
rangealsomustnot be so largerelative to the organdimen
sions that an appreciable loss of energy occurs due to
escape beyond the organ boundaries. For example, 1311
(0.183MeV mean beta energy) Nal is taken up more or less
uniformly by the thyroid (19.6 g), and the average dose to
the thyroid is theappropriatequantity to calculatein study
ing radiation effectsin the thyroid.

New applicationsin nuclear medicine, most notably the
research into the uses of monoclonal antibodies (Mabs), as
well as an increasing general awareness of situations in
which the above two assumptions are not satisfied, have
led to a need for more detailed dosimetry methods and
models.

In the traditionalmodels, often called macrodosimetric
methods, the absorbedfraction (fractionof energy emitted
in a source region which is absorbed in some target re
gions) for electrons is assumed to be unity for the source
organ and zero elsewhere, i.e., all of the electron energy
emitted in a source region is absorbed in that region. This
is quite reasonable for most situations because the range of
most electrons in body tissues is small compared to the size

of most source regions, even relatively small organs like
the thyroid.

The use of Mabs has caused some investigators to reex
amine the appropriateness of the macrodosimetric model

assumptions.Mabshavebeenshownto haveanonuniform
distributionwithin some of the regions where it is impor
tant to estimate radiation dose (2), and where they may
concentrate moderate to high electron energy emitters in
small source regions such as small tumors. Specifically,
calculation of the radiation dose to tumors may require
consideration of the losses of electron energy. Some tu
mors are small compared to the range of the emissions
from many of the radionucides for therapeutic applica
tions.

This work provides absorbed fractions for beta particles
and monoenergetic electrons uniformly distributed
throughout spheres of various sizes, as a function of en
ergy. These absorbedfractionsmay be of use in estimating
the radiationdose to small structures containing electron
emitting radionucides, such as tumors or small organs
(e.g., the fetal thyroid).

The use of eiectron-emfttingradionudidesintumorimagingand
therapy has presented some new challenges to conventional
radiationdosirnetty.The fractionof electronenergy absorbed in
most source regions has usuallybeen assumed to be unity.In
smallstructuressuch as localizedtumorsor isolatedregions
containing moderate to high energy electron emitters, however,
this may not always be the case. Methods: Using an extension
of Berger'sscaled absorbeddose distributionsforpodt sources
to representa sphericalgeometry,absorbedfractionsof electron
energyfor sourcesuniformlydistributedin spheresof various
sizeshavebeenCalcUlated.Results:Betaparticleandmonoen
ergetic electron energies StUdiedrange from 0.025 to 4.0 MeV
and sphere masses range from 0.01 to 1000 g. S values have
alsobeencalculatedfor @Y,1231and1311basedontheresultsof
the absorbedfractioncalculations.Conclusion: Thesecalcu
latedabsorbedfractionsarevaluablein estimatingelectronen
ergylossfromsmallsphericalstructuresandmaybe usefulin
estimatingthe radiationdoseto thesesmallvolumes.

KeyWords: bataparticles;eI.ctron-emlthngradionuclides;
radiation dosimetry; â€˜@I;â€˜Â°Y;1311
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ean radiationdoses and dose equivalents tradition
ally have been calculated for the whole body and certain
organs for safety purposes. The Medical Internal Radiation
Dose (MIRD) Committee of the Society of Nuclear Mcdi
dine published methods for calculatingradiationdoses (1).
PublishedMIRD dose estimates typically express radiation
absorbed doses to the whole body and many of the impor
tant organs and organ systems of the body.

The meandoseto anorganis usually consideredto be a
useful indicator of the risk of acute or delayed effects in
that organ if (1) the activity is approximately unifonnly
distributedthroughoutthe organ and (2) the rangeor mean
free path of the principal radiations emitted by the radio
nuclide is large enough that the absorbed dose throughout
the organ is fairly uniform. In the case of electrons, the
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fractions were taken from MIRD Pamphlets 2 and 8 (7,8) for
photon emitters uniformlydistributedin various spheres. How
ever, absorbedfractionscould not be locatedfor spheresof
massesless than 1g, so in these cases the S-valuesare givenfor
the electron contributions only. The error associated with not
includingthe photoncontributionin these S-values is on the order
of 1%.

RESULTS

The calculated absorbedfractions for the various sphere
sizesasa function of energyare shown in Tables 1 and2,
for beta particles and monoenergetic electrons, and graph
ically in Figures 1 and 2. The S-values for the three radio
nucides studied are given in Table 3.

DISCUSSION

Figures 1 and 2 effectively show the situations in which
the modificationof the standardformulafor absorbed dose
in a sphere should include a correction for losses of elec
tron energy. For beta-particleemitters, masses under 10 g
and averagebeta particleenergy above about 0.5 MeV, the
absorbedfractiondrops below 0.9, indicatingthe errorwill
be no greater than 10%without the correction for larger
spheres or lower energies. For monoenergetic electrons,
the same argument applies for spheres less than 10 g and
electron energies above 0.75 MeV, or perhaps larger
spheres at energies above 2 MeV. Because of the small
variations in the absorbed fraction over the matrix of en
ergies and sphere sizes, linear interpolationin these tables
will yield reasonable values of absorbed fractions for inter
mediate sizes andenergies. Interpolationin Table 1 ignores
the differences in beta spectral shapes between the nu
clides. Although accounting for the differentshapes of al
lowed beta particle spectra in this analysis is possible (9),
it would be very hard to generalize for the user as correc
tions are a function of maximum particle energy and ele
ment atomic number. While it is realized that this effect
may influence the values in Table 1, the errorit introduces
into the calculations is minor.

Table 3 shows the importance of this electron energy
loss correction for three radionucides with differentemis
sion spectra. For 99Y, a fairly high-energy beta emitter, the
effect of the correction is seen to be importantfor masses
under 40 g. For 123!,which has a few moderate to low
energy conversion andAuger electrons and several photon
emissions, the effect is small at almost all the masses stud
ied. For 1311,which has some medium-energybeta-particle
emissions and a few low-energy conversion electrons with
many importantphoton emissions, the effect of the correc
tion is noticeable at masses under 1 g, but is not as signif
icant as for @Â°Y.

CONCLUSION

Berger's method for estimating the absorbed fraction
of electron energy loss from spheres was useful in study
ing the amount of energy loss in spheres from 0.01 g
to 1000g and beta particle and electron energiesup to
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MATERIALS AND METhODS

Berger provided scaled absorbed dose distributionsfor point
sources in an aqueous medium (3), which were functions of dis
tance fromthe source, the x@distance(distancein which90%of
the energy emitted by a point source will be absorbed), and the
specific absorbed fraction (absorbed fraction per unit mass at the
distance of interest). These point source functions may be inte
grated to estimate the absorbed dose near extended sources of
activity (line, plane, volume). In a related publication (4), Berger

providedsolutions to such extensions of point source functionsto
some standardgeometries, includingspheres. The solution for a
spherewas employedhere for sphere massesof 0.01,0.1, 0.5, 1,
2, 4, 6, 8, 10,20, 40, 60, 80, 100,300,400,500,600and 1000g.
Solutions of the scaled absorbed dose distributionsfor average
beta particle energies of 0.062, 0.118, 0.183, 0.385, 0.695, 0.937
and 1.428 MeV and monoenergetic electron energies of 0.025,
0.05, 0.1, 0.2, 0.4, 0.7, 1.0, 2.0, and 4.0 MeV were used (3). The
following formulafor an extended source was used:

4@= 4#rrp@Â°Â°x(x)4(x) dx,
Jo

where 4@= the absorbed fractionof energy in the source region;
p = the medium density; x = the distance from a point source;
i@(x)= thegeometricreductionfactorforthegivengeometryat
distance x; and 1(x) = the specific absorbedfractionof energy at
distance x.

The integration is carried out over all x from zero to infinity.
The specificabsorbedfractionisderivedfromthe scaledabsorbed
dose distributions for point sources defined in MIRD Pamphlet
No. 7(3):

F(x x@)
1(x)=

4irp

where F(x, x90) = the scaled absorbeddose distribution.
The geometricalreduction factor for a sphericalgeometry is

defined by Berger (4) as:

if4x)= 1â€”1.5(x/d)+ 0.5(x/d)30 x d

iI@(x)=0 d<x,

where d = sphere diameter.
In these calculations,simpletrapezoidalintegrationwas em

ployed startingat x = 0 andusing smallstep sizes out to the limits
of the scaled absorbed dose distributions. The values of F(x, x@)
from Berger's tables were chosen by linear interpolation.Values
of x@were also taken from Berger's document for a given beta
particle or electron energy. The resulting absorbed fraction cal
culations are for spheres of unit density within a scattering me
dium of unit density.

S-values(5) werecalculatedfor @Â°Y,1@Iand131!forthevan
ous sphere sizes considered, using the results of the absorbed
fractioncalculations.Theseradionuclideswere choseninorder to
show how the calculationsaffect a variety of emittertypes; @Â°Yis
a high-energybeta emitter, 131!is a moderate-energybeta emitter
and 1@Iemits mostly low energyconversion electrons. Inorderto
calculate a total S-value for â€˜@Iand 131!, absorbed fractions for
the photon emissions were also needed (bremsstrahlungfrom @Â°Y
was neglected).Neglectingbremsstrahlungproductionresultsin
< 1% error in the calculations since < 1% of the total beta energy

up to 4.0 MeV is converted to photons (6). The photon-absorbed



Sphere
massSphere4@Averagebetaenergy(MeV)*(g)radius

(cm) 0.0620.1 18 0.1830.3850.695 0.937 1.428

Sphere
massSphere4,Electron energy(MeV)(9)radius

(cm)0.0250.050.10.20.40.71.02.04.00.010.131

.001.000.970.890.670.360.200.0930.0470.10.291

.001.000.990.960.850.670.500.210.100.50.491

.001 .001.000.980.920.800.700.390.18I0.621

.001 .001.000.990.940.850.760.490.2320.781

.001 .001.000.990.950.880.810.580.2940.981

.001 .001 .001.000.960.910.850.660.3861
.131 .001 .001 .001.000.970.920.870.700.4481
.241 .001 .001 .001.000.970.930.880.730.48101
.341 .001 .001 .001.000.980.930.890.750.51201
.681 .001 .001 .001.000.980.950.910.800.59402.121

.001 .001 .001.000.990.960.930.840.67602.431

.001 .001 .001.000.990.970.940.860.71802.671

.001 .001 .001.000.990.970.950.870.731002.881

.001 .001 .001 .001.000.970.950.880.753004.151

.001 .001 .001 .001.000.980.970.910.824004.571

.001 .001 .001 .001.000.990.970.930.845004.921.001.001.001.001.000.990.980.930.856005.231

.001 .001 .001 .001.000.990.980.940.8610006.201.001.001.001.001.000.990.980.950.88

TABLE I
Absorbed Fractions for Beta-Partide Sources Uniformly Distributed in Spheres of 1 g/cm@Density

0.01 0.13 0.96 0.86 0.77 0.57 0.32 0.23 0.15
0.1 0.29 0.98 0.94 0.89 0.78 0.58 0.44 0.31
0.5 0.49 0.99 0.96 0.94 0.87 0.74 0.63 0.48
1 0.62 0.99 0.97 0.95 0.90 0.79 0.70 0.56
2 0.78 1.00 0.98 0.96 0.92 0.83 0.76 0.64
4 0.98 1.00 0.98 0.97 0.94 0.87 0.81 0.71
6 1.13 1.00 0.99 0.98 0.95 0.88 0.83 0.74
8 1.24 1.00 0.99 0.98 0.95 0.90 0.85 0.76

10 1.34 1.00 0.99 0.98 0.96 0.90 0.86 0.78
20 1.68 1.00 0.99 0.98 0.97 0.92 0.89 0.82
40 2.12 1.00 0.99 0.99 0.97 0.94 0.91 0.86
60 2.43 1.00 1.00 0.99 0.98 0.95 0.92 0.88
80 2.67 1.00 1.00 0.99 0.98 0.95 0.93 0.89

100 2.88 1.00 1.00 0.99 0.98 0.96 0.93 0.90
300 4.15 1.00 1.00 1.00 0.99 0.97 0.96 093
400 4.57 1.00 1.00 1.00 0.99 0.97 0.96 0.94
500 4.92 1.00 1.00 1.00 0.99 0.98 0.96 0.94
600 5.23 1.00 1.00 1.00 0.99 0.98 0.96 0.94

1000 6.20 1.00 1.00 1.00 0.99 0.98 0.97 0.95

*Theaveragebetaenergiesinthsstablecorrespondtothefollowingradionudfries:0.062= 147Pm;0.118MeV= @Fe;0.183MeV= 131@;0.385
MeV= 11C;0.695MeV= @P;0.937MeV= @Â°Y;and1.428MeV= 1Â°@Rh.

4.0 MeV. The correction for loss of electron energy nucides with lower-energy beta particles or electrons or
is important in spheres smaller than 10 g and for elec- for which photon emissions dominate the decay schemes.
tron energies above 0.5 MeV. This correction can be im- The tables presented here can be applied to many situa
portant for radionuclides which emit primarilymoderate tions involving beta particlesor electron emitters in spher
to high energy beta particles, but is less important for ical objects.

TABLE 2
Absorbed Fractionsfor MonoenergelicElectronSources UniformlyDistributedin Spheres of 1 g/cm@Density
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Spheremass(9)S-Value(rad/@Ci-hr)goy1231131IUncorrectedCorrectedUncorrectedCOrrectedUncorrectedCOrre@ed0.01

0.1
0.5
1
2
4
6
8

10
20
40

60
80

100
300
400
500
600

1000200

20
4.0
2.0
1.0
0.5
0.33
0.25
0.20
0.10
0.050

0.033
0.025

0.020
0.0066
0.0050
0.0040
0.0033
0.002046

8.8
2.5
1.4
0.76
0.40
0.28
0.21
0.17
0.089
0.045

0.031
0.023

0.018
0.0064
0.0048
0.0038
0.0032
0.00196.0k

0.60*
0.12*
0.066
0.034
0.017
0.012
0.0090
0.0073
0.0038
0.0020

0.0015
0.0012
0.00097
0.00037
0.00029
0.00024
0.00020
0.000135.8*

0.59k
0.12*
0.066
0.034
0.017
0.012
0.0090
0.0073
0.0038
0.0020

0.0015
0.0012
0.00097
0.00037
0.00029
0.00024
0.00020
0.000134@@*

4.O@
0.81*
0.41
0.21
0.10
0.070
0.053
0.043
0.021
0.011
0.0075
0.0057
0.0046
0.0016
0.0012
0.0010
0.00064
0.0005231*

3.6k
0.76*
0.39
0.20
0.10
0.069
0.052
0.042
0.021
0.011
0.0074
0.0057
0.0046
0.0016
0.0012
0.0010
0.00084

0.00052*Beta

andelectroncontributionsonly.

TABLE 3
S-Valuesfor @Y,1231and1311UniformlyDistributedin Spheresof 1 g/cm3Density

manuscripthasbeenauthoredby a contractorof the U.S. Gov
ernment under contract DE-A015-760R00033.Accordingly,the
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ABSORBED FRACTIONS FOR BETA EMITTERS
IN SMALL SPHERES

Absorbed Fraction

0
0.01 0.1 1 10 100 1000

FIGURE1. Piotof theabsorbedfraction
for beta sources in spheres of density 1
g/cm3as a functionof sphere mass and
energy.

Â°0.062 MeV Â±0.118 MeV @0.183 MeV @0.385 MeV

@0.695 MeV @0.937 MeV @1.428 MeV
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ABSORBED FRACTIONS FOR MONOENERGETIC
ELECTRON EMITTERS IN SMALL SPHERES

Absorbed Fraction

Sphere Mass (g)

FiGURE 2. Plotof the absorbed frac@on
for monoenergetic electron sources in
spheres of densityI g/cm3as a functionof
sphere mass and energy.

-0- 0.025 MeV Â± 0.1 MeV@ 0.2 MeV @0.4MeV

-@- 0.7 MeV -+- 1 .0 MeV -@r 2.0 MeV *40 MeV
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