(Coltène/Whaledent, Allstätten, Switzerland) also makes heat-treated CM 

instruments, and offers a surface treatment, called electro‐discharge machining 

(EDM).16 This manufacturing process improves the mechanical properties of HEDM 

files.17 These files maintain their integrity after multiple uses, and are associated with 

high resistance to cyclic fatigue. 18 

However, previous studies have observed large amounts of accumulated 

debris in root canals after preparation with mechanized NiTi instruments.4,5,7 Final 

irrigation protocols, such as passive ultrasonic irrigation (PUI),  have been proposed 

to improve the cleaning of root canals.4,7 Irrisonic (Helse Ultrasonic, Santa Rosa de 

Viterbo, SP, Brazil) is an ultrasonic tip indicated for performing PUI. It is made of 
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stainless steel with a size 20/.01 file.19 Ultrasonic activation with Irrisonic promoted 

greater reduction in microbial load within root canals.20 

To the best of our knowledge, no studies have been performed to date that 

evaluate the influence of voxel size on the analysis of debris accumulation after root 

canal preparation.  Therefore, the aim of this study was to assess the influence of 

voxel size in micro-CT evaluation of debris accumulation after PUI application in 

curved root canals prepared with PDL or HEDM. The first null hypothesis was that 

there would be no differences among the analyses performed at different voxel sizes 

(5, 10 and 20 µm). The second null hypothesis was that PUI would not promote a 

decrease in the percentage of debris after preparation with PDL or HEDM. 

 

Materials and methods  

 

All the procedures were approved by the ethics committee (CEP no. 

64736116.4.0000.5416). Human mandibular first and second molars previously 

stored in 0.1% thymol solution at 5°C were used. The inclusion criteria consisted of 

the configuration of two independent mesial root canals according to the Vertucci 

type IV classification,21 angle of curvature between 25° and 35°, in accordance with 

the Schneider method,22 and radius of curvature smaller than 10 mm, following the 

Pruett method,23 in addition to complete apical formation, and absence of root 

fractures, calcifications or internal resorptions. These criteria were confirmed by 

radiographing the specimens using a digital system (RVG 6100; Kodak Dental 

Systems, NY) and a micro-CT device (SkyScan 1276; Bruker-microCT, Kontich, 

Belgium). The first scanning was performed at low-resolution (35-µm voxel size) 

under the following settings: copper and aluminum filters, 87-millisecond exposure 

time, frame averaging of 3, 180° rotation around the vertical axis, rotational step of 

0.5° at 80 kV and 300 µA.  

A total of twelve roots were selected, totaling twenty-four root canals, including 

the mesiobuccal and mesiolingual canals of each root. The root canals were 

randomly divided into two experimental groups (n = 12), using stratified random 

sampling, considering the preoperative root canal volume. Six mesiobuccal canals 

and six mesiolingual canals were used in each group. The root length was 

standardized at 18 mm, with a tolerance of ±1 mm of discrepancy. The specimens 
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were embedded in condensation silicone (Oranwash, Zhermack, Badia Polesine, 

Italy) to simulate the periodontal ligament. 

 

Root Canal Preparation 

Conventional access cavities were performed, and the root canals were 

explored with a size #10 K-file (Dentsply Sirona Endodontics, Ballaigues, 

Switzerland) up to the apical foramen. The working length (WL) was established 1 

mm short of the apical foramen, and confirmed by a digital radiograph. Afterwards, a 

trained operator instrumented all the specimens with an operating microscope (MC-

M1232, DF Vasconcellos, Valença, RJ, Brazil) at 13X magnification, using an 

endodontic motor (VDW Silver, VDW, Munich, Germany). 

PDL Group: Instrumentation with PDL. The 30/.01 file was used in continuous 

rotation at 350 rpm speed and 1 Ncm torque, using in-and-out movements up to the 

working length. Then, the 30/.05 file was used at 600 rpm speed and 4 Ncm torque.   

HEDM Group: Instrumentation with HEDM. The 10/.05 file was used in 

continuous rotation at 300 rpm speed and 1.8 Ncm torque, using in-and-out 

movements up to the working length. Then, the HEDM 25/.08 file was used at 500 

rpm speed and 2.5 Ncm torque. 

Root canal irrigation was performed with 5 mL of 2.5% sodium hypochlorite 

(NaOCl), using a 30G side-vented needle (NaviTip, Ultradent Products, South 

Jordan, UT) adapted to a 5 mL syringe (Ultradent Products) placed 2 mm short of the 

working length.  

 

Passive Ultrasonic Irrigation (PUI) 

The Irrisonic ultrasonic tip was activated in an Ultrawave XS ultrasonic device 

(Ultradent, South Jordan, USA) using a power of 10% and frequency of 50 Hz, 

according to the manufacturer's recommendation. The ultrasonic tips were positioned 

2 mm short of the working length and used in in‐and‐out movements to avoid contact 

with the root canal walls. The irrigant solution was delivered into the root canals, and 

the ultrasonic activation was performed using three cycles of 20 seconds each, with 

2.5% NaOCl in the first and third cycles, and 17% EDTA in the second cycle. A 2-mL 

aliquot of irrigation solution was used in each cycle, totalizing 4 mL of NaOCl and 2 

mL of EDTA.  The final irrigation used 5 mL of distilled water. 
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Micro-CT analysis 

The specimens were scanned at high-resolution (5-µm voxel size) before and 

after instrumentation, and after PUI application, under the following settings: copper 

filter, 180° rotation around the vertical axis and rotational step of 0.2° at 100 kV and 

100 µA. The images were reconstructed using NRecon software (V1.6.10.4; Bruker, 

Belgium), and superimposed by geometric alignment using DataViewer software 

(V.1.5.1, Bruker, Belgium). Representative images were performed with models 

obtained from CTVol software (v.2.3.1.0; Bruker-microCT). The quantitative analysis 

was performed using CTAn software (V.1.14.4, Bruker, Belgium). Original images 

were resized isotropically to perform comparative analyses among the different voxel 

sizes. Images at 10 and 20 μm were obtained and used for quantitative analysis. This 

was achieved by resizing the previously scanned 5-μm images by 2 and 4, 

respectively, using CTAn software, when loading the dataset previously 

superimposed in DataViewer software.24 

The analyses were performed in the middle and apical thirds of the roots, 

considering 3 mm for each third. Preoperative volume, volume of the prepared canal, 

and volume of debris after preparation were obtained. Based on these values, the 

percentage of debris (% Debris) was calculated using the following formula: 

                       % Debris =       Volume of debris x 100 

                                               Volume of prepared canal 

 

Statistical analysis 

The data obtained were submitted to the Shapiro-Wilks normality test, and all 

the data presented normal distribution. Regarding the analyses between the groups, 

the no-paired t-test was used, and regarding debris quantification before and after 

PUI application, the paired t-test was applied. As for the analysis among images with 

different voxel size, ANOVA and Tukey’s tests were performed. The level of 

significance was set at p < 0.05. 
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Results 

 

There were no differences among the debris analyses performed at different 

voxel sizes (5, 10 and 20 μm) (p > 0.05). The percentage of debris was similar 

between the two root canals prepared with PDL and the two prepared with HEDM 

before and after PUI application (p > 0.05). In both groups, the percentage of debris 

decreased after PUI activation in the middle third (p < 0.05) (Table 1). Figure 3 shows 

3D models representing debris accumulation in root canals after preparation with 

PDL and with HEDM, before and after PUI application.  

 

Table 1 - Means and standard deviations of percentage of debris analyzed at 

different voxel sizes in curved root canals prepared with ProDesign Logic 30/.05 

(PDL) and HyFlex EDM 25/.08 (HEDM) before and after passive ultrasonic irrigation 

(PUI)  

 5 µm 10 µm 20 µm 

  Before  PUI After PUI Before PUI After PUI Before PUI After PUI 

PDL Middle 3.08±2.27a 0.91±0.33b 2.62±1,65a 0.84±0.32b 2.24±1.47a  0.79±0.34b 

Apical 5.07±2.53ª 2.68±1.23ª 4.64±2.28ª 2.55±1.21ª 4.39±2.56ª 2.38±1.17ª 

HEDM Middle 3.65±2.03a 1.44±0.88b 3.43±0.09a 1.32±1.68b 2.79±2.32a 1.05±0.54b 

Apical 5.77±2.94ª 3.98±0.98ª 5.77±3.03ª 3.67±0.84ª 5.25±2.96ª  3.37±0.91ª 

Different superscript lowercase letters on the same line indicate significant 

differences detected among the percentages of debris before and after using PUI (p 

< 0.05). 
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Figure 1 - 3D reconstructions of images with 5-µm voxel size of middle and apical 

thirds of mesial roots of mandibular molars prepared by ProDesign Logic and HyFlex 

EDM before and after PUI, showing debris accumulation in black 

 

Discussion 

 

Accumulation of debris after root canal preparation can impair disinfection of 

the root canal system.25 Micro-CT has been used in recent studies to evaluate debris 

accumulation, owing to its high accuracy and high spatial resolution.2,5-8 The first null 

hypothesis was accepted, because similar results were observed for root debris, 

using different voxel size analyses.  

 The voxel size can affect the quality of the images, and consequently that of 

the analyses performed.10,26 Previous studies have observed that the analysis of 

trabecular bone structure13,24,27,28 and voids in filled root canals29 is significantly 

affected by micro-CT scanning voxel size. However, larger voxels do not always 
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mean lower diagnostic accuracy.30,31 Studies that have evaluated the influence of 

voxel size in diagnoses using cone beam computed tomography images of root 

fracture are conflicting.31-33 Whereas a previous investigation showed significantly 

higher detection of vertical root fractures in images with smaller voxel size,32  Özer  et 

al.33 reported that there were no significant differences in the diagnostic accuracy of 

root fracture among cone beam computed tomography images captured with different 

voxel sizes.  

 Higher scan resolution is a favorable feature in performing micro-CT analysis. 

However, scans with higher voxel size can be obtained faster and generate smaller 

data sets.13 Voxel size was the only variable evaluated in the present study, as done 

in previous methodological models.24,27,28 The samples were scanned at 5 µm and 

the reconstructed images were resized by 2 and 4 to acquire images with 10 and 20 

µm voxel sizes.24 The new values produced for the images resized to larger voxel 

sizes represent the average of previous voxels, leading to a decrease in the accuracy 

of the image.24,27  Although this method could be considered a limitation of the 

current study, it actually allowed accurate comparisons among the same regions of 

interest24. In brief, by decreasing the voxel size with the software, we could save the 

time required to run a new micro-CT scan. Moreover, the smaller voxel size used 

during the scanning procedure may be considered the gold standard to determine the 

level of accuracy under limited resolution scenarios27,28. However, although the voxel 

size may have significant effects on the results,13,29,34 it is not the only factor 

influencing spatial resolution of the micro-CT image.10,27 The spatial resolution also 

depends on mean absorption of the sample, detector noise, reconstruction algorithm, 

X‐ray focal spot size and shape, detector aperture, and scanner geometry.10 Within 

the limitations of the present study, our findings suggest that a 20-µm voxel size may 

be used for debris evaluation, thus representing a cost reduction factor for further 

research.  

 Although the analyses of the different voxel sizes did not produce significative 

differences in the results, there was a tendency to have a higher percentage of debris 

in analyses performed at a smaller voxel size than those performed at a larger voxel 

size. Considering that the statistical significance is dependent on the sample 

variance,35 the larger standard deviation of the results may have contributed to the 

statistical similarities among the analyses performed at different voxel sizes. Several 

studies that have evaluated debris accumulations by micro-CT have also shown a 
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large standard deviation2,4,7,8,11,12 or non-normal distribution of data.5,6 Even using 

methods that improve the sample selection criteria, such as micro-CT analyses for 

tooth selection and sample randomization,5 it  is difficult to standardize the debris 

accumulated in each root canal after its preparation.   

 PUI is an irrigation protocol that uses acoustic energy-promoting 

hydrodynamic agitation of the liquid.36 The reduction in root canal debris after 

performing PUI has been reported by several studies.4,7,11,37  As expected, in the 

present study, PUI decreased the percentage of debris in the middle third after 

preparation with PDL and HEDM. However, PUI did not reduce the percentage of 

debris in the apical third.  In the present investigation, Irrisonic was inserted up to 2 

mm short of the WL,4,7,11 and promoted a limited effect on the apical third of the root 

canal. In addition, the largest width of the cervical root canal allows it to be cleaned 

more effectively,38 leading to better circulation and effect of the irrigating solution.39,40 

Moreover, a previous study showed that activation of the irrigating solution using PUI 

promoted less effective debris removal in the apical third than a reciprocating system 

for final irrigation.38 

  

Conclusions 

 

Within the limitations of the present study, it can be concluded that the voxel 

sizes evaluated did not have a significant impact on the analysis of accumulated 

debris. However, the results showed a tendency of more debris detection in analyses 

performed at a lower voxel size. PUI reduced the debris accumulation in the middle 

third of curved root canals. 
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3.4 Publicação 4 

 

Evaluation of curved root canals filled with a new bioceramic sealer: a micro-

computed tomographic study using images with different voxel sizes and 

segmentation methods 

Abstract 

The aim of this study was to investigate the filling ability of a new premixed 

bioceramic sealer in comparison with an epoxy resin-based sealer in curved root 

canals using different segmentation methods and voxel sizes in micro-CT images. 

Twelve curved mesial roots of mandibular molars with two separated canals were 

selected. All root canals were prepared by using HyFlex EDM files size 25/.08 and 

filled by the single cone technique and Bio-C Sealer or AH Plus (n = 12). The 

samples were scanned by micro–CT at 5 μm. The images were analyzed at 5, 10 

and 20 µm for the volumetric analysis of voids in filling. Visual image segmentation 

was performed by two examiners, and the automatic segmentation was 

accomplished for comparison. Radiopacity of the sealers was evaluated by 

radiographic analysis. Data were submitted to the two-way ANOVA and non-paired t-

tests at a significance level of 5%. AH Plus had the highest radiopacity (p < .05). 

Root canals filled with AH Plus or Bio-C had similar low percentage of voids (p > .05). 

There was no difference interobserver, which had similar results to those obtained 

with automatic segmentation for all voxel sizes evaluated (p > .05). Bio-C Sealer had 

appropriate filling ability. Visual and automatic segmentation can be applied to micro-

CT images with voxel sizes from 5 to 20 µm to evaluate the filling of sealers with 

adequate radiopacity. Automatic segmentation should be used as a faster method. 

KEYWORDS  

calcium silicate, dental materials, physical properties, root canal filling, x-ray 

microtomography 

 

 

                                                 
 Artigo publicado no periódico Microscopy Research and Technique. 
(https://doi.org/10.1002/jemt.23855). 
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Introduction  

 

Three-dimensional root canal filling may directly impact the endodontic treatment, 

since the presence of voids within filling can harbor bacteria, causing a negative 

impact on the long-term tooth prognosis (Aktemur Türker, Uzunoğlu Özyürek, & Tek, 

2020; Ricucci, Lin, & Spångberg, 2009). X-ray micro-computed tomography (micro-

CT) is a non-destructive method applied to evaluate the root canal filling quality with 

different materials and techniques, using images with different voxel sizes (Huang et 

al., 2017; Kierklo, Tabor, Pawińska, & Jaworska, 2015; Pedulla et al., 2020; Viapiana 

et al., 2016; Wolf, Kupper, Reimann, Bourauel, & Frentzen, 2014). Although micro-CT 

scanning can be considered as gold standard for measurements in endodontics 

(Campello et al., 2019; Celikten et al., 2019; de Oliveira et al., 2017), the high density 

of filling materials may hamper the image analysis (Celikten et al., 2019; Kierklo et al., 

2015).  

Several root canal sealers are available and their different radiopacity produce 

distinct artifacts in 3D images (Celikten et al., 2019). AH Plus (DentsplyDeTrey, 

Konstanz, Germany) is an epoxy resin-based root canal sealer with excellent 

physicochemical properties, including high flow and radiopacity (Silva Almeida, 

Moraes, Morgental, & Pappen, 2017). However, AH Plus has no bioactive properties 

(Viapiana, Guerreiro-Tanomaru, Hungaro-Duarte, Tanomaru-Filho, & Camilleri, 

2014). Endodontic sealers based on calcium silicates have been proposed due to 

their cytocompatibility and mineralization ability (Alves Silva et al., 2020; Sanz et al., 

2020). Bio-C Sealer (Angelus, Londrina, PR, Brazil) is a new premixed ready-to-use 

calcium silicate–based sealer presenting radiopacity and flow in accordance with the 

ISO 6876 standard (Zordan-Bronzel et al., 2019), as well as biocompatibility and 

bioactivity (Alves Silva et al., 2020; Sanz et al., 2020). In addition, Bio-C Sealer had 

similar filling ability to AH Plus  in flattened root canals (Tavares et al., 2020). 

However, up to now, there is no study investigating the filling ability of Bio-C Sealer in 

curved root canals. 

The different approaches to image acquisition and evaluation make difficult the 

interpretation and comparison of findings across studies using micro-CT (Bouxsein et 

al., 2010; Torres et al., 2020). The segmentation of micro-CT images may have a 

significant impact on all assessment (Bouxsein et al., 2010; Moinzadeh, Zerbst, 

Boutsioukis, Shemesh, & Zaslansky, 2015), and the current literature is divergent 
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about which segmentation method is the most reliable (Christiansen, 2016; Galibourg 

et al., 2018; Michetti, Basarab, Diemer, & Kouame, 2017; Rovaris et al., 2018). 

Regardless of the method used, accuracy of the segmentation depends on the image 

quality (Michetti, Georgelin-Gurgel, Mallet, Diemer, & Boulanouar, 2015), and the 

voxel size was identified as one of the main factors that can affect the results of 

studies that evaluated the root canal filling by using micro-CT (Orhan et al., 2018).  

No study has assessed the influence of the segmentation method in micro-CT 

images with different resolutions for root canal filling quality analysis. In addition, 

investigations are needed to better understand the performance of new calcium 

silicate‐based sealers before their clinical indication (Torres et al., 2020). Therefore, 

the aim of this study was to investigate the percentage of voids in curved root canals 

filled with a new bioceramic sealer (Bio-C Sealer), in comparison with the gold 

standard AH Plus, using micro-CT images with different voxel sizes and methods of 

segmentation. The radiopacity of the root canal sealers were also evaluated. The first 

null hypothesis was that there would be no difference between AH Plus and Bio-C 

Sealer regarding their filling ability in curved root canals. The second null hypothesis 

was that would be no differences among analyzes performed by different 

segmentation methods using images with different voxel sizes. 

 

Materials and methods 

Specimen selection 

In the present study, the sample calculation was performed using a specific software 

(G * Power 3.1.7 for Windows, Heinrich Heine, Universitat Dusseldorf). The t-test for 

two independent groups was used, with alpha type error of .05 and beta power of 

.95. The effect size (1.73) was calculated based on   previous study with similar 

methodology (Oh et al., 2016).  Nine specimens per group were indicated as the 

ideal size required. A sample of 12 root canals per group was used.  

All experimental procedures used in this study were approved by the Faculty’s 

Ethics Committee (protocol no. 10411219.9.0000.5416). The selected root canals 

were stored in a 0.1% thymol solution at 5°C. The sample used consists of human 

mandibular first and second molars with two independent mesial root canals 

according type IV Vertucci’s classification (Vertucci, 1984), angle of curvature 

between 25° and 35° in accordance with the Schneider method (Schneider, 1971) 
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and radius of curvature smaller than 10 mm, following the Pruett’s method (Pruett, 

Clement, & Carnes, 1997). All selected roots had complete apical formation, absence 

of root fractures, calcifications or internal resorptions. The tooth size was 

standardized at 18 mm, considering the root and crown, with a tolerance of ±1 mm of 

discrepancy. The samples were measured with a millimeter ruler (Golgran. Sao 

Caetano do Sul, SP, Brazil) and the lengths were confirmed by radiographic analysis.  

A digital radiographic system (RVG 6100; Kodak Dental Systems, NY) was used to 

select teeth according with inclusion criteria. Image J program (National Institutes of 

Health, Bethesda, MD, USA) was used to assess degree and radius of curvature in 

the radiographic images.  All teeth selected by radiographic exams were scanned 

using a micro-CT device (SkyScan 1276; Bruker-microCT, Kontich, Belgium) at a 

low-resolution (35 µm voxel size). Then, the three-dimensional images obtained were 

used for a more accurate selection, confirming the inclusion criteria. The micro-CT 

scanning was performed under the following settings: copper and aluminum filters, 

87-millisecond exposure time, frame averaging of 3, 180° rotation around the vertical 

axis, rotational step of 0.5° at 80 kV and 300 µA. A total of twelve roots were 

selected, totaling twenty-four root canals, including the mesiobuccal and mesiolingual 

canals of each root. The specimens were embedded in condensation silicone 

(Oranwash, Zhermack SpA, Badia Polesine, Italy) to simulate the periodontal 

ligament. The root canal preparation and filling steps were performed by an 

experienced endodontist. 

 

Root canal preparation 

Traditional access cavities were prepared using high speed bur (n.2, KG 

Sorensen, São Paulo, Brazil) with complete removal of the pulp chamber roof 

followed by achieving straight‐line access to the canal orifices, with smoothly 

divergent axial walls. The working length was defined at 1 mm short of the apical 

foramen, by using a type K#10 file (Dentsply, Maillefer, Switzerland). For preparation, 

HyFlex EDM (HEDM; Coltene/Whaledent, Altstätten, Switzerland) 10/.05 was 

operated by electric motor VDW SILVER (VDW GmbH, Munich, Germany) in rotary 

motion at 300 rpm and torque 1.8 Ncm, with in-and-out movements up to the WL. 

Then, HEDM 25/.08 was used at 500 rpm and torque 2.5 Ncm, as described above. 

After use of each instrument the patency was maintained using a K#10 file. Each root 
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canal was irrigated with 5 mL of 2.5% sodium hypochlorite (NaOCl). The ultrasonic 

tip Irrisonic (Helse Ultrasonic, Santa Rosa de Viterbo, SP, Brazil), activated by the 

ultrasonic device Ultrawave XS (Ultradent, South Jordan, USA), was used to perform 

passive ultrasonic irrigation (PUI) in all root canals. Following the manufacturer’s 

recommendation, a power of 10% and frequency of 50 Hz were used.  Activations 

was performed with three cycles of 20 seconds, using the following sequence: 2 mL 

of 2.5% NaOCL, 2 mL of 17% EDTA and 2 mL of 2.5% of NaOC. As final irrigation, 5 

mL of distilled water was used.  The root canals were dried with absorbent paper 

points , without causing excessive dryness for Bio-C Sealer Group. 

 

Root canal filling 

A stratified random sampling statistical method was used to divide the root canals in 

two experimental groups, considering the post-preparation volume (n = 12). Before 

filling, a previous selection of the gutta-percha cones size 25/.08 (Coltene/Whaledent, 

Langenau, Germany)  was performed using  a Profilometer (Profile Projector Nikon 

Model 6C-2, Nikon, Tokyo, Japan) in order to ensure higher  standardization of their 

tip size and taper. Previously to the filling stage, radiographic adaptation proof of the 

gutta-percha points  1 mm short of the apex was obtained. The sealers were used in 

accordance with the manufacturer´s instructions and their composition and proportion 

are described in Table 1. All the root canals were filled using the single-cone 

technique, as follows: 

 AH Plus Group: A Lentulo spiral #25 (Dentsply Maillefer) coupled to a low-

speed motor (Micromotor N270 and Counter-angle, Dabi-Atlante, Ribeirão Preto, SP, 

Brazil) and #25 K-file was used to insert sealer in the root canal. Both instruments 

were used in in-and-out motions in the clockwise directions to insert the sealer into 

the root canal.  Lentulo was used up to the 3 mm short of the WL and K-file up to the 

WL. This procedure was repeated three times.  

 Bio-C Sealer Group: A syringe and plastic needles provided by its 

manufacturer were used to inject the sealer into the root canal at 4 mm of the WL. 

For all root canals, the coronal excesses of gutta-percha were cut with a heat 

plugger (Golgran, São Caetano do Sul, SP, Brazil), and then a light compaction was 

performed using the same plugger. Digital radiographs were taken to assess the 

quality of root canal fillings. For this evaluation was considerate the apical limit of 



 72 

obturation and the filling by endodontic sealer. The access cavities were filled with 

Coltosol (Vigodent, Rio de Janeiro, RJ, Brazil) and stored at 37º C and 95% relative 

humidity for 1 week to allow the sealers to set completely. 

Table 1 - Root canal sealers, their Manufacturer, Composition, and the Proportion 

Used 

Material Manufacturer Composition Proportion 

Bio-C Sealer 
Angelus, Londrina, PR, 

Brazil 

Calcium silicates, calcium 
aluminate, calcium oxide, 

zirconium oxide, iron oxide, silicon 
dioxide, dispersing agent. 

 

Ready to use 

AH Plus 

 

 

Dentsply DeTrey GmbH, 
Konstanz, Germany 

Bisphenol-A epoxy resin, 
bisphenol-F epoxy resin, calcium 
tungstate, zirconium oxide, silica, 

iron oxide pigments 
dibenzyldiamine, 

aminoadamantane, silicone oil. 

1 g:1 g 
(paste/paste) 

 

 

Micro-CT analysis  

 

All roots were scanned before and after filling using a micro-CT device (SkyScan 

1272. Bruker, Kontich, Belgium). For images acquisitions were used de following 

settings: 5 µm voxel size, energy of 100 kV, intensity of 100 µAP, cooper filter, 180° 

rotation around the vertical axis and rotational step of 0.2°. NRecon software 

(V1.6.10.4; Bruker, Belgium) was used for images reconstruction, and DataViewer 

software (V.1.5.1, Bruker, Belgium) was used to performer the geometric alignment 

between the images from before and after root canal filling. Representative images 

(3D models) were obtained in CTVox software (v.3.2; Bruker, Belgium). 

For quantitative analysis, images at 5, 10 and 20 μm were segmented using 

the CTAn software (V.1.14.4, Bruker, Belgium) (Figure 1). For this purpose, the 

previously scanned 5 μm images were resized by 2 and 4, respectively (Torres et al., 

2020). Initially, two independent examiners, with previous experience in micro-CT 

analysis, segmented the images visually using the adaptive/local method, and 
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recorded the threshold values. Then, the global segmentation was performed through 

the automatic thresholding plug-in available on CTAn software. The post-preparation 

volume of the canal and the filling volume were quantified.  To obtain the percentage 

of voids the following formula was used: [Percentage of voids = 100 - (filling material 

volume x 100 / canal volume)]. The analyzes were accomplished in the apical third of 

the root canals considering their last 4 mm.  

 

Radiopacity analysis  

Six specimens for each group were produced by using stainless steel rings 

measuring 10 mm in diameter × 1 mm thick and stored at 37º C and 95% relative 

humidity until setting process. Each sample was positioned on occlusal radiographic 

films (Insight-Kodak Comp, Rochester, NY) and exposed close to an aluminum scale 

with variable thickness (from 2–16 mm in 2-mm increments). An X-ray unit 

(Instrumentarium Dental, Tuusula, Finland) was operated according to the following 

parameters: 60 kV, 7 mA, 0.32 pulses per second, and a focus-film distance of 33 

cm. For the film processing was used a standard automatic processor (Dent-X 9000; 

Dent-X, Elmsford, NY). After the radiographs digitizing, the images were imported 

into Image Tool 3.0 software to determine the radiopacity equivalence of the sealers 

in millimeters of aluminum (mm Al). 

Statistical analysis 

Statistical analysis was performed using GraphPad Prism 5 (GraphPad Software Inc, 

La Jolla, CA, USA). Shapiro-Wilk test was used to test the data normality. The 

comparations between the sealers regarding radiopacity and percentage of voids 

were performed using non-paired t-test. ANOVA test was used for comparation 

among different segmentation methods and voxel size. The level of significance was 

set at 5%. 

 

Results  

Both sealers had radiopacity values above than the minimum required by ISO 6876, 

3 mm aluminum. However, AH Plus had the highest radiopacity (p < .05). For all 

voxel sizes evaluated there was no statistically significant difference interobserver in 

analyzes performed with adaptive thresholding, which had similar results to those 
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obtained with automatic segmentation (p > .05). There was no difference in the 

percentage of voids between root canals filled with AH Plus or Bio-C Sealer in the 

apical third (p > .05). The results are represented in Table 2 and Figure 2. 

Representative three-dimensional reconstructions of images obtained by micro-CT of 

root canals filled with AH Plus and Bio-C Sealer can be visualized in Figure 3.  

 

Table 2 - Percentage volume of voids in curved root canals (Mean ± standard 

deviation) after obturation by using AH Plus and Bio-C Sealer. Different segmentation 

methods in images with different voxel sizes were compared  

 5 µm 10 µm 20 µm 

 AH Plus Bio-C  AH Plus Bio-C  AH Plus Bio-C  

Visual method: 

 Examiner 1 
8.18 ± 1.9 8.72 ± 2.1 7.78 ± 2.6 7.13 ± 2.2 7.25 ± 2.9 7.10 ± 3.0 

Visual method:  

Examiner 2 
7.93 ± 1.0 8.06 ± 1.3 8.09 ± 2.4 7.63 ± 2.7 7.14 ± 3.1 7.25 ± 2.1 

Global method:  

Automatic 
thresholding 

7.14 ± 1.0 8.08 ± 1.2 6.91 ± 2.9 7.12 ± 2.1 6.54 ± 3.2 6.50 ± 2.0 

Note. There was not significantly different among the segmentation methods, voxel 

sizes and between the root canal sealers (p > .05). 
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Figure 1 - Representative axial sections of image obtained by micro-CT of filled root 

canal. (a) original image at 5 µm and images resized by 2 and 4 at 10 and 20 µm 

respectively. (b) the same images after segmentation. 

 

Figure 2 - Mean and standard deviation of the radiopacity of the sealers (p < .05).  
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Figure 3 - Tree-dimensional reconstructions and axial sections of images obtained by 

micro-CT in the apical third of mesial root canals of mandibular molars filled by single 

cone technique with AH Plus or Bio-C Sealer.  

 

Discussion  

The current study assessed the filling ability of two endodontic sealers by micro-CT 

using different segmentation methods in images with different voxel sizes. Accepting 

our both null hypotheses, similarities were observed between root canal filling 

promoted by AH Plus and Bio-C Sealer as well as among the segmentation methods 

and voxel sizes used.  

The root canal morphology may influence the voids within root fillings (Pedulla 

et al., 2020), and may be difficult to properly fill curved root canals (Alim & Garip 

Berker, 2020). The evaluation of obturation techniques in root canals with this 

morphology is limited (Schäfer, Nelius, & Bürklein, 2012). Additionally, the apical third 
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is considered critical for endodontic treatment success and control of re-infection 

(Ricucci, Lin, & Spångberg, 2009). Therefore, the present study showed the ability of 

the sealers evaluated to fill the apical third of curved root canals. Our findings 

corroborate a previous investigation that showed similar filling ability between Bio-C 

Sealer and AH Plus in flattened root canal (Tavares et al., 2020). The filling ability of 

Bio-C Sealer can be related to the small particle size and viscosity of calcium 

silicate–based sealers (Huang et al., 2017). Considering that AH Plus is the gold 

standard regarding physical properties and no differences were observed between 

AH Plus and Bio-C, this new calcium silicate-based sealer has adequate ability for 

root canal filling.  

The single cone technique was used in the present study due to its root canal 

filling ability (Moinzadeh et al., 2015) with less operator influence (Heran, Khalid, 

Albaaj, Tomson, & Camilleri, 2019; Keleş & Keskin, 2020). Micro-CT is a tool widely 

used to evaluate quality of root fillings and voids due to its non-destructive 

characteristic and spatial resolution (Celikten et al., 2019; Orhan et al., 2018; Pedulla 

et al., 2020). However, the approaches to image acquisition and assessment led to a 

lack of consistency for interpreting the results of studies using micro-CT (Bouxsein et 

al., 2010; Torres et al., 2020). Analysis of micro-CT images can be conducted using 

manual (Küçükkaya Eren, Askerbeyli Örs, & Yılmaz, 2017; Viapiana et al., 2016) or 

automatic segmentation (Celikten et al., 2019; Huang et al., 2017; Moinzadeh et al., 

2015). Manual segmentation method generally is time‐consuming, and the results 

achieved may vary according to the operator's skills (Barrett & Mortensen, 1997). 

Although automatic methods, such as global threshold, are faster and less operator-

dependent (Galibourg et al., 2018; Moinzadeh et al., 2015), manual segmentation 

showed lower absolute error values for the assessment of 2-dimensional 

morphometric parameters (Camargo et al., 2020). For both methods, beam 

hardening, noise, and partial volume effects can considerably reduce the quality of 

the segmentation, influencing the choice of a grey value as the threshold to separate 

the object from the background (Galibourg et al., 2018; Michetti et al., 2017; Michetti 

et al., 2015). Hence, analyses in structures scanned in high resolution with a 

homogenous structure are less influenced by the segmentation method (Hangartner, 

2007). 

 In the present study, for all voxel sizes evaluated, there was no difference 

interobserver in analyzes performed with adaptive thresholding, which had similar 
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results to those obtained with automatic segmentation when evaluating the filled root 

canals. Our findings corroborate a previous study (Queiroz et al., 2017) that observed 

similar results for manual and automatic thresholding for image segmentation 

regarding to the human bone morphometric analysis. The authors stated that 

automatic segmentation should be the first choice in micro-CT studies since this 

technique does not have human input, in agreement with our conclusions. On the 

other hand, an evaluation of the presence of voids in filled root canals with different 

voxel sizes detected more voids with smaller voxel sizes (5.2, 8.1 and 11.2 µm) than 

at 16.73 µm (Orhan et al., 2018). However, the authors scanned all teeth with 

different voxel sizes in the micro and nano-CT devices. In the present methodology, 

the samples were scanned at 5 μm and, after the reconstruction, the images were 

resized by 2 and 4 in order to acquire images at 10 and 20 µm respectively  (Torres, 

Jacobs, et al., 2020). Moreover, the voxel size is only one of the factors that affect 

the spatial resolution of the images, since mean absorption of the sample, detector 

noise, reconstruction algorithm, X-ray focal spot size and shape, detector aperture, 

and scanner geometry are fundamental factors for image quality (Bouxsein et al., 

2010).  

Since the root canal filling materials may influence quantitative assessment of 

voids along with voxel sizes (Orhan et al., 2018), our study assessed this variable. 

AH Plus had higher radiopacity than Bio-C Sealer, in accordance with a previous 

study (Zordan-Bronzel et al., 2019). However, both sealers had radiopacity above 3 

mm aluminum, as recommended by the ISO 6876 standard. Although there was 

reported that the different radiopacity among the sealers may be a concern in micro-

CT analyzes (Celikten et al., 2019; Viapiana et al., 2016), this property did not 

influence our findings. Since the radiodensity of the scanned structure influences 

artifacts formation (Bouxsein et al., 2010; Celikten et al., 2019), affecting the final 

quality of the images, the current investigation used high energy (100 kV) and high 

intensity (100 µAP) for sample scans. These scans parameters generated images 

with great quality, probably decreasing the influence of the sealers radiopacity, voxel 

sizes, and segmentation method. 

The search for new experimental models has been highlighted as very useful 

for further studies on bioceramics root canal sealers (Silva et al., 2020). Therefore, 

the similarity of results using different voxel sizes and segmentation methods in the 

present study is important for future research, since the micro-CT scan with larger 
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voxel sizes, and the automatic segmentation of the images enable faster 

methodology with less influence of the operator.  In addition, it is important to point 

that intra and inter-examiner calibration tests can help to improve the consistency of 

results. 

Within the limitation of the present ex vivo study, it may be concluded that Bio-

C Sealer and AH Plus provided proper filling ability of curved root canals. In addition, 

visual and automatic segmentation can be applied to micro-CT images with voxel 

sizes from 5 to 20 µm in order to evaluate the filling quality of sealers that present 

radiopacity according to ISO 6876. Automatic segmentation method should be 

considered as the first choice to evaluate the root canal filling quality due to its fast, 

reliable and less operator-dependent characteristics.  
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3.5 Publicação 5 
 
 
Influence of different sealers and supplementary approaches on endodontic 

retreatment  

Abstract 

The aim of this study was to assess the influence of root canal sealers based on 

calcium silicate or epoxy resin on filling material removal during endodontic 

retreatment, as well as to compare the efficacy of XP-endo Finisher and ProDesign 

Logic (PDL) as supplementary retreatment protocols. Mesial root canals of extracted 

mandibular molars were prepared using HyFlex EDM 25/.08 and filled with Bio-C 

Sealer or AH Plus using the single cone technique (n = 12). Retreatment was 

performed using PDL RT and apical preparation was performed with PDL 35/.05. 

After retreatment, the specimens were randomly divided into two experimental 

groups (n = 12), considering a similar distribution of the sealers. A supplementary 

retreatment was performed with PDL 50/.01 or XP-endo Finisher. The volume of root 

canals, transportation, and the percentage of remaining filling material were 

evaluated using high-resolution (5 µm voxel size) micro-CT imaging. Statistical 

analysis was performed using t-tests (α = 0.05). The root canals filled with AH Plus 

had the highest percentage of residual filling material (p < 0.05). Both systems 

decreased the residual volume of filling material in the apical third (p < 0.05). PDL 

50/.01 increased the root canal volume in the apical third (p < .05). No differences 

were observed between the systems for canal transportation (p > 0.05). The removal 

of AH Plus was more difficult than in Bio-C. PDL 50/.01 and XP-endo Finisher 

provided greater removal of filling materials in the apical third after retreatment. Both 

complementary approaches did not promote apical transportation.  

 

Keywords: Heat-Treated Nickel-Titanium Files; Retreatment; Root Canal 

Preparation; X-Ray Microtomography. 
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Introduction 

The removal of filling material in retreatment procedures is essential to obtain 

disinfection of the root canal system.1 Endodontic sealers based on calcium silicates 

are used due to their biocompatibility and induction of mineralization.2 However, the 

literature is controversial regarding the impact of calcium silicate-based sealers on 

endodontic retreatment.3 Although previous studies showed similar filling material 

removal after retreatments of root canals filled with AH Plus (Dentsply DeTrey, 

Konstanz, Germany) or sealers based on calcium silicates,4-6 the sealer used may 

influence the removal of the filling material.7   

Bio-C Sealer (Angelus, Londrina, PR, Brazil) is a new premixed ready-to-use 

calcium silicate–based sealer. This sealer has shown cytocompatibility and 

mineralization,8 besides radiopacity and flow in accordance with the ISO 6876 

standard.9 Bio-C Sealer has low presence of voids, similar to AH Plus,10 providing  

appropriate root canal filling.11 However, up to now, there is no study investigating 

the retreatment in root canals filled with Bio-C Sealer. 

The apical region of the root canal represents a critical zone to maintain 

infection of the root canal system.12 Apical enlargement can improve the removal of 

filling material.13 However, root canal preparation using nickel-titanium (NiTi) 

instruments with high diameter and taper in curved root canals can promote root 

canal transportation due to their low flexibility.14 ProDesign Logic 50/.01 (PDL - Easy 

Equipamentos Odontológicos, Belo Horizonte, MG, Brazil) is a NiTi rotary instrument 

with Control Memory (CM) heat-treatment, large tip size and minimum taper, which 

was proposed to perform apical enlargement.15 This instrument significantly 

decreased the amount of filling material in the apical third of curved lateral incisors.13 

Although it has been reported that NiTi files with CM heat-treatment enables apical 

enlargement in curved root canals,16 there are no studies evaluating apical 

transportation caused for CM instruments with tip size 50. 

XP-endo Finisher (FKG Dentaire, La Chaux-de-Fonds, Switzerland) is a rotary 

MaxWire NiTi instrument with tip size 25 and nontapered that changes its shape 

according to the temperature.17,18 This file effectively removed accumulated 

remaining filling material.19, 20 XP‐endo Finisher and XP-endo Finisher R files were 

equally effective as additional procedure in endodontic retreatment.20 However, there 

is no investigation comparing filling material removal using XP-Endo Finisher or 
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apical enlargement, besides apical transportation and volume increase after its use in 

curved root canals of molars. 

The aim of the present study was to assess the influence of a ready-to-use 

calcium silicate–based root canal sealer in comparison to an epoxy resin-based 

sealer on filling material removal during endodontic retreatment, as well as to 

compare filling material removal, apical transportation and volume increase of curved 

mesial root canals of mandibular molar filled with AH Plus or Bio-C Sealer, after using 

size 50, .01 taper instrument or XP‐endo Finisher. The first null hypothesis was that 

the obturation of the root canal with AH Plus or Bio-C Sealer would not impact the 

filling material removal. The second null hypothesis was that no differences would be 

observed in the amount of filling material, transport and root canal volume using PDL 

50/.01 and XP‐endo files. 

 

Methodology 

Sample size calculation  

G* Power 3.1.7 for Windows program (Heinrich-Heine-Universitat Dusseldorf, 

Dusseldorf, Germany) was used for the sample calculation. The t-test for two 

dependent groups was used with an Alpha type error of 0.05 and Beta power of 0.95 

for all the variables. Previous studies were used to determine the specific effect size 

for amount of remaining filling material, 2.34819; root canal volume, 1.86016 and root 

canal transportation, 3.11121. A total of 12 specimens was indicated as being the 

ideal size required. 

 

Sample selection 

All procedures were approved by the Faculty’s Ethics Committee (CEP no. No. 

10411219.9.0000.5416). Human mandibular first and second molars previously 

stored in 0.1% thymol solution at 5°C were used. The inclusion criteria included two 

independent mesial root canals according type IV Vertucci’s classification,22 angle of 

curvature between 25° and 35° in accordance with the Schneider method,23 and 

radius of curvature smaller than 10 mm, following the Pruett’s method.24 Complete 

apical formation, absence of root fractures, calcifications or internal resorptions were 

also included. For this purpose, a digital system (RVG 6100; Kodak Dental Systems, 

NY) and a micro-CT device (SkyScan 1276; Bruker-microCT, Kontich, Belgium) were 
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used. Micro-CT was applied at a low-resolution (35 µm voxel size) under the 

following settings: copper and aluminum filters, 87-millisecond exposure time, frame 

averaging of 3, 180° rotation around the vertical axis, rotational step of 0.5° at 80 kV 

and 300 µA.  A total of twelve roots were selected, totalizing twenty-four root canals, 

including mesiobuccal and mesiolingual canal of each root. 

 

Root canal preparation 

Conventional access cavities were performed, and the root canals were 

explored by using a size #10 K-file (Dentsply Sirona Endodontics, Ballaigues, 

Switzerland). The working length (WL) was established 1 mm shorter from the apical 

foramen. For preparation, HyFlex EDM (HEDM; Coltene/Whaledent, Altstätten, 

Switzerland) 10/.05 was operated by electric motor VDW SILVER (VDW GmbH, 

Munich, Germany) in rotary motion at 300 rpm and torque 1.8 Ncm, with in-and-out 

movements up to the WL. Then, HEDM 25/.08 was used at 500 rpm and torque 2.5 

Ncm, as described above. Each root canal was irrigated with 5 mL of 2.5% sodium 

hypochlorite (NaOCl). Passive ultrasonic irrigation (PUI) was performed in all root 

canals with the ultrasonic tip Irrisonic (Helse Ultrasonic, Santa Rosa de Viterbo, SP, 

Brazil) activated in an ultrasonic device Ultrawave XS (Ultradent, South Jordan, USA) 

using a power of 10 % and frequency of 50 Hz, according to the manufacturer's 

recommendation. The ultrasonic tips were positioned 2 mm short of the WL and 

activated for 20 seconds, interleaving 2.5% NaOCl, and 17% EDTA. 2 mL of irrigation 

solution was used in each cycle. As final irrigation, 5 mL of distilled water was used. 

 

Root canal filling 

 A stratified random sampling statistical method was used to divide the root 

canals in two experimental groups, considering the post-preparation volume (n = 12). 

The root canals were dried with paper points and filled by single cone technique with 

gutta-percha cones 25/.08 (Coltene/Whaledent, Langenau, Germany) and an epoxy 

resin‐based sealer (AH Plus; Dentsply DeTrey, Konstanz, Germany) or a calcium 

silicate-based material (Bio-C Sealer; Angelus, Londrina, PR, Brazil). AH Plus was 

inserted into the root canal with a Lentulo spiral #25 (Dentsply Maillefer) coupled to a 

low speed motor (Micromotor N270 and Counter-angle, Dabi-Atlante, Ribeirão Preto, 

SP, Brazil). Bio-C Sealer was injected into the root canal at 4 mm of the WL, using 

the syringe and plastic needles provided by its manufacturer. The access cavities 
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were filled with Coltosol (Vigodent, Rio de Janeiro, RJ, Brazil). The samples were 

stored at 37º C and 95% relative humidity for 1 week to allow the sealers to set 

completely.  

Root canal retreatment 

Electric motor VDW SILVER, in rotary motion at 600 rpm and torque 3 Ncm 

was used. The files were used with in-and-out movements up to the WL. ProDesign 

Logic RT (PDLRT - Easy Equipamentos Odontológicos, Belo Horizonte, MG, Brazil) 

30/10 was used to remove the filling of the cervical third, PDLRT 25/.08 was used in 

the middle third and PDLRT 20/.06 was used to remove the filling of the apical third. 

The root canals were enlarged with PDL 35/.05 as described above. Each root canal 

was irrigated with 8 mL of 2.5% NaOCl (2 mL for each instrument). Final irrigation 

was performed with 2.5 ml of 17% EDTA, under agitation for 3 minutes, with a gutta-

percha cone size 25, followed by 5 mL of distilled water. 

 

Supplementary retreatment approach 

The mesial root canals of the specimens were randomly divided into two 

experimental groups (n = 12), with stratified random sampling, considering the 

remaining root canal filling after retreatment and equality distribution of the sealers 

(AH Plus and Bio-C Sealer) between the groups. 

PDL 50/.01: the instrument was operated using an electric motor VDW 

SILVER, in rotary motion at a speed of 350 rpm and torque 1 Ncm, with in-and-out 

movements up to the WL. The root canals were irrigated with 2 mL of 2.5% NaOCl. 

Final irrigation was performed as previously described. 

XP-endo Finisher: the instrument was operated on an electric motor VDW 

SILVER, in rotary motion at a speed of 800 rpm and torque 1 Ncm. Each canal was 

filled with 1 mL of 2.5% NaOCl, and the XP‐endo file was inserted without rotation. 

Then, rotation was initialized (800 rpm and 1 Ncm), and the instrument was activated 

for 30 seconds using slow and gentle 7–8 mm lengthwise movements up to the WL. 

This procedure was repeated two times. Final irrigation was performed as previously 

described.  
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Micro-CT analysis 

The specimens were scanned at a high-resolution (5 µm voxel size) in a 

micro-CT device (SkyScan 1272. Bruker, Kontich, Belgium) before and after 

retreatment procedures under the following settings: copper filter, 180° rotation 

around the vertical axis and rotational step of 0.2° at 100 kV and 100 µA. The images 

were reconstructed using the NRecon software (V1.6.10.4; Bruker, Belgium), and 

superimposed with geometric alignment using the DataViewer software (V.1.5.1, 

Bruker, Belgium). The quantitative analysis was performed using the CTAn software 

(V.1.14.4, Bruker, Belgium). Representative images were performed by means of 

models obtained by CTVox software (v.3.2; Bruker-microCT). 

Root canal volume and remaining filling material were quantified after 

retreatment steps. The gray scale range required to recognize each object under 

study was determined in a density histogram by using the global threshold method. 

To obtain the percentage of remaining filling material the following formula was used: 

[Percentage remaining filling material = (filling material after retreatment x 100 / filling 

material before retreatment)]. The analyzes were performed in the apical third of the 

root canals considering 4 mm.  

The apical transportation was measured in millimeters using transverse cross 

sections images of the roots obtained before and after retreatments procedures 

(Figure 1). Ten cross sections were measured in the apical third of each root canal 

and determined by the arithmetical mean value. The root canal transportation was 

obtained by means of the following equation: (X1-X2) – (Y1-Y2) 25.  
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Figure 1 - Representative cross-sectional micro-CT images showing how apical 

transportation was calculated: (A) before and (B) after root canal retreatment. 

 

 

Statistical analysis  

The normality of the data was tested using the Shapiro-Wilk test. The paired t-

test was used for comparison of root canals before and after supplementary cleaning 

approach. For comparisons between the groups non-paired t test was used. The 

level of significance was 5% for all the analysis.  

 

 

Results 

The root canals filled with AH Plus showed higher percentage of remaining 

filling material than Bio-C Sealer (p < 0.05) (Figure 2). The volume of the remaining 

filling material was similar between the groups before and after the supplementary 

cleaning approach with PDL 50/.01 or XP-endo (p > 0.05). Both files decreased the 
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volume of remaining filling material in the apical third (p < 0.05) (Table 1, Figure 3). 

PDL 50/.01 increased the root canal volume in the apical third (p < 0.05) (Table 2). 

Both supplementary approaches maintained the root canal trajectory, with no 

differences between them (p > 0.05) (Table 3). 

Table 1. Residual filling material (%) in the apical third of the root canals before and 

after the use of ProDesign Logic 50/.01 or XP-endo Finisher files and the reduction of 

residual filling material (%) (mean and standard deviation). 

 Before additional 
cleaning method 

After additional 
cleaning method 

Reduction in 
residual filling 

material 

PDL 50.01 13.26 ± 3.36a 7.50 ± 2.13b 48.55 ± 6.70 

XP-endo Finisher 10.61 ± 2.33a 6.33 ± 1.64b 53.50 ± 9.64 

Different lowercase letters on same line represent significant differences intragroup 

(p < 0.05). 

There was no significant difference intergroup (p > 0.05). 

 

Table 2. Root canal volume (mm3) in the apical third of the root canals before and 

after the use of ProDesign Logic 50/.01 or XP-endo Finisher files, and root canal 

volume increase (%) (mean and standard deviation). 

 Before additional 
cleaning method 

After additional 
cleaning method 

Increase in volume 

PDL 50.01 0.81 ± 0.24aA 1.04 ± 0.32aB 29.36 ± 8.87a 

XP-endo Finisher 0.80 ± 0.24aA 0.83 ± 0.25bB 3.89 ± 1.93b 

Different lowercase letters on same column represent significant differences 

intergroup (p < 0.05). 

Different capital letters on same line represent significant differences intragroup (p < 

0.05). 
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Table 3. Transportation (mm) in the apical third of the root canals before and after 

the use of ProDesign Logic 50/.01 or XP-endo Finisher files (mean and standard 

deviation). 

 Before additional cleaning 
method 

After additional cleaning 
method 

PDL 50.01 0.038 ± 0.015 0.057 ± 0.035 

XP-endo Finisher 0.039 ± 0.020 0.053 ± 0.021 

There were no significant differences intragroup or intergroup (p > 0.05).  

 

 

Figure 2 – Means and standard deviations of residual filling material (%) in the apical 

third of the root canals filled with AH Plus or Bio-C Sealer. There is a significant 

difference intragroup (p < 0.05) 
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Figure 3 - Representative 3D reconstructions of images obtained by micro-CT 

showing in pink remain filling material in the apical third of mesial canals of 

mandibular molars (A) before PDL use (B) after PDL use (C) before XP-endo 

Finisher use and (D) after XP-endo Finisher use.  

 

Discussion 

Rejecting the first null hypothesis, the root canals obturated with Bio-C sealer 

showed less remaining filling material than AH Plus. The removal of calcium silicate-

based sealers was greater compared to AH Plus in a previous investigation.4 The 

physicochemical properties of calcium silicate-based sealers may influence their 

removal during retreatment procedures.7  Bio-C Sealer has higher solubility than AH 

Plus,10 which could contribute to its removal by the mechanical action of files and the 

physical effect of irrigation solutions. In addition, the high bond strength of AH Plus 

may contribute to its adhesion to the dentine walls,26, 27 making difficult its removal.  

Besides evaluation of the influence the of a ready-to-use calcium silicate–

based sealer on retreatments procedures, our study also compared the efficacy of 

two approaches for additional retreatments. Therefore, in order to maintain an 
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adequate sample size, after the retreatment, the root canals filled with AH Plus and 

Bio-C sealer were randomly divided into two experimental groups considering an 

equality distribution of the sealers between the groups. Therefore, after this 

experimental step, the influence of the sealer was not considered. Partially rejecting 

the second null hypothesis, PDL 50/.01 and XP-endo Finisher improved the removal 

of remaining filling material in the apical third of curved mesial root canals of 

mandibular molars, with no difference between the instruments. Our findings 

corroborate previous studies showing that XP‐Endo Finisher files are related to 

removal of filling materials during retreatment.5, 20, 28 The alloy MaxWire, used to 

produce the XP‐endo Finisher files allows its expansion at body temperature.29 So, 

the instrument tip is forced against the root canal wall, since the elliptical part of the 

file is compressed by the resistance imposed by canal anatomy.30 The mechanical 

action of the tip in the root walls can dislodge the root filling material, which is 

removed during canal irrigation.  

Our findings showed that PDL 50/.01 promoted higher increase in volume than 

XP-endo Finisher in the apical third. Large apical preparations increase the ability of 

the instrument to touch root canal surfaces,31 increasing the removal of remaining 

filling material. In addition, apical enlargement improves physical effect of irrigating 

solution,32 allowing better apical cleaning,33 and significantly enhancing the root canal 

disinfection.34 However, a concern about the preparation using files with larger tip 

and taper is the risk of excessive removal of dentin, which may decrease the 

radicular strength.35 The root canal preparation for retreatment using the size 35/.05 

taper promotes a 0.55 mm diameter at 4 mm from the apical preparation. Therefore, 

one may argue that PDL 50/.01 file did not promote dentinal removal in cervical and 

middle thirds, since this file has a 0.54 mm diameter at 4 mm from the apical 

preparation.  

Root canal transportation, perforations or excessive wear of root canal walls 

can negatively affect the outcomes of endodontic treatments.36 In the current study, 

retreatment with apical size 35/.05 taper and the supplementary approach using the 

PDL 50/.01 or XP-endo Finisher did not result in canal transportation in the critical 

apical area. The mean transportation observed in this study ranged from 0.038 to 

0.057 mm, which is below the acceptable limit of 0.15 mm.37 Heat-treated NiTi 

instruments are more flexible, and do not promote significative root canal 

transportation,16, 38 even in retreatment procedures 39. The CM-wire alloy of the 
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instruments used in this study may have contributed to the retreatment of curved root 

canals due to their fatigue resistance and flexibility. Even with a large tip, the small 

taper of the PDL 50/.01 makes the instrument more flexible.40 The XP-Endo Finisher 

has a small core tip size and zero taper resulting in high flexibility, cleaning the 

dentine without change the original root canal morphology 17.  

 Since different endodontic sealers based on calcium silicates have been 

introduced to the market, it is important to evaluate their impact in the retreatment 

procedures. The current results demonstrated the enhanced removal of filling 

materials with the PDL 50/.01 and XP‐Endo Finisher files. Bio-C Sealer showed 

greater retractility. In addition, this research showed similar filling material removal of 

the apical third and no root canal transportation for the systems evaluated. Although 

PDL 50/.01 has effect only in the apical root canal third due to its taper, the apical 

increase can improve root canal disinfection. Both supplementary approaches tested 

can be indicated for cleaning the apical third of curved root canals. 

 

Conclusions  

The removal of filling material from the apical third was easier for root canals filled 

with Bio-C Sealer than AH Plus in all retreatment procedures. PDL 50/.01 and XP-

endo Finisher provided greater removal of filling materials in the apical third after 

retreatment of curved root canals. Both supplementary approaches presented no 

apical transportation. PDL 50/.01 promoted greater volume increase of apical third 

than XP-endo Finisher. 
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3.6 Publicação 6 

 

Influence of voxel size on micro-CT analyzes of remaining filling material  

Abstract 

The aim of this study was to investigate the influence of micro-computed tomography 

(micro-CT) voxel size on assessment of remaining filling material after endodontic 

retreatment.  Twelve curved mesial roots of mandibular molars with two separated 

canals were selected. All root canals were prepared by using HyFlex EDM files size 

25/.08 and filled by the single cone technique and Bio-C Sealer or AH Plus (n = 12). 

Retreatment was performed using ProDesign Logic (PDL) RT and apical preparation 

was performed with PDL 35/.05. The samples were scanned by micro–CT at 5 μm 

before and after the retreatment. Then, to analyze the influence of voxel size  on the 

evaluation of remaining filling material, images with sub-resolution of 10 and 20 μm 

voxel sizes were obtained.  The percentage of remaining filling material was 

assessed, and data were submitted to the one-way ANOVA and non-paired t-tests at 

a significance level of 5%.  Micro-CT images using different voxel sizes did not 

influence the analyze of remaining filling material independently of the sealer, AH 

Plus or Bio-C Sealer (p > .05).  The root canals filled with Bio-C Sealer had lower 

percentage of remaining filling material in comparation with AH Plus (p < 0.05). 

Within the limitations of this “ex vivo” study, it can be concluded that voxel sizes used 

did not influence the analyzes of residual filling material in both sealers evaluated. 

Bio-C sealer was removed easier than AH Plus during endodontic retreatment. 

KEYWORDS  

calcium silicate, dental materials, root canal filling, x-ray microtomography 
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Introduction  

 

 Recontamination or bacterial permanence within the root canal system is the 

main reason for the failure of endodontic treatment (Torabinejad, Corr, Handysides, & 

Shabahang, 2009). During retreatment procedures, the filling material removal is 

necessary to disinfect the root canal system (Cavenago et al., 2014). However, 

retreatment techniques are not able to remove completely root canal filling materials 

(Rossi-Fedele, & Ahmed, 2017).  

 Micro computed tomography (micro-CT) have been wildly used for 

volumetric quantification of remaining filling material after endodontics retreatments 

(Rödig et al., 2012; Bernardes et al., 2016). However, there is no standardization 

regarding the scanning parameters used for micro-CT evaluations (Rödig et al., 

2012; Alves et al.,2016;  Bernardes et al., 2016). Although the conflicting results 

among studies have been attributed to the filling material, teeth anatomy and the 

retreatment technique (Rödig et al., 2012; Silveira, et al., 2018), the voxel size of the 

micro-CT images must also be taken into account. Due to the effect of partial volume, 

voxel size may affect the quality of micro-CT images, and consequently decreases 

the accuracy the analyses performed (Bouxsein et al., 2010).  

 Different endodontic sealers associated to gutta-percha are usually used for 

filling root canals (Kratchman, 2004). The analysis of remaining filling material by 

micro-CT may be even more difficult when different sealers are compared, since they 

different radiopacities makes difficult the images standardization (Viapiana, et al., 

2016). AH Plus (DentsplyDeTrey, Konstanz, Germany) is an epoxy resin-based root 

canal sealer considered the gold standard due to  its excellent physicochemical 

properties (Silva et al., 2017). Bio-C Sealer (Angelus, Londrina, PR, Brazil) is a 

premixed ready-to-use calcium silicate–based sealer. Bio-C has radiopacity and flow 

properties in accordance with the ISO 6876:2012, besides alkalization ability, 

cytocompatibility and mineralization capacity   (Candeiro et al., 2012; López-García 

et al., 2019).  

 To the best of the authors’ knowledge, no study has assessed the influence 

of voxel size on micro-CT analysis of remaining filling material, as well the influence 

of the different radiopacity of endodontic sealers. Therefore, the aim of the present 

study was to assess the remaining filling material after retreatment of curved root 

canal filled with AH Plus or Bio-C Sealer  using micro-CT images with different voxel 
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size. The null hypothesis was that there would be no differences between the 

analyses performed using images with different voxel sizes. 

 

Materials and methods  

Sample size calculation  

G* Power 3.1.7 for Windows program (Heinrich-Heine-Universitat Dusseldorf, 

Dusseldorf, Germany) was used for the sample calculation. The t-test for two 

dependent groups was used with an Alpha type error of 0.05 and Beta power of 0.95 

for all the variables. Previous study was used to determine the effect size for amount 

of remaining filling material, 2.348 (Alves  et al., 2016). A total of 10 specimens was 

indicated as being the ideal size required. 

 

Sample selection 

All procedures were approved by the Faculty’s Ethics Committee (CEP no. No. 

10411219.9.0000.5416). Human mandibular first and second molars previously 

stored in 0.1% thymol solution at 5°C were used. The inclusion criteria included two 

independent mesial root canals according type IV Vertucci’s classification (Vertucci, 

1984), angle of curvature between 25° and 35° in accordance with the Schneider 

method (Schneider, 1971), and radius of curvature smaller than 10 mm, following the 

Pruett’s method (Pruett, Clement, & Carnes, 1997). Complete apical formation, 

absence of root fractures, calcifications or internal resorptions were also included. 

For this purpose, a digital system (RVG 6100; Kodak Dental Systems, NY) and a 

micro-CT device (SkyScan 1276; Bruker-microCT, Kontich, Belgium) were used. 

Micro-CT was applied at a low-resolution (35 µm voxel size) under the following 

settings: copper and aluminum filters, 87-millisecond exposure time, frame averaging 

of 3, 180° rotation around the vertical axis, rotational step of 0.5° at 80 kV and 300 

µA.  A total of twelve roots were selected, totalizing twenty-four root canals, including 

mesiobuccal and mesiolingual canal of each root. 

 

Root canal preparation 

Conventional access cavities were performed, and the root canals were explored by 

using a size #10 K-file (Dentsply Sirona Endodontics, Ballaigues, Switzerland). The 

working length (WL) was established 1 mm shorter from the apical foramen. For 

preparation, HyFlex EDM (HEDM; Coltene/Whaledent, Altstätten, Switzerland) 10/.05 
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was operated by electric motor VDW SILVER (VDW GmbH, Munich, Germany) in 

rotary motion at 300 rpm and torque 1.8 Ncm, with in-and-out movements up to the 

WL. Then, HEDM 25/.08 was used at 500 rpm and torque 2.5 Ncm, as described 

above. Each root canal was irrigated with 5 mL of 2.5% sodium hypochlorite (NaOCl). 

Passive ultrasonic irrigation (PUI) was performed in all root canals with the ultrasonic 

tip Irrisonic (Helse Ultrasonic, Santa Rosa de Viterbo, SP, Brazil) activated in an 

ultrasonic device Ultrawave XS (Ultradent, South Jordan, USA) using a power of 10 

% and frequency of 50 Hz, according to the manufacturer's recommendation. The 

ultrasonic tips were positioned 2 mm short of the WL and activated for 20 seconds, 

interleaving 2.5% NaOCl, and 17% EDTA. 2 mL of irrigation solution was used in 

each cycle. As final irrigation, 5 mL of distilled water was used. 

 

Root canal filling 

A stratified random sampling statistical method was used to divide the root canals in 

two experimental groups, considering the post-preparation volume (n = 12). The root 

canals were dried with paper points and filled by single cone technique with gutta-

percha cones 25/.08 (Coltene/Whaledent, Langenau, Germany) and an epoxy 

resin‐based sealer (AH Plus; Dentsply DeTrey, Konstanz, Germany) or a calcium 

silicate-based material (Bio-C Sealer; Angelus, Londrina, PR, Brazil). AH Plus was 

inserted into the root canal with a Lentulo spiral #25 (Dentsply Maillefer) coupled to a 

low speed motor (Micromotor N270 and Counter-angle, Dabi-Atlante, Ribeirão Preto, 

SP, Brazil). Bio-C Sealer was injected into the root canal at 4 mm of the WL, using 

the syringe and plastic needles provided by its manufacturer. The access cavities 

were filled with Coltosol (Vigodent, Rio de Janeiro, RJ, Brazil). The samples were 

stored at 37º C and 95% relative humidity for 1 week to allow the sealers to set 

completely.  

 

Root canal retreatment 

Electric motor VDW SILVER, in rotary motion at 600 rpm and torque 3 Ncm was 

used. The files were used with in-and-out movements up to the WL. ProDesign Logic 

RT (PDLRT - Easy Equipamentos Odontológicos, Belo Horizonte, MG, Brazil) 30/10 

was used to remove the filling of the cervical third, PDLRT 25/.08 was used in the 

middle third and PDLRT 20/.06 was used to remove the filling of the apical third. The 

root canals were enlarged with PDL 35/.05 as described above. Each root canal was 
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irrigated with 8 mL of 2.5% NaOCl (2 mL for each instrument). Final irrigation was 

performed using 2.5 ml of 17% EDTA, under agitation for 3 minutes, with a gutta-

percha cone size 25, followed by 5 mL of distilled water. 

 

Micro-CT analysis 

The specimens were scanned at a high-resolution (5 µm voxel size) in a micro-CT 

device (SkyScan 1272. Bruker, Kontich, Belgium) before and after retreatment 

procedures under the following settings: copper filter, 180° rotation around the 

vertical axis and rotational step of 0.2° at 100 kV and 100 µA. The images were 

reconstructed using the NRecon software (V1.6.10.4; Bruker, Belgium), and 

superimposed with geometric alignment using the DataViewer software (V.1.5.1, 

Bruker, Belgium). For quantitative analysis, images at 5, 10 and 20 μm were 

segmented using the CTAn software (V.1.14.4, Bruker, Belgium). For this purpose, 

the previously scanned 5 μm images were resized by 2 and 4, respectively (Figure 

1). The quantitative analysis was performed using the CTAn software (V.1.14.4, 

Bruker, Belgium). Representative images were performed by means of models 

obtained by CTVox software (v.3.2; Bruker-microCT). 

Root canal volume and remaining filling material were quantified after retreatment 

steps. The gray scale range required to recognize each object under study was 

determined in a density histogram by using the global threshold method. To obtain 

the percentage of remaining filling material the following formula was used: 

[Percentage remaining filling material = (filling material after retreatment x 100 / filling 

material before retreatment)]. The analyzes were performed in the apical third of the 

root canals considering 4 mm.  

 

Statistical analysis 

Shapiro-Wilk test was used to test the data normality. The comparations between the 

sealers regarding the percentage of remaining filling material was performed using 

non-paired t-test. ANOVA test was used for comparation among different voxel size. 

The level of significance was set at 5%.  
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Figure 1 - Representative cross-sectional micro–CT images showing the original 

images and the segmentation of remaining filling material at different voxel sizes. 

 

 

Results 

 

Table 1 shows the mean and standard deviations of the percentage of 

remaining filing material in root canal filled with AH Plus or Bio-C Sealer after 

retreatment until PDL 35/.05, considering the analysis performed at the different 

voxel sizes (5, 10 and 20 µm). Micro-CT images using different voxel sizes did not 

influence the analyze of remaining filling material independently of the sealer, AH 

Plus or Bio-C Sealer (p > .05). The root canals filled with Bio-C Sealer had lower 

percentage of maiming filling material in comparison with AH Plus  (p < 0.05) (Figure 

2).   
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Table 1 - Mean and standard deviation of percentage volume of remaining filling 

material  in the apical third of the root canals after endodontic retreatment 

 5 µm 10 µm 20 µm 

AH Plus 16.46  ± 3.44a 16.23 ± 3.51a 16.11 ± 3.22a 

Bio-C 8.33 ± 2.44b 8.22 ± 2.41b 8.08 ± 2.85b 

Note. There was not significantly different among the voxel sizes (p > .05). Different 

lowercase letters on same column represent significant differences between groups 

(p < .05). 

 

 

Figure 2 - Tree-dimensional reconstructions of images obtained by micro-CT showing 

in white remaining filling material in the apical third of mesial canals of mandibular 

molars.  
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Discussion 

 

To the best of the authors’ knowledge, this was the first study to assess the influence 

of micro-CT voxel size and sealer radiopacity on retreatments assessments. Previous 

studies have demonstrated the influence of voxel size on different kind of 

evaluations, such as trabecular bone structure (Kim et al., 2004; Sode et al., 2008)  

and voids in filled root canals (Orhan et al., 2018).  However, in this study, the null 

hypothesis was accepted, since  the voxel size did not influence the volumetric 

analysis of remaining filing material after endodontic retreatment independently of the 

sealer used in the filling, AH Plus or Bio-C sealer. 

 In the present study, the samples were scanned at 5 µm and subsequently, 

the reconstructed images were resized by 2 and 4 to acquire images with 10 and 20 

µm voxel sizes. This study design allows precise evaluation of the effect of voxel size 

on micro-CT analysis, with accurate comparisons among the same regions (Pinto et 

al., 2020). However the spatial resolutions of images also depends of other 

acquisitions parameters, such as mean absorption of the sample, detector noise, 

reconstruction algorithm, X‐ray focal spot size and shape, detector aperture, and 

scanner geometry (Bouxsein et al., 2021). Therefore, despite the fact the new values 

produced for the images resized to larger voxel sizes leads to a decrease in the 

accuracy of the image (Kim et al., 2004), because  the partial effect volume (Heckel, 

et al., 2014). The adequate scans parameters used in the images acquisitions 

produced images with high quality, even with higher voxel size.  

 The radiodensity of the structures scanned by micro-CT influences beam 

hardening formation, affecting the final quality of the images (Celikten et al., 2019). 

Therefore, the different radiopacity among the endodontic sealers may be a concern 

for micro-CT analyzes (Viapiana  et al., Celikten et al., 2019). AH Plus has higher 

radiopacity than Bio-C Sealer  (Zordan-Bronzel et al. 2019), and there  was reported 

that  the  radiopacifiers presented in the AH Plus  composition may cause a larger 

extent of artifact than the calcium silicate–based sealers (Celikten et al., 2019). 

However, in the present study the different sealers used for root canal filling did not 

influence the findings. Both sealers had radiopacity above 3 mm aluminum, as 

recommended by the ISO 6876 standard (Zordan-Bronzel et al. 2019). In addition, 

the high energy (100 kV) and high intensity (100 µAP) for sample scans may have 

minimized the influence of the sealer on the final quality of the images.   
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 The remaining filling material may impair root canal disinfection allowing the 

maintenance of periapical inflammation (Siqueira Jr., 2001). Anatomical challenges, 

such as curved root canals become the success of endodontic retreatment 

unpredictable (Kırıcı, Demirbuga, & Karataş, 2020). Therefore, in this study, Bio-C 

sealer was easier removal of curved root canal than AH Plus. In agreement, a 

previous study have shown a higher removal of calcium silicate-based sealers 

compared with AH Plus (Donnermeyer et al., 2018). This behavior may be explained 

for the higher solubility presented for the Bio-C sealer when compared with AH Plus 

(Torres et al., 2020).  In addition, the high bond strength of AH Plus may contribute to 

its adhesion to the dentine walls, making difficult its removal (Carvalho et al., 2017; 

Donnermeyer et al., 2018).  

 The similar results achieved in micro-CT analyses using images with 

different voxel sizes is an important finding   for further research. Although a smaller 

voxel size is ideal for micro-CT analysis (Christiansen, 2016), high-resolution scans 

require longer acquisition time, and generate large data sets. In addition, several 

endodontic sealers based on calcium silicates have been introduced to the market; 

therefore, it is important to evaluate their impact in the retreatment procedures. 

 Within the limitation of this  ex vivo study, it may be concluded that the 

different voxel sizes used did not influences the volumetric analyses of remaining 

filling material. The findings were not influenced by sealers with different radiopacity, 

as long as there according to ISO 6876. Bio-C Sealer was easier removal from 

curved root canal than AH Plus.  
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3.7 Publicação 7 

 

Evaluation of ten cone-beam computed tomography devices for endodontic 

assessment of fine anatomical structures 

 

Abstract  

 

Aim: To classify ten CBCT devices, by using a ranking model, according to the 

detection of fine endodontic structures. Methods: A dedicated dentate 

anthropomorphic phantom was scanned two times using ten CBCT devices: without 

any metal (metal-free condition) and with an endodontically treated tooth containing a 

metallic pin (metal condition). A reference image acquired on an industrial micro-CT 

device was used to register all CBCT images, yielding corresponding anatomic 

slices. Afterwards, three experienced observers assessed all acquired CBCT images 

for their ability to assess narrow canal, isthmus and apical delta ramification following 

a categorical rank from 1 (best) to 10 (worst). Fleiss Kappa statistics were used to 

calculate intra- and interobserver agreements for each CBCT device separately. 

Based on the observers` scores, general linear mixed models were applied to 

compare image quality among different CBCTs for performing endodontic diagnostic 

tasks (α = .05). Results: The ten CBCT devices performed differently for the 

evaluated endodontic tasks (P < .05), with three devices performing better for 

endodontic feature detection. Yet, in the presence of metal, only two devices were 

able to keep a high level of endodontic feature detection. Conclusions: The 

evaluated endodontic tasks were CBCT device-dependent, and its detection was 

influenced by the presence of metal. 

 

Keywords: Anatomy, artifacts, cone-beam computed tomography, endodontics.  
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Introduction 

 

 The assessment of fine structures, such as narrow canal, isthmus and 

ramifications may directly impact endodontic treatment planning and outcomes(1-3). 

Cone-beam computed tomography (CBCT) may be an auxiliary tool for detecting and 

locating such structures (1, 2, 4, 5). However, CBCT-based diagnosis is hampered by 

artifacts arising from high-density materials such as gutta percha, sealers, and 

metallic posts/pins (6-9). Therefore, an accurate CBCT performance remains 

challenging.  

 Another challenge is the difficulty of comparing performances from different 

devices, as results found for one CBCT cannot simply be applied to another (10, 11). 

Thus, caution is needed when interpreting CBCT-based reports on endodontic 

purposes (2,12-18). Although previous studies have shown high sensitivity and 

specificity for CBCT images (2, 13), other studies showed no significant difference 

between this image modality and 2D images for performing different tasks (15, 17, 

18). This variability may be explained due to the wide diversity of CBCT devices 

available on the market, with distinct technical characteristics and consequently 

different clinical performance (19, 20). Additionally, the diagnostic tasks must also be 

taken into account, since the size of the structures may directly affect their 

visualization (14).  

 In clinical scenarios, image quality provided by several CBCT devices may 

differ significantly, especially in the presence of artifacts generated by high-density 

objects (21). Therefore, our study aimed to classify ten CBCT devices, by using a 

ranking model, according to the detection of fine endodontic structures in the 

presence and absence of a metallic pin. For such purpose, CBCT images of narrow 

canals, isthmus, and apical delta were evaluated. The null hypothesis was that all 

CBCTs performed similarly for all tasks. 
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Material and Methods 

 

This experimental study was designed according to the local institutional 

research ethics committee (protocol number S55619/ML9535). An anthropomorphic 

phantom composed of a dry human skull and a mandible with all teeth was covered 

with Mix-D. A mixture of  paraffin wax and other chemicals prepared according to 

Oenning et al 2019 to simulate soft tissue attenuation (22). A mix-D tongue model 

was positioned in the corresponding space of the phantom (Figure 1A). Two set-ups 

were created: 1) Metal-free condition: without any metal (Figure 1B); 2) Metal 

condition: the same model with the second lower premolars endodontically treated 

and the right premolar containing a gold alloy metallic pin made in-house (Figure 1C). 

The root canals were prepared with Reciproc R25 file (VDW, Munich, Germany) and 

filled by lateral compaction using AH Plus sealer (Dentsply DeTrey GmbH, Konstanz, 

Germany). Additionally, silicone guides made with Zetaplus silicone (Zhermack SpA, 

Badia Polesine, Italy) were used to reproduce the positioning of the teeth for image 

acquisition. 

 

 

Figure 1 - A) Phantom of a dry human skull with mandible covered in mix-D; B) set-

up 1 - mandible without metal; C) set-up 2 - mandible with endodontic treated 

premolars with metallic pin and amalgam restoration. 
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Reference image acquisition 

In order to acquire a reference image, the mandible was scanned in an 

industrial micro-CT scanner Nikon XT H 225 (Nikon Metrology Inc, Brighton, MI, 

USA) using 200 kVp, 350 µA, 2.5 mm Cu filtration, and 40 µm voxel size. This 

industrial CT  reference image was used by one independent examiner to initially 

evaluate the presence of the fine anatomical structures and mainly to register all 

CBCT images. Accordingly, this ensured CBCT evaluation of each endodontic task at 

the same anatomical level by other three experienced observers (Figure 2).  

 

Figure 2 - Reference images (axial and sagittal views) from industrial micro-CT 

showing all evaluated endodontic diagnostic tasks. A – narrow canal, B – isthmus, C 

– delta. 

 

CBCT imaging acquisitions 

The two aforementioned set-ups were scanned using ten each CBCT devices. 

Clinical high-resolution exposure parameters were selected in each CBCT device 

and coded using letters (A to J). Table 1 shows all CBCT devices, manufacturers, 

codes, and exposure parameters.  
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Table 1 - CBCT devices, manufacture, codes and comparable scanning parameters 

CBCT devices  Manufactures Code FOV 

(mm) 

kVp mA Voxel 

(mm) 

3D Accuitomo 170 J. Morita, Tokyo, Japan A 4 X 4 90 5 0.08 

Veraview X800 J. Morita, Tokyo, Japan B 4 X 4 100 7.9 0.08 

3Shape X1 3Shape, Copenhagen, Denmark C 4 X 4 90 12 0.1 

NewTom VGi evo Cefla Dental Group, Imola, Italy D 5 X 5 110 3 0.1 

OP 3D Pro Instrumentarium, Helsinki, Finland E 5 X 5 90 8.6 0.085 

OP 3D Instrumentarium, Helsinki, Finland F 5 X 5 95 4 0.08 

CS 9300 Carestream, Rochester, USA G 5 X 5 90 4 0.09 

ProMax 3D Max Planmeca, Helsinki, Finland H 6 X 6 96 12 0.075 

Orthophos SL 3D Dentsply Sirona, Charlotte, USA I 5 X 5 85 6 0.079 

Spectral Dental UEG UEG Medical, Shangai, China J 6 X 6 110 8 0.075 

 

Image registration 

Subsequently, mutual information-based registration was performed using 

Amira 2019 software (Thermo Fisher Scientific, Waltham, USA / Zuse Institute Berlin, 

Germany) considering the industrial micro-CT scan as reference image.  This method 

measures the statistical dependence or information redundancy between image 

intensities of corresponding voxels in both images, which is assumed to be maximal if 

images are geometrically aligned (23). Therefore, reference image (micro-CT) was 

used to initially detect the presence of the fine anatomical structures and mainly to 

register CBCT images, ensuring CBCT evaluation of each endodontic structure at the 

same anatomical level by the three observers. 

 

Subjective image quality assessment 

After image registration a set of CBCT images containing each anatomical 

structure separately was shown to three experienced observers (Figure 2). These 

observers have been previously trained and calibrated. Images were randomly 

displayed on the same screen without showing the reference image and the 

observers were blinded to the CBCT device. Brightness, contrast, and magnification 
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of the image could not be modified and adjusted by the observers. All images were 

ranked from 1 (best) to 10 (worst) for their ability to detect the fine anatomical 

structures.  Calibration and evaluation sessions were performed in a low-light 

environment using a 24.1-inch flat-screen monitor (Barco, Kortrijk, Belgium). After 30 

days, 25% of the images were re-evaluated to assess intra-observer reproducibility.  

 

Statistical analysis 

Statistical modeling and analysis were performed using S-Plus for Linux 8.0 

(Tibco Software, Palo Alto, CA, USA). Fleiss Kappa statistics were used to calculate 

intra- and interobserver agreements for each CBCT device separately. This analysis 

was based on the observers` scores transformed into a binary variable. The 

cumulative percentage that each device was ranked among the best five devices 

were compared between the first and second observations (for intra-observer 

agreement) and between observers (for inter-observer agreement). Cases in which a 

specific device was always classified among the best five were considered as perfect 

agreement. 

General linear mixed (GLM) models were applied to compare different CBCT 

devices in the accomplishment of diagnostic tasks. The models were fit with 

observers and questions related to the tasks as the random variables and CBCT 

devices as fixed variables to perform the ranking. This analysis intended to choose 

the best devices. In the evaluation of challenging endodontic structures using two 

different clinical conditions (metal-free and with metal). Differences between CBCT 

images for each purpose were calculated using the fixed effects from the GLM 

models and their variance-covariance matrix. A correction for simultaneous 

hypothesis testing according to Tukey was applied. Differences among devices were 

assessed by first considering the empirical cumulative function of the scores by 

dividing each score rank by (1+number of scores). These empirical cumulative 

function values were then subject to probit transformation, in which the corresponding 

quantiles of a standard normal distribution were taken. Subsequently, a multiple 

comparison with the hypothetical best and worst device for each task and condition 

(higher and lower score) was performed at 95% confidence interval. Residual 
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analysis of the GLM models via a normal quantile plot showed that the assumptions 

of normality of residuals was achieved when using the probit transformed values.  

 

Results 

A perfect intra-observer agreement was found in four CBCT devices (A to D). 

For CBCT devices E to J, kappa values ranged between 0.33 and 0.99. Regarding 

inter-observer agreement, a perfect agreement was found only for device A. 

Table 2 shows the mean ranks and range of scores achieved by each CBCT 

device for evaluating delta, narrow canal apical, narrow canal middle, and isthmus, 

respectively, in two different conditions (metal-free and with metal). The table also 

indicates the multiple comparison of each CBCT position with the best and worst 

ranked device for each diagnostic task and condition. For such purpose, a three-

grade level classification was created by using shades of greys. Lighter shades of 

grey were used to display the best ranked CBCT devices. Conversely, darker grey 

represents devices with similar worst ranking. 

In metal-free condition, device B scored best for all diagnostic tasks. Devices F 

and J had a similar worst compared to the others. In the presence of metal, a higher 

score was achieved by device A, but the difference was not statistically significant 

with device D. Contrarily, the ranking of device J was significantly worse than the 

others, as also shown in Table 2. 
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Table 2 -  Comparison of mean scores (range) among all studied CBCT devices for evaluating narrow canal, delta ramifications and 

isthmus in two different conditions (metal free and with metal) 

Narrow canal middle Narrow canal apical Delta Isthmus 

Metal free With metal Metal free With metal Metal free With metal Metal free With metal 

CBCT 

Device 

Mean 

Score 

(Range) 

CBCT 

Device 

Mean 

Score 

(Range) 

CBCT 

Device 

Mean 

Score 

(Range) 

CBCT 

Device 

Mean 

Score 

(Range) 

CBCT 

Device 

Mean 

Score 

(Range) 

CBCT 

Device 

Mean 

Score 

(Range) 

CBCT 

Device 

Mean 

Score 

(Range) 

CBCT 

Device 

Mean 

Score 

(Range) 

C 1.1 (1-1) I 1.7 (1-2) B 1.0 (1-1) A 1.0 (1-1) A 1.1 (1-1) A 1.1 (1-1) A 2.7 (1-6) G 1.3 (1-2) 

A 2.3 (2-3) A 2.0 (1-4) A 2.7 (2-4) B 2.7 (2-4) B 2.0 (2-2) D 2.3 (2-3) C 2.7 (1-5) E 3.0 (1-5) 

B 2.7 (3-7) D 3.0 (2-4) C 3.0 (2-4) D 3.0 (3-3) G 4.3 (3-6) E 3.7 (3-4) G 3.0 (2-4) A 3.7 (2-6) 

D 4.0 (4-4) C 3.3 (3-4) D 4.0 (3-5) G 3.3 (2-4) C 4.7 (4-5) C 4.3 (3-5) B 4.0 (2-6) B 4.3 (2-7) 

I 5.3 (6-6) G 5.0 (5-5) G 4.3 (3-5) F 5.7 (5-7) E 5.0 (3-6) B 5.0 (2-8) E 4.3 (3-7) D 5.0 (3-6) 

G 6.3 (6-7) H 6.3 (6-7) I 6.0 (6-6) E 6.3 (5-8) I 5.3 (4-7) I 6.3 (6-7) I 4.7 (4-5) F 6.0 (4-7) 

H 7.7 (5-10) E 6.7 (6-7) H 7.3 (7-8) H 6.7 (6-7) D 5.7 (3-7) G 6.7 (6-7) D 7.3 (6-9) I 6.0 (5-8) 

E 8.0 (7-9) B 8.7 (8-9) E 7.7 (7-8) C 8.3 (6-10) J 8.3 (8-9) F 7.0 (4-9) J 8.3 (7-10) C 7.0 (4-9) 

F 8.0 (7-9) J 8.7 (8-10) F 9.0 (9-9) J 8.7 (8-9) H 8.7 (8-9) H 9.0 (8-10) F 8.7 (8-10) H 8.7 (8-9) 

J 9.7 (9-10) F 9.7 (9-10) J 10.0 (10-10) I 9.3 (9-10 F 10.0 (10-

10) 

J 9.7 (9-10) H 9.2 (9-10) J 10.0 (10-10) 

The light grey highlighted the devices with best performance and the contrary was illustrated by dark grey. The CBCT codes are 

represented in the table 1.
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Figure 3 - Comparison of CBCT images with the hypothetical best and worst device in two 

conditions (metal-free and with metal). The CBCT devices marked with + did not differ from 

the best (95% confidence interval) for all diagnostic tasks, the ones marked with - did not 

differ from the worst (lower score) and the ones marked with ≠ differed from the best and the 

worst.



 125 

Discussion 

 

In the present study, the null hypothesis was rejected since endodontic 

assessment of fine anatomical structures differed significantly among CBCT devices 

for different endodontic tasks in metal-free condition and in the presence of metal. 

When a CBCT examination is required, optimized exposure settings should be used 

to account for the diagnostic task (22) The differences found can be explained by the 

different technical characteristics of each CBCT device (19, 20). Although all CBCT 

protocols were selected in ‘high resolution’ mode, the actual spatial resolution is 

influenced by several device-specific factors such as focal spot size, detector pixel 

size, magnification factor, number of projections, and reconstruction filter (19). 

Nowadays, there is a wide variability concerning physical and technical features; 

therefore, different machines have varying performance for specific diagnostic tasks 

(19, 24-26). This variability may be even more evident when metallic materials are 

present in the scanned volume. 

The endodontic tasks were CBCT device-dependent, with three devices 

allowing for better endodontic feature detection in absence of metal artifacts. In the 

presence of metal, two devices performed better than the others. Only one CBCT 

device (A) presented a consistently high rank for all tasks and set-ups. An opposite 

behavior was observed for another device (J). High-dense materials commonly used 

in endodontic treatments may cause device-specific artifacts, deteriorating image 

quality to different extents for each CBCT device (6-8, 27).  

Regarding narrow canal, the presence of metallic pin in the middle third might 

have influenced its detectability. In the apical third only gutta percha was present. 

Previous investigations found that artifacts from metallic objects have a higher impact 

on image quality, making diagnosis more difficult (28-30). On the other hand, the 

influence of artifacts from gutta-percha and sealer varies in the current literature (7, 

27, 28). For isthmus evaluation, more CBCT devices obtained statistically similar 

scores compared to the best ranked, irrespective of the presence of metal. This result 

is in line with the high specificity and sensitivity for isthmus detection founded in the 

literature (13). On the other hand, for delta ramification, in the presence of metal, only 

three CBCT devices received the best scores, in agreement with a previous study 

that found low accuracy of CBCT for detecting ramifications (3, 5).  
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One of the main advantages of the present study was its reproducibility and 

clinically realistic comparative set-up. The use of an anthropomorphic phantom with 

modular teeth having specific endodontic challenges allowed to evaluate the same 

structure in ten different CBCT devices. Subsequently, image registration 

standardized the regions of interest (21). Additionally, a dry human skull covered with 

mix-D material provided similar attenuation as clinical scans (22). Moreover, the 

present study did not work with simulated tasks. Therefore, all evaluated diagnostic 

tasks were naturally pre-existing. On the other hand, our study was not able to 

consider patient movement, which is a factor inherent to a clinical scan that influence 

image quality (31, 32).  

It should be said that our study did not aim to compare diagnostic accuracy or 

efficacy of CBCT devices. Therefore, although significant variations could be noticed 

concerning image quality among different machines, further investigation is still 

necessary to analyze the impact of these dissimilarities for performing a challenging 

detection of fine endodontic structures. One must bear in mind that a CBCT device 

should provide an image of sufficient image quality for a specific diagnostic task. 

Following the ALADAIP (as low as diagnostically acceptable being indication-oriented 

and patient-specific) principle, the exposure parameters of a CBCT device should be 

adjusted for each patient and clinical situation in order to provide an image with 

enough quality for diagnosis with the lowest possible radiation dose (33).  

Our results highlighted the diversity regarding the quality and ranking of 

several CBCT devices for the same endodontic diagnostic task. Thus, differences 

between CBCT devices should be considered when referring a patient for an 

endodontic evaluation, especially when the patient has prior metallic restorations or 

implants. One may opt to use specific devices when a proper detection of narrow 

canal, isthmus, and apical delta ramification are needed. In case the patient has 

high-dense materials present, referral to CBCT may be even more restrictive, as only 

few devices are showing a good detection of these subtle anatomic structures when 

metallic objects are present. It is evident that even with the best possible selection of 

CBCT device and protocol, effective endodontic diagnosis can only be obtained 

when CBCT reading is combined with a comprehensive dental history and clinical 

findings (34, 35).  
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Conclusion 

 The evaluated endodontic tasks were CBCT device-dependent, and its 

detection was influenced by the presence of metal. 
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3.8 Publicação 8 

 

Assessment of CBCT devices for visualizing root cracks and fine anatomic 

structures: influence of scanning protocols and metallic materials. 

 

Abstract  

Objectives. To assess the influence of cone-beam computed tomography (CBCT) 

scanning protocols and the presence of metal on the visualization of root cracks and 

fine endodontic anatomical structures. 

Study Design. An anthropomorphic phantom containing teeth with cracks, isthmus, 

narrow canal, and apical delta was scanned using ten CBCT devices. A reference 

industrial CT image was used to detect and measure all structures. Three conditions 

were created: 1. metal-free, 2. ‘endo’ and 3.‘implant’ with metallic objects placed next 

to those teeth. For each condition, three protocols were selected: medium field of 

view (FOV) standard resolution, small FOV standard, and high resolution. Fleiss 

Kappa statistics were used for intra-observer agreement for each CBCT device. 

Kruskal-Wallis and Dunn’s test (α = 0.05) were used, for comparisons among 

conditions and protocols, within CBCT device. 

Results. only small FOV high-resolution metal-free images from two devices (A and 

H) were appropriate to visualize cracks. For fine structures, the best result was 

observed for small FOV high resolution. However, the visualization significantly 

worsened in the presence of a metallic post.  

Conclusions. The capacity of CBCT images for visualizing cracks is highly limited 

and restricted to certain devices and protocols in the absence of metal. The other 

structures were better visualized with a small FOV high-resolution protocol as long as 

there were no high-density objects in the region of interest. Keywords: Anatomy. 

Artifacts. Cone-beam computed tomography. Endodontics.  

 

 

 

                                                 
 Artigo em revisão no periódico Oral Surg Oral Med Oral Pathol Oral Radiol.nhyry. 
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INTRODUCTION 

 

Knowledge of root anatomy is important for diagnosis, treatment, and prognosis of 

endodontic diseases. The initial visualization of challenging anatomical structures, as 

well as the accurate early diagnosis of cracked teeth using cone-beam computed 

tomography (CBCT) images is of paramount importance for long-term tooth 

prognosis, due to its direct influence on the endodontic treatment1.  

The literature is conflicting regarding the sensitivity and specificity of CBCT 

images for performing endodontic tasks (such as the detection of root fracture and 

extra canals2-6. The selection of high-resolution protocols on CBCT devices with 

small field of view (FOV) and voxel sizes has been strongly recommended for 

visualizing the intricacies of the root canal system and periodontium7,8. Conversely, a 

systematic review did not find any correlation between smaller voxel sizes and better 

diagnostic accuracy of root fractures in non-endodontically treated teeth5. 

Furthermore, the effect of voxel size may be device-dependent due to other limiting 

factors for spatial resolution, such as the type of the detector and the reconstruction 

process8. Technical characteristics vary widely among commercially available CBCT 

devices10,11, which makes it difficult to generalize diagnostic capability for all devices 

and acquisitions protocols8. Moreover, high-density materials, such as endodontic 

fillings and or posts and dental implants within or outside the FOV may image quality 

on CBCT12,13. Therefore, the influence of such materials on visualization of fine 

anatomical structures requires further investigation. 

Optimized acquisition protocols should be selected when a CBCT examination 

is warranted8,14,15. In an ideal scenario, visualization of endodontic structures on 

CBCT should be performed on images acquired by high-resolution scanning 

protocols without the presence of metal near to the region of interest8. However, in 

clinical practice, this is not a common condition. Therefore, the present study 

evaluated the influence of different scanning protocols on 10 CBCT devices and the 

presence of metal for the visualization of root cracks and fine anatomic structures 

such as narrow canals, isthmus, and apical delta. The null hypothesis was that 

imaging scanning protocols and the presence of metal would not influence the 

visualization of root cracks and fine endodontics structures. 



 133 

MATERIAL AND METHODS 

This experimental study was designed according to the local institutional research 

ethics committee (protocol number NH019 2019-09-03).  An anthropomorphic 

phantom composed of a dry human skull and a mandible was covered with mix-D 

material to simulate soft tissue attenuation14. Additionally, a mix-D tongue was 

positioned in the corresponding space of the phantom. A reference industrial image 

confirmed the presence of a narrow canal in the right mandibular first premolar, and 

cracks, isthmus, and apical delta in the mandibular first molar (Fig. 1). To assess the 

influence of metal on the visualization of the aforementioned structures and cracks, 

three clinical conditions were created: 1. Metal-free (Fig. 2b); 2. ‘Endo’: with an 

endodontically treated second mandibular premolar containing a gold alloy metallic 

post made in-house. The root canals were prepared with Reciproc R25 file (VDW, 

Munich, Germany) and filled by lateral compaction using AH Plus sealer (Dentsply 

DeTrey GmbH, Konstanz, Germany) (Fig. 2c); and 3. Implant: the same phantom 

with a titanium implant with 10 mm length and a platform with 3.5 mm diameter, 

model Tapered PMC NP (Nobel Biocare, Zurich, Switzerland) placed in the right 

mandibular premolar region (Fig. 2d). Moreover, silicone guides made with Zetaplus 

silicone (Zhermack SpA, Badia Polesine, Italy) were used to reproduce the 

positioning of the teeth for image acquisition. 
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Figure 1 Representative images obtained from industrial CT showing a) delta ramifications, 

b) narrow canal, c) isthmus and d) crack used as reference images, and e) bar chart showing 

the means and standard deviations of the size of these structures. 

 

 

 

 

Figure 2 Anthropomorphic phantom of a dry human skull with mandible covered with mix-D 

(a) and representation of the region of interest considering the three conditions evaluated: 

metal-free (b), implant (c) and endo (d). 
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CBCT imaging acquisitions 

Initially, ten CBCT devices were selected based on their potential use for endodontic 

diagnosis, besides their widespread availability worldwide. Subsequently, in order to 

compare the influence of scanning protocols, all conditions were scanned by 

selecting three different protocols (medium FOV standard resolution, small FOV 

standard resolution and small FOV high resolution) on each of the devices. Table 1 

shows all CBCT devices, codes (A to J), exposure parameters and their 

corresponding dose-area product provided by the manufacturers. The study criteria 

for the protocols selection were based on the comparison of high-resolution 

protocols, suggested by the current literature for endodontic assessment, with two 

others protocols: medium FOV standard resolution, selected in the daily practice for 

complete mandibular assessment, and a small FOV standard resolution. The last one 

was selected in order to assess the influence of FOV while keeping the other 

variables constant. Although some of the devices tested allow the selection of a 

specific algorithm for metal artifact reduction, this tool was not used in the present 

study, to avoid confounding variables.  

 

Reference image acquisition 

The mandible was scanned on a Nikon XT H 225 industrial computed tomography 

(CT) scanner (Nikon Metrology Inc, Brighton, MI, USA) using the following 

parameters: 200 kV, 350 µA, 2.5 mm Cu filtration, 8x8 cm FOV and 40 µm voxel size. 

In addition to being used to accurately detect and measure the size of the structures 

and cracks evaluated, the industrial CT scan was used as a reference to register all 

CBCT images.  For each investigated structure, five different representative slices 

were selected. For narrow canals and apical delta, the diameter of the canals was 

measured and for root cracks and isthmus, the width was determined by the 

arithmetic mean value of five measurements along their length (Fig. 1). All 

measurements were made by an independent examiner using CTAn software 

(v.1.14.4; Bruker-micro-CT, Kontich, Belgium). Figure 1e shows the average size for 

each structure: 0.23mm for narrow canals, 0.18mm for apical delta, 0.06mm for root 

cracks, and 0.16mm for isthmus.   
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Image registration 

The evaluations in the present study were based on comparisons between a set of 

images within each CBCT device and their respective industrial CT reference image, 

considering all the different conditions and protocols. Therefore, mutual information-

based registration16 was performed in Amira 2019 software (Thermo Fisher 

Scientific, Waltham, MA, USA) using the industrial CT scan as a reference image. 

The aforementioned registration method allowed the selection of the same slice and 

consequently ensured the assessment of the same region of interest on all CBCT 

devices. One hundred and eighty slices per CBCT device were selected to evaluate 

all diagnostic tasks, considering five slices for each task (20 slices in total) in the 

three different protocols and three different conditions. 

 

Subjective image quality assessment 

A set of unique images containing fine endodontic structures in other regions of the 

phantom was used to calibrate two oral radiologists to the study method. After the 

calibration process the radiologists evaluated each diagnostic task separately. For 

each device and diagnostic task, there were a set of nine unseen images containing 

all scanning protocols and clinical conditions randomly displayed on the same 

computer screen along with the correspondent reference image (Fig. 3). Observers 

were aware of the appearance and location of the structures of interest and cracks in 

the reference image, but blinded to the respective CBCT device, protocols and 

presence of metal. Due to the difference in histogram distribution of each CBCT 

device, the brightness and contrast of the images were pre-adjusted by an 

experienced operator to provide images suitable for evaluation of each device. 

Afterwards, the image brightness, contrast and magnification could not be adjusted 

by the observers. They evaluated each image in comparison to the reference image, 

and classified it into one of three categories by consensus: 1 - appropriate for 

visualization of the specific structure; 2 - acceptable for visualization of the specific 

structure (the observer could distinguish the structure, however, it was not as clear as 

in the reference image); 3 - inappropriate for visualization of the specific structure 

(the observer could not distinguish the structure of interest). Calibration and 

evaluation sessions were performed in a low-light environment using a 61.2 cm flat-
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screen monitor MD Barco MDRC-2221 (Barco, Kortrijk, Belgium). After 30 days, 20% 

of the images were re-evaluated to assess intra-observer agreement.  

 

 

Figure 3 Set of images used for crack assessment containing a reference image from 

industrial CT and numbered images of a specific CBCT device for all conditions and 

scanning protocols. 

 

Statistical analysis 

Statistical modeling and analysis were performed using GraphPad Prism 5 

(GraphPad Software Inc, La Jolla, CA, USA). Fleiss kappa statistics was used to 

calculate intra-observer agreement for each CBCT device separately. Kruskal-Wallis 

and Dunn`s tests were used to compare the different conditions and scanning 

protocols of each CBCT device with the reference image. A significance level of 0.05 

was used for the analysis. 

 

RESULTS 

Kappa values indicate high intra-observer agreement (> 0.81 for all CBCT devices). 

Figure 1 shows representative industrial CT images of the accessed endodontic 

tasks used as reference in the present study. 
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This figure also contains a bar chart indicating mean values and standard 

deviations of the size of narrow canal, isthmus, apical delta, and root cracks. A 

significantly lower size was observed for root cracks when compared to the other 

evaluated structures (P <0.05). Figure 4 shows the percentage of images classified 

as appropriate, acceptable, or inappropriate for each CBCT device, considering all 

scanning protocols and the presence/absence of metal. Additionally, figure 4 shows a 

set of images from device A which yielded better results (highest percentage of 

images classified as appropriate) and device J which performed worst (lowest 

percentage of images classified as appropriate). 

Tables 2 and 3 show the mean classifications achieved by each scanning 

protocols (small FOV standard and high resolution and medium FOV standard 

resolution) and conditions (metal-free, implant and endo) of all CBCT devices and 

tasks. Moreover, they also demonstrate multiple comparison tests of each scanning 

protocol and condition with the reference images. 

Table 2 shows that only devices A and H presented similar performance to the 

reference for visualizing root cracks, but only in metal-free condition scanned with a 

small-FOV high-resolution protocol. 

Scanning protocols influenced the visualization of endodontics structures 

(narrow canal, delta apical and isthmus), with small-FOV high-resolution protocols 

performing better than the others (P < 0.05), as seen in Table 3. The presence of a 

metallic post decreased the ability to visualize the structures even for high resolution 

protocols (P < 0.05). However, similar behavior was not observed when the implant 

was present (P > 0.05). In the absence of metal, the small FOVs standard resolution 

from the devices A, B, C, E, and G displayed similar visualization to the reference 

image. In the presence of implants, only device C remained similar to the reference 

(P>0.05). For medium FOV standard resolution, only device A did not differ from the 

reference in the presence of metallic structures. Device J was not able to perform 

similarly to the reference image for any of the protocols and conditions (P < 0.05).
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Table 1  Detailed description of the CBCT devices, manufacturers, codes, and scanning protocols used in the present study 

 

 
 
CBCT devices  

 
 
Codes 

 
 
Manufacturer 

Small FOV   
High Resolution 

Small FOV   
            Standard Resolution 

Medium  FOV   
Standard Resolution 

FOV 
(cm) 

kV mA Voxel 
size 
(mm) 

DAP 
(mGY 
cm2) 

FOV 
(cm) 

kV mA Voxel 
size 
(mm) 

DAP 
(mGY 
cm2) 

FOV 
 (cm) 

kV mA Voxel 
size 
(mm) 

DAP 
(mGY 
cm2) 

3D Accuitomo 
170 

A J. Morita, Kyoto, 
Japan 

4 X 4 90 5 0.08 706 4 X 4 90 5 0.125 402 8 X 8 90 5 0.125 2310 

OP 3D Pro B Instrumentarium, 
Tuusula, Finland 

5 X 5 90 8.6 0.085 755 5 X 5  90 7.1 0.125 452 8 X 8 90 7.1 0.2 899 

Veraview X800 
 

C J. Morita, Kyoto, 
Japan 

4 X 4 100 7.9 0.08 589 4 X 4  101 8 0.125 596 8 X 8 100 8 0.125 2112 

X1 D 3Shape, 
Copenhagen, 
Denmark 

4 X 4 90 12 0.1 309 4 X 4 90 12 0.15 231 8 X 8 90 12 0.15 773 

CS 9300 E Carestream, 
Rochester, NY, USA 

5 X 5 90 4 0.09 572 5 X 5 90 4 0.2 572 7.7 X 7.7 90 4 0.18 455 

NewTom VGi 
evo 

F Cefla Dental Group, 
Imola, Italy 

5 X 5 110 3 0.1 148 5 X 5 110 3 0.125 148 8.2  X 8.2 110 3 0.125 329 

Veraviewepocs 
3DR100 

G J. Morita, Kyoto, 
Japan 

- - - - - 4 X 4 90 8 0.125 525 8 X 8 90 8 0.125 1780 

Orthophos SL 
3D 

H Dentsply Sirona, 
Charlotte, NC, USA 

5 X 5 85 6 0.079 421 5 X 5  85 10 0.16 214 8.2 X 8.2 85 6 0.16 657 

OP 3D I Instrumentarium, 
Tuusula, Finland 

5 X 5 95 4 0.08 1165 5 X 5  90 4 0.125 582 8 X 8 94 2.8 0.2 940 

ProMax 3D Max J Planmeca, Helsinki, 
Finland 

6 X 6 96 12 0.075 1155 6 X 6 96 7.1 0.15 657 10 X 10 96 7.1 0.15 668 
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Table 2  Mean values of visualization assessment of root cracks (1- appropriate, 2 – 

acceptable and 3- inappropriate) considering scanning protocols and conditions 

* indicates statistical similarity with the reference industrial CT scan, which is shown 

as ‘Control’ (1.0 – appropriate for visualizing the anatomical structures).   

 

 

 

 

 

 

 

 

 

 

CBCT 

devices 

 

Control 

Small FOV   

High Resolution  

Small FOV 

 Standard Resolution   

Medium FOV 

 Standard Resolution   

  Metal-Free Implant Post Metal-Free Implant Post Metal-Free Implant Post 

A 1.0* 2.2* 2.8 2.8 2.8 3.0 3.0 3.0 3.0 3.0 

B 1.0 2.8 3.0 3.0 2.8 3.0 3.0 2.6 3.0 3.0 

C 1.0 2.8 2.6 3.0 2.8 3.0 3.0 3.0 3.0 3.0 

D 1.0 2.8 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 

E 1.0 2.8 2.8 3.0 3.0 3.0 3.0 3.0 3.0 3.0 

F 1.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 

G 1.0    2.8 3.0 3.0 3.0 3.0 3.0 

H 1.0* 2.4* 3.0 3.0 3.0 3.0 2.8 2.8 3.0 3.0 

I 1.0 2.8 3.0 2.8 3.0 3.0 3.0 3.0 3.0 3.0 

J  1.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 



 141 

Table 3 Mean values of visualization assessment (1- appropriate, 2 – acceptable and 3- 

inappropriate) of anatomical endodontic structures considering scanning protocols and 

conditions  

* indicates statistical similarity with the reference industrial CT scan, which is shown as 

‘Control’ (1.0 – appropriate for visualizing the anatomical structures).   

 

 

 

 

 

 

 

 

 

CBCT 

devices 

 

Control 

Small FOV   

High Resolution  

Small FOV 

 Standard Resolution   

Medium  FOV 

 Standard Resolution   

  Metal-Free Implant Endo Metal-Free Implant Endo Metal-Free Implant Endo 

A 1.0* 1.1* 1.3* 1.5* 1.6* 1.9 2.0 1.8* 1.7* 1.9 

B 1.0* 1.6* 1.7* 1.9 1.8* 2.1 1.9 2.2 2.3 2.3 

C 1.0* 1.5* 1.6* 2.1 1.8 1.8* 2.1 2.3 2.4 2.5 

D 1.0* 1.6* 1.6* 1.6* 2.2 1.9 2.3 2.3 2.5 2.6 

E 1.0* 1.3* 1.3* 1.5* 1.5* 2.0 2.2 2.7 2.8 2.7 

F 1.0* 1.6* 1.8* 2.1* 2.3* 2.5 2.3 2.3 2.4 2.4 

G 1.0*    1.6* 2.3 1.9 2.3 2.6 2.0 

H 1.0* 1.5* 1.5* 1.6* 2.5 2.7 2.7 2.3 2.4 2.4 

I 1.0* 1.9* 1.9* 2.3 2.9 2.2 2.1 2.9 2.8 2.8 

J  1.0 2.1 2.3 2.1 2.9 2.9 2.5 2.3 2.5 2.8 
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Figure 4 Representative images of isthmus from the devices with the most (A) and 

least (J) appropriate images for visualization of fine endodontic structures; and 

stacked bar graph showing the percentage of appropriate, acceptable or 

inappropriate grades achieved for each CBCT device, taking into account all 

conditions and the scanning protocol. 

 

 

DISCUSSION 

To the best of our knowledge, this was the first study to assess the influence of 

scanning protocols and metallic materials on the visualization of root cracks and fine 

endodontic anatomical structures on ten different CBCT devices. These devices were 

selected considering their widespread availability worldwide and their common use 

for endodontic diagnoses and treatment planning. Furthermore, out of all available 

CBCT devices11 the selected devices represent the large variability in terms of CBCT 

technology currently available on the market.  

The null hypothesis was rejected, as all tasks were influenced by scanning 

protocols and presence of metallic materials. The small-FOV high-resolution 

protocols provided images with appropriate or acceptable visualization capability of 

endodontics structures (narrow canal, delta apical and isthmus) for all devices 
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evaluated, except for device J. This result confirmed that most CBCT images 

acquired with limited FOV and high-resolution protocols are preferable for fine 

endodontic structures visualization17. However, it is noteworthy that some devices 

have provided images similar to the reference even when small FOV standard 

resolution was selected, and that device A presented such capability regardless the 

protocol. Despite that, an increased exposure to ionizing radiation should be 

considered. These findings may be explained by differences in terms of other 

technical features amongst CBCT devices, such as focal spot size, detector pixel 

size, number of projections, and reconstruction filters18.  

High-density materials such as filling materials, gutta-percha and metallic 

posts may cause device-specific artifacts, reducing CBCT image quality19-21. The 

present results highlighted a decrease in the ability to visualize small endodontic 

structures in images with metallic posts within the FOV. Previous investigations found 

that artifacts generated from metallic posts have high impact on image quality22,23. 

Interestingly, the presence of an implant did not influence the behavior of most 

devices and scanning protocols. These results may be explained by differences in 

terms of atomic number of the gold metallic post (Z=79) and titanium implant (Z=22), 

since materials with higher atomic numbers are associated with more artifact 

expression in CBCT24. Although several studies have shown the impact of artifacts 

in regions adjacent to dental implants on CBCT images12,25,26, few of them evaluated 

their influence on the visualization of structures in adjacent teeth, and certainly none 

of them in a series of CBCT with a standardized condition as the present study.  

Concerning crack visualization, only two devices performed similar to the 

reference image, and only for a specific condition and scanning protocol. Considering 

its lowest average diameter of 0.07mm, cracks could be considered the most 

challenging to be identified compared to the other evaluated structures. The partial 

volume effect may explain the difficulty of detecting structures which are smaller than 

the voxel size27.  This effect occurs when a single voxel represents two or more 

structures, precluding their proper identification28. In addition to this limitation, the 

presence of high-density materials generates artifacts that mimic or overlap fracture 

lines22,29 . Other previous studies have also discussed the aforementioned limitations 

for detecting cracks on CBCT images and their size is undoubtedly one of the most 

crucial factors9,30. However, when diagnosing root cracks and fractures, other factors 

should be taken into consideration, such as clinical signs and symptoms, and the 
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pattern of bone loss on images13. Furthermore, the exposure parameters, detector 

technology, and reconstruction algorithms should also be considered for diagnostic 

purposes5. It is important to keep track of the constant evolution of technology and 

investigate how this may lead to improve diagnostic efficacy.   

Due to the inherent limitation related to an ex-vivo investigation, the present 

study was not able to consider patient motion and its effect on the final image 

quality31,32. On the other hand, the use of an anthropomorphic phantom was the only 

way to evaluate the same scanned structure by selecting various protocols on ten 

CBCT devices. Image registration using a reference image allowed standardizing the 

regions of interest, consequently improving the reproducibility of the study33. The 

anthropomorphic phantom was composed of a complete dried human skull and a 

mandible covered with a soft tissue substitute material14. This dedicated material, 

called mix-D, provided similar attenuation to soft tissues. In addition, the endodontic 

challenging tasks evaluated were naturally pre-existing, avoiding the limitation related 

to its artificial creation. 

 The present study highlighted the influence of different scanning protocols and 

the presence of metal structures within the FOV on the visualization of root cracks 

and challenging endodontic tasks. Furthermore, the results showed that this influence 

is device-dependent. As long as there are no high-density objects in the scanned 

region, several CBCT machines may be suitable. Yet, once high-density materials 

are present, fine endodontic diagnosis may be compromised in many CBCT 

machines, with only a limited number of machines still having some diagnostic value.  

For small root cracks (average diameter of 0.07 mm), CBCT diagnosis in the 

presence of metallic structures becomes extremely challenging, even though a 

comprehensive dental history and specific clinical findings might guide the diagnostic 

process17,34. 

 

 

CONCLUSIONS 

Considering this study design, the capacity of CBCT images for visualizing small 

cracks was highly limited and restricted to certain devices and protocols in the 

absence of metal. The visualization of fine endodontic structures was CBCT-device 

dependent with a better capacity observed for small-FOV high-resolution protocols as 

long as there were no high-density objects adjacent to the region of interest 
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3.9 Publicação 9 

 

Effect of foraminal enlargement on microcrack formation and apical 

transportation: A Nano-CT assessment 

 

Abstract  

Purpose:   To evaluate the foraminal enlargement and its influence on microcrack 

formation and apical transportation in root canals with apical curvature. Methods:  

Eighteen maxillary lateral incisors with apical curvature were selected by using micro-

CT images. Root canals were randomly divided in two groups (n=9) according to root 

canal preparation using two working lengths: 1 mm short of the apical foramen 

(control group) and 1 mm beyond the apical foramen (foraminal enlargement). For 

both groups Reciproc Blue R40 was used for root canal instrumentation. Specimens 

were scanned by nano-CT (UniTOM HR) before and after root canal preparation.  

Percentage, length, and width of microcracks, and apical transportation were 

assessed. Kappa, chi‐square and McNemar tests were used for qualitative analyses 

while paired and unpaired t-test were used for quantitative analyses (α=0.05).  

Results: For both groups, rather similar and low percentages of microcracks were 

observed before root canal preparation (P>0.05). The foraminal enlargement 

promoted new microcracks, not observed in the control group. An increase in 

microcrack length was observed when the foraminal enlargement was performed 

(P<0.05). Higher apical transportation was observed when foraminal enlargement 

was performed (P< 0.05). Conclusions: Foraminal enlargement using a heat-treated 

reciprocating file size 40 promoted microcracks and higher apical transportation than 

root canal preparation up to 1 mm short of apical foramen. 

 

Keywords: Dentinal microcrack. Root canal preparation. Dental Pulp Cavity. NiTi 

instruments. X-Ray Microtomography 
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Introduction 

 

 Root canal instrumentation directly influences long-term endodontic 

prognosis [1]. However, the apical limit of the root canal instrumentation is still a 

controversial topic in endodontics [1,2]. Although the most accepted working length is 

1 mm short of the apical foramen [1], the foraminal enlargement technique has also 

been proposed by some authors [2-4]. This procedure aims to clean the apical 

foramen [4] in order to improve the root canal disinfection [2,4]. However, it is still not 

well defined if foraminal enlargement can promote microcracks and increase 

transportation of the apical foramen [5-8].  

 The presence of dentinal microcracks may influence long-term survival of 

the tooth [9], since microorganisms may proliferate in crack lines, leading to the 

establishment of biofilm on the root surface [10]. In addition, microcracks could 

potentially promote a vertical root fracture [11], especially in roots with reduced dentin 

thickness [12]. Apical transportation may also negatively affect cleaning and filling of 

the apical root portion, resulting in failure to control infection and to promote root 

canal sealing [13].  

 Micro-computed tomography (micro-CT) has been used to evaluate dentin 

microcracks, since it is a high precision tool that enables the location of such defects 

[14]. However, this method has limitations especially for visualizing small 

microcracks, with lower accuracy than operating microscope with transillumination 

[15]. Accordingly, to detect small structures or to perform high accuracy 

measurements, a higher precision tool is required [14]. Nano-computed tomography 

(nano-CT) devices have small focal spot and increased signal-to-noise ratio, making 

possible to achieve a maximum spatial resolution in the submicrometer range [16].  

 Therefore, the aim of the present study was to evaluate the influence of 

foraminal enlargement on microcrack formation and apical transportation in maxillary 

lateral incisors with apical curvature by using nano-CT. The null hypothesis was that 

the enlargement of apical foramen would not cause microcracks and/or apical 

transportation.  
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Materials and methods 

 

Specimen Selection 

 All procedures were approved by the Faculty’s Ethics Committee (CEP no. 

29320820.8.0000.5416). Human maxillary lateral incisors with apical curvature (25°- 

35°) [17] previously stored in 0.1% thymol solution were used. The inclusion criteria 

comprised teeth with complete apical formation, absence of root fractures, 

calcifications or internal resorptions. Roots were inspected under a stereomicroscope 

at ×12 magnification to exclude those with any external dentinal defect and roots with 

immature apices. A digital radiographic system (RVG 6100; Kodak Dental Systems, 

NY) was used to select teeth according to inclusion criteria. Image J program 

(National Institutes of Health, Bethesda, MD, USA) was used to assess the degree of 

curvature in radiographic images.  All selected teeth were scanned using a micro-CT 

device (SkyScan 1276; Bruker-micro-CT, Kontich, Belgium) at a low-resolution (35 

µm voxel size). The three-dimensional images allowed a more accurate selection, 

and the inclusion criteria confirmation. After exclusion of teeth that did not reach the 

inclusion criteria, 18 maxillary lateral incisors with apical curvature were selected. 

Specimens were stored individually in numbered Eppendorf tubes at 100% humidity 

throughout the execution of the research.  

 

 Root Canal Instrumentation 

Conventional access cavities were performed, and root canals were explored 

using a size #10 K-file (Dentsply Sirona, Ballaigues, Switzerland). When the tip of the 

instrument was visible through the main foramen, the working length (WL) was 

determined. In order to simulate the periodontal ligament, the specimens were 

assembled in an apparatus with acrylic resin and each tooth was embedded in 

condensation silicone (Oranwash, Zhermack SpA, Badia Polesine, Italy). The 

apparatus was immersed in distilled water during the operative steps to prevent 

dehydration of the specimens. The same dentist, specialist in endodontics, prepared 

all the teeth. 

 Lateral incisors were randomly divided into two experimental groups (n = 9), 

by using a stratified random sampling method, considering the preoperative volume 

of the root canals. For the control group, a conventional preparation was used, 

meaning that the WL was defined as 1mm short of the apical foramen. For the 
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foramen enlargement group, the WL was defined as 1 mm beyond the apical 

foramen. For both groups, Reciproc Blue R40 (VDW GmbH, Munich, Germany) files 

were operated by an electric motor VDW SILVER (VDW GmbH) set in the 

“RECIPROC ALL” function. Each instrument was gradually inserted into the canal 

using in-and-out movements, at the three levels (cervical, middle and apical) up to 

WL. Root canal irrigation was performed with 5 mL of 2.5% sodium hypochlorite 

(NaOCl), using a 30G side-vented needle (NaviTip, Ultradent Products, South 

Jordan, UT) adapted to a 5 mL syringe (Ultradent Products). As final irrigation, 2 mL 

of 17% EDTA followed by 5 mL of distilled water were used. 

 

Nano-CT Analysis 

For nano-CT image acquisition, a high-resolution protocol (2µm voxel size) 

was used to scan all teeth before and after instrumentation by using UniTOM HR 

device (Tescan, Brno, Czech Republic). A tungsten target was employed, and the 

voltage and current applied were 65 kV and 123 µA, respectively, with an exposure 

time of 310 ms, 0.5 mm Al filter and 360° rotation around the vertical axis.  Images 

were reconstructed using Acquila reconstruction software (Acquila v.2900), and 

superimposed with geometric alignment by DataViewer software program (Data 

Viewer v.1.5.1, Bruker). Quantitative and qualitative analyzes were performed using a 

CTAn software program (CTAn v.1.14.4, Bruker). Three-dimensional images were 

made with a CTVox software program (CTVox v.3.2; Bruker).  

Analyses were performed in the 2-mm apical region of the roots. For 

qualitative analyses of microcracks, cross-sectional images before and after 

instrumentation were simultaneously assessed. Then, these were compared by two 

blinded examiners at two different time points. Microcracks were defined as lines or 

defects extending from inside the root canal to the dentin or from the outer root 

surface into the dentin. The distribution of microcracks was expressed as a 

percentage of the total cross-sectional images. The qualitative analyses of 

microcracks were based on their length and width. For length measurement, the 

extension of slices containing the microcrack was recorded, knowing that each slice 

represents exactly 0.002 mm, the number of slices was multiplicated for this value, 

and the result was considered as the microcrack length in mm. For width 
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measurement, the extension of the microcracks was measured in each 10 cross-

sectional slices, corresponding to 0.020 mm.  

Measurement of the apical transportation were obtained before and after 

instrumentation on cross-sectional images of the roots. As proposed by Gambill et al. 

[18], the following formula was used to calculate the root canal transportation: (X1-

X2) – (Y1-Y2).   X1 represented the shortest distance from the outside of the curved 

root to the periphery of the canal before instrumentation, Y1 represented the shortest 

distance from the inside of the curved root to the periphery of the canal before 

instrumentation, X2 represented the shortest distance from the outside of the curved 

root to the periphery of the instrumented canal, and Y2 represented the shortest 

distance from the inside of the curved root to the periphery of the instrumented canal. 

Ten cross-sectional images, determined by the arithmetical mean value, were 

measured in the last 2 mm of apex of each root.  

Statistical Analysis 

For sample calculation, G* Power 3.1.7 for Windows program (Heinrich-Heine-

Universität Dusseldorf, Dusseldorf, Germany) was used. Chi‐square and t test were 

used with an Alpha type error of 0.05 and Beta power of 0.95. Previous studies were 

used to determine the specific effect size for percentage of microcracks, 0.93 [19]; 

and root canal transportation, 3.11 [20]. A total of 8 specimens was indicated as 

being the ideal size required. 

All outcome data were analyzed with the GraphPad Prism 7.00 statistical 

software package (GraphPad Software, La Jolla, CA, USA).  

 For qualitative analyses of microcracks, results were expressed as the 

percentage for each group. Kappa statistics was used for intra- and inter-examiner 

agreement. McNemar test was used to determine significant differences before and 

after instrumentation and chi‐square test was used for comparations between groups. 

For the qualitative analysis of microcracks and transportation, the normality of the 

data was tested using the Shapiro-Wilk test. The paired t-test was used for 

comparisons between before and after instrumentation. For comparisons between 

the groups non-paired t test was used. The level of significance was 5% for all the 

analysis.  
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Results 

 

High intra and inter -examiner agreement was found with Kappa values higher 

than 0.91 for all evaluations.  

Table 1 shows the mean of slices presenting microcracks, taking into account 

all evaluated samples. These results indicate a low percentage of microcracks before 

preparation, being similar between groups (P>0.05). The enlargement of apical 

foramina caused new microcracks with a higher percentage when compared to the 

preparation 1 mm short of apical foramen (P<0.05). New microcracks were not found 

in the control group (P>0.05). Figure 1 shows the appearance of new microcracks 

only after foraminal enlargement, as this finding was not detected in the control 

group.  

Table 2 indicates the mean values and standard deviations of the length and 

width of microcracks observed before and after instrumentation. An increase in the 

microcracks length could be observed after foraminal enlargement (P<0.05), while in 

the control group the length values were similar before and after instrumentation 

(P>0.05).  The width of cracks was similar between groups and before and after 

instrumentation for both groups (P>0.05). 

Figure 2 indicates significant higher apical transportation after foramen 

enlargement in comparison with the control group (P <0.05). Figure 3 shows the 

presence of microcracks and apical deformations in 3D reconstructed images of 

nano-CT.  

 

 

Table 1 Percentage of dentinal microcracks before and after preparation  

 Before Preparation After Preparation 

Control Group  3.83aA 4.40aA 

Foraminal enlargement 3.73aA 12.87bB 

Different lowercase letters overlapped on the same line indicate statistical difference 

between before and after preparation in same group. Different capital letters 

overlapped on the same column indicate statistical difference between groups.  
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Table 2 Mean and standard deviation of the length and width (mm) of the 

microcracks found before and after preparation   

  Before Preparation After Preparation 

length  Control Group  0.23 ± 0.06 0.23 ± 0.08 

Foraminal enlargement 0.22 ± 0.04* 0.33 ± 0.07* 

width Control Group  0.23 ± 0.07 0.27 ± 0.08 

 Foraminal enlargement 0.26 ± 0.04 0.27 ± 0.05 

* represents statistical difference between before and after preparation. 

 

 

Figure 1 Representative cross-sectional nano–CT images showing the formation of 

microcracks after instrumentation for apical enlargement group.  
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Figure 2 Representative cross-sectional of 3D reconstructions showing superposition 

of the root canal before instrumentation (red) with after instrumentation (green) and 

bar chart showing mean and standard deviation of the transportation (mm) caused in 

the root canals after preparation. 
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Figure 3 3D reconstruction of nano-CT showing the presence of microcracks and 

apical deformations after foraminal enlargement.   

 

Discussion 

 

The results of this ex-vivo study suggest that the enlargement of apical 

foramen using a heat-treated reciprocating file size #40 promoted the formation of 

microcracks and apical transportation. Therefore, the null hypothesis was rejected.  

The current literature is still controversial regarding whether the limit of root 

canal preparation affect treatment prognosis [1, 2]. Moreover, a lack of consistency is 

observed in relation to the association between the working length and the presence 

of microcracks [5-8]. These conflicting results may be attributed to the use of different 

methodological designs, teeth morphology and analytical methods [15]. Therefore, 

this is the first study to assess the influence of working length on microcrack 

formation and on root foramen transportation by using nano-CT system. 

A recent study did not find any correlation between the working length and the 

formation of new dentinal microcracks after preparation, however with a different 
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methodological approach, especially regarding the size of apical preparation [8]. In 

this previous study, a lower apical preparation was performed until the size 0.25 mm 

by using Reciproc Blue R25. Nevertheless, the use of larger apical preparation has 

been recommended to improve the effect of irrigating solution [21], and to enhance 

root canal disinfection [22]. In addition, the current state-of-art of the heat-treated NiTi 

instruments, transversal sections and tapers results in safer root canal preparation of 

curved root canals [23]. The aforementioned statements justify the use of a larger 

apical preparation with the reciprocating NiTi file Reciproc Blue R40 in the present 

study. On the other hand, the higher size of preparation may have influenced 

microcrack formation after foraminal enlargement.  

The high-resolution nano-CT images allowed accurate location of the 

microcracks before and after root canal preparation. In both groups, the microcracks 

presented small size, achieving an average length of 0.22 mm and an average width 

of 0.27 mm. When the foraminal enlargement was performed, microcracks were 

longer after preparation, while in the control group, preoperative microcracks 

remained unchanged. These microcracks can be a potential site for bacterial 

infection (6), significantly decreasing the long-term prognosis of the teeth. 

In both groups, a small percentage of microcracks were observed before root 

canal instrumentation, as also observed in previous studies [24-27]. These 

microcracks can be attributed to the forces during extraction and excessive occlusal 

functional loads or even tooth age [28]. Dentin dehydration during experimental steps 

also have been referred as a risk factor for microcracks appearance [29]. However, to 

prevent the dentin dehydration the teeth were stored in 0.1% thymol and during 

nano-CT scans the specimens were covered with parafilm paper. Additionally, 

besides the facts that each specimen has acted as its own control, in the control 

group no new microcracks were found after instrumentation.  

The foraminal enlargement caused more transportation in the root apex than 

the instrumentation performed 1 mm short of apical foramen. Reciproc Blue files are 

submitted to a heat treatment that improves their flexibility [30], making them suitable 

for instrumentation of curved root canal [31].  However, previous studies have shown 

some transportation, even using instruments with heat treatment [8, 32]. Some 

authors have also pointed out that this transportation can occur more frequently in 

preparations 1 mm beyond the foramen [8, 33]. Root canal transportation may 

negatively affect the outcomes of endodontic treatments [34], especially in the  apical 
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region that represents a critical zone to maintain infection of the root canal system 

[35]. In addition, as can been observed in figure 3, the transportation is still 

associated with deformations of the apical foramen [8]. In agreement, a previous 

study also observed higher apical foramen deformations after foraminal enlargement 

[33]. Moreover, it should be emphasized that such deformations may affect the 

sealing of the root canal filling.  

Even with the inherent limitations related to an ex-vivo investigation, our 

results support the concept of restricting the root canal instrumentation procedures to 

the root canal limit, especially when larger files are used. Although some authors 

have recommended the enlargement of apical foramen to improve the apical cleaning 

[36], this might increase microcrack formation and canal transportation. Further 

studies are necessary to verify the influence of foraminal enlargement on filling 

adaption as well on the root canal cleaning.   

  

Conclusion 

 In this ex-vivo study, the evaluation of ultra-resolution images showed a 

higher number of microcracks and apical transportation with the foraminal 

enlargement technique using heat-treated reciprocating files when compared to 

conventional preparation until 1mm short of apical foramen. 
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4 DISCUSSÃO  
 
 

Micro-CT é utilizado para avaliação do preparo de canais radiculares com 

diferentes instrumentos endodônticos mecanizados1,5,6. Os resultados do presente 

estudo revelaram que a influência do tamanho do voxel nas análises de preparo por 

micro-CT é dependente da estrutura avaliada.  As publicações 1 e 3 mostraram não 

haver diferença significativa nas análises de volume do canal e acumulo de debris 

após o preparo entre as análises realizadas nos diferentes tamanhos de voxel, 5, 10 

e 20 µm. Porém um desfecho diferente foi obtido nas comparações de superfície não 

instrumentada quando as análises foram realizadas a 5 µm. Ainda, a publicação 2 

mostra a maior precisão para avaliações qualitativas de microtrincas dentinárias em 

imagens de micro-CT com tamanho de voxel de 5 µm. A influência do tamanho pode 

ser explicada pelo efeito de volume parcial que ocorre quando um único voxel 

representa duas ou mais estruturas, dificultando sua visualização correta91. 

Tendo em vista a importância da instrumentação radicular para o prognóstico 

do tratamento endodôntico24,25, a publicação 1 mostra que PDL e HFEDM tiveram 

capacidade de preparo semelhante com relação ao volume, debris e superfície não 

tocada. No entanto, na publicação 2, pode ser observada uma associação do 

instrumento HFEDM com maior formação de microtrincas dentinárias no terço 

médio, que não foi observada para o instrumento PDL. Este comportamento pode 

estar relacionado a diversos fatores como conicidades, desenho da ponta e secções 

transversais distintas entre os instrumentos92-94. Além disso o instrumento HFEDM 

apresenta superfície mais dura devido tratamento de superfície EDM95,96.  

Com relação a publicação 3, especial atenção dever ser dada para o fato de 

que o PUI só foi eficaz para remoção de debris no terço médio. Levando em conta a 

importância da limpeza do terço apical para o prognostico do tratamento 

endodôntico, sendo que esta região representa a zona crítica para manutenção da 

infecção periradicular97.  Ampliações maiores do batente apical devem ser 

encorajadas, principalmente em dentes com periodontite apical. Apesar do presente 

estudo ter utilizado preparos até o tamanho 30/.05 para PDL e 25/.08 para HFEDM, 

ampliações apicais maiores chegando 35 ou 40 foram recomendados para canais 

curvos, sendo associadas a maior remoção de debris sem ocasionar transporte do 

canal98,99. Além disso, maior diâmetro do preparo pode levar a melhor circulação da 

substancia irrigadora durante o PUI100,101. 
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A significativa maior precisão na detecção de microtrincas dentinárias para 

imagens com menor tamanho de voxel, destacada na publicação 2, motivou a 

escolha do nano-CT para avaliação de microtrincas dentinárias na publicação 9. As 

imagens de nano-TC com alta resolução permitiram a localização precisa das 

microtrincas, além de mensurações com grande acurácia. Apesar de alguns autores 

sugerirem a ampliação do forame apical102-104, alegando maior limpeza e 

deinfeção105. Nosso estudo mostrou uma associação da ampliação do forame apical 

com a formação de microtrincas dentinárias e transporte apical. As microtrincas 

dentinárias no ápice podem abrigar biofilme bacteriano106 e o transporte apical é 

relacionado a deformações no forame apical107 que pode afetar negativamente o 

selamento da obturação endodôntica. Desta forma, deve ser encorajado o preparo 

dos canais radiculares até 1 mm aquém do forame apical, respeitando os limites do 

canal radicular.  

O preenchimento adequado do sistema de canais radiculares é fundamental 

para um prognostico favorável a longo prazo dos dentes submetidos a tratamento 

endodôntico108. Desta forma a capacidade de preenchimento é uma das 

propriedades necessárias ao cimento endodôntico. Todavia, em alguns tratamentos 

endodônticos, devido à persistência bacteriana já existente ou contaminação do 

canal radicular posterior ao tratamento, o retratamento endodôntico é indicado37. 

Neste caso, a fácil remoção do material do interior do canal radicular é uma 

característica desejável ao cimento endodôntico.  A publicação 4 reporta que o 

cimento a base de silicato de cálcio Bio-C Sealer teve capacidade de preenchimento 

similar ao AH Plus, e as publicações 5 e 6 mostraram que este cimento é removido 

mais facilmente dos canais radiculares curvos que o AH Plus em caso de 

retratamento. Tendo em vista que cimento AH Plus é considerado padrão ouro 

devido suas excelentes propriedades físico-químicas41 e que os resultados foram 

favoráveis para cimento Bio-C Sealer, que é biocompatível e bioativo109,110 além de 

apresentar bons resultados nos testes físico-químicos111, podemos considerar o 

cimento Bio-C Sealer como alternativa na obturação de canais radiculares. 

 As dificuldades na escolha dos parâmetros de escaneamento por micro-CT 

relatadas nas análises do preparo do canal radicular112, se tornam ainda mais 

desafiadoras quando o objeto de análise é a obturação ou retratamento. Os artefatos 

provenientes de materiais com alto peso atômico, como os radipacificadores dos 

cimentos endodônticos prejudicam a qualidade final das imagens dificultando as 
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análises volumétricas113. No entanto, as publicações 4 e 6 mostraram que 

independente do cimento obturador utilizado os diferentes tamanhos de voxel não 

influenciaram os resultados das avaliações de obturação e retratamento 

endodôntico. Porém, deve-se ter em mente que apesar das radiopacidades distintas 

entre si, tanto AH Plus quanto Bio-C Sealer apresentam radioapacidade em acordo 

com a norma ISO111. Ainda, a escolha correta dos parâmetros de aquisição propiciou 

imagens com boa qualidade, mesmo nos maiores tamanhos de voxel. É importante 

enfatizar que a resolução da imagem além do tamanho do voxel, depende de outras 

variáveis como absorção média da amostra, ruído do detector, algoritmo de 

reconstrução, tamanho e forma do ponto focal de raios-X, abertura do detector e 

geometria do scanner114. 

  Atualmente o uso de TCFC tem sido cada vez mais difundido na endodontia.  

Imagens tridimensionais auxiliam no diagnostico, plano de tratamento e prognóstico 

endodôntico66-68. As Publicações 7 e 8 mostram que existe uma heterogeneidade 

com relação ao desempenho dos aparelhos de TCFC para visualização de 

estruturas endodônticas pequenas como canais estreitos, istmos e delta apicais. 

Esses achados podem ser explicados pela variabilidade de dimensões físicas, 

características, modalidades de imagem disponíveis e parâmetros essenciais, como 

especificações da fonte de raios-X e parâmetros de exposição, campo de visão entre 

os dispositivos de CBCT86. A influência negativa da presença de metal no campo de 

visão para visualização das estruturas também foi observada. Sendo ainda 

ressaltada na publicação 8 a maior influência do pino metálico em relação o implante 

dentário de titânio.  O maior peso atômico do pino metálico de ouro (Z=79) em 

reação ao implante de titânio (Z=22) provavelmente causou maior formação de 

artefatos nas imagens de TCFC, uma vez que existe uma associação direta entre a 

presença de materiais com levado número atômico e maior formação de artefatos115.  

A publicação 8 ressalta ainda a importância de protocolos de alta de 

resolução e o uso de campos de visão pequenos para realização das tarefas 

diagnosticas endodônticas. Além disso, foi evidenciada a grande limitação da 

visualização de pequenas trincas usando imagens de TCFC. Sendo assim, no 

diagnóstico de trincas radiculares, outros fatores devem ser levados em 

consideração, como sinais e sintomas clínicos e o padrão de perda óssea nas 

imagens116.  
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De forma geral, com relação às análises de preparo podemos concluir que a 

influência do tamanho de voxel é dependente da variável a ser avaliada. Os 

instrumentos PDL e HFEDM tem capacidade de preparo semelhante, sendo que 

HFEDM é mais propício a formação de microtrincas dentinárias. Os preparos 

radiculares preferencialmente devem ser realizados 1 mm aquém do forame apical. 

A respeito das análises de obturação e retratamento, O cimento Bio-Sealer tem 

adequada capacidade de preenchimento, além disso este material pode ser 

removido mais facilmente que o AH Plus em caso de retratamento. Os diferentes 

tamanhos de voxel, bem como, cimentos com diferentes radiopacidades não 

influenciaram as análises volumétricas.   

Com relação as avaliações de TCFC foi observado resultados distintos entre 

os aparelhos para realização de tarefas diagnosticas endodônticas, sendo que os 

protocolos de alta resolução com campo de visão pequenos são preferíveis para 

visualização de pequenas estruturas. A presença de metal piorou significativamente 

a qualidade das imagens de TCFC, principalmente o pino metálico de ouro.  
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5 CONCLUSÃO 
 

De acordo com os resultados do presente estudo, pode-se concluir:  

 

O tamanho de voxel não teve impacto significativo na análise do volume dos 

canais radiculares e de debris. Porém, o tamanho do voxel deve ser considerado 

como um fator potencial para superfície não instrumentada, uma vez que foram 

observados resultados diferentes para imagens a 5 µm, em comparação com 

imagens de tamanhos de voxel de 10 e 20 µm. PDL e HFEDM tiveram capacidade 

de preparo semelhantes.  

 

Os diferentes tamanhos de voxel influenciaram a análise de microtrincas por 

micro-CT, sendo a maior precisão observada para análises realizadas com tamanho 

de voxel de 5 μm. HyFlex EDM causou ainda mais microtrincas no terço médio, 

detectáveis apenas pela visualização de imagens feitas em tamanho de voxel de 5 

μm. 

 

Os tamanhos dos voxels avaliados não tiveram impacto significativo na 

análise de debris. No entanto, os resultados mostraram uma tendência de detecção 

de mais debris em análises realizadas com um tamanho de voxel menor. O PUI 

reduziu o acúmulo de debris no terço médio dos canais radiculares curvos. 

 

Bio-C Sealer e AH Plus forneceram capacidade de preenchimento adequada 

em canais radiculares curvos. Além disso, a segmentação visual e automática pode 

ser aplicada a imagens de micro-TC com tamanhos de voxel de 5 a 20 µm para 

avaliar a qualidade do preenchimento endodôntico. O método de segmentação 

automática deve ser considerado como primeira escolha para avaliar a qualidade da 

obturação do canal radicular devido às suas características rápidas, confiáveis e 

menos dependentes do operador. 

 

A remoção do material obturador do terço apical foi mais fácil para os canais 

obturados com Bio-C Sealer do que com AH Plus. PDL 50/.01 e XP-endo Finisher 

proporcionaram maior remoção de materiais obturadores no terço apical após 

retratamento de canais radiculares curvos. Ambas as abordagens suplementares 



 170 

não apresentaram transporte apical. PDL 50/.01 promoveu maior aumento de 

volume do terço apical que o XP-endo Finisher. 

 

Imagens de micro-CT usando diferentes tamanhos de voxel não influenciaram 

na análise do material de preenchimento remanescente independentemente do 

cimento endodôntico, AH Plus ou Bio-C Sealer. 

 

A visualização de estruturas endodônticas pequenas foi dependente do 

dispositivo de TCFCT e sua detecção foi influenciada pela presença de metal. 

 

A capacidade de visualização de pequenas trincas em imagens de TCFC é 

altamente limitada e restrita a determinados dispositivos e protocolos na ausência de 

metal. A visualização de estruturas endodônticas pequenas foi dependente do 

dispositivo TCFC com uma melhor capacidade observada para protocolo de alta 

resolução com FOV pequeno, desde que não houvesse objetos de alta densidade 

adjacentes à região de interesse 

 

O alargamento do forame apical pode aumentar a formação de microtrincas e 

o transporte do canal, especialmente quando limas maiores são utilizadas, 

reforçando o conceito de restringir os procedimentos de instrumentação do canal 

radicular ao limite do canal radicular. 
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APÊNDICE A – METODOLOGIA EXPANDIDA 
 
 

*Micro-CT 

 

Análise em microtomografia computadorizada 

 

 Os parâmetros para escaneamento foram  baseados na variação da 

resolução, sendo o foco principal do projeto proposto. As amotras foram escaneadas 

usando aparelho de micro-CT (SkyScan 1272. Bruker, Kontich, Belgium) antes após 

todas as etapas experimentais. Os escamentos foram realizados com 5 µm de 

tamanho de voxel com os seguintes parâmetros: filtro de cobre, rotação de 180°, 

passo de rotação de 0.2, com 100 kV e 100 µA. Todas as imagens obtidas foram 

reconstruídas usando o software NRecon (NRecon v.1.6.3; Bruker). A sobreposição 

das imagens foi feita no software DataViewer (Data Viewer v.1.5.1, Bruker). Todas 

as análises foram realizadas usando o software CTAn (CTAn v.1.14.4, Bruker). As 

imagens originais foram redimensionadas isotropicamente para realizar análises com 

diferentes tamanhos de voxels. Imagens de 10 e 20 μm foram obtidas para as 

análises quantitativas e  qualitativas. Isso foi conseguido redimensionando as 

imagens de 5 μm digitalizadas anteriormente em 2 e 4, respectivamente, usando um 

programa de software CTAn.  

 

Seleção dos dentes 

 

Foram selecionados doze primeiros e segundos molares inferiores com 

câmara pulpar intacta, raízes mesiais com ápice completamente formado e curvatura 

de 25° - 35° a partir de análises radiografias (Schneider 1971). Para a seleção dos 

espécimes, além da utilização do sistema de radiografia digital, foi realizado 

escaneamento inicial a 35 µm utilizando o microtomógrafo SkyScan 1176 (Skyscan 

1176, Bruker-microCT, Konttich, Bélgica). Nesta etapa, por meio de estudos pilotos, 

foram definidos parâmetros de escaneamento: filtro Cu + Al, tempo de 87 ms de 

exposição, frame 3, rotação de 360°, 80 kV e 300 uA. Após reconstrução e análise 

inicial das imagens obtidas, foram selecionadas 12 raízes mesiais de molares 

inferiores, apresentando canais MV e ML distintos, completa formação apical, 

ausência de fraturas radiculares e reabsorções. 
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Após lavagem dos dentes em água por 48 horas, foi realizado o acesso aos 

canais utilizando uma broca diamantada de alta velocidade tamanho 2 (FG1012 KG, 

Sorensen, Sao Paulo,Brasil) sob refrigeração.       Para a exploração inicial dos 

canais radiculares, foram utilizadas limas tipo Kerr #08 e #10 (Dentsply, Maillefer, 

Suíça) introduzidas no canal radicular até o forame apical. O comprimento de 

trabalho foi definido a 1 mm desta extensão. A solução irrigadora utilizada foi 

hipoclorito de sódio a 2,5%, em seringa com agulha 29 G Navip (Endo Eze NaviTip, 

Ultradent, Brasil). Visando simular o ligamento periodontal para a execução das 

técnicas, os espécimes foram  montados em aparatos com resina acrílica. Cada 

dente foi moldado com silicone de condensação (Oranwash, Zhermack SpA, Badia 

Polesine, Itália) para simulação do ligamento periodontal (Figura 1). 

 

Figura 1 – Imagem representativa das raízes mesiais de molares inferiores incluídas em 
silicone de condensação, nas fases experimentais de preparo e obturação 

 

 

Fonte: Arquivo pessoal do autor. 

 

Concluída a seleção das amostras, os espécimes foram submetidos ao 

escaneamento por micro-CT, com resolução de 5 µm com os parametros ja 

descritos anteriormente. Antes da divisão dos grupos, foram realizadas análises 

volumétricas dos canais radiculares, nas imagens obtidas pelo escaneamento inicial 

com intuito de realizar um sorteio para distribuição dos grupos de forma homogênea 

e ao mesmo tempo randomizada (Figura 2). 
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Figura 2- Imagem representativa das análises volumétricas das imagens, após 
escaneamento inicial 

 

 

A, Espécime antes da fase experimental. B, definição do Roi, área de interesse. C, Voi, área 
de interesse salva para análises volumétricas. D, binarização das imagens para análise. 
 
Fonte: Arquivo pessoal do autor. 

 

Preparo do canal radicular com ProDesign Logic (n=12) 

 

Instrumento ProDesign Logic tamanho 30 taper .01 foi acionado em motor 

elétrico (VDW.SILVER, VDW GmbH, Munique, Alemanha) em movimento rotatório a 

350 rpm de acordo com as especificações do fabricante, com suaves movimentos de 

entrada e retirada até o comprimento de trabalho. Em seguida, instrumento 

ProDesign Logic tamanho 30, taper .05 foi empregado a 600 rpm com suaves 

movimentos em direção apical até o comprimento de trabalho. O pincelamento foi 

realizado na zona de segurança (parede mesial), com amplitude média de 3 mm, 

totalizando três movimentos: mesial, mesio-vestibular e mesio-lingual. Após cada 

etapa de uso, os instrumentos foram limpos com gaze estéril umedecida com água 

destilada 

O canal foi irrigado com 6 ml de NaOcl a 2,5% (3 ml para ProDesign Logic 

30.01 e 3 ml para ProDesign Logic 30.05) usando uma seringa Ultradent com agulha 

Navitip 30G a 2 mm aquém do CT com movimentos de entrada e saída com fluxo 

continuo e aspiração. Foi  realizada irrigação final com 5 ml de NaOcl 2,5%, 2.5 ml 

de EDTA 17%, sob agitação, por 3 minutos e posteriormente 5 ml de solução 

fisiológica. 
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Preparo do canal radicular HyFlex EDM (n=12) 

 

Instrumento HyFlex EDM tamanho 10, taper .05 foi empregado a 300 rpm 

com suaves movimentos de entrada e retirada até o comprimento de trabalho. 

Finalizando o preparo, foi utilizado o instrumento HyFlex EDM 25 com taper variado 

em movimento rotatório a 500 rpm com movimentos de entrada e retirada até o 

comprimento de trabalho. O pincelamento foi realizado na zona de segurança 

(parede mesial), com amplitude média de 3 mm, totalizando três movimentos: 

mesial, mesio-vestibular e mesio-lingual. Após cada etapa de uso, os instrumentos 

foram limpos com gaze estéril umedecida com água destilada. 

O canal foi irrigado com 6 ml de NaOcl a 2,5% (3 ml HyFlex EDM 15.05 e 3 ml 

para HyFlex EDM 25.08) usando uma seringa Ultradent com agulha Navitip 30G a 2 

mm aquém do CT com movimentos de entrada e saída com fluxo continuo e 

aspiração. Foi realizada irrigação final com 5 ml de NaOcl 2,5%, 2.5 ml de EDTA 

17%, sob agitação, por 3 minutos e posteriormente 5 ml de solução fisiológica. 

Concluído o preparo inicial dos canais radiculares, os espécimes foram 

submetidos ao escaneamento por micro- CT, com resolução de 5 µm, para 

comparações das imagens pré e pós-operatórias. Foram avaliados o transporte e a 

centralização do canal, o percentual de aumento volumétrico, as superfícies não 

tocadas e debris para cada sistema utilizado (Figuras 3, 4, 5 e 6). 
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Figura 3 - Imagens representativas da sobreposição das imagens obtidas antes e 
após cada procedimento experimental 

 

 

A, antes dos ajustes de sobreposição e B, após os ajustes de sobreposição. 
 
Fonte: Arquivo pessoal do autor. 

 

Figura 4 - Imagem representativa das análises volumétricas das imagens, antes e após 
cada fase experimental, no software CTAnA, Reference e target mostrando o espécime 

antes e após a fase experimental 
 

 

B, definição do Roi, área de interesse. C, Voi, área de interesse salva 
para análises volumétricas. D, binarização das imagens para análise 
volumétrica. 
 
Fonte: Arquivo pessoal do autor. 
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Figura 5 - Imagem representativa da utilização do task lists, no software CTAn para 
realização de análises volumétricas 

 

 

Fonte: Arquivo pessoal do autor. 

 

Figura 8 - Imagem representativa do software CTAn, mostrado o reference e target para 
mensuração do limite do canal, antes do preparo e preparado, até a borda mais próxima da 

raiz 
 

  

Fonte: Arquivo pessoal do autor. 
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Limpeza adicional (n=24) 

 

Foi utilizada irrigação ultrassônica Passiva (PUI). Os canais foram irrigados 

com 5 ml de hipoclorito de sódio a 2,5 %, os insertos ultrassônicos Irrissonic (Helse, 

São Paulo, SP, Brasil) foram ativados pelo aparelho ultrassônico Newtron® Booster 

(ACTEON North America, NJ, Estados Unidos) em frequência 50/60 Hz, potência 

10% a 2 mm aquém do comprimento de trabalho (20 segundos), irrigação com 5 ml 

de EDTA a 17%. + Irrissonic como descrito anteriormente. O canal foi novamente 

irrigado com 5 ml de hipoclorito a 2,5% e novamente será empregada a ativação do 

hipoclorito. 

Concluído o protocolo de limpeza adicional, os espécimes foram submetidos à 

escaneamento em micro-CT, com resolução de 5 µm. Foi analisado o percentual de 

debris. 

 

Obturação 

 

Após as etapas de preparo e limpeza adicional foi realizada redistribuição das 

amostras de forma randomizada por meio de sorteio. No entanto, foi levado em 

conta na redistribuição o volume dos canais apos o prreparo, assim como a 

distribuição equitativa dos canais preparados pelos instrumentos Logic 30.05 e 

HyFlex EDM 25/~. Os canais foram obturados pela técnica do cone único com os 

cimentos AH Plus (Dentsply, GmbH, Ballaigues, Alemanha) ou Bio-C Sealer 

(Angelus, Londrina, PR, Brazil). 

Após a randomização das amostras os dois grupos tiveram canais que foram 

preparados por ProDesign logic e HyFlex EDM. Os canais que foram preparados por 

ProDesign Logic 30.05, foram secos com cones de papel absorvente estéril 30 

(Tanari Indústria Ltda., São Paulo, Brasil) e foram obturados com cones de guta 

percha 30.05 (Tanari Indústria Ltda., São Paulo, Brasil), selecionados segundo 

tamanho da ponta e conicidade por meio de mensurações em aparelho Perfilômetro 

(Profile Projector Nikon modelo 6C-2). Os canais que foram preparados por HyFlex 

EDM25.~ foram secos com cones de papel absorvente estéril 25 (Tanari Indústria 

Ltda., São Paulo, Brasil) e foram obturados cones de guta percha compatíveis com o 

sistema HyFlex EDM 25.~ (Coltene, Altstatten, Suíça), selecionados segundo 
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tamanho da ponta e conicidade por meio de mensurações em aparelho Perfilômetro 

(Profile Projector Nikon modelo 6C-2).  

O cimento AH-Plus foi manipulado de acordo com as especificações do 

fabricante e foi levado ao canal radicular com auxílio do instrumento Lentulo, em 

sentido horário em motor de baixa rotação (Micromotor N270 e Contra-ângulo , Dabi-

Atlante, Brasil) a 2 mm do comprimento de trabalho e lima manual tipo Kerr girando 

pré-curvada no comprimento de trabalho. Para os canais que foram obturados por 

Bio-C Sealer, o cimento foi injetado no canal radicular, a cerca de 4 mm do 

comprimento de trabalho, usando a seringa e a agulha plástica fornecidas pelo 

fabricante. 

Após a preenchimento de cimento no interior do canal radicular, o cone de 

guta percha envolto em cimento endodôntico foi levado ao interior do canal. Em 

seguida, foi realizado o corte do cone a nível cervical e o material restante foi 

levemente compactado no sentido vertical. Após o procedimento foi realizada uma 

radiografia comprobatória da qualidade da obturação. 

Após a obturação dos canais radiculares, foi realizado o selamento coronário 

com material restaurador provisório Coltosol (Vigodent, Rio de Janeiro, Brasil) e as 

raízes foram mantidas em estufa a temperatura de 37° C e umidade 95%, por três 

dias para a presa final do cimento obturador. 

Novo escaneamento em micro-CT foi realizado de acordo com os parâmetros 

já definidos. Nesta etapa, as análises da qualidade de obturação, bem como a 

presença de falhas foram  realizadas.  

 

Avaliação da eficácia do retratamento 

 

Após manutenção dos espécimes em estufa a temperatura de 37° C, em 

umidade a 95%, por uma semana, foi realizado o retratamento endodôntico. Após 

remoção do selamento provisórios, todos os canais (n=48), foram retratados com o 

sistema ProDesing Logic RT (Easy Equipamentos Odontológicos, Brasil). Foi  

utilizado um contra ângulo acoplado a um motor elétrico WDW Silver (VDW, Munich, 

Germany) na sequência: 

- Desobstrução do terço cervical - Foi realizado com o instrumento 30.10 do sistema 

ProDesing Logic RT a 900 rpm. 
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- Desobstrução do terço cervical médio - Foi realizado com o instrumento 25.08 do 

sistema ProDesing Logic RT a 900rpm. 

- Desobstrução do terço apical - Foi realizado com instrumento ProDesing RT 20.06 

a 600 rpm. 

- Preparo dos terços cervical e médio e apical- Foi realizado com instrumento 

ProDesing Logic 35.05 a 600 rpm 

O canal foi irrigado com 8 ml de NaOcl a 2,5% (2 ml para PDL RT 30.10, 2 ml 

para PDL RT 25.08, 2 ml para PDL RT 20.06 e 2 ml para PDL 35.05), usando uma 

seringa Ultradent com agulha Navitip 30G a 2 mm aquém do CT com movimentos de 

entrada e saída com fluxo contínuo e aspiração. Foi realizada irrigação final com 5 

ml de NaOcl 2,5%, 2.5 ml de EDTA 17%, sob agitação, por 3 minutos e 

posteriormente 5 ml de soro fisiológico. 

Os espécimes foram novamente escaneados em micro-CT de acordo com os 

parâmetros já definidos e padronizados. Nesta etapa, as análises de percentual de 

material obturador remanescente foi  realizado com o intuito de averiguar a influência 

do cimento obturador (AH Plus ou Bio-C Sealer) empregados na técnica do cone 

único na capacidade de remoção do material obturador de instrumentos rotatórios de 

Níquel e Titânio. 

 

Avaliação da eficácia da limpeza adicional 

 

Após a etapa do retratamento foi realizada redistribuição das amostras de 

forma randomizada. No entanto, foi levado em conta na redistribuição a distribuição 

equitativa dos canais obturados pelo cimento AH Plus e Cimento Biocerâmico (Bio-C 

Sealer). Neta etapa, todos os canais que foram retratados, foram submetidos a 

protocolo de limpeza adicional, com XP-endo Finisher  (n=12) ou alargamento apical 

apical com PDL 50.01.   

 

a) XP-endo Finisher (n=12) 

XP-endo Finisher  foi  acionado em motor elétrico (VDW.SILVER, VDW 

GmbH, Munique, Alemanha) em movimento rotatório a 800 rpm por 30 segundos 

com movimentos de entrada e retirada até a comprimento de trabalho, pressionando 

o instrumento contra as paredes do canal. Foi  realizada nova irrigação como 

descrito anteriormente e novamente foi  empregado o XP-endo Finisher também 
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como descrito anteriormente. Foi  realizada irrigação final com 5 ml de NaOcl 2,5%, 

2.5 ml de EDTA 17%, sob agitação, por 3 minutos e posteriormente 5 ml de soro 

fisiológico. 

 

b) Ampliação apical apical com PDL 50/.01 (n=12)   

O instrumento PDL 50/.01  foi operado com motor elétrico VDW SILVER, em 

movimento rotatório  à velocidade de 350 rpm e torque de 1 Ncm, com movimentos 

para dentro e para fora até o comprimento de trabalho. Os canais radiculares foram 

irrigados com 2 mL de NaOCl 2,5%. A irrigação final foi realizada conforme descrito 

anteriormente. 

Os espécimes foram novamente escaneados em micro-CT de acordo com os 

parâmetros já definidos e padronizados. Nesta etapa, as análises de percentual de 

material obturador remanescente foram realizadas. 

 

*Cone Bean-CT 

 

Um Fantoma antropomórfico composto de um crânio humano seco e uma 

mandíbula foi coberto com material mix-D para simular a atenuação dos tecidos 

moles (Oenning et al., 2019) (Figura 9).  

 

Figura 9 - Imagem representativa de mandibula huma seca sendo recoberta por Mix-D 

 

Fonte: Arquivo pessoal do autor. 

 

Esta mandíbula apresenta um canal estreito no primeiro pré-molar inferior 

direito e trincas, istmo e delta apical no primeiro molar inferior, detectados por uma 

imagem de alta resolução obtida por meio de um aparelho de micro-CT  industrial 

(Nikon Metrology Inc, Brighton, MI, USA) usando os seguintes parametros de 
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escaneamento: 200 kV, 350 µA, 2.5 mm de filtro de cobre, 8x8 cm FOV and 40 µm 

de tamanho de voxel.  

Foram criadas três condições clínicas: 1. Livre de metal (Figura  10b); 2. 

‘Endo’: com um segundo pré-molar inferior tratado endodonticamente contendo um 

pino metálico de liga de ouro feito internamente. (Figura 10c); e 3. Implante: o 

mesmo modelo com um implante de titânio com 10 mm de comprimento e uma 

plataforma com 3,5 mm de diâmetro, modelo Tapered PMC NP (Nobel Biocare, 

Zurique, Suíça) colocado na região do pré-molar mandibular direito (Figura  10d).  

 

Figura 10 - Fantoma antropomórfico de crânio humano seco com mandíbula recoberta com 
mix-D (a) e representação da região de interesse considerando as três condições avaliadas: 

isento de metal (b), implante (c) e endo (d) 

 

Fonte: Arquivo pessoal do autor. 

 

As três condições foram examinadas selecionando três protocolos de 

aquisição diferentes (resolução padrão de FOV médio, resolução padrão de FOV 

pequeno e FOV pequeno em alta resolução) em cada um dos dez dispositivos de 

CBCT. A Tabela 1 mostra todos os dispositivos CBCT, códigos (A a J), parâmetros 

de exposição usados para a avaliação 1 e a tabela 2 mostra essas informações 

sobre a avaliação 2. A mandíbula foi digitalizada em um Nikon XT Scanner industrial 
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de tomografia computadorizada (TC) H 225 (Nikon Metrology Inc, Brighton, MI, EUA) 

usando os seguintes parâmetros: 200 kV, 350 µA, filtração de cobre de 2,5 mm, FOV 

de 8x8 cm e tamanho de voxel de 40 µm. Além de ser usado como uma varredura 

de referência para registrar todas as imagens de CBCT, a tomografia 

computadorizada industrial foi usada para detectar e medir com precisão o tamanho 

das estruturas. O registro baseado em informações mútuas foi realizado no software 

Amira 2019 (Thermo Fisher Scientific, Waltham, MA, EUA) usando a tomografia 

computadorizada industrial como imagem de referência. 

 

Tabela 1 - Dispositivos TCGC, fabricantes, códigos e parâmetros de digitalização 
comparáveis 

 

CBCT devices  Manufaturer Code FOV 

(cm) 

kV mA Voxel size 

(mm) 

3D Accuitomo 170 J. Morita, Kyoto, Japan A 4 X 4 90 5 0.08 

Veraview X800 J. Morita, Tokyo, Japan B 4 X 4 100 7.9 0.08 

X1 3Shape, Copenhagen, Denmark C 4 X 4 90 12 0.1 

NewTom VGi evo Cefla Dental Group, Imola, Italy D 5 X 5 110 3 0.1 

OP 3D Pro Instrumentarium, Tuusula, 

Finland 

E 5 X 5 90 8.6 0.085 

OP 3D Instrumentarium, Tuusula, 

Finland 

F 5 X 5 95 4 0.08 

CS 9300 Carestream, Rochester, NY, USA G 5 X 5 90 4 0.09 

ProMax 3D Max Planmeca, Helsinki, Finland H 6 X 6 96 12 0.075 

Orthophos SL 3D Dentsply Sirona, Charlotte, USA I 5 X 5 85 6 0.079 

Spectral Dental 

UEG 

UEG Medical, Shangai, China J 6 X 6 110 8 0.075 

Fonte: Elaboração própria. 
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Tabela 2 -Descrição detalhada dos dispositivos TCFC, fabricantes, códigos e protocolos de digitalização usados no presente estudo 
 

Fonte: Elaboração própria. 

 
 
 
 

 

 

CBCT devices  

 

 

Codes 

 

 

Manufacturer 

Small FOV   

High Resolution 

Small FOV   

            Standard Resolution 

Medium  FOV   

Standard Resolution 

FOV 

(cm) 

kV mA Voxel 

size 

(mm) 

DAP 

(mGY 

cm2) 

FOV 

(cm) 

kV mA Voxel 

size 

(mm) 

DAP 

(mGY 

cm2) 

FOV 

 (cm) 

kV mA Voxel 

size 

(mm) 

DAP 

(mGY 

cm2) 

3D Accuitomo 

170 

A J. Morita, Kyoto, 

Japan 

4 X 4 90 5 0.08 706 4 X 4 90 5 0.125 402 8 X 8 90 5 0.125 2310 

OP 3D Pro B Instrumentarium, 

Tuusula, Finland 

5 X 5 90 8.6 0.085 755 5 X 5  90 7.1 0.125 452 8 X 8 90 7.1 0.2 899 

Veraview X800 

 

C J. Morita, Kyoto, 

Japan 

4 X 4 100 7.9 0.08 589 4 X 4  101 8 0.125 596 8 X 8 100 8 0.125 2112 

X1 D 3Shape, Copenhagen, 

Denmark 

4 X 4 90 12 0.1 309 4 X 4 90 12 0.15 231 8 X 8 90 12 0.15 773 

CS 9300 E Carestream, 

Rochester, NY, USA 

5 X 5 90 4 0.09 572 5 X 5 90 4 0.2 572 7.7 X 7.7 90 4 0.18 455 

NewTom VGi 

evo 

F Cefla Dental Group, 

Imola, Italy 

5 X 5 110 3 0.1 148 5 X 5 110 3 0.125 148 8.2  X 8.2 110 3 0.125 329 

Veraviewepocs 

3DR100 

G J. Morita, Kyoto, 

Japan 

- - - - - 4 X 4 90 8 0.125 525 8 X 8 90 8 0.125 1780 

Orthophos SL 

3D 

H Dentsply Sirona, 

Charlotte, NC, USA 

5 X 5 85 6 0.079 421 5 X 5  85 10 0.16 214 8.2 X 8.2 85 6 0.16 657 

OP 3D I Instrumentarium, 

Tuusula, Finland 

5 X 5 95 4 0.08 1165 5 X 5  90 4 0.125 582 8 X 8 94 2.8 0.2 940 

ProMax 3D 

Max 

J Planmeca, Helsinki, 

Finland 

6 X 6 96 12 0.075 1155 6 X 6 96 7.1 0.15 657 10 X 10 96 7.1 0.15 668 
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Avaliação 1 

 

Para esta avaliação apenas canal estreito, istmo e delta apical (Figura 11) 

foram usados, bem como apenas o protocolo de alta resolução do aparelho de 

TCFC descrito na tabela 1. Três observadores experientes foram treinados e 

calibrados antes da avaliação das imagens. Posteriormente, eles classificaram todas 

as imagens de CBCT de 1 (melhor) a 10 (pior) quanto à sua capacidade de detectar 

as três tarefas de diagnóstico. Com base na referência de imagem selecionada, 

foram obtidas fatias individuais padronizadas das máquinas. As imagens foram 

exibidas aleatoriamente na mesma tela sem mostrar a imagem de referência e os 

observadores foram cegados para o dispositivo de CBCT. As sessões de 

treinamento, calibração e avaliação foram realizadas em um ambiente com pouca 

luz usando um monitor de tela plana de 24,1 polegadas (Barco, Kortrijk, Bélgica). 

Após 30 dias, 25% das imagens foram reavaliadas para avaliar a reprodutibilidade 

intra-observador. 
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Figura 11 – representação das tarefas endodônticas avaliadas (a –canal estreito, b – istmo 
e c – delta apical) nas imagens de referências e em todos os aparelhos de TCFC avaliados 

 

 

Fonte: Arquivo pessoal do autor. 
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Avaliação 2 

Trincas radiculares, istmo e delta apical foram considerados durante esta 

avaliação, e foram utilizados os aparelhos de TCFC descritos na tabela 2. Um 

conjunto de imagens foi utilizado para calibração de dois radiologistas orais para o 

método de estudo. Depois disso, as imagens dos diferentes dispositivos de TCFC 

foram exibidas aleatoriamente na mesma tela junto com a imagem de referência 

correspondente.  

Cada tarefa diagnóstica foi avaliada separadamente, por meio de um conjunto 

de nove imagens contendo todos os protocolos de varredura e condições clínicas de 

um dispositivo específico (Figura 12). Os observadores estavam cientes da 

aparência e localização da tarefa diagnóstica na imagem de referência, mas cegos 

para o respectivo dispositivo de CBCT. Como cada dispositivo CBCT tem uma 

distribuição de histograma diferente, o brilho e o contraste das imagens foram 

ajustados antes da observação por um operador experiente independente para 

fornecer imagens apropriadas para cada dispositivo. Posteriormente, o brilho, 

contraste e ampliação da imagem não puderam ser ajustados pelos observadores. 

Os observadores avaliaram cada imagem, comparada com a imagem de referência, 

e a classificaram em uma das três categorias por consenso: 1 - adequada para a 

visualização da estrutura específica comparada com a imagem de referência); 2 - 

aceitável para a visualização da estrutura específica (o observador conseguiu 

distinguir a estrutura, porém não ficou tão clara quanto na imagem de referência); 3 - 

impróprio para a visualização da estrutura específica (o observador não conseguiu 

distinguir a estrutura de interesse). As sessões de calibração e avaliação foram 

realizadas em um ambiente com pouca luz usando um monitor de tela plana de 61,2 

cm MD Barco MDRC-2221 (Barco, Kortrijk, Bélgica). Após 30 dias, 20% das imagens 

foram reavaliadas para avaliar a concordância intra-observador. 
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Figura 12-  Conjunto de imagens usado para avaliação de trinca contendo uma imagem de 
referência de TC industrial e imagens numeradas de um dispositivo CBCT específico para 

todas as condições e protocolos de varredura 

 

Fonte: Arquivo pessoal do autor. 

 

*Nano-CT 

 

Seleção de amostra 

 

Foram utilizados incisivos laterais superiores humanos com curvatura apical 

(25 ° - 35 °) previamente armazenados em solução de timol 0,1%. Os critérios de 

inclusão foram dentes com formação apical completa, ausência de fraturas 

radiculares, calcificações ou reabsorções internas. As raízes foram inspecionadas 

em um estereomicroscópio com aumento de 12 × para excluir aquelas com qualquer 

defeito dentinário externo e raízes com ápices imaturos. Um sistema radiográfico 

digital (RVG 6100; Kodak Dental Systems, NY) foi usado para selecionar os dentes 

de acordo com os critérios de inclusão. O programa Image J (National Institutes of 

Health, Bethesda, MD, EUA) foi usado para avaliar o grau de curvatura em imagens 

radiográficas. Todos os dentes selecionados foram escaneados usando um 

dispositivo de micro-CT (SkyScan 1276; Bruker-micro-CT, Kontich, Bélgica) em 

baixa resolução (tamanho de voxel de 35 µm). As imagens tridimensionais 

permitiram uma seleção mais precisa e a confirmação dos critérios de inclusão 

(Figura 13).  
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Figura 13 – Imagens tridimensionais de micro-CT a 35 µm de tamanho de voxel usadas 
para seleção da amostra 

 

 

Fonte: Arquivo pessoal do autor. 
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Após exclusão dos dentes que não atenderam aos critérios de inclusão, foram 

selecionados 18 incisivos laterais superiores com curvatura apical. Os espécimes 

foram armazenados individualmente em tubos Eppendorf numerados e com umidade 

de 100% durante a execução da pesquisa (Figura 14). 

 

Figura 14 – Dentes mantido em 100 % de humidade entre todas a etapas experimentais 
 

 
 

Fonte: Arquivo pessoal do autor. 

 

Preparo do canal radicular 

 

Cavidades de acesso convencionais foram realizadas e os canais radiculares 

foram explorados usando uma lima K tamanho # 10 (Dentsply Sirona, Ballaigues, 

Suíça). Quando a ponta do instrumento era visível através do forame principal, o 

comprimento de trabalho (CT) foi determinado. Para simular o ligamento periodontal, 

os espécimes foram montados em um aparelho com resina acrílica e cada dente foi 

incluído em silicone de condensação (Oranwash, Zhermack SpA, Badia Polesine, 

Itália). O aparelho foi imerso em água destilada durante as etapas operatórias para 

evitar a desidratação das amostras. O mesmo dentista, especialista em endodontia, 

preparou todos os dentes. Os incisivos laterais foram divididos aleatoriamente em 
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dois grupos experimentais (n = 9), utilizando-se o método de amostragem aleatória 

estratificada, considerando o volume pré-operatório dos canais radiculares. Para o 

grupo controle, foi utilizado um preparo convencional, ou seja, o comprimento de 

trabalho (CT) foi definido como 1mm abaixo do forame apical. Para o grupo de 

ampliação do forame, o CT foi definido como 1 mm além do forame apical. Para 

ambos os grupos, os instrumentos Reciproc Blue R40 (VDW GmbH, Munique, 

Alemanha) foram operados por um motor elétrico VDW SILVER (VDW GmbH) 

configurado na função “RECIPROC ALL”. Cada instrumento foi inserido 

gradativamente no canal por meio de movimentos de entrada e saída, nos três níveis 

(cervical, médio e apical) até o CT. A irrigação do canal radicular foi realizada com 5 

mL de hipoclorito de sódio 2,5% (NaOCl), utilizando-se agulha 30G com ventilação 

lateral (NaviTip, Ultradent Products, South Jordan, UT) adaptada a uma seringa de 5 

mL (Ultradent Products). Como irrigação final, foram utilizados 2 mL de EDTA 17% 

seguidos de 5 mL de água destilada. 

 

Análise Nano-CT 

 

Para aquisição de imagens de nano-TC, um protocolo de alta resolução 

(tamanho de voxel de 2 µm) foi usado para escanear todos os dentes antes e depois 

da instrumentação usando o dispositivo UniTOM HR (Tescan, Brno, República 

Tcheca). Um “target” de tungstênio foi empregado, e a tensão e a corrente aplicadas 

foram de 65 kV e 123 µA, respectivamente, com um tempo de exposição de 310 ms, 

filtro de Al de 0,5 mm e rotação de 360 ° em torno do eixo vertical. As imagens foram 

reconstruídas usando o software de reconstrução Acquila (Acquila v.2900) e 

sobrepostas com alinhamento geométrico pelo programa de software DataViewer 

(Data Viewer v.1.5.1, Bruker). As análises quantitativas e qualitativas foram 

realizadas usando um programa de software CTAn (CTAn v.1.14.4, Bruker). 

Imagens tridimensionais foram feitas com um programa de software CTVox (CTVox 

v.3.2; Bruker). 

As análises foram realizadas na região apical de 2 mm das raízes. Para 

análises qualitativas de microfissuras, imagens transversais antes e depois da 

instrumentação foram avaliadas simultaneamente. Em seguida, eles foram 

comparados por dois examinadores cegos em dois momentos diferentes. 

Microtrincas foram definidas como linhas ou defeitos que se estendem de dentro do 
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canal radicular até a dentina ou da superfície externa da raiz até a dentina. A 

distribuição das microtrincas foi expressa como uma porcentagem do total das 

imagens transversais. As análises qualitativas das microtrincas foram baseadas em 

seu comprimento e largura. Para a mensuração do comprimento, foi registrada a 

extensão dos cortes contendo a microtrinca, sabendo-se que cada corte representa 

exatamente 0,002 mm, o número de cortes foi multiplicado por esse valor, e o 

resultado foi considerado como o comprimento da microtrinca em mm. Para a 

medida da largura, a extensão das microtrincas foi medida a cada 10 cortes 

transversais, correspondendo a 0,020 mm (Figura 15). 

 

Figura 15 – Avaliação da presença de microtrincas e medição de sua largura antes e após o 
preparo 

 

Fonte: Arquivo pessoal do autor. 

 

As medidas do transporte apical foram obtidas antes e após o preparo do 

canal radicular em imagens transversais das raízes. Conforme proposto por Gambill 

et al. (20), a seguinte fórmula foi utilizada para calcular o transporte do canal 

radicular: (X1-X2) - (Y1-Y2) (Figura 15). 
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Figura 15 – Medição das distancias entre as bordas do canal e da raiz para avaliação do 
transporte 

 

Fonte: Arquivo pessoal do autor. 
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ANEXO A – CERTIFICADO DO COMITÊ DE ÉTICA 

 
Projeto de pesquisa aprovado pelo Comitê de ética em pesquisa em seres humanos 
- CEP da Faculdade de Odontologia de Araraquara – FOAr, UNESP. (Publicações 1 
a 6) 
 
CAAE: 10411219.0000.5416 
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ANEXO B – CERTIFICADO DO COMITÊ DE ÉTICA  
 
Projeto de pesquisa aprovado pelo Comitê de ética em pesquisa em seres humanos 
da Universidade Católica de Leuven – KU Leuven (Publicações 7 e 8) 
 
Number: NHO10 2019-09-03 
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ANEXO C – CERTIFICADO DO COMITÊ DE ÉTICA  
 
Projeto de pesquisa aprovado pelo Comitê de ética em pesquisa em seres humanos 
- CEP da Faculdade de Odontologia de Araraquara – FOAr, UNESP. (Publicação 9).  
 
CAAE: 29320820.8.0000.5416 
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