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RESUMO 

 

Pacientes oncológicos de cabeça e pescoço podem apresentar efeitos 

colaterais decorrentes do tratamento por radioterapia (RT) ou quimioterapia, 

incluindo complicações que impactam diretamente na área de atuação do 

dentista. Mucosite, xerostomia, disgeusia, trismo, disfagia, necrose de tecidos 

moles, osteorradionecrose e cáries relacionada à radiação são algumas das 

complicações orais decorrentes do tratamento oncológico. A RT é uma 

modalidade terapêutica amplamente utilizada no tratamento de neoplasias de 

cabeça e pescoço. Protocolos de RT envolvem doses diárias de 2 Gy, 5 dias por 

semana, num período de 5 a 7 semanas. Entretanto, não existe uma 

padronização no protocolo de radiação in vitro de dentes para estudos 

científicos, com alguns estudos aplicando a radiação ionizante de forma 

fracionada, enquanto outros aplicam a quantidade total de radiação em uma 

única dose. Dessa forma, três objetivos compõem essa tese. Objetivo 1: avaliar 

as propriedades químicas e mecânicas do esmalte submetido a diferentes 

protocolos de radiação in vitro; Objetivo 2: avaliar as propriedades químicas e 

mecânicas da dentina submetida a diferentes protocolos de radiação in vitro; 

Objetivo 3: revisar a literatura e discutir aspectos importantes no tratamento 

odontológico de pacientes oncológicos de cabeça e pescoço durante a pandemia 

de COVID-19. Nos objetivos 1 e 2, 56 terceiros molares foram divididos em sete 

grupos (n=8): não irradiado (NI); irradiado em dose única de 30 Gy (DU30), 50 

Gy (DU50) ou 70 Gy (DU70); irradiado em doses fracionadas até 30 Gy (DF30), 

50 Gy (DF50) ou 70 Gy (DF70). Após seccionamento dos dentes, os espécimes 

foram analisados por espectroscopia infravermelha com transformada de Fourier 

(FTIR), espectroscopia de energia dispersiva (EDS) e teste de microdureza 

Knoop (KHN). Os dados obtidos foram submetidos à análise paramétrica, com 

nível de significância de 5%. No objetivo 1, verificou-se que dose de 70 Gy 

aplicada de forma fracionada produziu alterações nas propriedades químicas e 

mecânicas do esmalte, sendo que a partir de 50 Gy de radiação já foram 

encontradas alterações na porção orgânica. Doses de 30 Gy não produziram 

alterações significativas no esmalte, independentemente do fracionamento ou 
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não. No objetivo 2, a dose de 70 Gy aplicada de forma fracionada alterou a 

composição química e microdureza da dentina, enquanto doses de 30 Gy e 50 

Gy não resultaram em alterações significativas, independente do fracionamento 

ou não. Portanto, conclui-se que o uso do fracionamento em estudos in vitro 

reproduz mais fielmente a maneira como a RT é aplicada nos pacientes 

oncológicos de cabeça e pescoço e que a dose de 70 Gy produz as alterações 

mais expressivas nos tecidos dentais. No objetivo 3, a revisão crítica discutiu o 

impacto da COVID-19 na saúde bucal de pacientes em tratamento 

antineoplásico de cabeça e pescoço, apresentando sugestões para minimizar ou 

controlar os efeitos colaterais. A atuação do cirurgião-dentista foi dividida em 

duas frentes: tratamentos preventivos para pacientes sem dor e tratamentos 

intervencionistas para pacientes com dor, respeitando todos os protocolos de 

biossegurança contra COVID-19. A decisão final do tratamento depende sempre 

do julgamento do profissional, levando em consideração o consentimento e a 

condição de saúde geral do paciente. 

 

PALAVRAS-CHAVE: dentina, esmalte, radioterapia. 
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ABSTRACT 

 

Head and neck cancer patients may experience side effects resulting 

from radiotherapy (RT) or chemotherapy treatment, including complications that 

directly impact the dentist's area of expertise. Mucositis, xerostomia, dysgeusia, 

trismus, dysphagia, soft tissue necrosis, osteoradionecrosis and radiation-related 

caries are some of the oral complications resulting from cancer treatment. RT is 

a therapeutic modality widely used in the treatment of head and neck neoplasms. 

RT protocols involve daily doses of 2 Gy, 5 days a week, for a period of 5 to 7 

weeks. However, there is no standardization in the protocol of in vitro radiation of 

teeth for scientific studies, with some studies applying ionizing radiation in a 

fractional form, while others apply the total amount of radiation in a single dose. 

Thus, three objectives are part of this thesis. Objective 1: to evaluate the chemical 

and mechanical properties of enamel subjected to different in vitro radiation 

protocols; Objective 2: to evaluate the chemical and mechanical properties of 

dentin subjected to different in vitro radiation protocols; Objective 3: to review the 

literature and discuss important aspects in the dental treatment of head and neck 

cancer patients during the COVID-19 pandemic. In objectives 1 and 2, 56 third 

molars were divided into seven groups (n=8): non-irradiated (NI); irradiated in a 

single dose of 30 Gy (SD30), 50 Gy (SD50) or 70 Gy (SD70); irradiated in 

fractionated doses up to 30 Gy (FD30), 50 Gy (FD50) or 70 Gy (FD70). After 

sectioning the teeth, the specimens were analyzed by Fourier transform infrared 

spectroscopy (FTIR), energy dispersive X-ray spectroscopy (EDS) and Knoop 

microhardness test (KHN). The data obtained were submitted to parametric 

analysis, with a significance level of 5%. In objective 1, it was found that a dose 

of 70 Gy applied in a fractional way produced changes in the chemical and 

mechanical properties of the enamel, and from 50 Gy of radiation onwards, 

changes in the organic portion were already found. Doses of 30 Gy did not 

produce significant changes in enamel, regardless of fractionation or not. In 

objective 2, the dose of 70 Gy applied in a fractional way changed the chemical 

composition and microhardness of dentin, while doses of 30 Gy and 50 Gy did 

not result in significant changes, regardless of fractionation or not. Therefore, it 
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is concluded that the use of fractionation in in vitro studies more faithfully 

reproduces the way RT is applied in head and neck cancer patients and that the 

dose of 70 Gy produces the most expressive changes in dental tissues. In 

objective 3, the critical review discussed the impact of COVID-19 on the oral 

health of patients undergoing head and neck antineoplastic treatment, presenting 

suggestions to minimize or control side effects. The performance of the dentist 

was divided into two fronts: preventive treatments for patients without pain and 

interventional treatments for patients with pain, respecting all biosafety protocols 

against COVID-19. The final decision on treatment always depends on the 

professional's judgment, taking into account the patient's consent and general 

health condition. 

 

KEYWORDS: dentin, enamel, radiotherapy. 
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1. INTRODUÇÃO E REFERENCIAL TEÓRICO 

 

O câncer representa atualmente um grave problema de saúde pública, 

figurando entre as quatro principais causas de morte prematura (antes dos 70 

anos de idade) na maioria dos países (INCA, 2019). A incidência e a mortalidade 

por câncer vêm aumentando devido ao envelhecimento e crescimento 

populacional, assim como alterações no padrão de distribuição e na prevalência 

dos fatores de risco para o câncer, principalmente aqueles associados ao 

desenvolvimento socioeconômico. É observada uma mudança nos principais 

tipos de câncer observados nos países em desenvolvimento, com uma 

diminuição dos cânceres relacionados a infecções e o aumento daqueles 

associados à melhoria das condições socioeconômicas com a incorporação de 

hábitos e atitudes associados à urbanização, como sedentarismo e alimentação 

inadequada (Bray et al., 2018). 

No Brasil, a estimativa para cada ano do triênio 2020-2022 é de 625 mil 

casos novos de câncer. No sexo masculino, os tipos de câncer mais frequentes 

serão próstata (29,2%), cólon e reto (9,1%), pulmão (7,9%), estômago (5,9%) e 

cavidade oral (5,0%), à exceção do câncer de pele não melanoma. Já no sexo 

feminino, exceto o câncer de pele não melanoma, os cânceres mais comuns 

serão mama (29,7%), cólon e reto (9,2%), colo do útero (7,4%), pulmão (5,6%) 

e tireoide (5,4%) (INCA, 2019). Dentre os tipos existentes, aqueles localizados 

na região de cabeça e pescoço são tumores com crescimento relativamente 

rápido em áreas delicadas, anatômica e funcionalmente complexas (Schutte et 

al., 2020). Portanto, na maior parte dos casos o tratamento se dá por meio de 

radioterapia (RT), aplicada de forma isolada ou em associação à cirurgia e/ou 

quimioterapia. 

A unidade usada para mensurar a quantidade de radiação empregada 

durante a RT é o Gray (Gy), que informa a dose de radiação absorvida por 

qualquer material ou tecido humano (Kim et al., 2019). Protocolos convencionais 

de RT envolvem doses diárias de 2 Gy, 5 dias por semana, durante um período 

de 5 a 7 semanas. A dosagem cumulativa para um paciente submetido à RT de 

cabeça e pescoço é entre 50 e 70 Gy (Liang et al., 2016; Zhao et al., 2018). A 
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RT se baseia no uso de radiação ionizante que carrega energia e interage com 

os tecidos dando origem a elétrons rápidos, que ionizam o meio e criam efeitos 

químicos como a hidrólise da água e a ruptura das cadeias de DNA, levando à 

morte das células neoplásicas. Entretanto, além de atingir o objetivo pretendido 

do tratamento, altas doses de radiação ionizante na região de cabeça e pescoço 

resultam em várias consequências indesejáveis, que surgem durante e após a 

conclusão da RT e podem persistir por toda a vida do paciente. A RT pode afetar 

a pele, a mucosa oral, as glândulas salivares, os ossos, a dentição e todo o 

complexo muscular orofacial. Estima-se uma incidência de 40% de complicações 

orais durante a RT (Sciubba & Goldenberg, 2006; Bhandari et al., 2020). A 

intensidade, a progressão e a permanência subsequente dos efeitos colaterais 

são influenciadas pelo planejamento de RT, dose cumulativa de radiação, 

volume, grau de vascularização, potencial de reparo e celularidade do tecido a 

ser irradiado, idade do paciente e uso concomitante ou não de drogas para 

quimioterapia (Awwad et al., 2002; Kim et al., 2018).  

As complicações decorrentes da RT têm implicações de curto e longo 

prazo. Com relação ao tempo decorrido desde a RT, os efeitos iniciais são 

visíveis durante ou imediatamente após a RT e podem permanecer de 2 a 3 

semanas após o término do tratamento. Estes incluem mucosite oral, dor nos 

dentes e gengiva, disgeusia, trismo (devido à dor), odinofagia, disfagia, 

candidose e dermatite por radiação (Stenstrom & Larsson, 2011; Villavicencio et 

al., 2017; Bhandari et al., 2020). Efeitos colaterais agudos geralmente se 

resolvem com o tempo, orientação profissional e medicação. Em pacientes com 

dor intensa durante a RT pode ser necessário modificar o esquema de 

tratamento ou até mesmo interromper a RT. Como efeitos colaterais tardios, que 

se desenvolvem depois de meses ou anos após a conclusão da RT, pode-se 

citar a perda das funções das glândulas salivares, trismo (devido à fibrose 

muscular), osteorradionecrose e cárie relacionada a radiação (CRR) (Jawad et 

al., 2015; Bhandari et al., 2020). 

Clinicamente, lesões de CRR se iniciam geralmente como alterações 

na translucidez e cor do esmalte, que tende a desenvolver pigmentação marrom 

ou enegrecida nas superfícies lisas dos dentes (Deng et al., 2015). A literatura 
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afirma que essas áreas de pigmentação representam áreas microscópicas de 

desmineralização subsuperficial, representando áreas de cárie incipiente no 

esmalte não cavitado. No estágio inicial, a CRR também se apresenta com 

rachaduras e fissuras no esmalte (Kielbassa et al., 1997; Kielbassa et al., 1999; 

Kielbassa et al., 2006). As principais áreas dos dentes afetadas por CRR são as 

áreas cervicais (perto da junção cemento-esmalte), podendo aparecer também 

em bordas incisais e pontas de cúspides (Walker et al., 2011). Outra 

característica peculiar da CRR é o fato que ela comumente se desenvolve nas 

superfícies linguais dos dentes anteriores inferiores, que geralmente não são 

locais comuns para cáries convencionais (Deng et al., 2015; Palmier et al., 2017).  

Quando a CRR progride, a delaminação do esmalte tende a ocorrer, 

expondo a dentina subjacente a um ambiente oral altamente cariogênico e 

favorecendo a progressão rápida e agressiva da destruição dentária (Santos-

Silva et al., 2015). À medida que avança a destruição da estrutura dentária ao 

redor da região cervical, ocorre uma diminuição do suporte da coroa dentária 

que eventualmente fratura, causando a amputação da coroa, deixando a raiz 

exposta ao meio bucal (Kielbassa et al., 2006; Madrid et al., 2017; Palmier et al., 

2017). O aumento da incidência dessas lesões pode ser explicado pela 

associação de fatores diretos e indiretos relacionados à RT, como 

hipossalivação, pH ácido, dieta cariogênica, dificuldade de higienização, assim 

como mudanças nas propriedades biomecânicas do esmalte e da dentina 

irradiados (Jawad et al., 2015; Bhandari et al., 2020). 

A literatura fornece evidências de alterações morfológicas, químicas e 

mecânicas dos tecidos dentais submetidos à radiação ionizante (Gonçalves et 

al., 2014; Qing et al., 2015; Reed et al., 2015; Qing et al., 2016; Lopes et al., 

2018; Rodrigues et al., 2018; Velo et al., 2018; Campi et al., 2019; Lu et al., 2019; 

Miranda et al., 2019). Estudos relatam que dentes irradiados sofrem alterações 

significativas como redução da resistência à tração e compressão e diminuição 

da microdureza (Gonçalves et al., 2014; Reed et al., 2015). Esses fatores podem 

levar à desestabilização da junção amelodentinária (JAD) e aumento de 

metaloproteinases (MMPs-20) na matriz da junção, o que, por sua vez, pode 

levar à degradação dos componentes proteicos da JAD, consequentemente 
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gerando trincas e delaminação do esmalte (Gonçalves et al., 2014; Reed et al., 

2015; Fonseca et al., 2020).  

Estudos in vitro também encontraram padrões desorganizados de 

dentina intertubular e peritubular submetidas à radiação ionizante, estando isso 

correlacionado com alterações na microdureza da dentina, favorecendo a 

propagação de fissuras no esmalte e interferindo na adesão de materiais 

restauradores resinosos (Naves et al., 2012; Yadav & Yadav, 2013; Rodrigues 

et al., 2018). Quimicamente, há uma redução na cristalinidade juntamente com 

redução no conteúdo mineral e proteico, tanto no esmalte quanto na dentina 

(Reed et al., 2015; Lu et al., 2019; Miranda et al., 2019). A degeneração dos 

componentes orgânicos e minerais também enfraquece a interação entre os 

cristais de hidroxiapatita, levando a um enfraquecimento da estrutura e maior 

solubilidade em pH baixo (Lu et al., 2019). A literatura sugere ainda que a RT 

leva à destruição do tecido conjuntivo e alterações morfológicas nos processos 

odontoblásticos, influenciando a resposta da polpa ao dano cariogênico. Além 

disso, estudos têm demonstrado que a RT pode causar inflamação e isquemia 

de forma dose-dependente, diminuindo temporariamente a resposta pulpar aos 

testes sensoriais (Kataoka et al., 2011; Kataoka et al., 2016).  

Entretanto, metodologicamente não existe uma padronização no 

protocolo de radiação in vitro de amostras dentais para realização de estudos 

científicos. Alguns estudos aplicaram a radiação ionizante de forma fracionada 

(Gonçalves et al., 2014; Qing et al., 2015; Reed et al., 2015; Qing et al., 2016; 

Lopes et al., 2018; Rodrigues et al., 2018; Campi et al., 2019; Lu et al., 2019), 

simulando a forma como a RT é aplicada nos pacientes oncológicos, enquanto 

outros aplicaram a quantidade total de radiação em uma única dose (Pioch et al., 

1992; da Cunha et al., 2016; da Cunha et al., 2017; Velo et al., 2018), reduzindo 

tempo e custo do experimento. Contudo, as diferenças no processo de irradiação 

podem resultar em achados conflituosos na literatura (Lieshout & Bots, 2014). 

Alguns trabalhos encontraram alterações nas propriedades do esmalte e da 

dentina irradiados (Gonçalves et al., 2014; Qing et al., 2015; Reed et al., 2015; 

Qing et al., 2016; Rodrigues et al., 2018; Campi et al., 2019; Lu et al., 2019), 

enquanto outros não (Galetti et al., 2014; da Cunha et al., 2016; da Cunha et al., 



19 
 

2017). A padronização nesse procedimento de irradiação in vitro poderia 

contribuir para o entendimento mais aprofundado das alterações intrínsecas dos 

tecidos dentais frente à RT, assim como para o delineamento de futuros estudos 

clínicos. 

Portanto, a RT pode predispor os pacientes a sequelas de difícil 

controle e tratamento. As consequências inevitáveis da RT por si só limitam a 

interação social e a rotina dos sobreviventes oncológicos de cabeça e pescoço, 

diminuindo drasticamente sua qualidade de vida (Jawad et al., 2015; Bhandari et 

al., 2020). Conscientização, prevenção e manejo com relação a essas 

consequências são essenciais para os profissionais de odontologia envolvidos 

nos cuidados bucais desses sobreviventes. O conhecimento aliado às pesquisas 

científicas nessa área é importante para facilitar a formulação de estratégias 

preventivas, planejamento de tratamento e obtenção de saúde bucal neste grupo 

de pacientes (Bhandari et al., 2020). Dessa forma, o objetivo desta tese é 

investigar a influência da radiação ionizante sobre os tecidos dentais duros, 

simulando diferentes protocolos de radiação in vitro, bem como revisar a 

literatura e discutir aspectos importantes no tratamento odontológico de 

pacientes oncológicos de cabeça e pescoço. 
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Effects of fractionation and ionizing radiation dose on the chemical 

composition and microhardness of dentin 

 

Running title: Characterization of irradiated dentin 

 

Abstract 

Objective: To analyse the chemical and mechanical properties of dentin 

submitted to different in vitro radiation protocols. 

Design: Fifty-six third molars were divided into seven groups (n=8): non-irradiated 

(NI); a single radiation dose of 30 Gy (SD30), 50 Gy (SD50), or 70 Gy (SD70); or 

fractional radiation doses of up to 30 Gy (FD30), 50 Gy (FD50), or 70 Gy (FD70). 

Dentin hemisections were evaluated by Fourier transform infrared spectroscopy 

(FTIR), energy dispersive X-ray spectroscopy (EDS) and Knoop microhardness 

(KHN). One-way ANOVA followed by Dunnett’s test compared the test groups 

with the NI. Two-way ANOVA was used to compare fractionation and radiation 

dose, followed by Tukey’s test (α=0.05). 

Results: FTIR showed differences for carbonate values between the NI and FD70 

groups (p=0.005), as well as for the C:M (p<0.001) and amide I/amide III ratio 

(p=0.014). In EDS, there was a difference only for the Ca content (p=0.014), with 

the FD70 group presenting lower values compared to the NI. For KHN, the FD70 

group had lower values than the NI (p<0.001). Two-way ANOVA revealed 

differences for the interaction between fractionation and dose (p=0.005), with the 

70 Gy fractionated group presenting lower microhardness values. 

Conclusions: Fractional doses 70 Gy irradiation resulted in changes in both the 

chemical and mechanical properties of the dentin. Doses of 30 Gy and 50 Gy did 

not result in significant changes to dentin, regardless of fractionation. Radiation 

applied in single doses did not produce any change in dentin, regardless of dose. 

 

Keywords: Chemical composition, Dentin, Fourier transform infrared 

spectroscopy, Hardness, Radiotherapy. 
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1. Introduction 

 

Radiotherapy (RT) plays a key role in the treatment of head and neck 

cancer (HNC) as a primary and sole treatment or in combination with surgery and 

chemotherapy (Bhandari et al., 2020). The choice of the therapeutic modality is 

based on tumour location, clinical staging, histological grade of malignancy, 

tumor volume, healthy structures present in the region and the patient’s physical 

condition (Schutte et al., 2020). Ionizing radiation acts on deoxyribonucleic acid 

(DNA) causing cell death or loss of its reproductive capacity and, despite 

advances in radiation techniques, patients still have side reactions that can 

compromise cancer treatment and quality of life (Szturz et al., 2017; Bhandari et 

al., 2020). In this sense, mucositis, dermatitis, xerostomia, dysphagia, dysgeusia, 

trismus, osteoradionecrosis and radiation-related caries are the most common 

sequelae observed in patients undergoing RT in the head and neck region, which 

may manifest as acute or late effects (Bhandari et al., 2020; Rinstad et al., 2020).  

The application of RT occurs using a controlled radiation dose directed to 

the tumour mass and the variable used to measure the absorbed radiation dose 

is the gray (Gy). The treatment is used by the fractional method, delivering 1.8 

Gy and 2 Gy daily, 5 days a week, for 5 to 7 weeks. Thus, the final dosage that 

the patient receives of ionizing radiation is between 50 Gy and 70 Gy, depending 

on the oncologist’s planning (Liang et al., 2016; Zhao et al., 2018). In addition, 

the literature reports that doses of 50 Gy or higher cause critical changes in the 

chemical and mechanical properties of dental hard tissues (Gonçalves et al., 

2014; Qing et al., 2015; Reed et al., 2015; Lopes et al., 2018; Rodrigues et al., 

2018; Lu et al., 2019; Miranda et al., 2019), making them more susceptible to 

caries. 

To understand these changes and propose ways to inhibit or delay them, 

in vitro dental radiation models are often used in research. Some studies apply 

ionizing radiation in the same way as it is done in HNC patients, with daily divided 

doses (Gonçalves et al., 2014; Qing et al., 2015; Reed et al., 2015; Qing et al., 

2016; Lopes et al., 2018; Rodrigues et al., 2018; Campi et al., 2019; Lu et al., 

2019; Arid et al., 2020), while others apply radiation in a single dose, justifying 
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that post-extraction teeth do not have vital cells (Pioch, Golfels, & Staehle, 1992; 

da Cunha et al., 2016; da Cunha et al., 2017; Velo et al., 2018). Therefore, there 

is no standardization in the way in which in vitro radiation is used in dental 

samples and this can generate conflicting results in the literature (Lieshout & 

Bots, 2014). Thus, some research found alterations in irradiated enamel and 

dentin (Gonçalves et al., 2014; Qing et al., 2015; Reed et al., 2015; Novais et al., 

2016; Qing et al., 2016; Rodrigues et al., 2018; Campi et al., 2019; Lu et al., 2019; 

Miranda et al., 2021), while others did not (Galetti et al., 2014; da Cunha et al., 

2016; da Cunha et al., 2017). 

Therefore, simulating these variations in techniques and dosages is 

necessary to understand the intrinsic changes that occur in dental substrates 

concerning to RT (Miranda et al., 2021). Due to its higher water content, dentin 

seems to be more vulnerable to the effects of ionizing radiation, since RT affects 

water molecules forming free radicals (Pioch, Golfels, & Staehle, 1992; 

Gonçalves et al., 2014). This study, therefore, aimed to evaluate the chemical 

and mechanical changes in human dentin when subjected to different in vitro 

radiation protocols. The null hypothesis tested was that different protocols and 

radiation doses do not alter the chemical composition and microhardness of 

dentin. 

 

2. Materials and Methods 

 

2.1. Irradiation and specimen preparation 

After approval by the Ethical Committee in Research of the Federal 

University of Uberlândia (Protocol 2.910.276), 56 non-carious human third molars 

were collected. The teeth were cleaned with periodontal curettes and pumice 

prophylaxis (SSWhite, Petrópolis, RJ, Brazil) with a Robson brush (KG Sorensen, 

SP, Brazil) in a low-speed handpiece. The teeth were stored in deionized water 

at a temperature of 4ºC for up to 3 months after extraction. For in vitro irradiation, 

the teeth were fixed in utility wax plates (NewWax, Technew, Rio de Janeiro, 

Brazil) and submitted to different RT protocols using a linear accelerator (Clinac 

600C Varian®, Palo Alto, CA, USA; beam 6 MV). Teeth were randomly divided 



32 
 

into seven groups according to the irradiation protocol (n=8): non-irradiated (NI); 

a single dose of 30 Gy (SD30), 50 Gy (SD50), or 70 Gy (SD70); or fractional 

doses up to 30 Gy (FD30), 50 Gy (FD50), or 70 Gy (FD70). The single-dose 

groups received ionizing radiation in a single session according to the total dose 

established for each group. The fractionated groups were exposed to 2 Gy 

fractions, 5 days a week, until they reached a total dose of 30, 50 or 70 Gy. Teeth 

were submerged in deionized water during the irradiation process. The process 

of RT was conducted by an experienced and trained physician. The NI group was 

stored in deionized water at 4°C until the other groups completed the irradiation 

(Miranda et al., 2021). 

After irradiation, teeth were cut at the cementoenamel junction using a 

water-cooled diamond saw (Isomet, 15HC diamond; Buehler Ltd., Lake Bluff, IL, 

USA) mounted on a precision saw (Isomet 1000; Buehler Ltd., Lake Bluff, IL, 

USA) for root removal. Then, a new cut was made 3 mm above towards the 

occlusal surface, obtaining a 3 mm thick slice. After removing the enamel, each 

slice was sectioned in the mesio-distal direction, obtaining two halves: buccal and 

lingual. These halves were again sectioned in the buccolingual direction, 

obtaining four hemisections. The mesiobuccal hemisections were used for 

analysis by attenuated total reflectance/Fourier transform infrared spectroscopy 

(ATR/FTIR) and energy dispersive X-ray spectroscopy (EDS). The distobuccal 

hemisections were submitted to the Knoop microhardness (KHN) test. 

 

2.2. ATR/FTIR 

Chemical composition was determined for each group using attenuated 

total reflectance/Fourier transform infrared spectroscopy (ATR/FTIR; Vertex 70, 

Bruker, Ettlingen, Germany). The ATR/FTIR unit contained a deuterated 

triglycine sulfate (DTGS) detector. The testing surfaces were positioned against 

the diamond crystal of the ATR/FTIR unit and pressed with a force gauge at a 

constant pressure to facilitate contact. The spectra were recorded in the range 

from 400 to 4,000 cm−1 at a 4 cm−1 resolution. The specimens were scanned 32 

times in each FTIR measurement, and the spectrum acquired is the average of 
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all these scans. Spectra were recorded and analysed by OPUS 6.5 software 

(Bruker, Ettlingen, Germany).  

Each spectrum was normalized according to the phosphate band. After 

baseline correction and normalization, the FTIR spectra were analysed by 

calculating the following parameters: (1) mineral/matrix ratio (M:M): the band ratio 

between 1,035 and 1,655 cm−1, attributed to the v1, v3 vibration of phosphate ion 

and the C=O stretching of collagen amide I, respectively; (2) carbonate/mineral 

ratio (C:M): the ratio of the integrated areas of carbonate v2 at 872 cm−1 to the 

phosphate v1, v3 at 1,035 cm−1; (3) amide I/amide III ratio: the ratio of the 

integrated areas of amide I at 1,655 cm−1 to the amide III at 1,235 cm−1; (4) amide 

I/CH2 ratio: the ratio of the integrated areas of amide I at 1,655 cm−1 to the CH2 

scissoring at 1,450 cm−1 (Rodrigues et al., 2018; Miranda et al., 2019) (Fig. 1). 

 

2.3. EDS 

The distribution of chemical elements in dentin samples was analysed 

using energy dispersive X-ray spectroscopy (EDS). The specimens were 

assembled into stubs, sputter-coated with gold (Au) and observed under a 

scanning electron microscope (LEO-1430; Carl Zeiss, BW, Oberkochen, 

Germany). The regions of interest were amplified 1,000×, and the composition 

and distribution of the elements were analysed by EDS (Oxford Instruments, 

England) with an accelerating voltage of 20 kV. The concentrations by weight of 

the following elements were evaluated: Ca (calcium), O (oxygen), P (phosphorus) 

and C (carbon). From the data obtained, the ratios of calcium to phosphorus 

(Ca/P) and carbon to phosphorus (C/P) were also calculated (Kudkuli et al., 

2019). 

 

2.4. Microhardness test 

To evaluate Knoop microhardness (KHN), dentin specimens were 

embedded in polystyrene resin (AM 190 resin; Aerojet, São Paulo, SP, Brazil). 

The surfaces were ground with silicon carbide paper grit sizes #600, 800, 1200 

and 2000 (Norton, Campinas, SP, Brazil) for 60 seconds each. Then they were 

polished with felt discs and metallographic diamond pastes (6, 3, 1, and ¼ μm 
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grit; Arotec, São Paulo, SP, Brazil) in a polishing machine. Knoop indentation 

values were obtained using a microdurometer (FM 700; FutureTech Corp., 

Kawasaki, Japan) by applying a 25 g load for 5 s (Marangoni-Lopes et al., 2019). 

Indentations were performed perpendicularly to the direction of the dentinal 

tubules. Five indentations were made per specimen and a distance of 100 μm 

between them was recommended. These measurements were averaged to 

determine the KHN of each specimen and subsequently for each group. 

 

2.5. Statistical analysis 

Data were tested for normal distribution (Shapiro-Wilk’s test, α=0.05) and 

equality of variances (Levene’s test, α=0.05), followed by parametric tests. To 

compare the test groups with the NI group, data were analysed using one-way 

ANOVA followed by Dunnett’s test. Excluding the NI group, two-way ANOVA was 

performed for the study factors (fractionation and radiation dose), followed by 

Tukey’s post hoc test. Sigma Plot statistical package (version 12.0, Systat 

Software, Inc., San Jose, CA, USA) was used and a p value of less than 0.05 

was considered statistically significant. 

 

3. Results 

 

3.1. ATR/FTIR  

The mean and standard deviations of the integrated area of each chemical 

component and the ratios obtained in all groups are shown in Table 1. For 

chemical components, one-way ANOVA showed no statistical difference for 

amide I (p=0.153), phosphate (p=0.140), CH2 (p=0.833) and amide III (p=0.162). 

There was a significant difference only for carbonate (p=0.005). In relation to the 

carbonate values, Dunnett’s test revealed a difference between the NI and FD70 

groups (p=0.002). For the ratios, one-way ANOVA showed statistical significance 

for C:M (p<0.001) and amide I/amide III (p=0.014). The C:M ratio was significantly 

higher in the FD70 group compared to the NI (p=0.002), while the amide I/amide 

III ratio was significantly lower in the FD70 group compared to the NI (p=0.002). 
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There were no differences for the M:M (p=0.170) and amide I/CH2 (p=0.243) 

ratios.  

Excluding the NI group, two-way ANOVA revealed statistical significance 

for C:M in relation to the dose factor (p<0.001) and the interaction between 

fractionation and dose (p=0.015). Within the fractionated groups, Tukey’s test 

revealed differences between the doses of 30 and 70 Gy (p<0.001) and 50 and 

70 Gy (p<0.001), with 70 Gy group presenting higher values for C:M. Two-way 

ANOVA revealed statistical significance for amide I/amide III in relation to the 

fractionation factor (p=0.018), but not for the dose factor (p=0.615) and for the 

interaction between them (p=0.073). Regarding fractionation, Tukey’s test 

showed a significant difference only between the 70 Gy groups (p=0.002), with 

the fractionated dose group presented a lower amide I/amide III ratio than the 

single dose group. Two-way ANOVA showed no statistical significance for M:M 

(fractionation p=0.187; dose p=0.226; interaction p=0.995) and neither for amide 

I/CH2 (fractionation p=0.128; dose p=0.752; interaction p=0.148), as seen in 

Table 2. 
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Table 1. Means ± the standard deviations of the integrated area of each chemical component and the ratios evaluated by ATR/FTIR spectroscopy 

for all groups. 

 

Group Amide I Phosphate Carbonate CH2 Amide III M:M C:M 
Amide I/ 

amide III 

Amide I/ 

CH2 

NI 2.10 ± 0.25 16.48 ± 0.45 0.23 ± 0.02 0.25 ± 0.04 0.22 ± 0.03 8.18 ± 1.02 0.015 ± 0.001 13.24 ± 1.45 9.60 ± 1.55 

SD30 2.35 ± 0.44 15.86 ± 0.84 0.24 ± 0.02 0.27 ± 0.04 0.23 ± 0.04 7.57 ± 1.31 0.016 ± 0.001 12.06 ± 1.86 8.31 ± 1.85 

SD50 2.30 ± 0.33 16.30 ± 0.38 0.25 ± 0.04 0.26 ± 0.06 0.21 ± 0.03 7.79 ± 0.93 0.016 ± 0.002 12.09 ± 2.29 8.33 ± 1.67 

SD70 2.33 ± 0.56 15.80 ± 0.32 0.26 ± 0.04 0.27 ± 0.05 0.21 ± 0.02 7.10 ± 1.33 0.017 ± 0.002 12.93 ± 2.19 8.98 ± 1.85 

FD30 2.60 ± 0.35 16.53 ± 0.87 0.24 ± 0.03 0.25 ± 0.02 0.24 ± 0.05 7.09 ± 1.11 0.015 ± 0.002 11.54 ± 2.18 9.93 ± 1.90 

FD50 2.57 ± 0.36  16.46 ± 0.72 0.24 ± 0.02 0.25 ± 0.01 0.23 ± 0.04 7.38 ± 1.28 0.015 ± 0.002 11.69 ± 1.83 9.63 ± 1.50 

FD70 2.23 ± 0.37 16.34 ± 0.68 0.30 ± 0.05* 0.26 ± 0.04 0.25 ± 0.03 6.67 ± 0.79 0.019 ± 0.002* 9.54 ± 1.74* 8.36 ± 1.43 
 

*Indicates a significant difference compared to the NI group at Dunnett’s test (p<0.05). 

 

Table 2. Means ± the standard deviations of the ratios evaluated by ATR/FTIR spectroscopy comparing fractionation and radiation dose.  

 

Radiation 

dose 

M:M C:M Amide I/amide III Amide I/CH2 

Single Fractionated Single Fractionated Single Fractionated Single Fractionated 

30 Gy 7.57 ± 1.31 Aa 7.09 ± 1.11 Aa 0.016 ± 0.001 Aa 0.015 ± 0.002 Aa 12.06 ± 1.86 Aa 11.54 ± 2.18 Aa 8.31 ± 1.85 Aa 9.93 ± 1.90 Aa 

50 Gy 7.79 ± 0.93 Aa 7.38 ± 1.28 Aa 0.017 ± 0.002 Aa 0.015 ± 0.002 Aa 12.09 ± 2.29 Aa 11.69 ± 1.83 Aa 8.33 ± 1.67 Aa 9.63 ± 1.50 Aa 

70 Gy 7.10 ± 1.33 Aa 6.67 ± 0.79 Aa 0.017 ± 0.002 Aa 0.019 ± 0.002 Ba 12.93 ± 2.19 Aa 9.54 ± 1.74 Ab 8.98 ± 1.85 Aa 8.36 ± 1.43 Aa 

Different uppercase letters for comparing radiation dose (analysis in columns) and lowercase letters for comparing fractionation (analysis in rows) represent 

significant differences at Tukey’s test (p<0.05).
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3.2. EDS 

The mean and standard deviations for the concentrations of chemical 

elements are presented in Fig. 2, as well as the Ca/P and C/P ratios, comparing 

each irradiated group with the NI. One-way ANOVA showed statistical 

significance only for Ca (p=0.014). Dunnett’s test revealed lower Ca values for 

FD70 compared to the NI group (p=0.004). There were no significant differences 

for C (p=0.633), O (p=0.911), P (p=0.890), Ca/P (p=0.897) or C/P (p=0.932). 

Excluding the NI group, two-way ANOVA revealed no significant difference 

for Ca/P in relation to the fractionation factor (p=0.969), dose factor (p=0.446), or 

the interaction between them (p=0.617). For the C/P ratio, two-way ANOVA found 

no significant difference for fractionation (p=0.756), dose (p=0.479), or the 

interaction between them (p=0.986), as shown in Table 3. 

 

Table 3. Means ± the standard deviations for the Ca/P and C/P ratios comparing 

fractionation and radiation dose. 

 

 

Different uppercase letters for comparing radiation dose (analysis in columns) and 

lowercase letters for comparing fractionation (analysis in rows) represent significant 

differences at Tukey’s test (p<0.05). 

 

3.3. Knoop microhardness 

The means and standard deviations for the KHN values for all groups are 

shown in Table 4. One-way ANOVA revealed a significant difference between the 

groups (p<0.001). Dunnett’s test showed a difference between the NI and FD70 

groups (p<0.001), with the latter presenting lower KHN values. 

Radiation 

dose 

Ca/P ratio C/P ratio 

Single Fractionated Single Fractionated 

30 Gy 1.82 ± 0.03 Aa 1.84 ± 0.03 Aa 2.90 ± 0.83 Aa 2.97 ± 0.85 Aa 

50 Gy 1.82 ± 0.03 Aa 1.81 ± 0.04 Aa 2.73 ± 0.71 Aa 2.85 ± 0.66 Aa 

70 Gy 1.83 ± 0.04 Aa 1.82 ± 0.04 Aa 2.60 ± 0.76 Aa 2.62 ± 0.72 Aa 
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Excluding the NI group, two-way ANOVA revealed statistical significance 

for the interaction between fractionation and dose (p=0.005). Within the 

fractionated groups, Tukey’s test revealed differences between the doses of 30 

and 70 Gy (p=0.014) and 50 and 70 Gy (p<0.001), with 70 Gy group presenting 

lower KHN values. Regarding fractionation, there was a significant difference only 

between the 70 Gy groups (p<0.001), with the fractionated group showing lower 

KHN values than the single dose group, as seen in Table 5. 

 

Table 4. Means ± standard deviations for the KHN values of the dentin for all 

groups. 

 

Group Mean (±) p value 

NI 64.68 ± 2.85 - 

SD30 61.77 ± 4.71 p=0.451 

SD50 60.43 ± 4.19 p=0.127 

SD70 62.34 ± 3.03 p=0.662 

FD30 61.32 ± 2.57 p=0.312 

FD50 63.02 ± 3.21 p=0.888 

FD70 55.53 ± 5.18* p<0.001 

 *Indicates a significant difference compared to the NI group at Dunnett’s test (p<0.05). 

 

Table 5. Means ± standard deviations for the KHN values of the dentin comparing 

fractionation and radiation dose. 

 

Radiation dose 
Fractionation 

Single Fractionated 

30 Gy 61.77 ± 4.71 Aa 61.32 ± 2.57 Aa 

50 Gy 60.43 ± 4.19 Aa 63.02 ± 3.21 Aa 

70 Gy 62.34 ± 3.03 Aa 55.53 ± 5.18 Bb 

Different uppercase letters for comparing radiation dose (analysis in columns) and 

lowercase letters for comparing fractionation (analysis in rows) represent significant 

differences at Tukey’s test (p<0.05). 
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4. Discussion 

 

The null hypothesis was rejected since different protocols and radiation 

doses changed the chemical composition and microhardness of dentin. Dentin 

has high water content and the interaction between ionizing radiation and water 

is known to be high (Pioch, Golfels, & Staehle, 1992; Gonçalves et al., 2014). 

Thus, when radiolysis occurs, H+ and OH- are released and then can interact with 

other ions to produce chemical changes in the tissue (Velo et al., 2018), which 

can impact the mechanical properties as well. 

Dentin is a mineralized tissue that has the function of supporting the 

enamel, compensating for its friable characteristic, which is why it has a greater 

organic content in its composition. Among the components, the most present in 

the organic part is collagen, being type I the most abundant (Xu & Wang, 2012). 

Collagen is responsible for the greater resilience of dentin in relation to enamel 

and its inorganic portion is mainly composed of hydroxyapatite (Scheffel et al., 

2020). In the ATR/FTR analysis, the different radiation protocols were not able to 

change the M:M ratio, which represents the amount of organic matrix in relation 

to the inorganic. However, it showed a significant difference of the FD70 group 

compared to the NI for carbonate values and C:M ratio, showing the interference 

of ionizing radiation in the inorganic components of dentin. The increase in 

carbonate values after high radiation doses makes the tissue more susceptible 

to acids, causing imbalance and accelerating the process of dissolution of the 

tooth structure (Tartari et al., 2016; Campi et al., 2019).  

Regarding to the organic portion, the FD70 group showed changes in the 

amide I/amide III ratio, both compared to the NI and SD70 groups. This ratio 

concerns the organization of collagen in dentin (Toledano et al., 2015), showing 

the ability of radiation to promote changes in the collagenous matrix of this dental 

tissue. This altered collagen may account for the rapid progression of radiation-

related caries in post-RT patients (Jawad, Hodson, & Nixon, 2015; Bhandari et 

al., 2020). This type of caries occurs predominantly in the cervical region and can 

extend and lead to coronary amputation (Walker et al., 2011; Bhandari et al., 

2020). In addition, with collagen impairment, there may be poor adhesion 
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between restoration and dentinal substrate of teeth located in the radiation field, 

since the altered structure makes it difficult to create the hybrid layer and, 

consequently, makes it impossible to carry out long-lasting restorations (Yadav & 

Yadav, 2013; Gonçalves et al., 2014; Rodrigues et al., 2018). 

The different radiation protocols did not detect changes in the 

concentrations of carbon, oxygen, and phosphorus. However, the FD70 group 

showed lower calcium values compared to the NI. These elements obtained by 

EDS are among the main elements that constitute hydroxyapatite crystals 

(Kudkuli et al., 2019; Miranda et al., 2021). In addition to Ca10(PO4)6(OH)2, there 

is a considerable amount of calcium-deficient apatite, which is referred to as Ca10-

x(HPO4)x(PO4)6-x(-OH)2-x. This kind of calcium-deficient apatite is less stable than 

Ca10(PO4)6(OH)2. When demineralization occurs, calcium-deficient apatite is 

easily dissolved, leading to reduced crystallinity. Consequently, irradiated dentin 

would be more vulnerable to acid attack than dentin with intact hydroxyapatite 

(al-Nawas et al., 2000; Lu et al., 2019). Therefore, the use of fluoride products is 

considered beneficial for the prevention of radiation-related caries in post-RT 

patients (Soares et al., 2011; Lopes et al., 2018). 

Regarding mechanical properties, the present study showed lower dentin 

microhardness values in the FD70 group, which was irradiated with a high dose 

of radiation. These findings are corroborated by the results of previous studies 

(Lieshout & Bots, 2014; Gonçalves et al., 2014; Velo et al., 2018; Marangoni-

Lopes et al., 2019). As it is a biological and complex tissue, dentin hardness is 

dependent on several factors, including the location of penetration and the local 

composition of the tissue (Ryou et al., 2012), hence the need to standardize the 

region of analysis in all specimens. Furthermore, the mechanical properties of 

dentin vary according to the mineral content (Zhang et al., 2014), that is, low 

hardness values can be explained by changes in carbonate, calcium and C:M 

ratio values in the present study. 

Previous studies have reported that radiation doses have a greater effect 

on teeth as doses are increased (Gonçalves et al., 2014; de Siqueira Mellara et 

al., 2014). In the present study, significant changes were only detected when the 

accumulated dose was 70 Gy. This finding is contrasted by other studies that 
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found degenerative changes in dental hard tissues after exposure to 30 Gy of 

radiation or more (Gonçalves et al., 2014; Liang et al., 2016; Lu et al., 2019). 

However, some of them used different irradiation protocols, with different 

radiation sources and with direct exposure of dentin specimens to irradiation, 

without the protection of enamel or periodontal tissues. 

According to the literature, some studies used single-dose irradiation as a 

methodology (da Cunha et al., 2016; da Cunha et al., 2017; Velo et al., 2018), 

while others used fractional doses of radiation (Gonçalves et al., 2014; Qing et 

al., 2015; Reed et al., 2015; Novais et al., 2016; Qing et al., 2016; Rodrigues et 

al., 2018; Campi et al., 2019; Lu et al. , 2019), generating divergent results. The 

effects of RT are cumulative, and fractionation of radiation is based on the "5Rs" 

(repair, redistribution, reoxygenation, regeneration and radiosensitivity) 

(Harrington, Jankowska, & Hingorani, 2007). According to the results of this 

study, the use of fractional radiation for in vitro studies is recommended, seeking 

to more faithfully simulate how RT is clinically administered to HNC patients 

(Jawad, Hodson, & Nixon, 2015). Thus, the chances of bias in scientific studies 

would be smaller. 

However, the present study has as a limitation the fact that it was not 

possible to simulate the attenuation effect of the jaw bones and oral soft tissues 

to radiation, nor reduced salivary flow, common characteristics in HNC patients. 

Even so, chemical and mechanical changes were found in dentin when high 

doses of ionizing radiation were applied fractionally. Therefore, it is important that 

further studies are carried out to discover methods that minimize these direct 

effects of radiation on tooth structure. Thus, the prevention and treatment of RT 

side effects are priority issues for future research in the area, due to the 

increasing survival rates of HNC patients.  

 

5. Conclusions 

 

A radiation dose of 70 Gy delivered in fractional doses resulted in changes 

in both the chemical and mechanical properties of the dentin. Doses of 30 Gy and 

50 Gy did not result in significant changes in the dentin, regardless of fractionation 
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or not. The use of fractional radiation for in vitro studies more faithfully reproduces 

the way in which RT is applied to HNC patients. 
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Figures 

 

Fig. 1 ATR/FTIR spectrum for non-irradiated dentin. The carbonate v2 (872 cm−1), 

phosphate v1, v3 (1,035 cm-1), amide III (1,235 cm−1), CH2 (1,450 cm−1) and amide 

I (1,655 cm-1) bands were evaluated. 
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Fig. 2 Means and standard deviations for the concentrations of each chemical 

element and Ca/P and C/P ratios analysed by EDS.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*Indicates a significant difference compared to the NI group at Dunnett’s test (p<0.05) 
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4. CAPÍTULO 3 

 

Artigo 3: 

Miranda RR, Lopes CCA, Franco NMAS, Cabral LC, Simamoto JÚnior PC, 

Novais VR. Head and neck cancer therapy-related oral manifestation 

management in the COVID-19 pandemic: a critical review. Braz Oral Res. 2020 

Oct 30;34:e120. doi: 10.1590/1807-3107bor-2020.vol34.0120. 
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5. CONCLUSÃO 

 

Doses de 70 Gy aplicadas de forma fracionada resultaram em 

alterações na composição química e na microdureza tanto do esmalte quanto da 

dentina. O uso do fracionamento para irradiação de amostras dentais in vitro 

reproduz mais fielmente a maneira como a RT é aplicada nos pacientes 

oncológicos de cabeça e pescoço. Pacientes em tratamento antineoplásico 

podem apresentar efeitos colaterais que resultam em manifestações bucais, 

sendo necessário acompanhamento e/ou intervenção odontológica. Diante do 

cenário atual da COVID-19, tratamentos odontológicos nesse grupo de pacientes 

devem ser bem indicados, levando em consideração a presença ou não de 

sintomatologia dolorosa e a condição de saúde geral do paciente.   
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ANEXOS 

 

ANEXO A – Aprovação no Comitê de Ética em Pesquisa 
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ANEXO B – Normas do periódico Archives of Oral Biology 
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