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Abstract

Objectives

Evaluate in vitro, simulating a radiotherapy retreatment of HNC, the effects of re-radiation on the
properties of enamel and dentin.

Materials and Methods

Forty flve human permanent molars were divided in five groups: non-irradiated; irradiated up to a dose of
60 Gy and re-irradiated up to doses of 30, 40 and 50 Gy, through the analysis of Raman spectroscopy,
Scanning electron microscopy (SEM) and Energy Dispersive X-ray spectroscopy (EDS). Raman
spectroscopy was analyzed comparatively, according to the intensity, general area of the spectra and
peaks of interest. Kolmogorov — Smirnov test, followed by the One-Way ANOVA test and Tukey's post-
test, with the significance level were adopted for all analyzes being 5%.

Results

There were significant changes in the peaks of irradiated, non-irradiated and re-irradiated enamels, with
the presence of phosphate (438nm), hydroxyapatite (582nm), phosphate (960nm) and carbonate
(1070nm) (p < 0.05). Re-irradiation reached the tooth as a whole (p > 0.05), with degradation of the
interprismatic region, destruction of enamel prisms and hydroxyapatite crystals. In dentin, it caused
obliteration of the tubules, formation of cracks and progressive fragmentation of collagen fibers. EDX
indicated an increase in the percentage of oxygen and a decrease in phosphorus and calcium after re-
irradiation.

Conclusion

The chemical and morphological changes in the permanent irradiated teeth are progressive and directly
proportional to the escalation of the radiation dose.

Clinical relevance

Re-irradiation causing even more damage to enamel and dentin of permanent teeth.

INTRODUCTION

Radiotherapy (RT) is an option for the treatment of Head and neck cancer (HNC). Protocols based on
dose fractionation are used [1-3], due to potential of higher doses of RT cause severe tissues damage
[4,5].

Locoregional recurrence of HNC can occur, which can impact the quality of life of these patients and
their parents [6—8]. In this case, treatment is performed as a second attempt at cure. The addition of
therapies, can cause toxicity to adjacent tissues in a more complex way, with side range from 13 to 89%
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[9]. The most common complications caused by RT in HNC are mucositis [10], xerostomia, candidiasis,
dysgeusia, trismus [11], orofacial pain, changes in the periodontal ligament [12], microvascular changes,
soft tissue necrosis, osteoradionecrosis [13] and radiation-related caries (RRC) [14-21].

RT effects depend on the mineral and organic composition of the enamel or dentin [14,22]. Studies
involving permanent teeth have shown that RT is capable of causing changes in the enamel [23,24,25,26]
and dentin [16,18,19,23—-26], such as destruction of the prismatic structure of enamel [27] and alteration
in mechanical and chemical properties [23-25,27-37].

Although the direct changes that RT can promote in dental structures are known, there is no report in the
literature on the influence of RT on the chemical and morphological properties of dental tissues in cases
of patients undergoing a new radiotherapy treatment, that is, in cases of re-irradiation, after locoregional
recurrence of HNC, this assessment being the objective of the present study.

MATERIAL METHODS
Ethical aspects and sample

The research was approved by the Research Ethics Committee (process no. 2018.3.091.548).
This is an experimental study taking irradiation at 5 levels as a factor:

1) G1: Not irradiated (control);
2) G2: Irradiated up to a dose of 60Gy (conventional);

3) G3: Re-irradiated up to a dose of 30Gy (irradiated up to a dose of 60Gy and re-irradiated up to a dose
of 30Gy);

4) G4: Re-irradiated up to a dose of 40Gy (irradiated up to a dose of 60Gy and re-irradiated up to a dose
of 40Gy);

5) G5: Re-irradiated up to a dose of 50Gy (irradiated up to a dose of 60Gy and re-irradiated up to a dose
of 50Gy).

The sample consisted of 45 human permanent molars [23,30,32,33,38-40], recently extracted and
healthy. The teeth were cleaned, disinfected and stored in a supersaturated 0.1% thymol solution for one
week. They are then washed in water for 24 hours and stored in distilled water at 4°C for a month.

The dental substrates of enamel and coronal dentin were analyzed separately and were not compared
with each other. The specimens were subjected to chemical and structural composition analysis
(Raman). Four specimens from each group were randomly separated for analysis using scanning
electron microscopy (SEM) and evaluation of the chemical composition of enamel and dentin using
energy dispersive X-ray spectroscopy (EDS).
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Irradiation and re-irradiation process
Irradiation process

The specimens were irradiated at the Radio-Oncology Treatment Center, Ribeirdo Preto, Brazil. During the
irradiation procedure, the specimens were placed in 24-well acrylic cell culture plates (Cellstar®,
ref.657160, Greiner bio-one GmbH, Frickenhausen, Germany), so that they all received the same direct
irradiation by area [23] (Fig. 1).

Initially, the teeth (G2) were subjected to irradiation in a linear accelerator (Fig. 1A-E) with energy of 6MV,
dose of 60Gy, in a total of 30 fractions for six weeks, in a dose fraction of 2Gy/day, for five consecutive
days per week [23-26,30,33,35-37,40-43].

Storage and accelerated artificial aging

After the conventional irradiation process (total dose of 60Gy) (G2), the teeth were stored in artificial
saliva at 37°C (z 1°C), for six months. During this period, all specimens were subjected to accelerated
artificial aging through thermocycling, in order to simulate a period of one year, a time suggested in the
literature as the minimum necessary to initiate a new radiotherapy treatment [44].

Re-irradiation process

After the storage period, following the initial irradiation procedure, the teeth were subjected to re-
irradiation up to a total dose of 30Gy (G3), 40Gy (G4) and 50Gy (G5) according to their group, in a total of
15 fractions for 3 weeks, 20 fractions for 4 weeks and 25 fractions for 5 weeks, respectively, in a dose
fraction of 2 Gy/day, for 5 consecutive days per week.

Assessment of the chemical composition of enamel
Raman Spectroscopy

After irradiation process, all specimens were analyzed by Raman spectroscopy (Ocean Optics
spectrometer, Inc., Dunedin, FL, USA), with diode laser excitation (A = 785nm), spectral resolution of

11cm™, with excitation power at 400mW, five seconds of acquisition and three acquisitions in each
region, with the final spectrum of each region being the average of each of these three measurements
(Fig. 1F-H).

Each sample provided a total of six spectra, named according to the group and region analyzed. The
regions analyzed in each samples were:

e CE_V: Coronary Enamel — Vestibular Face;
e CE_L: Coronary Enamel — Lingual/Palatal Face;

e BS: Bottom sulcus;
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e TC: Tip Cuspid;
e ADJ_V: Amelodentinal Junction — Vestibular Face;

e ADJ_L: Amelodentinal Junction — Lingual/Palatal Face;
All spectra were processed using a MatLab processing routine that involves:

¢ Noise removal to smooth the curve;

Removal of base curve using polynomial of order six;

Removal of second order oscillations inside the curves;

Definition of peaks of interest;

e Lorentzian plot with maximum at the peak of interest;

Calculation of the area of each peak of interest;

Calculation of the intensity of each peak of interest;

Calculation of the total spectrum area.

The peaks selected for analysis were [45-47]:

438nm: Peak related to phosphate presence;

582nm: Vibrational mode v1, v3 and v4 (PO3)* in hydroxyapatite;

960nm: Symmetrical vibrational stretching of phosphate ions ((P0,)?);

1070nm: Peak related to carbonate presence.

Furthermore, analysis of the carbonate/phosphate ratio was also carried out, by analyzing the ratio
between the values obtained for both peaks.

Morphological analusis of enamel and dentin
Scanning electron microscopy (SEM)

Four dental hemisections were used from each group (20 hemisections) [24].

They were then observed under a scanning electron microscope (Philips, Sdo Paulo, Brazil)) with a
magnification of 500x and 2000x. The areas analyzed correspond to the entire thickness of the enamel
and dentin (morphological and qualitative comparison).

Raman Spectroscopy

For this analysis, no prior sample is not necessary, one of its great advantages is that it is a non-invasive
and non-destructive technique.

Chemical analysis of enamel and dentin
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Energy-Dispersive X-ray Spectroscopy (EDS)

Four dental hemisections from each group (20 hemisections), were subjected to chemical analysis using
EDS (ZEISS, SIGMA scanning electron microscope - equipped with field emission electron gun (SEM-
FEG) and OXFORD qualitative and quantitative chemical analysis system for detection of elements
between Boron and Uranium - Electronic Microscopy and Laboratory Analysis, Sdo Carlos Physics
Institute, University of Sdo Paulo, IFSC-USP, Sdo Carlos, Sdo Paulo, Brazil).

The sample was irradiated with an X-ray beam of 50um radius, tube voltage of 50kV, with automatic
current adjustment, and a beam diameter of 50um. Measurements were carried out for 100 seconds per
point.

For each sample, the mapping of the components calcium (Ca), oxygen (0) and phosphorus (P), in a line
of 40x1 points, steps of 10um, 50kV, in real acquisition time (one second per point), with a final scanning
time of 36 minutes per sample. In all measurements, radiation was counted using a Si (Li)
semiconductor detector cooled by liquid nitrogen. The synthetic stoichiometric hydroxyapatite reagent
(Sigma-Aldrich; Sintra, Portugal, purity 99.99% [CasHO+5P3]) was used as a reference for calibration. The
spectra corresponding to each sample were processed using the EDS Software (PCMEDX V.1.04
Shimadzu Cor., Kyoto, Japan). For descriptive analysis of the data, the concentration by weight of the
elements Ca, P and O was used.

Data analysis

Raman spectroscopy was analyzed comparatively, among themselves and by region according to the
general area of the intensity and peaks. Data were evaluated using the Kolmogorov—Smirnov test,
presenting a normal distribution. Comparison between groups was performed using One-Way ANOVA
test and Tukey's post-test, with a significance level of 5% and using GraphPad Prism ® 5 Software
(GraphPad Software In., San Diego, California, USA).

SEM images were analyzed through qualitative comparison of the different experimental conditions.

The data relating to the concentration by weight of the elements Ca, P and O, obtained by EDS, were
subjected to comparative percentage analysis.

RESULTS
Raman Spectroscopy

Processing each spectrum, separating it according to groups and obtaining the averages for each region
resulted in the spectra presented in Fig. 2.

The first parameter to be observed was the total spectra areas (Fig. 3). It was possible to observe a
tendency for the total areas of the graphs to increase, that it indicates the occurrence of consistent
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structural and chemical changes within.

Statistically significant difference between the groups (p < 0.05) (Fig. 3), and for G5, this change was
even more significant. Statistical analysis of the data was performed, for each of the peaks (Fig. 3).

When analyzing the presence of phosphate (438nm), although it is possible to observe changes
statistically significant only between the non-irradiated and irradiated groups, in relation to G3 (p < 0.05)
(Fig. 4A1).

Data obtained by the areas of the peaks related to the hydroxyapatite (582nm), phosphate ion (960nm),
and carbonate (1070nm), allowed to observe statistical difference between the groups (p < 0.05), and
changes were more relevant in G3 and G5 (Fig. 4B, 4C1 and 4D1).

When analyzing the phosphate (438nm) peak and the vibrational modes of hydroxyapatite (582nm), the
groups showed a statistically significant difference between them (p < 0.05), and the groups with the
most relevant changes were those G3 and G5 (Fig. 4A2 and 4B2).

Intensities of the phosphate ion peak (960nm) indicating possible structural and chemical changes
within the samples, these changes were statistically significant only among the group of non-irradiated
teeth in relation to G5 (p < 0.05) (Fig. 4C2).

In relation to the intensity of the carbonate peak (1070nm), G5 showed statistically significant
differences when compared to all other groups, as well as the elements of the non-irradiated group, in
relation to G3 (p < 0.05) (Fig. 4D2).

The analysis of the intensity of the peaks at 960nm (phosphate ions) and 1070nm (carbonate) between
them, demonstrates a tendency towards an increase in the carbonate/phosphate ratio (1070/960) with
the increase in radiation doses, in all the analyzed regions (Fig. 5A1). There was no statistically
significant difference between the regions (p > 0.05) (Fig. 5A2).

Scanning electron microscopy (SEM)

The images obtained by SEM showed progressive morphological changes in both enamel and dentin,
with the escalation of radiation doses.

Enamel

Morphological analysis of the non-irradiated (G1) teeth presented well-organized prisms surrounded by
interprismatic regions (Fig. 6A1 and 6A2).

After irradiation (G2), changes were observed on the surface of this tissue, in all regions analyzed, at
different magnifications. The interprismatic portion became more evident, and it was possible to identify
the prisms enamel and crystals (Fig. 6B1 and 6B2).
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After the re-irradiation procedure, in G3, G4 and G5, the specimens showed progressive morphological
changes, with different magnifications, loss of evidence of the interprismatic region and difficulty in
observing the prisms and crystals (Fig. 6C1-6E2).

Dentin

The non-irradiated teeth had well-defined dentinal tubules and a well-organized collagen fiber network
(Fig. 7A1 and 7A2).

In G2, changes in the intertubular, peritubular and intratubular dentin can be observed, and at the 20000x
magnification, cracks in the dentin structure and obstruction of the dentinal tubules. Regarding the
collagen fibers, there is a lack of structure, and at a magnification of 20,000x it was possible to verify
their fragmentation (Fig. 7B1 and 7B2).

After re-irradiation process, in G3, G4 and G5, the specimens showed progressive changes, as the
radiation dose increased, with degradation of the intertubular, peritubular and intratubular structure,
presence of cracks throughout the dentin structure, obliteration of the tubules and degradation of the
collagen fiber network (Fig. 7C1-7E2).

Energy-Dispersive X-ray Spectroscopy (EDS)

The percentages of the chemical elements oxygen (0), phosphorus (P) and calcium (Ca) in the enamel
and dentin of teeth in G1, G2, G3, G4 and G5 were analyzed (Table 1).

Table 1

Average percentage of chemical elements present in the
enamel and dentin of non-irradiated (G1), irradiated up to 60
Gy (G2) and re-irradiated up to 30 Gy (G3), 40 Gy (G4) and 50

Gy (G5).
Enamel
Elements G1 G2 G3 G4 G5
Oxygen (0) 37,09 3895 454 478 494

Phosphorus (P) 19,13 1855 14,5 135 135
Calcium (Ca) 4295 4237 297 268 264

Dentin
Elements G1 G2 G3 G4 G5
Oxygen (O) 36,47 3805 408 445 45,3

Phosphorus (P) 19,17 19,05 129 113 112
Calcium (Ca) 4283 42,56 259 22,7 22,06
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According to the data, when compared to G1 were an increase in the percentage of oxygen in G2, and
becomes even more evident in G3, G4 and G5. However, the percentage of phosphorus and calcium in
enamel and dentin after 60Gy of irradiation decreased and were even more lower with the increased of
irradiation dose.

DISCUSSION

In the present study, after the first cycle of radiation morphological changes were observed in the enamel
compared to the non-irradiated sample. In re-irradiated specimens, with the escalation of radiation dose,
the changes became even more evident [27,29,31].

Analysis of the area and intensity of the phosphate peaks, demonstrate that RT is affect the mineral and
crystalline structure. Analyzing hydroxyapatite peaks (582nm) and carbonate (1070nm), as well as the
carbonate/phosphate ratio, the results suggest the occurrence of the hydroxyl substitution process of
hydroxyapatite (Ca;(P0O,4)sOH,) by carbonate, with a consequent increase in the solubility of dental
enamel and dissolution of enamel crystals, favoring the demineralization process. Also altering the
crystal dimensions, surface texture and stability of the hydroxyapatite, causing damage to this tissue
that is even more severe with the re-irradiation process. Similarly, studies suggest that are loss of protein
post radiation [14,46,48] and mineral [46,48]. It is important to clinical consideration about the use of
fluoride to prevent RRC post-radiotherapy and mainly post re-irradiation therapy [48].

There is a tendency for the carbonate/phosphate ratio (1070/960) to increase with increasing radiation
doses in all regions, regardless of the region analyzed, re-irradiation is not more damaging to one region
than the other, but rather affects the tooth structure as a whole. Others studies suggest that this
damages are even higher in cement-enamel junction [14,46].

It was possible to observe degradation of the interprismatic region and destruction of the enamel prisms
and hydroxyapatite crystals, in SEM images. In dentin, indicated obliteration and degradation of the
intertubular, peritubular and intratubular structure, presence of cracks and degradation of the collagen
fiber [24,30,49]. Grétz et al. (1997) [27] attributed the obliteration of dentinal tubules, to the degeneration
of the odontoblastic processes, being the result of direct radiogenic damage to the cells. The dentin acts
as support for the enamel, and if its structure is compromised, it is possible that this support becomes
less efficient, contributing to the occurrence of enamel fractures and cracks [46].

In order to observe the behavior of some elements were used EDS. In the irradiated enamel, after the
60Gy dose, a slight increase in the oxygen and a small decrease in the phosphorus and calcium were
observed. These variations became even greater and more evident when analyzing the re-irradiated
specimens. The decrease in the amount of calcium and phosphorus observed may be due to changes in
the solubility of enamel after irradiation. This tissue would lose ions to the environment, differently of
other studies [50—-52], who verified a decrease in subsurface demineralization of enamel after irradiation,
and attributed this event to a decrease in solubility. Another explanation, it is apatite crystals in dental

enamel incorporate sodium, carbonate and magnesium during their formation and irradiation, it would
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probably cause punctual defects within the apatite and thus, ions could be removed from the crystal
surfaces inside the enamel pores [52].

In addition, a study demonstrated greater expression of matrix metalloproteinase 20 (MMP-20), in the
dentin-enamel junction of irradiated teeth. The proteolytic activity of MMP-20 may be responsible for the
degradation of the structure of non-collagenous proteins, such as amelogenin and ameloblastin, located
in the organic matrix of enamel, leading to delamination of this tissue and contributing to the etiology of
RRC [35-37,53-56].

The interaction between radiation and water is high in dentin [57]. The radiolysis process releases H +
and OH- ions into the environment, which can interact with other ions and produce new compounds. This
fact explains the decrease in C ions and the lower values of Ca/P weight after exposure to radiation.
These ions could induce the formation of a secondary non-apatite calcium phosphate phase, which
would make the tissue more susceptible to degradation [58], even for long period of time [57], a fact that
would justify the increased risk of developing RRC and/or fractures in the dentin structure

Velo (2018) [59] observed the incorporation of magnesium (Mg) after irradiation with 55 and 70Gy. Mg
as a substituent component inhibits crystal growth and strongly influences the lattice parameters, which
may have made the apatite amorphous. This change favors the occurrence of a less well-structured
crystal arrangement, increasing the permeability and susceptibility of this substrate to cracks,
contributing to the obliteration of dentinal tubules [60]. These structural defects can make dentin dry and
friable [24], in addition to xerostomia that can occur [61], these changes would act synergistically as
factors for the occurrence of RRC.

The clinical extrapolation of the results must be cautious, because, despite being reproduce, as much as
possible, it is not possible to fully mimic what actually occurs in the living organism [21,33,62]. However,
in vitro studies allow the standardization not only of samples, but also of experimental conditions, which
would be extremely difficult to achieve in in vivo studies, both due to the nature of the study and the
clinical and emotional conditions of the patients. Thus, research conducted with this study model is
necessary and contributes to the understanding of the effects of RT on dental tissues, and can
contribute to clinical repercussions on patients.

In this way, through the results obtained, this study contributes to the evaluation, quantification and
understanding of the direct effects of RT on dental tissues and suggest that the toxicity caused by
radiation to dental enamel is even greater and more complex in cases of re-irradiation, being of it is
fundamentally important to expand knowledge about the effects caused by additional doses used in
cases of retreatment, often above the tolerance doses of irradiated tissues.

CONCLUSION

Re-irradiation caused progressive chemical and morphological changes in the enamel and dentin with
the escalation of radiation doses. The changes generated by RT on the composition of the teeth are
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directly proportional to the dose administered and are more severe after re-irradiation.
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Figure 1

A-E Irradiation and re-irradiation process of teeth in a linear accelerator. F-H Raman Spectroscopy
process.
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Figure 2
Average spectra for each of the regions analyzed, according to each group. Of which: A — Coronary

Enamel — Vestibular Face ; B — Coronary Enamel — Lingual/Palatal Face; C — Bottom sulcus; D — Tip
cuspid; E — Amelodentinal Junction — Vestibular Face; F — Amelodentinal Junction — Buccal / Palatal.
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Graphical representation of total spectra areas for each group and region analyzed and the
measurements of the total areas of the spectrum peaks. Values expressed in arbitrary units (ua).
Different letters mean statistically significant difference (p>0.005).
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measurements of the selected peaks. Values expressed in arbitrary units (ua). Asterisk (*) indicates
statistically significant difference (p>0.005).
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A1: Value for the intensity of the peaks at 960nm, 1070nm and the ratio (1070/960). A2: Graphical
representation of the ratio (1070/960), for each region and according to each sample group. Values
expressed in arbitrary units (ua). Asterisk (*) indicates statistically significant difference (p>0.005).
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Figure 6

Electron micrographs of the enamel of permanent teeth, obtained using scanning electron microscopy,
at 5000x magnification (A1, B1, C1, D1, E1) and 20,000x (A2, B2, C2, D2, E2): (A1 and A2): G1 group - non-
irradiated enamel with the presence of well-organized prisms surrounded by interprismatic regions; (B1
and B2): G2 group - enamel irradiated up to a dose of 60Gy, with evidence of the interprismatic region,
without difficulty in observing the prisms and crystals; (C1 and C2): G3 group- re-irradiated up to a dose
of 30Gy; (D1 and D2): G4 group - re-irradiated up to a dose of 40Gy; and (E1 and E2): G5 group - re-
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irradiated up to a dose of 50Gy — progressive morphological changes, with the escalation of radiation

doses, with loss of visibility of the interprismatic region and difficulty in observing prisms and crystals.

Figure 7

Electron micrographs of the dentin of permanent teeth, obtained using scanning electron microscopy, at
5000x (A1, B1, C1, D1, E1) and at 20,000x magnification (A2, B2, C2, D2, E2): (A1 and A2): non-irradiated
dentin with the presence of defined dentinal tubules and a network of organized collagen fibers; (B1 and
B2): dentin irradiated up to 60Gy, with alteration of the intertubular, peritubular and intratubular dentin;
presence of cracks in the dentin structure and collapsed and/or destroyed dentinal tubules; (C1 and C2):
dentin re-irradiated up to a dose of 30Gy, (D1 and D2): dentin re-irradiated up to a dose of 40Gy, (E1 and
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E2): dentin re-irradiated up to a dose of 50Gy - progressive morphological changes, with the escalation
of radiation dose, with degradation of the intertubular, peritubular and intratubular structure, presence of
cracks in the structure, obstruction of dentinal tubules and degradation of collagen fibers.
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