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Effect of Radiotherapy on
Calcium Loss on Enamel Surface

AABBSSTTRRAACCTT  OObbjjeeccttiivvee:: Radiation induced caries is a major complication in the treatment of pa-
tients suffering from head and neck cancer. The objective of this study was to evaluate the cor-
relation between calcium loss of human enamel and radiation for different given doses. MMaatteerriiaall
aanndd  MMeetthhooddss:: Thirty three premolars extracted for orthodontic purposes were sectioned buc-
calingually and longitudinally, so that four specimens were obtained from each tooth. The spec-
imens were randomly assigned to one of the four groups. Three parts of prepared teeth were
exposed to radiation for different levels of radiation: 20 Gray (2 Gy/day, 5 days/week), 50 Gy, 70
Gy. The specimens in the fourth group were used as a control group. The specimens were treated
with an artificial caries solution (pH 4) for 16 days; the solution was replaced on days 4, 8, 12 and
16. Calcium concentrations were determined by an atomic absorption spectrophotometer. RRee--
ssuullttss:: At the end of day 16, calcium ions released per square milimeter were calculated cumula-
tively as follows: 20 Gy group: 16.63±1.84 µg mL-1; 50 Gy group: 18.13±1.72 µg mL-1; 70 Gy
group: 22.81±2.43 µg mL-1 and control group: 16.24±1.61 µg mL-1. The loss of calcium was sta-
tistically significant when the 20 Gy irridation group compared to the 50 Gy and the 70 Gy irri-
dation groups (p<0.05). It is observed that calcium loss from the enamel surface is related to
radiation dose. The highest calcium loss was observed in 70 Gy irradiation group. CCoonncclluussiioonn:: Cal-
cium loss in enamel tissue becomes significant as long as the received radiation dose increases to
a certain level.

KKeeyy  WWoorrddss::  Calcium; dental enamel solubility; radiation oncology

ÖÖZZEETT  AAmmaaçç:: Baş ve boyun kanseri olan hastaların tedavileri sırasında uygulanan radyasyonun çü-
rüğe neden olması önemli bir sorundur. Bu çalışmanın amacı, farklı radyasyon dozlarının, minede
meydana gelen kalsiyum kayıplarıyla olan ilişkisinin araştırılmasıdır. GGeerreeçç  vvee  YYöönntteemmlleerr::  Orto-
dontik amaçla çekilmiş 33 adet premolar diş, bukkolingual ve longitudinal olarak bölündü; böylece
her bir dişten dört örnek elde edildi. Daha sonra örnekler rastgele dört gruba ayrıldı. Bölünmüş
olan dişlerin üç parçasına farklı radyasyon dozları uygulandı: 20 Gray (2 Gy/gün, 5 gün/hafta), 50
Gy, 70 Gy. Dördüncü gruptaki örnekler kontrol grubu olarak ayrıldı. Örnekler 16 gün boyunca
yapay çürük solüsyonu (pH 4) içerisinde bekletildi ve 4., 8., 12. ve 16. günlerde solüsyon değiştirildi.
Kalsiyum konsantrasyonları atomik absorpsiyon spektrofotometresi ile belirlendi. BBuullgguullaarr:: 16.
Günün sonunda, milimetrekare başına düşen kümülatif kalsiyum miktarları: 20 Gy grubunda (Grup
1): 16,63±1,84 µg mL-1; 50 Gy grubunda (Grup 2): 18,13±1,72 µg mL-1; 70 Gy grubunda (Grup 3):
22,81±2,43 µg mL-1ave kontrol grubunda: 16,24±1,61 µg mL-1olarak belirlendi. 50 Gy ve 70 Gy
radyasyon grupları, 20 Gy grubu ile karşılaştırıldığında, kalsiyum kaybının istatistiksel olarak an-
lamlı olduğu gözlendi (p<0,05). Mineden kalsiyum kaybının radyasyon dozu ile bağlantılı olduğu
görüldü. En yüksek kalsiyum kaybının 70 Gy radyasyon dozunda olduğu belirlendi. SSoonnuuçç:: Rad-
yoterapi sırasında alınan radyasyonun dozu arttıkça, mine dokusundaki kalsiyum kaybı önemli ol-
maktadır. 

AAnnaahhttaarr  KKeelliimmeelleerr:: Kalsiyum; diş minesi çözünürlüğü; radyasyon onkolojisi 
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adiotherapy plays an important role in the
management of head and neck cancer
where it usually results in complex oral

complications affecting the salivary glands, oral
mucosa, bone, masticatory musculature and denti-
tion in the head and neck region.1,2 Surprisingly lit-
tle is known of the direct effects of ionising
radiation on the teeh.3

Radiation caries, is a rapidly developing and
highly destructive form of teeth decay.4 Hypos-
alivation which is induced by irradiation and di-
etary changes with concominant alteration of the
oral flora is considered to be the most important
etiological factor.5-7 Dental caries may become ev-
ident as early as three months following the initi-
ation of radiotherapy. In severe cases, a previously
healty dentition can be completely lost within a
year.1

Radiation caries frequently occurs on buccal
and oral smooth surfaces as well as on occlusal or
incisal edges of the teeth. However, these areas
generally are considered as relatively caries-resis-
tant in nonirradiated patiens suggesting the possi-
bility of another cause as well as reduced salivary
flow and altered microbial composition.7-9

Physical and chemical changes of enamel
after radiotherapy as a direct result of the irradi-
ation have been documented. Radiation damage
and crystalline restructing of the mineralized tis-
sues of teeth may account for the post radiation
changes of the dentition. However this explana-
tion has generated controversy in the dental lit-
erature.7,10-12

The techniques involved in administering ra-
diotherapy are concerned with delivering the cor-
rect dose to a specific portion of the patient. Most
orofacial complication are dose-dependent phe-
nomena. The situation in which the patient is most
likely to experience severe side effects occurs when
high doses (> 4.5 Gy) are administered in larger
fields including both sides of the mouth, jaws and
associated salivary glands.13

The objective of this study was to evaluate the
correlation between calcium loss of human enamel
and radiation for different given doses.

MATERIAL AND METHODS

Thirty three premolars extracted for orthodontic
purposes were rinsed in tap water and cleaned of
plaque and debris with a dental handpiece and a
brush. The buccal, lingual and occlusal surfaces
were checked under a stereomicroscope, and teeth
with enamel defects or cracks were rejected. Se-
lected 33 teeth were stored in 0.9% saline solution
for 1 week and then rinsed in distilled water. Each
tooth was sectioned buccalingually or buccopalati-
nally into two parts with a diamond disk. These
halves were then sectioned longitudinally into two
parts. So that four specimens were obtained from
each tooth. These specimens were randomly as-
signed to one of the four groups, on the condition
that the four specimens of each tooth were divided
equally among the groups (one specimen per tooth
per group). 

Three parts of prepared enamel surface of the
teeth were irradiated using a linear accelerator
(Elekta, Crawley-England) with different level of
radiation. The first group was irradiated fraction-
ally up to 20 Gray (Gy) with a total of 10 doses (2
Gy/day, 5 days/week), the second groupwas irradi-
ated 50 Gy with a total of 25 doses (2 Gy/day, 5
days/week) and the third group was irradiated 70
Gy with a total of 35 doses (2 Gy/day, 5 days/week).
For the homogenity of the irradiation specimens
were stored in daily renewed saline solution (0.9%
NaCl; 2 cm in height). The field size was 20x20 cm2

and radiation was performed at room temperature.
The specimens in the fourth group were used as a
control group and were kept in artificial saliva dur-
ing the test period (Table 1).14

After the irradiation, the specimen were
rinsed with distilled water and dried. Enamel sur-
face of the teeth were then covered with wax, ex-
cept for around window area (6.83 mm2). Care
was taken to keep the experimental enamel sides
free from wax. Acetic acid buffered with 0.34 M
sodium acetate (pH=4) was used as a demineral-
ization solution. Salt of calcium monohydrate [Ca
(H2PO4)2H2O)] was dissolved to obtain 10 mmol
L-1 Ca2+ and 20 mmol L-1 PO4

3- in the solution. Each
specimen was treated with 50 mL of solution in the
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polyethylene test tubes. The specimens were
treated with buffer four times for four days. At the
end of the fourth day each specimen was taken out
from each test tube and placed in new tubes which
contain fresh buffer solution (4th, 8th, 12th and 16th

days).15,16

The previous solutions were kept in their
tubes to be tested afterwards for their Ca2+ loss with
atomic absorption spectrophotometer. For calcium
analysis 0.1 mL of each demineralization solution
was diluted with 4.9 mL of distilled water. Because
the calcium concentrations of each buffer solution
in each test tube were too high to be measured. To
prevent the interaction of magnesium and phos-
phate ions, 50 000 mg of lantana chlorine (LaCl2)
was added to each test tube to end up with 10% of
LaCl2 in each buffer solution. The same procedure
was applied to blank and standard solutions of cal-
cium. The amount of calcium concentration of the
samples was detected with an atomic absorption
spectrophotometer, Varian Spectra-10 plus AA
(wavelength: 422.7 nm; slit: 0.5 nm) (Varian, Vic-
toria, Australia). The calcium quantities released to
the buffer solution were measured on 4th, 8th, 12th

and 16th days and were compared using repeated
measured analysis of variance (ANOVA) and Bon-
ferroni as Post Hoc Tests. 

RESULTS
The amount of released calcium from specimen to
buffer solution after treatment with radiotherapy
(Control, 20 Gy, 50 Gy, 70 Gy irradiation) was
evaluated separately and cumulatively in every 
4 days (4th, 8th, 12th and 16th days), and at the end
of the 16th day, 16.24±1.61 µg mL-1, 16.63±1.84 µ
µg mL-1g/mL, 18.13±1.72 µg mL-1, and 22.81±2.43
µg mL-1were obtained in total, respectively (Table
2, 3). 

A statistically significant difference was ob-
served among the groups of the 4th, 8th, 12th and 16th

and in total (p<0.05) when the loss of calcium in
each of the test groups was compared with that of
the control group using the “Repeated Measures
ANOVA”. In addition, Bonferroni test was used as
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Groups Irradiation Dose (2 Gy/day, % days/week)

1 20 Gy 10 Dose

2 50 Gy 25 Dose

3 70 Gy 35 Dose

4 N/A N/A

TABLE 1: The distrubition of tooth according to 
study group (n= 33).

N/A: not applicaple.

Days 1-4 Mean±Std 5-8 Mean±Std 9-12 Mean±Std 13-16 Mean±Std Total Mean±Std

20 Gy 3.25±0.83 3.86±0.80 4.40±1.12 5.12±1.01 16.63±1.84

50 Gy 3.90±0.87 4.39±0.94 4.39±0.68 5.45±0.98 18.13±1.72

70 Gy 4.89±1.75 4.54±0.94 6.23±1.78 7.15±1.54 22.81±2.43

Control 3.30±0.66 3.64±0.51 4.13±0.74 5.15±0.82 16.24±1.61

TABLE 2: Release of Ca2+ from the specimens after treatment with irradiation (in µg mL-1).

n: 33 for each group.

Days 1-4 Mean±Std 5-8 Mean±Std 9-12 Mean±Std 13-16 Mean ± Std 

20 Gy 3.25±0.83 7.11±1.81 11.51±1.68 16.63±1.84

50 Gy 3.90±0.87 8.29±1.47 12.68±1.59 18.13±1.72

70 Gy 4.89±1.75 9.42±2.19 15.66±2.23 22.81±2.43

Control 3.30±0.66 6.95±0.76 11.08±1.19 16.24±1.61

TABLE 3: The cumulative results of calcium release from the specimens 
on days 4, 8, 12, and 16 (µg mL-1)(n=33 each group).

n: 33 for each group.



Post-Hoc test to identify the significance between
the groups (Table 4). 

When the groups were analyzed separately,
the amount of calcium released from specimens to
buffer solution from control and the 20 Gy irridia-
tion group was statistically insignificant (p>0.05).
However, the calcium loss was significant between
control and groups of 50 Gy and 70 Gy irradiation
(p<0.05) (Figure 1). The statistical analysis of the
groups was shown in Table 4. The loss of calcium
was also statistically significant both when 20 Gy
irradiation group was compared with 50 Gy and 70
Gy irradiation groups and when 50 Gy was com-
pared with 70 Gy irradiation group (p<0.05).

DISCUSSION
It has always been a matter of debate whether ra-
diation caries is due to a direct or indirect effect of
irradiation on teeth, or to both. Several investiga-
tors have reported that the development of radia-
tion caries was not dependent on the presence of
teeth in the field of irradiation, but that the deter-
mining factor was whether the main salivary
glands were within the radiation field.5,17 Notwith-
standing the study by Grotz et al., which showed
that irradiation also resulted in dentinal changes in
vital teeth, the current opinion still is that radia-
tion caries is mainly due to salivary gland damage
resulting in hyposalivation.18-21 Thus, collectively,
hyposalivation-related alterations in microbial,
chemical, immunologic, and dietary parameters of
cariogenicity contribute to an enormous increase
in the caries challenge in irradiated patients.22,23

This enormous caries challenge becomes even

more obvious since both loss of enamel and severe
destruction at the dentin-enamel junction can be
observed within a few weeks of exposure of enamel
slabs in the oral cavities of patients with radiation
induced hyposalivation.24 The changes observed
were similar to the changes occurring in natural
hyposalivation-releated dental caries.8 So both the
coronal enamel and the cervical area, where ce-
mentum or dentin is directly exposed to the oral
environment, are areas at risk in dry mouth pa-
tients.

This study has been established on the thesis
whether radiotherapy has had any effect on cal-
cium loss on enamel surface. In some studies deal-
ing with the effects of radiotherapy on tooth caries
it has been suggested that radiotherapy might lead
to the formation of caries since it causes xerosto-
mia.2,3 However radiotherapy oriented causes of the
destruction on the enamel tissues of the patients
having radiotherapy have not yet been docu-
mented. In some studies it has been suggested that
changes in the junction of enamel dentin has been
observed and that resistance against acid attack has
decreased.18,25,26

In the present study, the specimens were kept
wet during irradiation. This should be emphasized,
since it is known that the apatitic crystals of dental
hard tissue have incorparated some sodium, car-
bonate and magnesium by entrapment during their
formation. In case of irradiation, these point defects
could be mobilized from the surface layer of the
crystals, thereby removing the entrapped ions. Wet
conditions, on the other hand, have been supposed
to stabilize the surface layers of the apatite phase
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Irradiation Days 1-4 Days 5-8 Days 9-12 Days 13-16 Total 

20Gyx50Gy * - - - *

20Gyx70Gy * * * * *

20GyxControl - - - - -

50Gyx70Gy - - * * *

50GyxControl * * - - *

70GyxControl * * * * *

TABLE 4: Statistical evaluation of the test groups at the end of days 4, 8,12, and 16.

* Statistically significant differences between the groups (p<0.05).
- No statistically significant difference (p>0.05).



of dental hard tissue, thereby reducing the dissolu-
tion rate into slightly acidic environment.27

Several papers reporting on physical and
chemical changes in irradiated enamel or octacal-
cium phosphate have been published in the past.
The effects of these alterations have recently been
discussed.11,12,28

The radiation dose needed for the treatment of
cancer is based on location and type of malignancy,
and whether or not radiotherapy will be used
solely or in combination with other modalities.
Most patients with head and neck carcinomas,
treated with a curative intent, receive a dose be-
tween 50 and 70 Gy. This dose is usually given over
a five to seven week period, once a day, five days a
week, 2 Gy per fraction.29

In this study, radiation at 20 Gy, 50 Gy and 70
Gy has been applied to the samples. According to
the results of this study, more calcium loss was ob-
served on the enamel tissue as the radiation level
increased. In this sense, the results of the study
support the viewpoint that orofacial complications
are a phenomenan increasing in relation to the
dose. No difference has been determined between
the 20 Gy radiotherapy applied group and the con-
trol group in none of the measurements on days 4,
8, 16 and those of the cumulative sums. This result
has shown that the 20 Gy radiotherapy dose on the
enamel tissue did not create a strong effect to help
calcium to dissolve on enamel tissue. The samples,
50 Gy radiation applied, even a reasonable change
is observed on the enamel tissue on 4th, 8th days,
there is not considerable change on 12th and 16th.

While radiation at this level causes calcium loss on
the enamel tissue on the initial days, this loss has
not occured significantly on the following days.
This observation makes us think that the balance
which seemed to have resulted against the favor of
enamel at the beginning, has in time resulted for
the benefit of enamel. However, in spite of the
above mentioned benefit, when cumulative sum is
concerned, the calcium loss on the samples to
which 50 Gy radiation was applied has been de-
termined to be significant enough to lead to the
destruction of enamel tissue when compared with
the amount of calcium in control group. This re-
sult leads us to think that the resistance of enamel
has not yet completely been damaged at the above
mentioned radiotherapy dose. However, when the
70 Gy radiation group was compared with the con-
trol group in terms of calcium loss measurements
on 4th, 8th, 12th and 16th days and the cumulative
sum; the fact that not any satisfactory result has
been obtained in favour of enamel makes us think
that the inorganic structure of the enamel tissue
has suffered a serious detoriation at this radiation
dose. 

Jervoe demonstrated changes in the crystalline
structure of enamel with X-Ray diffraction, but he
irradiated at an extremely high single experimen-
tal dose of 10 Gy.12 He concluded that the effect of
X-Ray irradiation on enamel might not be exclu-
sively a radiation-induced effect in crystal struc-
ture but that it might also be possible that the effect
in the crystal is the result of a chemical reaction
caused by radiolysis.

Several in vitro demineralization studies on ir-
radiation effects either failed to show any differ-
ences between irradiated and nonirradiated human
enamel, reported a reduced demineralization of ir-
radiated specimens or revealed an increased disso-
lution of irradiated enamel.30-32 On the other hand,
it was observed an in situ demineralization model
that irradiated human enamel is as caries suscep-
tible as non irradiated. It was concluded that pos-
sible irradiation effects are not likely to be
responsible for initial demineralization under clin-
ical conditions.7 An in vitro demineralization study
that compared irradiated and nonirradiated bovine
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FIGURE 1: Release of calcium from the specimens to the buffer solution after
treatment with radiotherapy (measured cumulatively).
(see for colored form http ://dishekimligi.turkiyeklinikleri.com/)



specimens revealed that irradiated enamel had a re-
duced microhardness.33

Several studies could show that the micro-
hardness of dentin will be affected by raidother-
apy, a finding that also can be seen clinically.25

These results could possibly explain the onset of ra-
diation caries at the dentin-enamel border (cervical
areas) since distruption of the dentin-enamel junc-
tion would lead to gap formation (resulting in
enamel chips frequently breaking off) and subse-
quent microbial colonisation. Dentinal changes in
irradiated vital teeth, with an increased oblitera-
tion of the dentin tubules, would support this hy-
pothesis. The reduced microhardness of dentin
would indeed be a direct factor leading to radiation
caries, but more researches are clearly warranted.2

CONCLUSION
According to the results, calcium loss in enamel tis-
sue becomes significant as long as the received ra-
diation dose increases at radiotherapy. These
findings we conclude that the damage and the loss
in the dental tissues exposed to radiation should be
studied at elemental level. Whether a direct effect
of irradiation on teeth, other than the already men-
tioned dentinal changes in vital teeth, also con-
tributes to the development of radiation caries
has not been fully elucidated, and reports are
contradictory. Because of this, radiation effects
on salivary glands as well as poor oral hygiene
techniques, in combination with radiation dam-
age at the dento-enamel junction are considered to
be the main causes of radiation caries.

Ayşegül DEMİRBAŞ KAYA et al. EFFECT OF RADIOTHERAPY ON CALCIUM LOSS ON ENAMEL SURFACE

Turkiye Klinikleri J Dental Sci 2012;18(1)6

1. Vissink A, Jansma J, Spijkervet FK, Burlage
FR, Coppes RP. Oral sequelae of head and
neck radiotherapy. Crit Rev Oral Biol Med
2003;14(3):199-212

2. Kielbassa AM, Hinkelbein W, Hellwig E,
Meyer-Lückel H. Radiation-related damage to
dentition. Lancet Oncol 2006;7(4):326-35.

3. Andrews N, Griffiths C. Dental complications
of head and neck radiotherapy: Part 1. Aust
Dent J 2001;46(2):88-94.

4. Kielbassa AM. In situ induced demineraliza-
tion in irradiated and non-irradiated human
dentin. Eur J Oral Sci 2000;108(3):214-21.

5. Frank  RM, Herdly J, Philippe E. Acquired den-
tal defects and salivary gland lesions after ir-
radiation for carcinoma. J Am Dent Assoc
1965;70:868-83.

6. Brown LR, Dreizen S, Handler S, Johnston
DA. Effect of radiation-induced xerostomia on
human oral microflora. J Dent Res 1975;
54(4):740-50.

7. Kielbassa AM, Schendera A, Schulte-Mönting
J. Microradiographic and microscopic studies
on in situ induced initial caries in irradiated and
nonirradiated dental enamel. Caries Res
2000;34(1):41-7.

8. Jansma J, Vissink A, Jongebloed WL, Retief
DH, Johannes 's-Gravenmade E. Natural and
induced radiation caries: A SEM study. Am J
Dent 1993;6(3):130-6.

9. Jongebloed WL, Gravenmade EJ, Retief DH.
Radiation caries. A review and SEM study. Am
J Dent 1988;1(4):139-46.

10. Kielbassa AM, Hellwig E, Meyer-Lueckel H.
Effects of irradiation on in situ remineralization
of human and bovine enamel demineralized
in vitro. Caries Res 2006;40(2):130-5.

11. Aoba T, Takahashi J, Yagi T, Doi Y, Okazaki
M, Moriwaki Y. High-voltage electron mi-
croscopy of radiation damages in octacalcium
phosphate. J Dent Res 1981;60(5):954-9.

12. Jervoe P. X-ray diffraction investigation on the
effect of experimental and in situ radiation on
mature human teeth. A preliminary report.
Acta Odontol Scand 1970;28(5):623-31.

13. Rothwell BR. Prevention and treatment of the
orofacial complications of radiotherapy. J Am
Dent Assoc 1987;114(3):316-22.

14. Eisenburger M, Addy M, Hughes JA, Shellis
RP. Effect of time on the remineralisation of
enamel by synthetic saliva after citric acid ero-
sion. Caries Res 2001;35(3):211-5.

15. Tezel H, Ertaş OS, Ozata F, Dalgar H, Korkut
ZO. Effect of bleaching agents on calcium loss
from the enamel surface. Quintessence Int
2007;38(4):339-47.

16. Tezel H, Ergücü Z, Onal B. Effects of topical
fluoride agents on artificial enamel lesion for-
mation in vitro. Quintessence Int 2002;33(5):
347-52.

17. Karmiol M, Walsh RF. Dental caries after ra-
diotherapy of the oral regions. J Am Dent
Assoc 1975;91(4):838-45.

18. Grötz KA, Duschner H, Kutzner J, Thelen M,
Wagner W. [New evidence for the etiology of
so-called radiation caries. Proof for directed

radiogenic damage od the enamel-dentin
junction]. Strahlenther Onkol 1997;173(12):
668-76.

19. Jansma J, Vissink A, ‘s-Gravenmade EJ,
Visch  LL, Fidler V,  Retief DH. In vivo study on
the prevention of post-radiation caries. Caries
Res 1989;23(3):172-8.

20. Joyston-Bechal S, Hayes K, Davenport ES,
Hardie JM. Caries incidence, mutans strepto-
cocci and lactobasilli in irradiated patients dur-
ing a 12 month preventive programme using
chlorhexidine and fluoride. Caries Res 1992;
26(5):384-90.

21. Kielbassa AM, Shohadai SP, Schulte-Mönting
J. Effect of saliva substitutes on mineral con-
tent of demineralized and sound dental
enamel. Support Care Cancer 2001;9(1):40-7.

22. Dreizen S, Brown LR, Daly TE, Drane JB. Pre-
vention of xerostomia-related dental caries in
irradiated cancer patients. J Dent Res 1977;
56(2):99-104.

23. Dreizen S, Daly TE, Drane JB, Brown LR. Oral
complications of cancer radiotherapy. Post-
grad Med 1977;61(2):85-92.

24. Jansma J, Vissink A, Gravenmade EJ, de
Josselin de Jong E, Jongebloed WL, Retief
DH. A model to investigate xerostomia-re-
lated dental caries. Caries Res 1988;22(6):
357-61.

25. Kielbassa AM, Beetz I, Schendera A, Hellwig
E. Irradiation effects on microhardness of
fluoridated and non-fluoridated bovine dentin.
Eur J Oral Sci 1997;105(5 Pt 1):444-7.

REFERENCES



EFFECT OF RADIOTHERAPY ON CALCIUM LOSS ON ENAMEL SURFACE Ayşegül DEMİRBAŞ KAYA et al.

Turkiye Klinikleri J Dental Sci 2012;18(1) 7

26. Grötz KA, Duschner H, Kutzner J, Thelen M,
Wagner W. [Histotomography studies of direct
radiogenic dental enamel changes]. Mund
Kiefer Gesichtschir 1998;2(2):85-90.

27. Jansma J, Borggreven JM, Driessens FC, 's-
Gravenmade EJ. Effect of X-ray irradiation on
the permeability of bovine dental enamel.
Caries Res 1990;24(3):164-8.

28. Jervoe P. X-ray diffraction investigation on the
effect of experimental and in situ radiation on
mature human teeth. A preliminary report.
Acta Odontol Scand 1970;28(5):623-31.

29. Cervc P, Schara M, Ravnik C. Electron para-
magnetic resonance study of irradiated tooth
enamel. Radiat Res 1972;51(3):581-9.

30. Dobbs J, Barrett A, Ash D. Practical Radio-
therapy Planning. 3rd ed. London: Arnold;
1999. p.394.

31. Shannon IL, Wescott WB, Starcke EN, Mira J.
Laboratory study of cobalt-60-irradiated
human dental enamel. J Oral Med 1978;33(1):
23-7.

32. Joyston-Bechal S. The effect of X-radiation on
the susceptibility of enamel to an artificial

caries-like attack in vitro. J Dent 1985;
13(1):41-4.

33. Pioch T, Möller D, Staehle HJ, Hoppe W. [Sol-
ubility of enamel and synthetic hydroxylapatite
on irradiation]. Dtsch Zahnarztl Z 1991;
46(6):413-5.

34. Jansma J, Buskes JAKM, Vissink A, Mehta
DM, s-Gravenmade EJ. The effect of X-
ray irradiation on the demineralization of 
bovine dental enamel: a constant compo-
sition study. Caries Res 1988;22(4):199-
203.


