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Abstract — This paper addresses issues in the application of the electron paramagnetic resonance (EPR) retrospective dosimetry
with dental tissues exposed by radionuclides accumulated in the dentin. A simple dosimetric model of a tooth incof®rating Y
is presented. The tooth is modelled as two concentric cylinders: the inner cylinder composed of dentin, and the outer cyIindric%I
shell of enamel. Extensive Monte Carlo calculations were done to obtain the distributions of absorbed dose in dentin and enargel
for teeth of different sizes. The results were used to calculate the mean absorbed doses in enamel that are directly measu%le
by EPR. A relationship between such measured doses and the specific actff8r af dentin was derived based on a simple
model of°°Sr accumulation. The roles of different tooth tissues as dose detectors are analysed, and the importance of dentin%s
a dosimetric material for internal exposure is pointed out.
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INTRODUCTION tooth enamel measured with EPR can be used by radi-
tion biologists and epidemiologists in a fairly straight-

Electron paramagnetic resonance (EPR) dosimet] %frwar d way.

\rlgttpo ;SSETNT; ogéoxaecdo r;[gt rggtic?n r?llfé) l; ;;%hdmgus a g & q'fl' he problem of dose reconstruction becomes far more
on measurements of concentrations of stable free ra‘g icult when the irradiation is to a significant extent or

icals produced by radiation in the mineral componer xclusively from emitters internal to the body and the

of the dental calcified tissues, namely, hydroxyapatitr"jldlatlon energy is not very high. A typical example of

fhis is internal irradiation fronf°Sr, which is accumu-
Cao(PO,)s(OH),. The principles of this method and . : . X .
results of its application have been described in mangtegngrgggﬁi;}ngde?ﬁ?ggtﬁgi:r?e'ﬁso?ﬁ}; qig'%erﬁ g'ég
publications (see, e.g., References 1-8). EPR dosime ble 4), comparable to the enamel thickness. In such

with tooth enamel has been applied to reconstruction g O .
> - - ; . cases, the distribution of absorbed dose in the tooth
doses from the atomic bomb explosions in Hiroshim namel (as well as in the dentin) is not uniform, and its

and Nagasaki®, from the Chernobyl accidef®, and e ;
' ' pecific pattern depends on the sizes and shapes of the
from workplace exposures of South Urals nuclea entin and enamel constituents, as well as on the radi-

workers®. A number of blind intercomparisof$—4 . ; : .
have demonstrated that absorbed doses in tooth enarﬁfé(lm energy. Accordingly, the concentration of radicals

can, in most cases, be accurately measured by EPR o?_ucw_lg th? EPR S|g|nal 'E also nofn-unlforlm, and
Until recently, EPR tooth dosimetry has been applie pplication of the usual techniques of sample prep-

S ) . ._-aration results in a difficult-to-estimate degree of
primarily o the relatively simple case of external hlghdilution of the highly irradiated enamel parts with the

te n?(r:g)ﬁ 'rgjslggg?é dTr\]lﬁtrr]a;huirhuir;'rg)(;gtigi(gat&nmgierﬁs namel that received much lower doses. As a result of
ypically ' ese complications, doses estimated directly from the

with the negligible attenuation of the radiation by body verage EPR signal in the standard way are not very

tissues, re_sults in a fairly uniform dose and t_he_ radic eaningful. Thus doses reconstructed from tooth
concentration throughout the tooth enamel. Similar cory;

ditions are reproduced in additional, controlled labor namel of two different-size teeth of the same person

tory irradiations that can provide an accurate assessma\e\;rré1 Kegear?gﬁg:rt?,bééci:ﬁ(ig;t’ tr?g;/j’c;r:lr?gt \kl)vgignt\t‘;f: d
OT the initial dos_e using th_e be}clg-extrapqlatlon teCht'o the dose to more important organs, such as bone
nique. External high energy irradiation provides roughlasla‘|
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the same doses in teeth as in other, more importa arrow, asa_e?sny'fts ;rﬁ_the case (;)f an exterrt1al thlgh
organs, including bone marrow. Therefore, doses i 1ergy irradiation. or this reason, dose reconstructions
with EPR in cases of internal radiation have been rather

limited so faf*1),
Strontium-90 is one of the most hazardous radio-
*On leave from Institute of Metal Physics, Ekaterinburgnuclides for humans among those released from anthro-
620219, Russia pogenic sources because of the combination of the fol-
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lowing three factors: (i) a significant decay energy, (ii) a From the EPR dosimetric viewpoint, the important
long lifetime in the human body (its biological half-life components of a tooth are its calcified tissues, namely,
in the body is about 20y), and (iii) rapid accumulatiortooth enamel, dentin, and cementum. Because of the
in the body’s calcified tissues from the contaminatedifferences in their chemical compositions and the asso-
environment. The accumulation is very effectiveciated metabolic processes, these three dental tissues
becauseé’Sr is chemically similar to calcium, and sub-accumulate different dosimetric information, and they
stitution occurs within tissues in the human body (bonkave different scales and fields of application in EPR
and teeth). This radionuclide in the environment isetrospective dosimetry. From the chemical point of
especially dangerous in adolescence, when the skeletdaw, all the calcified tissues are basically compositions
rapidly consumes a lot of calcium to increase the boref the same three components, mineral hydroxyapatite,
mass. Strontium-90 can be presented to the body frowater, and organic matter, although their relative
a number of sources, including intentional releases lgoncentrations vary significantly. Hydroxyapatite, the
nuclear plants, radiation accidents and weapon tesbmponent in which the stable free radicals accumulate
fallout. and that stores the information on the absorbed dose,
One of the most interesting cohorts in the world frontonstitutes 95-97% of tooth enamel, 70-75% of dentin,
the viewpoint of radiation epidemiology is the popu-and 50-60% of cementum.
lation of the Techa riverside in Russia, who received Tooth enamel is composed of hydroxyapatite needle
large radiation doses (over 1 Gy in some cases) due ¢oystallites about 0.5-0.6m long dispersed in an aque-
continual consumption of the river water that containedus-organic gel. This is the only human tissue without
highly radioactive releases from the first Soviet nuclea cellular structure. Due to this, metabolism in mature
plant Mayak'®. For many of these people, the dosesooth enamel is extremely weak, and the chemical com-
received are mostly due to long-livédSr. A compre- position of the enamel is very stable.
hensive review of the available information &$r con- In contrast to tooth enamel, dentin has a cellular
tent in teeth and skeletons for the Techa riverside popstructure and, therefore, participates in metabolism to a
lation has been made recently by Tolstykh and canuch larger degree. The organic component of dentin
workers$!?. At present, doses from the intern#iSr  consists of collagenous fibrils and a ground substance
irradiation are estimated mostly from the results 0bf mucopolysaccharides. Hydroxyapatite crystals (about
whole-body counting; however, this method has certaid.04 um) cover the individual collagen fibres. The cellu-
weaknesses discussed below. Therefore, developmentaf structure of dentin is quite specific: the dentin cells
an alternative technique for retrospective dosimetry fqodonoblasts) are located outside of dentin, on its pulpal
this case would be very helpful. The study reported isurface (Figure 1). Every odonoblast has one branch
this paper was motivated by the need to interpret theytoplasmic extension), the so-called tubule, which tra-
results of an EPR dose reconstruction for the populatiorerses the entire dentin layer to terminate at the junction
of the lower and middle Techa riverside performedvith the enamel or cementum. In the mature tooth, all
earlief**® and of an EPR study of calcified tissues fronliving processes occur in the dentinal tubules. Depo-
a dog injected with®°Sr*®, Recently results of the sition of dentin continues throughout the human life,
model calculations described in the present paper weathough this process is much slower after the tooth
applied to the correction of the radiation doses measureduption. The parts of dentin formed after eruption are
by EPR in tooth-enamel samples prepared from the teeth
of near 100 Techa riverside residei® where they

reduced or eliminated some serious inconsistencies in / Enamel
the experimental results. [ XN \ AN Dentin
I TATINY® , Tubul
TOOTH AS AN EPR DOSIMETRIC SYSTEM Lo
. . . \ Odontoblasts

Reconstruction of doses from internal or mixed |
irradiation requires a deeper insight into the anatomy \ Pulp
and physiology of a tooth than was sufficient for recon-
structing external doses. This section provides a sum-
mary of such information compiled from the books by
Bhaskaf*?, Driessens and Verbee) and Grabef?.

Anatomically the tooth consists of two parts: the
crown (the upper part of the tooth covered with enamel)
and the root (the lower part providing attachment of the
tooth to the gum and jawbone) (Figure 1). The root is Ut
covered with cementum. There is a cavity called the S
pulp channel inside the tooth where the soft tissue pulgure 1. Schematic of a human tooth. Reproduced with
is located. permission from Reference 20.
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often called secondary dentin, and, in cross sectionspnsider in selecting an appropriate tissue for dose
they are separated from that previously formed primameconstruction in each particular case.
dentin by a dark stained line. Secondary dentin is An important issue regarding biokinetics in teeth and
deposited on the entire pulpal surface, and it is bebbne was studied in the extensive experimental work of
observable in premolars and molars. In the pulpal char@oldman et al**2%, based on more than 500 beagles
bers of these teeth, deposits of the secondary dentin tgared for 1.5 years on diets containiff$r and sub-
the ceiling are much larger than on the walls. Theequently followed over a period of 12 years. Their
growth of dentin can be thought of roughly as a procegesults showed that while the skeleton exhibited a con-
similar to development of tree rings. However, unlikesiderable reduction in retain€lSr after discontinuing
tree rings, the largest ‘core’ portion of dentin is the’Sr ingestion, due to bone remodelling, the teeth had a
initial primary dentin with a low mineral turnover. This very small change irf°Sr content. This suggests the
part of dentin loses virtually none of the accumulatetiearly exclusive suitability of teeth for the reconstruc-
calcium. Bone-seeking radionuclides supplied to théon of previous®Sr intake.
body after the tooth is erupted are accumulated prim- The other important aspect is the difference in the
arily in the secondary dentin with only minute absorpEPR signals of the tooth components. Qualitatively, the
tion in the primary dentin near the tubules. EPR spectra of irradiated tooth enamel, dentin, and
The third calcified tissue of tooth is cementum. Thigementum are similar. In all these cases, the useful,
connective tissue serves as a membrane between fiRse-dependent signal is due mainly to the extremely
gum and the tooth root. The portion of organic matteftable ion radicals Cg*® that are produced by radi-
in this tissue, the highest as compared with tooth enanf@iion from the diamagnetic carbonate ions occurring in
and dentin, reaches 50%. The mineral turnover i_hydroxyapatlte as impurities. The mterfermg, radiation-
cementum is relatively high. |rrele\{ant, background signal comes malnly from the
The differences among the calcified tissues of teefff9anIic components of the calcified tissées How-
in the degree of the involvement in metabolism are dfVer there are S|gn|f|cant guantitative differences.
great importance for EPR dosimetry. Tooth enamel is AS €xpected, the relative usefulness of the three calc-
hardly involved, and, thus, is not able to absorb bondli€d tissues for EPR dosimetry depends on the relative
seeking radionuclides to any noticeable degree, unle@diounts of hydroxyapatite and the organic matter in

their supply into the body coincides with the relativels} eset tissues, as W?” ﬁsdon the cc;.r:cerjrtkr]atlon of the car-
short period of the enamel formation. Hence, it can b onate precursors In hydroxyapatite. € average car-

irradiated only from outside, in particular, by radio- onate contents of hydroxyapatite in tooth enamel,

nuclides residing in the other parts of the tooth. Frorﬁem'ﬁ’ anddcgmleonot/um are 3202' (d|r_)|/ We'ght)'b4'6% (dry
internal irradiation from osteotropic radionuclides Withv;:e'g ), an —10%, respective y. OWEVer, bécause
limited depth of penetration, absorbed doses in too-tge concentration of trge organic matter in t0(_)th enamel
enamel are usually lower than the absorbed doses in %t(he Iov_vesj[ (about_ 1%), and_ the concentration of hyd-
. yapatite is the highest, this material would seem to
"Bter the best opportunity for dose reconstruction: the
S : : X background signal is the weakest in this case, and the
coming into the body not only in the period of its pre-ago|ition of the two signals in question is, therefore,
eruptive formation, but also when the tooth is in theng pegt As a result, the detection limit achievable with
mature state. However, new supplies are presumaliyo, enamel is the lowest among the calcified tissues:
accommodated mostly in the secondary dentin. Therg-ecent direct experimental estimate produced the value
fore, °°Sr-containing dentin irradiates both itself and th%f 29 mGy at 95% confidence lev&. Dentin and
neighbouring tissues, including enamel. The dentin dog@mentum, with their much higher organic matter con-
from bone-seeking radionuclides is typically higher thagenrations, exhibit roughly 10-fold stronger native sig-
to the enamel. Root dentin has the highest absorbgs which hampers their use in reconstructing doses
dose, because the growth of the secondary dentin in thgver than a few gray without special chemical treat-
root is more extensive than in the crown and, additionment to dissolve the organic compon@ht®. One has
ally, the root gets significant external irradiation fromyp take these important differences into account when
the adjacent bone. The high chemical turnover ithe anatomical and physiological properties discussed
cementum makes this tissue unsuitable for recomhove suggest that a non-enamel material would, in
structing doses received long ago, but, in terms of radigrinciple, provide better information on the internally
nuclide accommodation and geometry of irradiation, iteceived dose than would tooth enamel.
behaves rather like compact bone. Thus, the differencesin summary, for the case of internal irradiation, the
between enamel, crown dentin, root dentin, and cemetvoth represents a somewhat complex system for retro-
tum in terms of their accessibility for radionuclides, thespective EPR dosimetry. The complexity stems from
degree of radionuclide turnover, spatial distribution oboth the spatial and the chronological non-uniformity.
the radionuclides, and the resulting differences in thie addition to the possibly (and most probably) varying
intensity of EPR signals are very important factors tesupply of a radionuclide into the teeth during its life-

to a much greater extent, and, therefore, can ab¥&h
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time, there is the simultaneous partial removal from thiginored in this model. The dimensions of the dentin cyl-
teeth due to turnover. The removal rate in each partinder were associated with representative dimensions of
cular microscopic area of a material may change in timerown dentin in various tooth positions (Table 1). Such
for example, as a result of dentin growth. At anya very simplified model of the tooth does not fully take
moment, the distribution of a radionuclide within theinto account the rather more complicated morphology
tooth as a whole and even within a selected constitueot dental tissues discussed above. However, it allows
is not uniform. If the energy of radiation (and, hencepne to take advantage of the cylindrical symmetry,
its penetration depth) is not very high, the dose distriwhich makes the calculations much more efficient.
bution is non-uniform even if the radionuclide is distrib-Therefore, the results obtained are applicable mainly to
uted uniformly over one of the calcified tissues, e.geeth whose shapes are similar to cylinders, such as

dentin.

molars and premolars. This does not seem a serious

Obviously, the problem of such a degree of comlimitation as front teeth are rarely used in EPR tooth
plexity cannot be solved completely, and simplifieddosimetry both because of sun expo$t#end because
approaches based on idealised models are inevitable.diithe relatively small amount of available tooth enamel.
this particular work, we largely ignore the temporal facSome estimates of the uncertainties in our results due
tors and focus mostly on the spatial non-uniformity. Théo the deviation of teeth from cylinders are given later.
goal is to develop procedures for relating the absorbed A uniform, isotropic source of electron emission from
doses in enamel and in dentin to more meaningful ‘nof°SrP°Y decay was assumed in the dentin cylinder.
malised’ characteristics that would then be comparablhus, it was assumed that the radionuclide uniformly
for different teeth of the same or different persons. lbccupies only the dentin volume so that the emitted
successful, such procedures would be useful in futuradiation must cross into the enamel shell to deposit
models relating doses in dental tissues to doses @mergy there. No other sources of radiation were taken

other organs.

into account. These assumptions appear founded for the

To achieve this goal, we need quantitative inforease of the residents of the middle and lower Techa riv-
mation on dose profiles in tooth enamel. We haverside, who were irradiated mostly internally from
obtained such profiles for a simplified model of a toothadionuclides consumed from the river w&téP. From
using Monte Carlo calculations. Similar problems fothe composition of the radioactive waste released into
different geometries that are typical for EPR datinghe river (Table 2) it follows that most of the irradiation
were addressed by Gmet al®®, Brennanet al®?, and over the years was provided 5§SrP°Y, and that the

Yang et al®2.

MONTE CARLO MODEL

The tooth was modelled as two concentric cylindergiiven in Table 4 of the radial distances from a point
the inner cylinder composed of dentin, and the outesource of °°Srf°Y (assumed in secular equilibrium)
cylindrical shell composed of enamel (Figure 2)within which various fractions of the decay energy are
Accordingly, only crown dentin and enamel are takemabsorbed in such materials. Results are based on beta
into consideration; root dentin and cementum arspectra calculated from the LOGFT progr&fhin con-

Lateral _|
thickness

¥.
| Masticatory

thickness
L

primary location of the parent bone-seekitf§r, from
which enamel was irradiated, was dentin.

The assumed composition of the dental tissues used
in the calculations is given in Table 3. Estimates are

junction with the Evaluated Nuclear Structure Data File
from the National Nuclear Data Center, Brookhaven
National Laboratory. The spectra are consistent with
those given by Crosst al®® and in ICRU Report 56°.
Some characteristic parameters used®f&rf°Y decay
are given in Table 5.

The Monte Carlo calculations of the transport of elec-
trons and secondary photons were done with the CYL-
TRAN code from the Integrated Tiger Series (ITS), ver-
sion 3.0°7). The ITS transport physics and cross sections
are based on the ETRAN code for coupled electron—
photon transpoft®—“° and take into account in a rather
accurate way the diffusion and slowing down of all
radiations in the electron—photon cascade established in
the media. A straightforward code change was made in
CYLTRAN to enable sampling from the source
assumed in the chosen model. A cylindrical shell of

Figure 2. Simplified model of the tooth, composed of an innegnNamel assumed to extend 2 mm beyond the dentin cyl-
cylinder of dentin and an outer concentric cylindrical shell ofnder was found to capture nearly all of the resultant

enamel.

absorbed dose (Table 4). The absorbed dose was scored
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Figure 3. Spatial distributions of absorbed dose rate in tooth tissue, for an assumed uniform distrib¥ssA%fin the dentin.

(a) Radial distribution for a 9 mnx 2 mm diameter dentin cylinder. (b) Radial distribution for a 8 im0 mm diameter dentin

cylinder. (c) Radial distribution for a 7 mma 5 mm diameter dentin cylinder. (d) Axial distribution for a 9 M2 mm diameter

dentin cylinder. (e) Axial distribution for a 8 mmx 10 mm diameter dentin cylinder. (f) Axial distribution for a 7 mm5 mm
diameter dentin cylinder.
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throughout the double cylinder in annular rings of  Table 3. Assumed composition of dental tissues.
0.1 mm in height and 0.1 mm in radial thickness:

Although each calculation had to be made for specifilement Atomic Fraction by weight
dimensions of the dentin, it is assumed that the distri- number
bution of absorbed dose in an enamel layer less than Dentin Enamel

2 mm thick would not be greatly affected by the pres
ence of a real boundary. This assumption is perhaps jys- 1 0.030773 0.009788
tified to the extent of the only modest effect (see Figures 6 0.113246 0.014743
5(a) and (b)) apparent in the absorbed-dose distribution 7 0.025240 0.001298
8
9

near the enamel/vacuum interface at 2 mm. An actu@) 0.361391 0.419226
tooth would likely have tissue or the enamel of otheF 0.000170 0.000130
teeth in close proximity in many directions, at least parN@ 11 0.002000 0.006000
tially mitigating enamel/vacuum interface effects (note’'9 12 0.011000 0.004000

however, that the presence of high-Z restorations a 1‘% 0 15?0000 0605702880
structures could introduce other, more severe, integ 17 0.000300 0.002500
face effects). K 19 0.000700 0.003000

Calculations were performed for 16 different dentirca 20 0.305000 0.364000
cylinder dimensions whose heights and diametere 26 0 0.000025
ranged from 2 to 10 mm. All results are based on a sargu 29 0 0.000100
ple of 15M histories of emitted beta particles. Becausé" 30 0.000180 0.000160
of the geometry assumed for the calculation, thBensity,p (g.cm™) 2.14 2.95

Table 1. Representative dimensions of human teeth.
Tooth Crown Enamel thickness Table 4. Estimated percentile radial distances, in mm, in
position ~ dentin (mm) dental tissues within which various percentages of the decay

dimensions energy of a point source of*°Sr/°°Y are absorbed.
hxd Lateral  Masticatory
(mm) surface surface Percentage Percentile distance (mm)
(%)

Upper jaw Dentin Enamel
4 (1st premolar) X6 0.5 0.6
5 (2nd premolar) 7X5 0.6 0.5
6 (1st molar) X4 1.3 2.0 %8 %:‘L‘ Oojé
7 (2nd molar) 6x10 0.65 0.70 50 0.8 0.6
8 (3rd molar) 5X9 0.60 0.75 70 1'4 1.0
Lower Jaw 20 2'3 16
4 (1st premolar) 84 0.5 0.5 o5 2'7 19
5 (2nd premolar) 7X6 0.7 0.7 08 3'2 >3
6 (1st molar) %5 1.2 15 )
7 (2nd molar) 8X10 0.6 0.75
8 (3rd molar) 8%10 0.6 0.75

Table 5. Parameters of°°Sr and °°Y beta decay. E, ., is the
Table 2. Composition of radioactive wastes released into the end-point energy of the emitted beta spectrum; E, is the

Techa river. average beta energy emitted; and the probabilities per dis-
integration are calculated for °°Sr and °°Y assumed to be
Radioisotope Radioisotope in secular equilibrium.
abundance
(%) Nuclide Physical Fax E., Probability
half-life, T,,, (MeV) (MeV) (dis™)
905y 11.6
89Sr 8.8 905y 29.12y 0.546 0.1958  0.49994
¥7Cs 12.2 %0y 64.1d 2.279 0.9326  0.49998*
9%Zr, °*Nb 13.6 90SrpoY 29.12y 2.279 0.5642  0.99992*
103Ru, 1°Ru 25.9
Rare-earth elements 26.9

*This result reflects the neglect of a low energy beta transition
that occurs in 0.016% oY decays.
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absorbed dose distribution is a function only of thef a particular scale length for the cylinders. We have
radius r and the height z in the cylinders, and is synehosen the scale length as the mean chord length for
metric about a plane bisecting the axis of the cylinderan external uniform field of straight lines*, which from
(see Figure 2). Thus, the results could be averaged ov@auchy’s theorem is simply ;x= 4V/A (see, e.g.
corresponding positive and negative axial distances Kellerer*Y), where V is the volume and A the surface
measured from the centre of the cylinders. Complet@rea of the cylinder. The results are shown in Figure 4,
information on the distribution of absorbed dose in thevhere we have plotted the reciprocal of the mean dose
dentin and in the enamel is rather voluminous, so onlgate as a function of the reciprocal of the scale length.
illustrative and summary information will be given hereThe use of reciprocals allows inclusion of the result for
an infinite volume plotted at 1/x= 0. The mean dose
rate for the infinite volume is simply Hpgenin Which
CALCULATED RESULTS for °°SrPOY decay is 4.22 cGy.s.GBq l.cm®. The
Beta particles emitted in the dentin of course wildashed line in Figure 4 fits the data to within less than
deposit energy in the dentin itself and in the neighbout% and is a simple 2nd order polynomial:
ing regions of enamel. The resultant absorbed dose dis-~_; _ _1 5
tribution is expected to be non-uniform in both Daenin = 8 + X" + X @
materials: in the dentin near the dentin/enamel interfasghose coefficients are,a= 0.2366, @ = 0.2618, and
because of the net leakage of energy into the enamal), = 0.2124. This scaling thus appears to cover any
and in the enamel because of the increasing attenuatidentin size with scale lengths from 1.8 mm to infinity,
with increasing distance from the interface. In Figurewith the mean dose rate a function only of the ratio of
3(a—f) are shown the calculated distributions ofiolume to surface area. For example, the same mean
absorbed dose rate in the tooth model for three of thdpse rate can be expected for dentin cylinders of such
assumed dentin sizes. There are marked differencesdifferent dimensions as & d = 5 mm and h= 10 mm,
the distributions of absorbed dose at the dentin/enamel= 4 mm. Indeed, the direct Monte Carlo calculations
interfaces, while the distributions away from the interfor these sizes give mean dose rates in the dentin within
faces tend to have similar shapes. All results are givernl% of each other. The combination of the limited vari-
in terms of the absorbed dose rate per unit specifation (a) of scale lengths among typical tooth dimen-
activity, and so represent the absorbed dose distributiogi®ns, and (b) of the mean dose rate on the scale length,
for a fixed concentration o°SrP° in dentin. Thus we is fortunate for tooth dosimetry because it renders the
will use absorbed dose rate and absorbed dose interean dose rate in dentin only weakly dependent on the
changeably when there is little possibility of confusiontooth type, particularly among molars and premolars.
Uncertainties in the basic Monte Carlo calculations, In our model, the tooth enamel does not contain any
aside from those associated with the assumed compamitters and thus can only absorb radiation from the
sitions and the applicability of the results to real teethdentin that it surrounds. The absorption gives rise to
include an estimated 3—4% associated with the accuradistributions of absorbed dose in the enamel that exhibit
of cross sections and of algorithms, along with statisticd&rge gradients, with the absorbed dose falling to negli-
uncertainties associated with the scored results. Fgible values at distances greater than #2emm range
example, the results shown in Figures 3(a—f) of thef °°SrP° beta particles. For EPR dosimetry, the quan-
spatial distribution of absorbed dose throughout thety of practical interest is theneanabsorbed dose in
tooth have standard deviations from about 1% to aboanh enamel sample. Information on the mean absorbed
20%, depending on the magnitude of the dose in th@ose in enamel was generated by averaging over the
small annular scoring volumes (the uncertainty increasealculated distributions of absorbed-dose rate in the fol-
as the dose decreases). However, averages over thieseng way. For the mean absorbed dose as a function
distributions have far smaller statistical uncertaintiesof radial (lateral) thickness, the absorbed dose rate in
Thus the doses averaged over the entire dentin regitme enamel was averaged over axial distances z up to
have statistical uncertainties of a small fraction of onéhe height of the dentin cylinder and radial distances out
per cent, and doses averaged over large annular or discthe thickness of interest. For the mean absorbed dose
regions (as given in Table 6) have statistical uncer-
tainties also of less than 1%.
When a dose is reconstructed from the complete-or the more appropriate interior radiator randomness, the
dentin, the original signal (i.e. the signal measuredctual mean chord length is related to the adopted exterior radi-
before any additional irradiations) represents the avefior mean chord length, but by a more complicated quantity
age concentration of free radicals, which corresponds gt in general obtainable in analytic form. For the right circular
the mean absorbed dose in dentin. Although the mec linders of dimensions considered here, the interior radiator
. - ults are~5-10% larger than the simpler adopted scale
dose rate seemingly depends in a complex way on the g2 However, the finite range of the beta particles would

cylinder diameter and height, it turns out that the meagduce the mean chord length. Regardless of any consideration
absorbed dose rates in the various dentin cylinders tesfl theoretical justification, the adopted scale length can be

to form a rather smooth curve if plotted as a functioronsidered simply as an empirical parameter.

9T0Z ‘6 dunc uo A1slBAIUN BISEGRYLY e /B10'S[feuinopioxo pdiy/:dny woly papeojumoq

251


http://rpd.oxfordjournals.org/

Downloaded from http://rpd.oxfordjournals.org/ at Athabasca University on June 9, 2016

880°0 /800 /800 9800 S800 ¥80'0 €800 €800 2800 T80'0 ¢800 T8OO0 T800 64000 SL00 0L00 (04
€600 ¢600 ¢600 T600 1600 680°0 6800 880°0 880°0 /800 /800 /800 /80°0 G80°0 0800 G/0°0 6T
8600 600 600 9600 960°0 G600 7600 7600 760°0 2600 €600 €600 2600 060°0 9800 1800 81T
¥0T'0 #0T'0 €0T'0 €0T0 <¢0T0 TOTO TOTO 00T0 00TO 6600 00T0 6600 6600 1600 2600 /800 LT
1170 O0TT'0 0TIT0 60T0 60T°0 80T0 80T'0 80T'0  ZOTO 90T'0 Z0T'0 90T0 90T0 #0T'0 6600 +60°0 9T
8TT® 8TT0 LTTO LTITO 9T1T'0 9110 9TT0 G170 STT°0 €110 STT°0 Y110 V110 ¢11'0 L0T°0 c0T’0 ST
NNHM 9¢T'0 92T'0 S2T0 ¥2T'0 ¥ZT'0 ¥ZT0 ¥2T'0  +¢T10 Z¢T'0 ¥ZT0 €210 €2T0 02T0 9TT0 TIITO 7T
oma% SET0 PET0 P¥ETO €ET0 PvETO0 VETO0  €ET0  €ET0 TET0 VETO0 €eT0 €ET0 0eT0 G¢T0 1I2T0 €T
Sv1Q Sv10 w10 VP10 EVT0 10 SvT0 10 710 ZrT0 10 Y10 10 10 9€T0 CET0 T
99Tg 9ST'0 GST'0 GSTO YST0 GST°0 9ST0 9GT°0 GST°0 €3T°0 /ST°0 9ST°0 9GT°0 ¢ST°0 810 10 T
69TQ 89T°0 /9T°'0 89T0 99T0 89T0 0OLTO0 69T0 89T0 99T'0 0LT0 69T0 69T0 99T°0 T9T0 8STO 0T
Nwﬁw ¢8T°'0 T8TO 18T0 08T0 €810 7810 €8T°0 €8T°0 18T°0 G8T°0 G810 7810 18T°0 9/T0 V.10 60
861D L6T0 96T0 L6TO0 S6T°0 66T°0 T0C°0 0020 66T°0 /6T°0 c02’0 ¢0c¢’0 T0C°0 L6T°0 7610 16T°0 80
mHNW ¥12'0 €120 ST¢0 ¢ZI¢0 L1220 6120 6120 8TC0 STC¢0 2220 120 T¢Z0 9120 €120 TI20 L0
SEC ¥€C'0 €eC0 SEC0 CeCc0 8eC0  Ive0  0¥Z0  6ECO LE20 v¥Z0 €¥Z0 ePc0 8eC0 GETO0  GECO 90
YASTA /G20 G920 8SC'0 ¥SZ0 2920 99¢°0 920 79¢°0 1920 692°0 8920 89¢°0 €92°0 292’0 292’0 S0
¥8¢® ¥82'0 ¢8C0 G820 T8C0 0620 G620 €620 €60 0620 00E0 660 8620 €620 €620 S6C0 ¥7'0
91€q® L1€0 ¥I€0 8TE0 P¥IE0 HZE0 0Ee’0 6280 820 SZ€0 9¢€0 GEE'0  Se€0  0ggo TEE'0 9g€€0 €0
85€H 85E€0 SSE0  T9€0 9G€°0 89€°0 G.E0 v.€0 €LE°0 T.€°0 78€°0 €8€0 28€°0 L/€°0 28€°0 06€0 ¢0
@._”v.nm LI¥'0  vIvY'0 12¢v0 STv'0 TEV'O 6EY0 8EV'0 LEV'O SEV'0 0S¥'0 6v1°0 6v7°0 Svv°0 S0 697°0 T0
]
H (ww) ssauxaIy)
% (unuap ul 8SOp pPaglosge Ueaw Jo Uonodel) SB) [SWRUS Ul 9SOP Paglosge US|\ [eipes |aweuly
M. unusp
zie? cev'e  gev'e  Le€€ JRARS 0cece SYT'€E [4AR> €60°€ 700°€ T.6°¢C 1S6°¢C LE6°C ces’¢e 0TS¢ 8¢c'e ul 8Sop uea\
¥ST'9  8L¥'S GSP'S  008F LELV 00CY EI6E  OI8E ¥B9E E€EEE€  €EEE€  €LC€  00Z€  L.G8C  TI8T'C  008T (ww) wybus) aeos
0TX8 6XL 0TX9 8X9 6XS 99X/, SX6 SX8 SX/. GX3§ 7 X0T X6 X8 1251 XY ¢B  uoisuswip unusd

woRg9)/(s/A9H2) Jo Syun ul pPalSI| unUSP By} Ul 8SOP PagJosge ueaw sy} JO suoloel) se usAlb ale |sweus ay) ul 8SOp pagiosge ueaw
ay Jo sanjeA “(ww) Jsrewelp (diw) ybisy se usAlb ale suoisuswip upuaQg “JapullAd unRuUSP B JO SUOISUBWIP SNOLBA 10} UBAIB aie pue ‘upuap ay} Jo Jeyi o} [enba
wbiay Jo snjnuue |sweus Ue 1o} ale S}YNSay "UllUSp ay} JO 99BNS 8y} WOy paiNseaw SSauddIy} [elpel JO uondun) e Se [sweus Ul 8sop paglosge ues|y “(e)g ajgeL

252


http://rpd.oxfordjournals.org/

Downloaded from http://rpd.oxfordjournals.org/ at Athabasca University on June 9, 2016

00T0 TOTO €0T0 20T0 vOT'0 8600 G600 G600 9600 6600 T600 2600 €600 9600 2600 900 0z
SOT0 90T0 80T /OTO 60T0 €0T0 6600 00O TOTO ¥OT'O 9600 /600 /600 TOTO /600 0800 6T
IIT0  TIT0 €IT0 2IT0 SIT0 80T0 GSOT0 GSOT'0 90T0 OITO0 TOTO 2010 2010 9010 2ZOT0 ¥80°0 81
[TT0  /IT0 6IT0 8IT0 TET0 ¥IT0 OIT0 TITO 2IT0 9IT0 Z0T0 Z0T0 80TO 2IT0 80T0 6800 LT
€2I@ ¥el0 92T0 SZT0 8CT0 0ZI'0 9IT0 /IT0 8ITO 220 EIT0 €110 »IT0 8IT0 ¥ITO  ¥600 971
OST{ TETO €ET0 <210 GETO /ZT0 €210 el GSeI'0 6210 6IT0 0210 TZI0 G2T'0 0ZT0 000 5T
geT# 6610 eyTO OYIO PYTO GET0 TET0 2ET0 €ET0 JETO 920 /ZT0  8ZT0 E€ET0  82T0  90TO T
[YT§ 8¥T0 0ST0 6vT0 €ST0 ¥pT0 6ST0 OYI'0 T¥T0 9vyT'0 PETO GETO O9ET0 T¥l0 9ET0  E€IT0 €1
9ST'], LST0 09T0 6ST0 €910 €5T0 8yI0 6yI0 TST0 GSSTO €TI0 p¥I0 GyI0 TSTO SPT0  OZT0 z1
/9T 89T0 T/TO 0/T0 ¥.T0 ¥9T0 8ST0 0910 T9T0 99T0 ESTO ¥ST0 GSTO 1910 GST0 6210 TT
6/ 0810 €810 28T0 98T0 GJT0 6910 T/T0 ¢/T0 80 v9T0 G9T0 9910 €LT0 9910 6ETO 0T
Z6TG. €610 /6T0 GS6T0 6610 88T0 2¢8T0 ¥8TO G8TO T6T0 Z/T0 8.T0 6.T0 9810 610 0STO 60
L0z€ 80z0 ZIz0o 0Tz0 STg0 €020 96T0 8610 0020 90Z0 O06T0 2610 €610 00Z0 ¥6T0 Z9T0 80
€22® S2z0 6220 [0 €0 6120 2120 YIZO 9IZ0 €220 9020 8020 6020 120 OTZ0  LLT0 L0
Zrz® wrz0 80 90 25¢0 88Z0 TEC0 €620 SEZ0 ZvZ0 g0 9220 1220 98T0 6220 60 90
¥97® 9920 T/Z0 6920 GLZ0 0920 €S20 GSZ0 JSZ0 S9Z0 9vZ0 L¥Z0 6vZ0 8GC0 1520  ¥IZ0 50
0628 2620 1620 S620 <COEO 9820 820 08C0 €8C0 2620 T.Z0 €LZ0 bIZO S8Z0 BLZO  6ETO 0
Tee@ v2e0 6280 [ZE0 GEE0 8IE0 OIE0 CIE0 GSIE0 GZE0 <Z0E0 YOS 90E0 8IE0 ZIEQ  T/Z0 £0
Z9E'@ S9E0 T/E0 69E0 LJE0 09€0 TSE0 E€SE0 9SE0 90 EVED GYED 8YED T9E0 LSE0  HIED 20
6Tv'g €2v0 62v0 82Zr0 9Er0 6Iy0 OTY0 2ZI¥0 9T¥0 82r0 ZOP0 SOF0 80V0 €2v'0 €2v'0 O8E0 0

©)
9 (ww) ssawjoiu
x (unuap Ul 8SOP PACIOSOE UBSW JO UONJRI) SB) [SWeUs Ul 8SOp Paglosqe Ues|y [eIxe |aweug

®)
CISEE GEV'E  ZEVE LEEE  [ZEE  0ZZ€ GYI'E CeUE €60 VOOE TL6T LS6T L€6C 287 OIST 82T unuaP Ut 9SOp UeA
vST'E 8Y'S SSY'S 008 LELV 00Ch EU6E OI8'E VBOE EEEE EEEE €LCE  O0CE  LS8T T8TZ 008 (ww) ybus) ajeos
S 008 6X. O0IX9 8X9 6XG 9XL GX6 GX8 GXL GXG PXOT X6 X8 XSG Xy 2X6 uoisusWIp unuaQ

wafbg9)/(s/AD2) Jo sHun ul Palsl| URUSBP By} Ul 8SOP PAYIOSJe UeaWw 8y} JO SUONJeI) Se USAID ale [aweus ay) Ul 8sop pagiosge
ueaw ay) Jo saneA “(ww) Ja1swelp &uw) ybiay se usAlb are suoisuawip unuag "I19pullAd unusap e JO SuoisuswWIp SNOLIBA 10} UBAIB ale pue ‘unuap ay) Jo eyl 0l
[enba Jalowrelp JO JSIp [SWeUs Ue 10} dJe S}NSay "UlUSp Sy} JO 99BLNS ay) WOy PaINSEaw SSauxdIy) [BIXe JO Uoloun) B Se [sweus ul asop paglosge uea ‘()9 a|qeL

253


http://rpd.oxfordjournals.org/

S. M. SELTZER, A. A. ROMANYUKHA and V. NAGY

as a function of axial or masticatory thickness, théhis difficulty and allows one to estimate the total
absorbed dose rate in the enamel was averaged oesmamel dose using the summary results in Tables 6(a)
radial distances r up to the radius of the dentin cylindeand (b), without recourse to the basic Monte Carlo data.
and axial distances out to the masticatory thickness @he approximation is illustrated in the following recipe
interest. In both cases, the results were normalised &md applies to the assumption that the masticatory and
the mean absorbed dose rate in the dentin cylinder ataderal enamel layers form a cylindrical ‘cap’ whose
so expressed as fractions of the mean absorbed dosesides extend down to the bottom of the crown dentin
the dentin. The results are given in Tables 6(a) and 6(lgylinder. For the assumed lateral enamel thickness, t
for all of the 16 dentin cylinders used in our calcu-calculate the volume Mof the annulus surrounding the
lations; the columns are arranged in order of increasirfgll height of the dentin cylinder. For the assumed mas-
scale length of the cylinders. The fractional meaticatory enamel thickness, talculate the volume Mof
absorbed dose is plotted as a function of enamel thick-disc whose radius equals that of the dentin. Then cal-
ness also in Figures 5a and b. The data for all the tootlulate the volume Yof the corner annulus that extends
models tend to form a single distribution, perhaps less

so for the axial case, particularly for the more asym-

metrical 9 mmXx 2 mm diameter dentin cylinder. The
curve in both Figures 5(a) and 5(b) is from a least

squares fit:

< D(t)") E bt

denti i=0

where t is the enamel thickness angl & —0.7496,

@)

b, = —2.9292, h = 1.1868, h = —0.5335, and b=

0.02906. The results of the fit are withirl0—15% of
the data, except for the 9 mixi 2 mm diameter dentin
cylinder for which the data are30-40% below the

results of the fit.

Current EPR measurements make use of the tot
available amount of enamel from the whole tooth (0 10° e
from half of it), both the lateral and masticatory ename
Our summary results are, in principle, inadequate fc
this because they do not include the absorbed dose
the ‘corner’ region, i.e. the annulus for whiblethr and
z are outside those of the dentin cylinder. An approxi 1
mation has been found that seems largely to overcor

0.48}
0.44
0.40} s
0.36 - -

0.32 - -

0.28 |

0.24 -~

0.20 L 1 L 1 1 1 1 1 1

Inverse of dentin dose rate, (GBg/cm?®) / (cGy/s)

1
0 0.1 0.2 0.3 0.4 0.5
Inverse of dentin scale length (mm™)

Radial or lateral enamel
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T T T TTTIIT
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Fraction of dentin dose
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Enamel thickness (mm)

Axial or masticatory enamel
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Figure 5. Mean absorbed dose rate in the contiguous enamel
expressed as a fraction of the mean absorbed dose rate in the
dentin. (a) Radial, or lateral, enamel. The results, averaged over
the thickness of the enamel annulus extending from the bottom
to the top of the dentin cylinder, are given as a function of the

Figure 4. Mean absorbed dose rate in dentin. Results are givenamel thickness. (b) Axial, or masticatory, enamel. The
in terms of the absorbed dose rate in dentin per unit specifiesults, averaged over the thickness of the enamel disc whose
activity in the dentin, as a function of the scale length for theadius is that of the dentin cylinder, are given as a function of

dentin volume.

the enamel thickness.
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from the top of the dentin to the top of the masticatoryprovided that the time course of the radionuclide

surface and from the dentin radius to that of the lateralccumulation in dentin is known and assuming that the

enamel. The relative weights,, o, andw,, are simply accumulation results in a uniform increase of #ir

the respective volumes divided by the total enameloncentration over the whole dentin volume. Results in

volume. The fractional dose rate in the enamel is thethis paper have been given in terms proportional to
(D/AN), where Dwhere is the absorbed dose rate and

.L ~ o, <D(tr)} + wa(_[)(té'))a N is the total activity of°°Sr + °°Y in the dentin,

Dgentin Dgenii denti assumed in secular equilibrium. In this case, theg, N
0. [ D(t,) = 0.4985 N. If we assume a continuous incorporation
— < — "), (3) of activity at a constant rate ¢ into the dentin over a
5 \Dyen time 0 to T, then the integrated dose at some time T

where later than T is

12w 2. o ();[r-te o0 @

denti denti

are from Table 6(a) and 6(b), respectively. The last termthere\ (= In2/Ty,;) is the decay constant* ¢PSr. If
of Equation 3 represents the approximation. Justificatioh™>>T, and AT <<1,
for the use of one-fifth of the mean radial dose rate is ( : ) (

1 e*)\T )

®)
0.3 to 1.7 mm and for masticatory enamel thicknesses N/ X\
from 0.3 to 2.0 mm, Equation 3 gives results withil—  Note that cT is the total activity introduced in the
2% of that from the appropriate sum of the basic Mont§entin. In terms of current activity N(T),
Carlo data for the 16 dentin sizes considered. Extension

strictly empirical. For lateral enamel thicknesses from p(T) = D cTe

to other sizes could be done using Equation 3 in con- _(D\N® AT, RN

junction with Equations 1 and 2, but with the much D) = N/ N |1- e,ﬂce'\ °—-1 ®
larger errors associated with the global fits. For a sample

taken from enamel layers not contiguous with the dentiar

surface (e.g. in cases where chemical etching was ) N(T)

applied after dentin removal), the mean absorbed dosep(T) ~ (7) R ( et — 1) 7
can be obtained from the differences between appropri- N A

ate values in Tables 6(a) and (b). for T>>T, and\T.<<1.
As an example, consider, = 1.5y and T— T, =
RELATIONSHIPS BETWEEN RECONSTRUCTED  47y. For\ = In2/29.12 y*, evaluation of Equation 6
DOSES AND INCORPORATED®Sr ACTIVITIES using the mean absorbed dose rate in dentin, per unit
) ) specific activity, from Table 6 gives the estimates found

_The ulimate goal of dose reconstruction from the, Taple 8 of the ratio of mean absorbed dose in dentin
viewpoint of radiation biology and epidemiology is toq sogy activity measured at T. (If one assumed a shorter
determine doses to certain critical organs, such as boB%Iogical half-life of, say 25y, the results in Table 8
marrow. This is not easy in the case of low energy emity,oid pe larger by about 12%.)
ters whose distribution over the body is not uniform. Thus, using Tables 6(a) and 6(b), one can determine
The dose to tooth enamel, which can be reconstructggh mean dose to dentin from the experimentally recon-
with EPR, generally is not equal to the dose to bongycted dose in tooth enamel, and then, using Equation
marrow, although these values are related in some co@l 7, calculate the activity GPSr in dentin at the time
plicated way. Finding this relationship is a task outsidgt he dose reconstruction.
the scope of this paper, but a solution can perhaps be
facilitated with our results.

The dose fron?°Sr to bone marrow will probably be DISCUSSION
easier to relate to th¥&Sr activity (or concentration) in

9T0Z ‘6 8UnC uo A1slBAIUN BISedeylY e /Bio'sfeulnolpioxopdly/:dny wouy papeojumoq

Some experience in using these Monte Carlo results

dentin than to the absorbed dose in tooth enamel. Tl analyse EPR measurements in our laboratory indi-
activity In dentin IS obviously related to mean absorbe ates their usefulness and suggests some conclusions
dose in the dentin (and to the corresponding megk| '

. rst, they provide a link between the mean absorbed
absorbed dose in the enamel) and can be determin g:es in enamel to the mean absorbed dose in dentin.

from these experimentally measurable characteristicfhiS appears to be a more significant quantity because
for the same specific activity of the radionuclides in

dentin, the absorbed dose in dentin depends on the tooth
* |t would seem more appropriate to use the biological half lifdype (Size) to a much smaller extent than does the
of the °°Sr in the dentin, rather than the physical half life. absorbed dose in the enamel. This theoretical conclusion
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Table 7. Variation of the mean absorbed dose in enamel.

(a) Results typical for a 3rd molar. Dentin dimensions: h= 5 mm, d = 9 mm; enamel layer thicknesses: masticatory
0.8 mm, and lateral 0.6 mm.

Fractional absorbed dose Deviation from nominal value
Masticatory thickness Lateral thickness Masticatory thickness Lateral thickness
(mm) (mm) (mm) (mm)
0.5 0.6 0.7 0.5 0.6 0.7
0.7 0.233 0.218 0.205 0.7 10.4% 3.3% —2.8%
0.8 0.224 0.211 0.199 0.8 6.2% 0.0% —-5.7%
0.9 0.216 0.204 0.192 0.9 2.4% -3.3% —9.0%

(b) Results typical for a 1st molar. Dentin dimensions: h= 5 mm, d = 5 mm; enamel thicknesses: masticatory 1.5 mm,
and lateral 1.2 mm.

Fractional absorbed dose Deviation from nominal value
Masticatory thickness Lateral thickness Masticatory thickness Lateral thickness
(mm) (mm) (mm) (mm)
1.0 1.2 1.4 1.0 1.2 1.4
1.3 0.141 0.123 0.108 1.3 19.5% 4.2% —8.5%
15 0.134 0.118 0.104 15 13.6% 0.0% —-11.9%
1.7 0.128 0.113 0.100 1.7 8.5% —4.2% —15.3%

Table 8. Estimates of the ratio of the mean absorbed dose in dentin to tH&Sr activity as measured 47 y after incorporation
of activity at a constant rate for 1.5 y. A half-life for °°Sr of 29.12 y was assumed. Results are given for dentin dimensions,
given as heightx diameter, assuming a density for dentin ofp = 2.14 g.cnT3.

Dentin Dentin Scale length, D(T)/IAN(T)] pVD(T)/[ANg(T)]
dimensions volume, Y Xs = AV /Ay (cGy/Bq) (cGy/(Ba/g)
(mm) (cn®) (mm)

9X 2 0.02827 1.800 442 26.7
4% 3 0.02827 2.181 498 30.1
5X 4 0.06283 2.857 253 34.0
8X 4 0.10053 3.200 164 35.3
9X 4 0.11310 3.273 147 35.5
10X 4 0.12566 3.333 133 35.7
5X5 0.09817 3.333 172 36.1
7X5 0.13744 3.684 126 37.1

8 X5 0.15708 3.810 112 37.5
9X5 0.17671 3.913 99.8 37.8
7X6 0.19792 4.200 91.3 38.7
5X9 0.31809 4,737 58.7 39.9

6 X8 0.30159 4.800 62.1 40.1

6 X 10 0.47124 5.455 40.9 41.2
7X9 0.44532 5.478 43.3 41.2
8x 10 0.62832 6.154 31.4 42.2
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is consistent with the recent experimental findings foriverside populatioft®)). Although dentin is a consider-
different calcified tissues of a dog that was injected witably more difficult material to use in EPR dosimetry
%0518, Thus, the enamel measurements are mappedd the lower limit for detection is several times higher
onto more of a universal scale, which makes it far easi¢ghan for the enamel, the uncertainty in the dose recon-
to compare absorbed dose in teeth of different typestructed directly from dentin is about one order of mag-
This can help resolve previously inexplicable discrepaitude lower than that achieved by way of determining
ancies between doses reconstructed from the same pée mean dose in dentin through the measured dose in
son, and to make more meaningful comparisons @namel. For internal irradiation b$PSr, the doses in
doses reconstructed from teeth of different people. Notientin is typically higher than the dose in enamel of the
that applying the Monte Carlo results at this level aresame tooth. Thus, for Techa riverside residents with a
so far, free of assumptions on the regimen of radidiigh °°Sr body burden, ratios of these doses range from
nuclide intake into the body. 3 to 61519 Hence, the inferior detection limit for
However, the geometric assumptions are still madelentin is largely compensated by the higher doses
our shapes are assumed to be strictly cylindrical withresented for measurement. Dentin as a dosimetric
known dimensions, with the radionuclide distributednaterial will be even more important in reconstructing
uniformly in the dentin cylinder. Obviously, this is notinternal doses from alpha emitters. Because of the very
true. Although it is not easy to estimate the uncertaintymall penetration depth of alpha particles, their contri-
due to the non-uniformity of the radionuclide distri-bution to the dose to enamel will be negligible. These
bution in dentin (mainly due to lack of information onfactors advocate using crown and root dentin as the pri-
its actual distribution), it is possible to get an idea omary dosimetric materials in reconstruction of internal
possible uncertainties due to irregularities in shapeloses.
Because it is more difficult to calculate dose profiles for Calculating the radionuclide activity in dentin from
irregular shapes, the easiest way to estimate the unctte EPR-reconstructed dose is based on additional
tainty is to compare mean absorbed doses for cylindeassumptions that contribute significant additional uncer-
slightly differing in dimensions. tainties. However, such a calculation appears to be a
As follows from Figure 4, the average absorbed doseecessary link in any effort to relate the relatively easily

in dentin is rather insensitive to the cylinder dimensionseasurable enamel or dentin doses to the absorbed dose

and, consequently, to irregularities in its shape. Simpla organs such as bone marrow. The assumptions fall
calculations show that, even if the errors in both thento two categories: the regimen of the radionuclide
diameter and the height of the cylinder reach 1 mmaccumulation and retention in dentin and the radiation
each, the relative error in the mean absorbed dose wdlburce. Moderate errors in the geometrical model of the
always be within 5.5%. The situation for tooth enamefooth lead to relatively small errors in the dentin dose.
is not as favourable. Tables 7 show that errors dBut failure to assign an accurate time course for the
0.1 mm in the lateral and masticatory thicknesses maccumulation and retention of the radionuclide could
result in errors of up to 10%. Errors of 0.2 mm may leadkad to large errors in the conversion of this dose to
in some cases (for specific types of teeth and particulastimated activities.
combinations of errors in the lateral and masticatory The results given here are relevantt8r, one of the
thicknesses) to an error of 30—40%. Therefore, errors afost important sources of internal irradiation. Similar
this magnitude in the enamel mean dose might bealculations can be performed for different emitters. The
expected to arise due to irregularities in the shapes ofe only of our®®Sr results assumes there are neither
dentin and tooth enamel. If such errors are largelgther radionuclides incorporated in the dentin (or in the
unavoidable, the global fit given by Equation 2 coulcenamel) nor significant contributions from external
be used in conjunction with Equation 1 to approximatsources to the measured enamel or dentin doses. The
by superposition the results for some irregular shapexperimental reconstruction of the doses in both dentin
and non-uniform distributions of activity in dentin. and the enamel of the same tooth thus should reveal
The reason why the errors are larger in the enaméilures in the model assumptions. In simple cases (such
is easy to understand. For a given specific activity, as internal irradiation froni°Sr in dentin plus uniform
change in the dimensions of a dentin cylinder resultsigh energy external irradiation), it might even be poss-
in only a marginal change in the net energy leakagiele to separate the contributions. However, this depends
into the enamel. However, the very strong attenuatioon the validity of all the other assumptions in the model.
of the beta particles in the enamel makes the meanThe methodology and data described here open the
absorbed dose quite sensitive to the uncertaintigmssibility of using EPR tooth dosimetry in the recon-
associated with the volume over which it is averagedstruction of doses received internally fro¥fSr. Such
In view of this difference in the uncertainties, it isinformation is presently obtained mostly with two
reasonable to reconsider the relative suitability of dentimethods: model calculations of doses based on the
and enamel for dose reconstruction. At present, dentinlisvel of the °°Sr environmental contamination, and
practically unused in EPR dosimetry (the only exceptiomhole-body counter (WBC) measurements of th@r
being the recent EPR study of middle and lower Techiaody burden. Unfortunately, the former method needs
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to be verified against independent dose assessments enamel clearly indicates internal exposure and sig-
based, for example, on individual WBC measure- nals the need for the type of analysis described
ments. There are significant difficulties in interpreting  above. Such an analysis of the EPR dosimetry

WBC measurements. In addition, whole-body coun-

ting is based on the measurements of current radioac-
tivity, which of course decays over time, making the
determination of doses received long ago rather diffi-
cult. A typical lower limit for detection of°Sr is 1-2
kBq in the whole body, so, application of WBC is
limited to cases with relatively high environmental con-
tamination. In contrast, the EPR tooth dosimetry signal
increases with time, and would appear to offer an alter-
native method for evaluating internal doses frét8r.
Although EPR tooth dosimetry rests on its own
important assumptions, these assumptions are different
from those of WBC measurements, and the two methoﬁ)
can perhaps compliment and verify each other.

In summary, some practical conclusions are apparent:

@

@)

Importance of tooth geometry (shape and siie).
the case of low energy internal exposure, the results
of EPR tooth enamel dose reconstruction will sub-
stantially depend on the shape and dimensions of
the tooth. This makes it imperative to convert the
measured mean absorbed dose in enamel to a more
meaningful value, such as the mean absorbed dose
in dentin. Such a conversion can be made using the
results given in this paper. It is also important to
document the tooth shape in detail before destruc-
tion for possible reevaluation of the reconstructed
dose using future models that take into account
more complexities.

Importance of dentin as a dosimetric material.
Dentin should be used more extensively in tooth
dosimetry for a number of reasons. A tooth with a
high dose in dentin compared with the dose in
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