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with chlorhexidine resulted in a significantly lower micro-
hardness compared to sodium fluoride, both for the irra-
diated and non-irradiated groups. It is concluded that 
gamma irradiation with therapeutic doses typically used 
for head and neck carcinoma treatment has a direct effect 
in reducing micro-hardness of tooth enamel and cementum. 
Mouthwash protocols including, for example, application 
of 0.05% sodium fluoride or 0.12% chlorhexidine three 
times per day for 6 weeks, can protect enamel and cemen-
tum against the reduction in hardness and demineralization 
caused by gamma irradiation. Sodium fluoride offers more 
protection compared to chlorhexidine.

Keywords Radiotherapy · Enamel · Cementum · Gamma 
irradiation

Introduction

Recently, a relatively high incidence of head and neck car-
cinoma including those of the oral cavity has been reported 
(Filion et  al. 2010). Gamma irradiation is an important 
treatment regimen, either applied solely or as an adjuvant 
to surgery and chemotherapy (Wilken et al. 2011). Unfortu-
nately, radiation therapy may also have devastating dento-
oral effects. One of the most common late complications of 
head and neck radiotherapy is rampant caries affecting the 
entire dentition. This is commonly referred to as radiation 
caries (Konjhodzic-Prcici et al. 2010).

Radiation caries is a rapidly progressing, and a highly 
destructive type of dental caries (Vissink et  al. 2003). 
While it was assumed that this process is the result of 
xerostomia caused by gamma irradiation on salivary secre-
tion, other disorders that cause xerostomia do not produce 
rampant caries that is nearly as destructive as the caries 

Abstract The purpose of this study was to evaluate the 
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alization cycling, teeth from the irradiated groups showed a 
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showed a significantly lower micro-hardness, as compared 
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chlorhexidine showed a significantly less micro-hardness 
compared to those treated with sodium fluoride. In con-
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caused by radiotherapy. This observation lead to the debate, 
as to whether radiation caries is caused by a direct or an 
indirect effect to the teeth, or possibly by a combination 
of both (Konjhodzic-Prcici et al. 2010; Verna et al. 2010). 
In  vitro studies on irradiated teeth showed that after irra-
diation the mechanical properties of teeth including com-
pressive, tensile strengths, and hardness become altered by 
the radiolysis of water that generates free radicals, which in 
turn oxidize and denature the organic components of dental 
structure (Kielbassa et al. 2006; Soares et al. 2010a; Verna 
et al. 2010).

The pattern of caries most commonly seen after radio-
therapy is circumferential at the cervical part of the tooth, 
affecting smooth enamel surfaces that are normally resist-
ant to decay, as well as exposed cementum surfaces. The 
progression of caries may be further accelerated by poor 
oral hygiene of these patients due to oral discomfort and 
trismus. Such carious lesions represent a challenge to the 
restorative dentist, because access to the cervical lesions is 
often restricted, the excavation of caries might be incom-
plete, the cavity preparation margins can be difficult to 
define and the preparations might provide little mechanical 
retention for the restorations (Hu et al. 2005). In addition, 
the restoration becomes compromised by the detrimen-
tal effect of gamma irradiation on bond strength to human 
enamel and dentin when the adhesive restorative procedure 
is carried out after radiotherapy (Naves et al. 2012). Radia-
tion caries often results in fracture of the clinical crown of 
the tooth, and therefore mastication of food and esthetics 
become severely compromised (Andrews et al. 2001; Fran-
zel et al. 2006).

Implementation of oral care protocols before and after 
radiation therapy and frequent assessment of lesions dur-
ing therapy can prevent or, at least, decrease the incidence 
and severity of these complications, which can improve 
quality of life for head and neck cancer patients (Dheeraj 
et al. 2011; Soares et al. 2010b). Other preventive schemes 
include mouthwashes of chlorhexidine gluconate (0.12%), 
sodium fluoride (0.05%, aqueous solution), and sodium 
iodide (2%) in hydrogen peroxide (10 v/v) (Tolentino et al. 
2011). However, there is no definitive protocol yet to pre-
vent or reduce radiation caries in head and neck cancer 
patients.

Fluoride rinses have been shown to increase the re-hard-
ening effect on softened enamel surfaces through enhance-
ment of remineralization. Furthermore, the successful use 
of topically applied fluorides to prevent dental caries in 
patients suffering from radiation-induced hypo-salivation 
has been reported (Souza et al. 2009). Mouth rinses includ-
ing fluoride and chlorhexidine rinses are easy to use for 
patients, and unlike foam and varnish, rinses do not need 
professional application. Therefore, they represent a suit-
able option for delivering a protective agent to patients who 

are suffering from head and neck cancer. The present study 
aims at investigating the role of fluoride and chlorhexidine 
mouthwashes in preserving hardness and mineralization of 
human enamel and cementum after gamma irradiation.

Materials and methods

A total of 60 human posterior teeth were used in the present 
study. None of the teeth had any caries, restorations, surface 
defects, or enamel cracks. The teeth were extracted for peri-
odontal reasons from individuals of both genders with an 
age range between 30 and 45 years, after receiving approval 
from the ethical committee at Al Azhar University. Before 
commencing the study, the teeth were thoroughly washed, 
scraped, and ultrasonically scaled, to remove plaque and 
calculus, then sterilized in ethylene oxide gas chamber for 
8 h and stored in deionized water with thymol. The teeth 
were randomly divided into two main groups; Group A1: 
Irradiated (N = 30) and Group A2: non-irradiated (N = 30). 
Then, each group was further divided into three subgroups: 
B1, B2, and B3 (each =10 teeth) according to the immer-
sion protocol received after gamma irradiation: 0.12% chlo-
rhexidine mouthwash, 0.05% sodium fluoride mouthwash, 
and deionized water (control group).

Irradiation procedure

Group A1 samples were transferred to a cobalt-60 source 
(National Center for Research Radiation & Technology—
Atomic Energy Authority) and exposed to γ-radiation. 
The dimensions of the irradiation chamber were: diameter 
16  cm and height 20  cm. The teeth were positioned with 
their long axis perpendicular to the floor of the chamber 
and parallel to the cobalt source. Each tooth sample was 
irradiated with the same dose (60 Gy) which is typical for 
the therapeutic dose for treatment of carcinoma of the head 
and neck. The dose rate was in the range of 1.0431 KGy/
hour at the time of the experiment (Maghraby et al. 2005).

Mouthwash simulation and demineralization–
remineralization cycling

Two mouthwash protocols were used after irradiation. The 
mouthwash simulation was done using a mechanical stir-
rer (Aibote, Henan, China) three times/day for 1 min each, 
and each sample was rinsed with deionized water before 
and after the mouthwash simulation. The mouthwash simu-
lation was performed for 6  weeks corresponding to a typi-
cal radiotherapy period, resulting in a total 180 min for the 
contact of the investigated teeth with mouthwash (Soares 
et al. 2010b). This procedure was followed by demineraliza-
tion–remineralization cycling: all groups were subjected to 
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five demineralization–remineralization cycles at 37 °C, using 
the model described by Rodrigues and co-workers (Rodri-
gues et al. 2004). Each cycle consisted of a 3-h immersion in 
demineralizing solution, followed by a 21-h immersion in re-
mineralizing solution. The demineralizing solution was com-
posed of 0.75 mM acetate buffer, containing 2.2 mM calcium 
(CaCl2), 2.2 mM phosphate  (NaH2PO4), and 0.03 µg F/ml. 
The pH of the solution was 4.3. The chemical composition 
of the re-mineralizing solution was 1.5 mM calcium, 0.9 mM 
phosphate, 0.15 M KCl, 0.05 µg F/ml, and 20 mM cacodylate 
buffer, with a pH of 7.0. Both solutions contained thymol 
crystals to avoid microbial growth.

Micro‑hardness testing

Each tooth was longitudinally sectioned to have a stable flat 
surface lingually. The buccal surface was flattened using 
a double-sided fine grit diamond disc (0.20 mm × 22 mm) 
operated at low speed. For this, an NSK Dental E-type low 
speed straight hand-piece was used at 18,000 rpm. The sam-
ple was then polished using an Enhance Densply rubber pol-
ishing cup and Densply polishing paste. Surface hardness of 
the specimens was determined using a digital display Vickers 
micro-hardness tester (model: Shimadzu HMV). The Vickers 
method is based on an optical measurement system. A load 
of 200 g was applied to the buccal surface of the specimens 
for 20 s using the Vickers diamond indentor. Three indenta-
tions were equally placed over a circle of 1 mm diameter at 
the middle third of the buccal surface of the enamel and the 
cervical third of the buccal surface of the cementum of the 
specimens. The indentations were carefully observed under 
the microscope at magnification 20×. Image analysis soft-
ware allowed accurate digital measurements of their diago-
nals, which was then converted to micro-hardness values 
(MHV) using Eq. 1:

where P is the load in kg and d is the length of the 
diagonals in mm. Enamel and cementum hardness were 

(1)MHV = 1.854 P∕d2

determined for each tooth at baseline (after gamma irradia-
tion) and after demineralization–remineralization cycling.

Statistical analyses

After demineralization–remineralization cycling, there was 
a decrease in enamel and cementum micro-hardness for all 
groups. This decrease was calculated for every subgroup 
and is presented as mean and standard deviation (SD) val-
ues. Student’s t test was used to compare between irradiated 
and non-irradiated groups. One-way analysis of variance 
(ANOVA) was used for comparison between mouthwashes. 
Tukey’s post-hoc test was used for pairwise comparison 
between the groups when ANOVA test was significant. The 
significance level was set at p ≤ 0.05. Statistical analysis 
was performed with  IBM®  SPSS® Statistics Version 20 for 
Windows.

Results

Results show that the decrease in micro-hardness of irradi-
ated tooth enamel and cementum was significantly higher 
when compared to that of non-irradiated tooth enamel and 
cementum, regardless of the mouthwash protocol used 
(Tables  1, 2). Both irradiated and non-irradiated groups 
showed a significantly higher decrease in mean enamel 
and cementum micro-hardness for the control subgroups 
compared to the subgroups treated with sodium fluoride 
and chlorhexidine mouthwash (Tables 1, 2). Chlorhexidine 
showed a significantly higher decrease in micro-hardness 
compared to sodium fluoride when the enamel was not 
irradiated. In contrast, irradiated enamel showed no sig-
nificant difference in the decrease of micro-hardness when 
comparing chlorhexidine with sodium fluoride mouth-
washes (Table 1). For cementum, chlorhexidine mouthwash 
resulted in a significantly higher decrease in micro-hard-
ness compared to sodium fluoride mouthwash. This was 
true for both irradiated and non-irradiated groups (Table 2).

Table 1  Decrease of micro-hardness for enamel shown as mean values and standard deviation (SD), and results of comparison between 
decrease in enamel micro-hardness values in irradiated and non-irradiated groups and between the different mouthwashes

Means with differing superscripts are significantly different at p ≤ 0.05* based on student’s T test (between irradiated and non-irradiated groups 
on left column) and post-hoc paired comparisons between the different mouthwashes and the control subgroups on bottom row

Mouthwash Decrease in micro-hardness after demineralization–
remineralization cycling Mean ± SD
Irradiated group (A1)

Decrease in micro-hardness after deminerali-
zation–remineralization cycling 
Mean ± SD
Non-irradiated group (A2)

P value

Chlorhexidine (B1) 481.6a,a ± 97 299.1b,b ± 27 <0.0001*
Sodium fluoride (B2) 558a,a ± 12 142b,a ± 22 <0.0001*
Control group (B3) 778.8a,b ± 24 561.2b,c ± 24 <0.0001*
P value <0.0001* <0.0001*
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Discussion

The results of this study provide evidence that 0.05% 
sodium fluoride mouthwash has a protective effect on 
enamel and cementum exposed to gamma radiation, by pre-
serving their hardness and mineralization. Gamma irradia-
tion with a dose typical for the treatment of head and neck 
cancer causes deterioration of the mechanical properties 
of dental hard tissues. The results of the present study and 
those of previous in vitro studies provide evidence of that 
effect. This can be explained by the fact that the organic 
matrix of enamel interacts with mineral apatite crystals via 
calcium ions from electrostatic binding of side chain car-
boxylate and surface mineral phosphate groups. Irradiation 
promotes side chain decarboxylation and a loss of acidic 
phosphate groups with the formation of new calcium ion-
bridged phosphate groups. The mineral-organic interac-
tion between apatite and organic constituents of enamel is 
reduced which induces micro cracks in the hydroxyapatite 
mineral. The cementum when exposed to gamma radia-
tion suffers a reduction of the hydration level in the root 
matrices, resulting in alternations in the tissue extra cellular 
matrix. This process is always associated with the scission 
of the main chain of collagen macromolecules (Soares et al. 
2010b).

Few studies demonstrated the histological changes of 
dental hard tissues exposed to gamma radiation. Scanning 
electron microscopy showed that enamel suffered surface 
cracks after irradiation that could easily be observed due 
to localized erosive areas as well as morphologic altera-
tions and increased gaps with separation of prisms from the 
inter-prismatic substance. The regular structure of enamel 
was completely destroyed and the internal enamel structure 
appeared amorphous and porous. The cementum showed 
surface irregularities with wide cracks and a decline in 
Sharpey’s fiber sites, as well as erosive areas with varia-
ble depths on the surface (El-Faramawy et al. 2011). Light 
microscopy showed that irradiated cellular cementum had 
irregular concavities and dispersed bay-like resorption 

concavities with adjacent multinucleated cells, similar to 
the appearance of cementoclasts howship’s lacunae. The 
predominance of resorption sites related to cementum after 
irradiation was explained by an enhanced radio-resistance 
of resorptive cells compared to synthetic cells, which leads 
to an increase in lytic activity (El-Faramay et al. 2013).

Results of a few studies appear to be in contradiction 
to the findings described in the present paper. Kielbassa 
and co-workers (Kielbassa et  al. 1999, 2000) reported 
that gamma irradiation did not cause a decrease in micro-
hardness or mineralization of enamel. This seeming con-
tradiction can be explained by the fact that the specimens 
used by Kielbassa and co-workers were kept wet during 
irradiation, whereas in the present study, irradiation took 
place in vacuum. It is known that the apatite crystals of 
tooth enamel include some sodium, carbonate, and magne-
sium by entrapment during their formation. On irradiation, 
these point defects could be mobilized from the surface 
layer of the crystals, thereby removing the entrapped ions. 
Wet conditions can stabilize the surface layers of the apa-
tite crystals of enamel, therefore, reducing the dissolution 
rate (Jansma et al. 1990). In contrast, when the irradiation 
takes place under vacuum, the structural changes that have 
occurred in enamel might be irreversible. Most patients 
undergoing head and neck radiotherapy suffer from severe 
xerostomia during their illness and treatment (Chambers 
et al. 2007). This is mainly due to the destructive effect of 
radiation on salivary glands. The oral cavity becomes very 
dry and the teeth are deprived from the protective effects of 
saliva. Thus, irradiating the teeth under wet conditions may 
not represent an ideal condition for investigating the effect 
of gamma irradiation on tooth structure.

Clinical data suggest that the sensitivity of the den-
tal pulp is impaired in patients undergoing head and neck 
radiotherapy. In contrast, histological studies that compared 
morphological aspects of the microvasculature and inner-
vation of dental pulps obtained from teeth of patients who 
underwent head and neck radiotherapy and control dental 
pulps showed that there were no evident differences in the 

Table 2  Decrease of micro-hardness for cementum shown as mean values and standard deviation (SD), and results of comparison between 
decrease in cementum micro-hardness values in irradiated and non-irradiated groups and between the different mouthwashes

Means with differing superscripts are significantly different at p ≤ 0.05* based on student’s T test (between irradiated and non-irradiated groups 
on left column) and post-hoc paired comparisons between the different mouthwashes and the control subgroups on bottom row

Mouthwash Decrease in micro-hardness after demineraliza-
tion –remineralization cycling 
Mean ± SD
Irradiated group (A1)

Decrease in micro-hardness after demineraliza-
tion–-remineralization cycling 
Mean ± SD
Non-Irradiated group (A2)

P value

Chlorhexidine (B1) 101.5a,b ± 20 79b,b ± 22 0.0278*
Sodium FLUORIDE (B2) 41.2a,a ± 11 32b,a ± 7 0.038*
Control group (B3) 141.4a,c ± 24 91.3b,c ± 24 0.0002*
P value <0.0001* <0.0001*
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morphology of blood vessels and nerve bundles, the pres-
ence of odontoblasts, the patterns of inflammatory infil-
tration, and the amount of calcification or fibrosis. These 
data indicate that direct effects of radiotherapy are not able 
to generate morphologic changes in the microvasculature, 
innervation, and extracellular matrix components of the 
dental pulp in head and neck cancer patients (Faria et  al. 
2014).

Sodium fluoride mouthwash had a significant effect 
in this study, in minimizing loss of hardness of enamel, 
when used three times daily for 1  min, for a total period 
of 6 weeks, which corresponds to the timeframe of radio-
therapy treatment for head and neck cancers. This effect is 
due to the ability of fluoride ions to substitute for hydroxyl 
ions forming fluoroapatite, which is harder and less suscep-
tible to dissolution. This is the primary reason underlying 
the beneficial use of fluoride for enamel undergoing radio-
therapy: Incorporation of fluoroapatite decreases the space 
filled by the organic matrix, which is the component most 
affected by gamma irradiation (Soares et  al. 2010b). This 
explanation is in agreement with (Meyerowitz et al. 1991), 
who reported that application of 0.05% sodium fluoride 
mouthwash twice a day for a period of 28 days increased 
hardness of demineralized enamel, prevented demineraliza-
tion and enhanced remineralization of enamel subjected to 
therapeutic radiotherapy dose. Furthermore, Markitziu and 
co-workers (Markitziu et  al. 1991) reported a decrease in 
enamel solubility of irradiated enamel when treated with 
fluoride. The results of the present study show a protec-
tive effect by sodium fluoride rinse on the cementum of 
irradiated and non-irradiated teeth similar to that found 
on enamel. This finding is in agreement with those of 
other studies in the literature. For example, Almqvist and 
Lagerlof reported that fluoride concentration attained in 
cementum after rinses with of 0.025, 0.2, and 1.0% sodium 
fluoride are highly effective, in inhibiting root hard-tissue 
demineralization and enhancing remineralization (Almqvist 
and Lagerlof 1993). The protective effect of fluoride on 
cementum was also found to depend on fluoride concentra-
tion (Heilman et al. 1997).

When comparing the decrease in micro-hardness of 
enamel and cementum subjected to 0.12% chlorhexidine 
mouthwash with that of control groups which received 
deionized water, chlorhexidine showed a protective effect 
for both irradiated and non-irradiated groups. Chlorhex-
idine was found to maintain morphological properties of 
tooth structure and prevents the degradation of collagen. 
Attin and co-workers showed that over a period of only 
7 days, 41–42% of a chlorhexidine solution was absorbed 
by the tooth surface (Attin et al. 2008). Lim and Choi dem-
onstrated that enamel treated with chlorhexidine showed 
statistically significantly higher Vickers micro-hardness 
values compared to that of a control group treated with 

saline (Lim and Choi 1998). Several other studies showed 
that chlorhexidine mouthwash, twice a day for a period of 
four weeks protected dental hard tissues from deminerali-
zation when compared to saline solution mouth wash. For 
example, Katz and co-workers (1982) and Joysten-Bechal 
and co-workers (1992) recommended the use of chlo-
rhexidine rinse before, during and after radiotherapy as it 
stopped radiation caries and caused arrest of pre-existing 
enamel lesions. Bizhang and co-workers (2007) found that 
chlorhexidine varnish resulted in significantly decreased 
mineral loss and lesion depth when compared to a control 
group for teeth exposed to 60  Gy of radiation. Chlorhex-
idine rinse is retained in the oral cavity for almost four 
hours after rinsing and remains active in spite of radiation-
induced changes in the oral cavity and salivary glands (Tol-
janic et al. 1992). The protective effect of chlorhexidine on 
cementum can be explained by the fact that chlorhexidine 
can bind to the collagen fibrils and maintains the structure 
of the network of collagen fibers (Soares et al. 2010b).

It is interesting to note that fluoride mouthwash showed 
a more significant protective effect than chlorhexidine 
mouthwash when the enamel was not irradiated. In con-
trast, irradiated enamel showed no significant difference in 
the decrease of micro-hardness when comparing chlorhex-
idine with sodium fluoride subgroups (Table 1). This may 
be explained by the fact that the irradiated enamel suffered 
a higher loss in hardness compared to the non-irradiated 
enamel as well as alteration in mechanical properties and 
prismatic structure and thus may respond differently to 
mouthwash treatment. It is possible that chlorhexidine was 
absorbed better in irradiated enamel due to the presence 
of cracks and erosive areas, caused by irradiation (El-Far-
amawy et  al. 2011). Further research would be needed to 
explore this finding.

Conclusion

Gamma irradiation with typical therapeutic doses for head 
and neck carcinoma has a direct effect in reducing the hard-
ness of tooth enamel and cementum. Mouthwash regimens, 
such as 0.05% sodium fluoride and 0.12% chlorhexidine 
used three times daily for 6 weeks, can significantly protect 
enamel and cementum against the reduction in hardness 
and demineralization caused by gamma irradiation. Sodium 
fluoride offers more protection compared to chlorhexidine.
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