
tic techniques are improved upon to enhance efficacy
and improve safety. Such improvements require more
reliable dose calculations to assist in treatment plan
ning, prediction of therapeutic outcome and assessment
of risk to normal cells. The standarddosimetric approach
is to calculate mean absorbed doses to normal organs

and bulk tumor using the wealth of information available
in the MIRD publications (1-4). However, in some
instances it is more relevant to determine the absorbed
dose received by individual cells as opposed to the
mean organ/tumor dose (5â€”9),particularly when radio
nucides concentrate in cells and/or emit radiations
whose ranges are comparable to cell dimensions (10â€”
12). For example, it is of interest to know the ab
sorbed dose to the bone marrow cells, blood compo
nents and isolated cells. However, although limited
generaldataon energy deposition in cells containingradio
activity are available (11,13), cellular absorbed fractions
or S-values (absorbed dose per unit cumulated activity)
(1) required to calculate cell doses are not readily available
in the literature.

In the present work, cellular absorbed fractions 4i are
calculated for sources of monoenergetic electrons and
alpha particles distributeduniformly in various cell com
partments. The cells are assumed to be spherically sym
metric with the radii of the cell and cell nucleus ranging
from 2 to 10 pin. Different target*â€”sourcecombinations
including cell@â€”cell,cell@â€”cellsurface, nucleus@â€”nucleus,
nucleus@â€”cytoplasm,and nucleus@â€”cdllsurface, are con
sidered. Similarly, S-values are tabulatedfor cells contain
mg various radionucides with veiy different radiation
characteristics. With knowledge of the biokinetics and sub
cellulardistributionof the radiopharmaceutical,these data
greatly simplify calculation of absorbed doses at the cellu
lar level.

Theimportanceofcellulardosimettyinbothdiagnosticandther
_c nudearmedicineIs becomingincreaaln@yrecognized.
Methods: Experimentalrange-energyrelatlonsforelectronsand
alpha @des,along withdedved geometiic reductionfactOrs,
are used to calculatecellularabsorbed fractionsforthese radia
tions.The resultingabsorbed fractionsare employedto calculate
cellular S-values for several radionUclldeS. Results: @e1luIarab
sorbed fractionsfor monoenergeticelectron sources withener
gies ranging from 0.1 keV to 1 MeV, distributed uniformly in the
source region,are calculatedfor several target.-source combi
nationsindudingcell4â€”ceIl,ceIl@-cellsurface, nudeus@â€”nudeus,
nudeuss-cytoplasm and nudeus*-cell surface. Similar data are
also pro@eidedfor monoenergelicalpha partide sources wfthen
ergies rangingfrom3 to 10 MeV.S-values are also conveniently
tabulated for 32P, @S,Â°Â°Rb,naSr,90y,91y, 11@â€•ln,1311.Auger
electron-emitters51Cr, @â€œGa,@Tc,111ln,ins1,1251,201-ri,acoPb
and the alphaemitter210Po.Inaddibon,S-valuesare givenfor
radionudides in the 212p@@,decay series, induding 212p@,212@
and 212Po.Both absorbed fractionsand S-values are supplied
fora numberofdifferentsize cellsand cellnudei. Conclusions:
Withthe absorbed fractions and S-values in hand, along with
experimentallydetermined Informationon the bioldneticsand
subcellular distribution of the radlOnUclldeS, the cellular self-sb
sorbed dose can be convenientlycalculated.

Key Words: cellular dosimetry; absorbed fractions;
S-values; elecfrons; alpha particles
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(. ) nudeus4-cytoplasm (--) and
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pharmaceutical(49,10,19,20).Furthermore, it has been shown
that when Auger emitters localize in the cell nucleus and bind to
DNA, their lethal effectscan be as severe as alpha particles of
high linear energy transfer (LET) (21â€”23).Hence, in view of the
extensiveuseof Augeremittersindiagnosisandgrowinginterest
to employthemin therapy(24â€”26),S-valuesare presentedfor
several radionudides in this class including 51Q@,67Ga, @â€œTc,
â€œ11n,1@I,125!,2o1'j'@and @Â°@Pb.

Radletion Spectra
Thecompleteradiationspectraforalphaandbetaemittersare

taken from Weber et al. (27). However, for cellular dosimetiy it is
essential to use radiation spectra that reflect the continuous nature

of thebetaspectrumbecausecellularabsorbedfractionsfordcc
trons are highly energy dependent (Fig. 1). More specifically, our
calculations indicate that use of the average beta par@cleenergy
insteadof the beta spectrumleads to ermrs of about 20%in the
S-values.Browse et aL (28) have convenientlybinned the beta
particlespectrainalogarithmicmannerwithrespecttoenergyforall
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METhODS

Radionudlldss
Radionucidesthat emitenergeticbeta particlesare considered

tobeprimecandidatesfortreatingbulktumors(14).Accordingly,
S-values are calculated for several beta-emitting radionucides
(32P, 35S, seRb, @Sr, @Â°Y,91Y, ll4mln, 131k). Recently, there has

been considerable interest in employing alpha emitters for radio
immunotherapy (15â€”17).Hence, calculations are also done for
21Â°Po,and the membersof the 212p%@decayseriesincluding2l2pi,@,
212Biand212p0(208Tlhasnotbeenincludedinviewofitsminor
contribution to the total cellular dose). Also of interest are radio
nucides commonlyusedin diagnosticnuclearmedicinethatde
cay by electron capture and/or internal conversion. These radio
nucides emit many low-energyelectrons known as Auger
electrons (11,18)which have veiy short ranges and therefore
deposittheirenergyinahighlylocalizedfashionaroundthedecay
site(11).Consequently,thebiologicaleffectsofAugeremitters
are highly dependent on the subcellular distribution of the radio
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radionucides.Hence, beta particlecomponentsof the spectraof
Weber et al. (27) are replaced with these. For the Auger electron
emitters, the radiation spectra are taken from the recent American
Association of Physicists in Medicine Task Group report (18).

Source and Targst Volumes
Typical cell dimensions encountered in practice vaiy anywhere

from6 @mto 20 zmindiameterwiththecorrespondingdiameters
of the cell nucleus rangingfrom4 @mto 18 @m(29,30). Therefore
forthesakeof convenience,absorbedfractionsforbothmonoen
ergeticelectronsand alphaparticlesand S-valuesfor various
radionuclides are calculated for spherical cells of different radii
(see Appendix for details). The cellular radioactivity is assumed to
be uniformly distributed in one ofthe following regions ofthe cell:
throughoutthe cell (C), cytoplasm (Cy), cell surface (CS) or cell
nucleus(N). Two differenttargetregionsare considered;the
entirecell andthecellnucleus.It is generallyrecognizedthatthe
radiosensitive sites are associated with DNA in the cell nucleus,
althoughtheir specific location is not well known. Therefore, the
absorbeddoseto thecellnucleus,asopposedto theentirecell, is
perhapsmoremeaningfulin thiscontext.

Cellular Absorbed Fraction and S-Value Calculations
Theoretical details of the calculations are presented in the Ap

pendix. AbsOrbed fractions are calculated for monoenergetic dcc
tronswithenergiesrangingfrom0.1 keVto 1 MeV,whereasthe
alpha particle energy is varied from 3 MeV to 10 MeV. S-values
are calculated for the radionucides listed above. It should be
notedthatthecontributionsof photonradiationsto the S-values
havebeen ignoredbecausethey arenegligiblecomparedto the
contributionsof theparticulateradiations.

RESULTS AND DISCUSSION

The calculated electron absorbedfractionsare plotted in
Figure 1 as a function of initial particle energy, for different
cell sizes and configurationsof source and targetvolumes.

Similarly, alpha particle absorbed fractions are shown in
Figure 2 for a limited number of cell size configurations.
These absorbed fractions may be used to calculate the
mean absorbed dose to the cell or cell nucleus from radi
onudides distributed in various cell compartments pro
vided that the radiation spectra of the radionucides are
known. This is a formidable task for radionucides with a
large number of emitted radiations, hence S-values are
providedfor a numberofradionucides ofinterest in Tables
1â€”17.It should be noted that the tabulated S-values are in
SI units (GyfBq . s). For those more familiar with tradi

tional units, the SI values may be divided by a conversion
factor of 7308E-05 to obtain S-values in units of
rad/pCi . h. Care should be taken using the S-values for the
radionucides in the 212Pbdecay series. The S-value for the
short-lived daughter 212Pomust be multiplied by its branch
ing ratio which is given in Weber et al. (27). Conversely,
the fl4mI@daughter radiations have been included in the
ll4mIn S-value.

In conclusion, the development of safe and effective
radiopharmaceuticals for diagnosis and therapy depends in
part on our ability to calculate and verify absorbed doses to
organs as well as to critical cells within the organ and to
targeted cancer cells. The absorbed fractions and tabulated
S-values presented in this work may be used to conve
niently calculate cellular self-absorbed doses provided that
the appropriatebiological data is available including the
biokinetics and subcellular distribution of the radionucide.
Such calculations may play an importantrole in evaluating
the relative merits of differentradionucides and pharma
ceuticals as we attempt to improve the safety and efficacy
of radiopharmaceuticalsused in diagnostic and therapeutic
nuclear medicine.
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Rc
(@.tm)RN (JLm)C+-C (Gy/Bq-s)C4-CS (Gy/Bq-s)No-N (Gy/Bq. 8)Noâ€”C@i(Gy/Bq-8)Noâ€”CS (Gy/Bq-s)326.87E-044.58E-041

.56E-035.23E-043.34E-04316.87E-044.58E-046.32E-036.87E-043.07E-04433.86E-042.56E-046.87E-042.78E-041

.96E-04423.86E-042.56E-04I
.56E-033.34E-041.80E-04542.46E-041

.63E-043.86E-041 .72E-04I.28E-04532.48E-041.63E-046.87E-041.98E-041.18E-04522.46E-041.63E-041.56E-032.33E-041.13E-04651.70E-041.13E-042.46E-041.17E-049.07E-05641.70E-041.13E-043.86E-041.30E-048.35E-05631

.70E-041 .13E-046.87E-041.49E-047.94E-05761

.25E-048.29E-05I.70E-048.44E-056.76E-05751
.25E-048.29E-052.46E-049.20E-056.23E-05741

.25E-048.29E-053.86E-041 .02E-045.91E-05879.53E-056.33E-051
.25E-046.40E-055.25E-05869.53E-056.33E-051
.70E-046.86E-054.84E-05859.53E-056.33E-052.46E-047.50E-054.59E-05987.52E-055.OOE-059.53E-055.02E-054.19E-05977.52E-055.OOE-05I

.25E-045.32E-053.88E-05967.52E-055.OOE-051
.70E-045.73E-053.67E-051096.08E-054.05E-057.52E-054.05E-053.44E-051086.OBE-054.05E-059.53E-054.25E-053.18E-051076.OBE-054.05E-051.25E-044.53E-053.02E-051@he

S-valuesfor asP and @Â°Yarewithin2%.

Rc
(;hm)RN @zn)04â€”C (Gy/Bq-s)C@CS (Gy/Bq-s)N@N (Gy/Bq-s)No-Cy (Gy/Bq-s)No-CS (Gy/Bq-s)323.14E-032.03E-037.56E-032.07E-031.23E-03313.14E-032.03E-033.54E-022.71

E-031.14E-03431.70E-031.09E-033.14E-031.12E-037.56E-04421

.70E-031 .09E-037.56E-031 .32E-037.41E-04541

.05E-036.67E-041.70E-036.68E-044.76E-04531
.05E-036.67E-043.14E-037.82E-044.56E-04521
.05E-@6.67E-047.56E-039.35E-044.66E-04657.03E-044.45E-041
.05E-034.36E-043.23E-04647.03E-044.45E-04I

.70E-034.92E-043.01E-04637.03E-044.45E-043.14E-035.79E-042.88E-04765.OOE-043.17E-047.03E-043.05E-042.34E-04755.OOE-043.17E-041.05E-033.34E-042.14E-04745.OOE-043.17E-041

.70E-033.79E-041.99E-04873.73E-042.37E-045.OOE-042.26E-04I
.78E-04863.73E-042.37E-047.03E-042.41

E-04I.62E-04853.73E-042.37E-041
.05E-032.66E-041.49E-04982.89E-041

.85E-043.73E-04I .75E-04I .41E-04972.89E-04I

.85E-045.OOE-041 .83E-041.28E-04962.89E-041.85E-047.03E-041.97E-041.17E-041092.31

E-041 .49E-042.89E-041 .41E-04I.17E-041082.31
E-041 .49E-043.73E-041 .45E-041.06E-041072.31E-041.49E-045.OOE-041.53E-049.66E-05

TABLE I
S-values for Intracellular @Pand @@V*

TABLE 2
S-values for Intracellular @S
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Rc
Ohm)RN (pm)Coâ€”C (Gy/Bq-a)Co-CS (Gy/Bq. s)Noâ€”N (Gy/Bq. s)Noâ€”Cy (Gy/Bq-s)Noâ€”CS(Gy/Bq.s)324.74E-032.44E-031.53E-029.18E-046.47E-O6314.74E-032.44E-031

.05E-O11.32E-035.96E-O6432.04E-031.04E-034.74E-033.15E-043.78E-O6422.04E-031

.04E-03I.53E-023.12E-043.46E-O8541
.06E-035.39E-042.04E-031.44E-042.49E-08531.06E-035.39E-044.74E-031.19E-042.28E-O8521.06E-035.39E-041.53E-021.49E-042.17E-O8656.19E-043.14E-041

.06E-037.71 E-051.76E-08646.19E-043.14E-042.04E-035.77E-051
.62E-06636.19E-043.14E-044.74E-036.18E-05I
.ME-OS763.92E-041

.99E-046.19E-044.60E-051.32E-O8753.92E-041

.99E-04I .06E-033.22E-051 .21E-08743.92E-041.99E-042.04E-033.14E-051.15E-08872.64E-04I

.33E-043.92E-042.97E-051.02E-08862.64E-041

.33E-046.19E-041.98E-059.46E-09852.64E-041

.33E-041 .06E-031 .81E-058.98E-09981
.86E-049.39E-052.64E-042.02E-058.19E-09971

.86E-049.39E-053.92E-041.30E-057.58E-09961.86E-049.39E-056.19E-041.14E-057.21
E-091091

.36E-046.86E-05I .86E-041.44E-056.70E-091081
.36E-046.86E-052.64E-049.OOE-066.22E-091071

.36E-046.86E-053.92E-047.64E-065.92E-09

Rc
(pm)RN (@aT@Coâ€”C (Gy/Bq. 8)04--CS (Gy/Bq-8)N@o-N (Gy/Bq-5)No-Cy (Gy/Bq. 8)Noâ€”CS (Gy/Bq.s)327.61E-034.16E-032.25E-023.4Th-OS1.31

E-03317.61E-034.16E-031.26E-O15.05E-032.35E-04433.45E-031.86E-03iSlE-OS1.30E-035.14E-04423.45E-031

.86E-032.25E-021 .45E-031.29E-04541
.86E-039.94E-043.45E-OS6.32E-042.64E-04531

.86E-039.94E-047.61E-036.12E-048.43E-05521
.93E-039.94E-042.25E-027.45E-047.90E-05651.12E-035.96E-041.86E-033.59E-041.58E-04641

.12E-035.96E-043.45E-033.22E-045.97E-05631.12E-035.96E-047.61E-OS3.50E-045.62E-05767.25E-043.87E-041

.12E-032.26E-041.05E-04757.25E-043.87E-041

.86E-031.94E-044.48E-05747.25E-043.87E-043.45E-031
.96E-044.22E-05874.99E-042.67E-047.25E-041

.53E-047.41E-05864.99E-042.67E-041.12E-031.28E-043.49E-05854.99E-042.67E-04I

.86E-031.26E-043.30E-05983.59E-04I
.92E-044.99E-041 .09E-045.51E-05973.59E-041

.92E-047.25E-049.03E-052.80E-05963.59E-041
.92E-04I.12E-OS8.68E-052.65E-051092.68E-041.43E-043.59E-048.12E-054.26E-051082.68E-041

.43E-044.99E-046.6Th-OS2.30E-051072.68E-041.43E-047.25E-046.32E-052.1SE-05

TABLE 3
S-values for Intracellular 51Cr

TABLE 4
S-values for IntracellularÂ°@Ga
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Ac
(;Lm)RN (piTl)Co-C (Gy/Bqs)Co--CS (Gy/Bq-s)No--N (Gy/Bq-s)Noâ€”Cy (Gy/Bqâ€¢s)No-CS(GyIBq-s)327.97E-045.29E-04I

.82E-035.95E-043.78E-04317.97E-045.29E-047.54E-037.81
E-043.48E-04434.45E-042.95E-047.97E-043.17E-042.23E-04424.45E-042.95E-04I

.82E-033.81E-042.07E-04542.83E-041
.87E-044.45E-041 .95E-041.45E-04532.83E-041
.87E-047.97E-042.25E-04I.34E-04522.83E-04I
.87E-041 .82E-032.67E-041.30E-04651

.95E-041 .29E-042.83E-041 .32E-041.02E-04641

.95E-041 .29E-044.45E-041.48E-049.42E-05631

.95E-041 .29E-047.97E-041.69E-048.97E-05761

.42E-049.41 E-051 .95E-049.53E-057.61E-05751

.42E-049.41 E-052.83E-041.04E-047.OOE-05741.42E-049.41E-054.45E-041.16E-046.62E-05871.08E-047.18E-051.42E-04721E-055.89E-05861.08E-047.18E-051.95E-047.72E-055.42E-05851.08E-047.18E-052.83E-048.45E-055.12E-05988.54E-O55.66E-051

.08E-045.65E-054.70E-05978.54E-055.66E-051
.42E-045.98E-054.34E-05968.54E-055.66E-051.95E-046.44E-054.IOE-051096.90E-054.59E-058.54E-054.56E-053.86E-051086.90E-054.59E-051

.08E-044.77E-053.57E-051076.90E-054.59E-051.42E-045.OBE-053.37E-05@The

S-valuesfor55Rb,esSr91y@@ 2%.

Rc
(pm)RN (jan)Co-C (Gy/Bq. s)Co-CS (Gy/Bq-s)Noâ€”N (Gy/Bq-s)Noâ€”Cy (Gy/Bq-s)Noâ€”CS(Gy/Bq -s)323.58E-031.85E-031.17E-023.33E-041.19E-04313.58E-031.85E-038.85E-024.56E-041.1OE-04431

.55E-038.05E-043.58E-031.54E-047.4Th-OS421.55E-038.OSE-041.17E-021.72E-O47.23E-OS548.16E-044.23E-041.55E-038.68E-OS4.76E-05538.16E-044.23E-043.58E-039.44E-OS4.63E-OS528.16E-044.23E-041.17E-021.13E-044.76E-OS654.82E-042.50E-048.16E-045.38E-053.17E-OS644.82E-042.50E-041

.55E-035.72EOS3.OOE-OS634.82E-042.50E-043.58E-036.67E-052.96E-OS763.09E-04I

.61E-044.82E-043.60E-052.23E-OS753.09E-041.61E-048.16E-043.72E-O52.06E-05743.09E-041

.61E-041 .55E-034.21 E-OS1.95E-05872.11E-041.1OE-043.09E-042.55E-OS1.64E-05862.1IE-041.1OE-044.82E-O42.58E-OS1.50E-OS852.11E-041.1OE-048.16E-042.83E-OS1.38E-OS981

.50E-047.83E-OS2.1 1E-O41 .93E-05I.26E-OS971.50E-047.83E-OS3.09E-041.SSE-OS1.13E-OS961

.50E-047.83E-054.82E-042.O1E-OS1.03E-051091.1IE-045.80E-051.50E-041.45E-OS9.93E-061081.1IE-045.80E-OS2.11E-041.42E-OS8.90E-O61071.11E-045.80E-053.09E-041.50E-058.05E-06

TABLE 5
S-values for Intracellular 86Rb, RGSr,91y*

TABLE 6
S-values for Intracellular @Â°â€˜@â€˜Tc
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R@
(@Lm)RN (@Lm)Co-C (Gy/Bq-s)Co-CS (Gy/Bq-s)No-N (Gy/Bq-s)Noâ€”Cy(Gy/Bq-s)No-CS (Gy/Bq.s)326.03E-033.20E-031

.91E-O21.03E-034.25E-04316.03E-033.20E-031

.38E-O1I.40E-033.95E-04432.70E-031
.45E-036.03E-034.92E-042.65E-04422.70E-031

.45E-031 .91E-O25.57E-042.45E-04541
.47E-038.03E-042.70E-033.03E-04I.94E-04531.47E-O38.03E-046.03E-033.18E-O41.78E-04521

.47E-038.03E-041 .91E-023.70E-041.69E-04658.96E-044.94E-O41
.4Th-OS2.06E-04I .41E-04648.96E-044.94E-042.70E-O32.19E-041.38E-04638.96E-044.94E-046.03E-032.40E-04I

.40E-04765.91
E-043.25E-048.96E-04I .44E-041.02E-04755.91
E-043.25E-041 .47E-03I .55E-041.OOE-04745.91
E-043.25E-042.70E-031 .73E-04I.02E-04874.12E-042.25E-045.91

E-O41.03E-047.44E-05864.12E-042.25E-048.96E-041
.1OE-047.24E-OS854.12E-042.25E-04I

.47E-03I.24E-O47.29E-OS982.99E-041.63E-044.12E-047.56E-055.56E-OS972.99E-041

.63E-045.91E-048.02E-055.32E-05962.99E-04I
.63E-048.96E-048.96E-055.23E-05109224E-04I

.21E-042.99E-045.71E-OS4.25E-O51082.24E-041

.21E-044.12E-045.97E-OS4.OOE-OS1072.24E-041

.21E-045.91 E-046.57E-053.85E-OS

R0
(;Lffi)RN (@n)Co-C (Gy/Bq-s)Co-CS (Gy/Bq-s)No-N (Gy/Bq-s)No-Cy (Gy/Bq-8)No-CS (Gy/Bq -s)325.27E-032.94E-03I

.57E-02I.57E-038.30E-04315.27E-032.94E-03I

.OSE-O12.1 1E-O37.65E-04432.48E-031
.41E-035.27E-037.88E-044.91E-04422.48E-03I
.41E-031.57E-029.26E-044.52E-04541

.40E-038.09E-042.48E-034.78E-043.29E-04531

.40E-038.09E-045.27E-035.32E-043.02E-04521
.40E-038.09E-041.57E-026.28E-042.89E-04658.85E-045.18E-O41.40E-033.23E-042.36E-04648.85E-045.18E-042.48E-O33.51E-042.20E-04638.85E-045.18E-045.27E-O33.96E-042.1OE-O4766.04E-043.56E-048.85E-042.32E-041

.76E-04756.04E-043.56E-041
.40E-032.48E-O41.64E-04746.04E-043.56E-042.48E-032.75E-O41

.58E-04874.35E-042.57E-046.04E-041
.73E-041.35E-04864.35E-042.57E-048.85E-041
.84E-04I.26E-04854.35E-042.57E-O41

.40E-032.01 E-041.22E-04983.26E-041
.94E-044.35E-O41 .34E-04I.07E-04973.26E-041
.94E-046.04E-041.40E-049.95E-OS963.26E-041
.94E-048.85E-041.52E-049.54E-OS1092.52E-O41
.51E-043.26E-041 .06E-048.61E-OS1082.52E-041.51E-044.35E-041.1OE-048.03E-OS1072.52E-041

.51E-046.04E-041 .18E-047.67E-OS

TABLE 7
S-values for Intracellular 111ln

TABLE 8
S-values for Intracellular@ 1@â€•ln
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Ac
(pm)RN (pm)Co-C (Gy/Bq-s)Co-CS (Gy/Bq-s)No-N (Gy/Bq-s)No-Cy (Gy/Bq.s)No-CS (Gy/Bq.s)326.64E-033.48E-032.12E-021.1OE-033.39E-04316.64E-033.48E-031.53E-O11.52E-033.14E-04432.93E-031

.55E-036.64E-034.81E-042.OSE-04422.93E-031.55E-O32.12E-025.34E-041.89E-04541

.56E-038.36E-042.93E-032.72E-041.40E-04531
seE-OS8.36E-046.64E-032.81 E-041.30E-04521.56E-038.36E-042.12E-O23.34E-041.24E-04659.44E-045.12E-041.56E-031.79E-041.07E-04649.44E-045.12E-042.93E-031.78E-049.80E-05639.44E-045.12E-046.64E-031.98E-049.34E-OS766.19E-043.38E-049.44E-041

.29E-048.36E-OS756.19E-043.38E-041.56E-031.28E-048.OOE-OS746.19E-043.38E-042.93E-031.36E-047.69E-OS874.31E-042.36E-046.19E-049.59E-056.53E-OS864.31

E-042.36E-049.44E-049.65E-056.31E-05854.31
E-042.36E-04I .56E-031.03E-046.28E-05983.13E-04I

.72E-044.31E-047.29E-OS5.12E-OS973.13E-041.72E-046.19E-O47.38E-OS4.98E-05963.13E-041.72E-049.44E-047.93E-054.9Th-OS1092.35E-041.29E-O43.13E-O45.64E-OS4.OSE-051082.35E-04I

.29E-044.31E-O45.72E-053.92E-OS1072.35E-041.29E-046.19E-O46.15E-OS3.90E-05

Rc
(;un)RN (pm)CÂ°-C (Gy/Bq-s)Co-CS (Gy/Bq-s)No-N (Gy/Bq- 8)No-Cy (Gy/Bq. s)No-CS (Gy/Bq-5)321

.50E-027.85E-034.79E-022.60E-O36.28E-O4311

.50E-027.85E-O33.42E-O13.63E-035.83E-O4436.60E-O33.47E-031
.50E-02I.09E-033.80E-04426.60E-033.47E-034.79E-O21

.18E-033.52E-04S43.51
E-031.86E-036.60E-035.94E-O42.62E-04533.51
E-03I .93E-OS1.50E-025.96E-042.42E-04523.51E-031.86E-034.79E-027.13E-042.32E-04652.1OE-031.13E-033.51E-O33.80E-041.98E-04642.1OE-031.13E-O36.60E-O33.67E-041.83E-04632.IOE-031

.13E-03I .50E-024.07E-O41.75E-04761.37E-037.43E-042.1OE-O32.69E-O41.56E-O4751

.37E-037.43E-O43.51 E-O32.58E-041.49E-04741

.37E-037.43E-O46.60E-032.73E-041.43E-04879.52E-045.17E-O41.37E-O31.98E-041.23E-04869.52E-045.17E-042.1OE-O31.92E-O41.18E-04859.52E-045.17E-043.51

E-032.03E-O4I.18E-04986.90E-043.76E-049.52E-041
.50E-049.78E-OS976.90E-043.76E-041

.37E-03I.47E-O49.48E-OS966.90E-O43.76E-042.1OE-031.55E-O49.4OE-OS1095.18E-O42.83E-O46.90E-O41.17E-047.94E-OS1085.18E-042.83E-049.52E-O41.14E-O47.84E-OS1075.18E-042.83E-041.37E-031.21E-O47.54E-O5

TABLE 9
S-values for Intracellularma1

TABLE 10
S-values for Intracellular 1a1
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Ac
(;hm)RN (j.aii)Co-C (Gy/Bq's)Coâ€”CS (Gy/Bq-s)No-N (GyIBq-s)No-Cy (GyIBq-s)No-CS(Gy/Bq-s)321

.99E-031 .26E.034.98E-O31 .21E-O37.35E-04311

.99E-03I .26E-032.53E-02IseE-OS6.78E-04431

.06E-036.73E-04I.99E-036.44E-044.40E-04421.06E-036.73E-044.98E-O37.66E-044.17E-04546.50E-044.13E-041.06E-O33.91E-042.83E-04536.50E-044.13E-O41.99E-034.52E-042.66E-O4526.50E-O44.13E-044.98E-O35.37E-O42.62E-04654.36E-O42.78E-046.50E-042.61

E-041.97E-04644.36E-042.78E-041
.06E-032.91 E-041.83E-04634.36E-042.78E-04I
.99E-033.37E-O4I.74E-04763.12E-O41.99E-044.36E-041.86E-O41.46E-04753.12E-041.99E-046.50E-O42.03E-O41.34E-O4743.12E-041.99E-041.06E-032.27E-041.26E-O4872.34E-041.50E-O43.12E-041.4OE-041.13E-04862.34E-041

.50E-044.36E-O41 .49E-04I.03E-04852.34E-041

.50E-046.50E-041.64E-049.69E-O5981.82E-041.18E-042.34E-041.09E-048.99E-OS971.82E-041.18E-043.12E-041.15E-O48.26E-OS961

.82E-04I .18E-044.36E-04I.24E-047.74E-O51091

.45E-049.46E-OS1.82E-048.85E-OS7.4OE-051081

.45E-049.46E-OS2.34E-049.IBE-OS6.81E-OS1071.45E-049.46E-OS3.12E-049.74E-OS6.38E-OS

R@
(pin)RN (pin)Co-C (Gy/Bq-s)Co-CS (Gy/Bq-s)No-N (Gy/Bq-s)No-Cy (Gy/Bq. a)No-CS (Gy/Bq-s)321

.72E-029.38E-035.14E-026.09E-032.79E-03311
.72E-029.38E-O33.23E-O18.82E-031.65E-03437.83E-034.26E-031

.72E-022.50E-O31.26E-03427.83E-034.26E-035.14E-022.95E-037.09E-04544.24E-O32.29E-037.83E-031

.29E-036.91E-O4S34.24E-032.29E-03I
.72E-02I.38E-034.29E-04524.24E-032.29E-O35.14E-021.66E-033.72E-04652.56E-O31

.38E-034.24E-O37.55E-O44.20E-04642.56E-O3I

.38E-037.83E-O37.66E-042.65E-O4632.56E-031
.38E-031.72E-028.63E-O42.35E-04761

.67E-038.94E-042.56E-034.81E-042.76E-04751

.67E-038.94E-O44.24E-O34.68E-041.75E-O4741

.67E-038.94E-047.83E-035.06E-041 .51E-O4871.15E-036.15E-O41.67E-033.27E-O41.93E-04861.15E-OS6.15E-042.56E-O33.08E-O41.23E-O4851.15E-036.15E-044.24E-033.21E-041.04E-04988.28E-044.43E-041.15E-O32.34E-041.42E-04978.28E-044.43E-04iSlE-OS2.16E-049.16E-OS968.28E-O44.43E-042.56E-032.18E-O47.66E-OS1096.17E-043.30E-048.28E-O41.74E-041.08E-041086.17E-043.30E-041.15E-031.58E-047.09E-O51076.17E-043.30E-041.67E-031.57E-045.93E-05

TABLE 11
S-.values for Intracellular m3m1

TABLE 12
S-values for Intracellular @@m11
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Rc
(pm)RN (pm)Co-C (Gy/Bq. 8)Co-CS (Gy/Bq -s)No-N (Gy/Bq. s)No-Cy (Gy/Bq.s)No-CS (Gy/Bq-s)321.13E-026.06E-O33.40E-023.95E-031.70E-O3311.13E-026.06E-032.13E-O15.86E-O38.76E-04435.03E-032.67E-O31

.13E-02I.49E-036.53E-O4425.OSE-O32.67E-033.40E-021
.79E-032.45E-04542.67E-031.40E-035.03E-037.14E-043.21
E-04532.67E-O31.40E-031.13E-027.38E-041.1OE-04522.67E-03I

.40E-033.40E-O29.IOE-044.49E-OS651
.59E-038.30E-042.67E-033.97E-04I.83E-04641

.59E-OS8.30E-O45.03E-033.74E-046.18E-OS631.59E-038.30E-041.13E-O24.08E-O42.93E-OS761.02E-035.31E-041.59E-032.44E-041.15E-04751.02E-O35.31E-O42.67E-O32.17E-O43.98E-O5741.02E035.31E-O45.03E-032.19E-042.I1E-O5876.95E-043.61

E-041 .02E-031.62E-047.77E-OS866.95E-043.61
E-041 .59E-031.38E-042.79E-OS856.95E-043.61
E-042.67E-031 .32E-041.62E-05984.95E-O42.57E-046.95E-O4I

.13E-045.54E-OS.974.95E-042.57E-O41
.02E-OS9.34E-05207E-OS964.95E-042.57E-04I

.59E-038.69E-O51.28E-051093.65E-041.89E-044.95E-048.22E-O54.11E-OS1083.65E-041

.89E-046.95E-046.67E-O51.60E-051073.65E-041

.89E-041 .02E-036.06E-05I .05E-05

Ac
(pm)RN (pm)Co-C (Gy/Bq-s)Co-CS (Gy/Bq-s)No-N (Gy/Bq. s)No-Cy (Gy/Bq-s)No-CS (Gy/Bq-s)322.266011

.51E-O15.06E-O11 .74E-O11.13E-O1312.26E-O11

.51E-O12.02E+O02.29E-O11.04E-O1431
.28E-O18.54E-O22.26E-O19.31E-026.63E-02421.28E-O18.54E-025.OSE-O11.12E-O16.08E-02548.19E-025.49E-021

.28E-O15.80E-024.38E-02538.19E-025.49E-O22.26E-O16.66E-024.03E-02528.19E-025.49E-O25.06E-O17.85E-O23.84E-02655.71E-023.84E-028.19E-O23.98E-023.13E-O2645.71

E-023.84E-021.28E-O14.42E-022.88E-02635.71
E-023.84E-022.26E-O15.03E-022.74E-02764.21

E-022.83E-025.71E-O22.90E-022.35E-02754.21E-022.83E-028.19E-O23.16E-022.17E-02744.21

E-022.83E-02I .28E-O13.51E-022.07E-02873.24E-022.18E-O24.21E-O22.22E-021.83E-02863.24E-022.18E-025.71E-022.38E-021.70E-02853.24E-022.18E-028.19E-O22.59E-021.62E-O2982.57E-021

.73E-023.24E-O21 .75E-02I.48E-02972.57E-02I

.73E-024.21 E-O2I .86E-021.37E-02962.57E-021

.73E-025.71 E-O22.OOE-02I .31E-021092.09E-021

.41E-022.57E-02I .42E-021 .21E-021082.09E-021

.41E-023.24E-021 .49E-02I.13E-021072.09E-021.41E-024.21E-021.59E-021.08E-O2

TABLE 13
S-values for Intracellular @Â°@Pb

TABLE 14
S-values for Intracellular 210p0
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Rc RN Co-C co-cs No-N No-CyNo-CS(@zm)
(@LIfl) (Gy/Bqâ€¢s) (GyIBqâ€¢s) (Gy/Bqâ€¢s) (Gy/Bq-s)(Gy/Bq-s)3

2 6.63E-OS 3.94E-03 1.78E-02 3.54E-03 1.89E-033
1 6.63E-03 3.94E-03 9.61E-02 4.88E-OS I.63E-034
3 3.29E-O3 1.95E-03 6.63E-03 1.67E-O3 I.OOE-034
2 3.29E-O3 1.95E.03 I .78E-02 2.01E-038.50E-045
4 1.90E-O3 I .13E-03 3.29E-O3 9.38E-046.04E-045
3 1.90E-03 I .13E-03 6.63E-03 I .06E-035.09E-045
2 1.90E-03 1.13E-OS 1.78E-02 1.28E-O34.69E-046
5 1.flE-OS 7.22E-04 I .90E-03 5.94E-044.04E-O46
4 1.22E-03 7.22E-04 3.29E-03 6.42E-043.38E-046
3 1.22E-03 7.22E-04 6.63E-O3 7.38E-043.05E-047
6 8.37E-04 4.99E-04 1.22E-03 4.08E-042.90E-O47
5 8.37E-04 4.99E-O4 1.90E-03 4.28E-042.44E-O47
4 8.37E-04 4.99E-O4 3.29E-03 4.72E-042.19E-048
7 6.06E-04 3.64E-04 8.37E-04 2.98E-042.19E-048
6 6.06E-04 3.64E-04 1.22E-OS 3.06E-O4 1.86E-048
5 6.06E-04 3.64E-04 1.90E-03 3.28E-04 I.68E-049
8 4.58E-04 2.76E-04 6.06E-04 2.27E-04 1.72E-049
7 4.58E-04 2.76E-04 8.37E-04 2.30E-04 1.47E-O49
6 4.58E-O4 2.76E-04 1.22E-03 2.43E-04 I.34E-0410
9 3.57E-O4 2.17E-04 4.58E-O4 1.79E-041.39E-O410
8 3.57E-04 2.17E-04 6.06E-04 I.80E-04 1.20E-0410
7 3.57E-04 2.17E-O4 8.37E-04 I.87E-04 I.1OE-04*ConfJ@H@

@ the absorbed dose fromthe 212p@@ (2125j212p@)must be taken Intoaccount The contributionof @Â°Â°11Issmall.Branchk@g
ratiosmay be foundInWeber at al (27).TABLE

16S-values
for Intracellular212@*R@

RN Co-C Co-CS No-N No-CyNo-CS(;Lm)
(ELm) (Gy/Bq.s) (Gy/Bq-s) (Gy/Bqâ€¢s) (Gy/Bqâ€¢s) (Gy/Bq.s)

*ConoJl,buoJonto the absorbed dose fromthe 2125j@ 2l2p@must be taken Intoaccount The contributionof@Â°Â°11Issmall.Branchingratios
may be found InWeber at al. (27).

TABLE 15
S-values for Intracellular 2l2p@*

327.82E-02521E-021.76E-O15.96E-023.85E-02317.82E-025.21E-027.16E-O17.82E-023.55E-02434.40E-022.94E-027.82E-O23.1BE-022.26E-02424.40E-022.94E-021

.76E-O13.83E-022.07E-02542.82E-O21
.88E-024.40E-02I .98E-02I.49E-02532.82E-021
.88E-027.82E-022.27E-021.37E-02522.82E-021
.88E-021 .76E-O12.68E-021 .31E-02651

.96E-02I .31E-022.82E-02I .35E-021.06E-02641

.96E-021 .31E-O24.40E-021 .51E-029.79E-OS631

.96E-02I .31E-027.82E-021.71E-cQ9.32E-OS761

.44E-029.68E-031.96E.029.88E-037.99E-03751

.44E-029.68E-032.82E-021.OBE-027.38E-O3741.44E-O29.68E-034.4OE-021.19E-027.02E-O3871

.11E-O27.44E-031.44E-027.54E-036.23E-03861.11E-O27.44E-O31.96E-028.OBE-OS5.78E-03851

.11E-O27.44E-032.82E-028.82E-035.50E-OS988.79E-O35.90E-031
.11E-025.95E-OS5.01E-03978.79E-035.90E-03I
.44E-026.31E-034.66E-03968.79E-OS5.90E-03I

.96E-026.79E-034.44E-031097.14E-034.80E-038.79E-OS4.82E-034.1IE-031087.14E-034.80E-OS1.11E-025.06E-033.84E-O31077.14E-034.80E-031

.44E-025.40E-OS3.66E-03
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Ac
(@hm)RN (;an)Co-C (Gy/Bq-s)Co-CS (Gy/Bq -a)No-N (Gy/Bq-s)No-Cy (Gy/Bq-s)No-CS (Gy/Bq-s)321.74E-O11.17E-O13.92E-O11.34E-O18.69E-02311.74E-O11.17E-O11.56E+001.77E-O18.OOE-02439.83E-O26.57E-021.74E-O17.15E-025.08E-O2429.83E-026.57E-023.92E-O18.63E-024.66E-O2546.30E-024.21

E-029.83E-024.45E-023.35E-02536.30E-024.21
E-02I .74E-O15.1 1E-023.07E-02526.30E-024.21

E-O23.92E-O16.02E-022.93E-O2654.38E-022.93E-026.30E-O23.04E-O22.38E-O2644.38E-O22.93E-029.83E-023.38E-022.19E-O2634.38E-022.93E-02I

.74E-O13.85E-O22.08E-O2763.23E-022.16E-O24.38E-022.21E-021.78E-02753.23E-022.16E-026.30E-022.41E-021.65E-02743.23E-022.16E-029.83E-O22.68E-O21.56E-O2872.47E-02I

.66E-O23.23E-021 .68E-021.39E-02862.47E-02I

.66E-024.38E-02I .81E-O21.28E-02852.47E-O21

.66E-026.30E-02I .97E-O2I.22E-02981.96E-O21.31E-022.47E-021.32E-021.11E-02971

.96E-021 .31E-023.23E-02I .40E-02I.03E-02961

.96E-02I .31E-024.38E-021 .51E-029.82E-031091.59E-O21.07E-021.96E-021.07E-029.13E-O31081.59E-O21.07E-022.47E-021.13E-028.49E-O31071.59E-021.O7E-023.23E-O21.20E-028.09E-03

wasextrapolatedto tissue(33)assumingthattherangesarerelated
by the ratio ofthe densities ofthe media (1.3 x 1O@). The relation
ship thus obtained for tissue is: Ea 390@ With Ea beifl@the
alpha particle energy in keV. Similarly, differentiation yields the
alpha particle energy loss expression dEJdX = 260 X@Â° (22).
Integration of Equation A3 using the above energy loss expressions
forelectronsandalphaparticlesinsuresthatthechangesinLETof
theparticleas it tracksthroughthecellaretakenintoaccount.

Thegeometricfactor.IÃ§@is themeanprobabilitythata ran
Eq. Al domly directed vector oflength x that starts from a random point

within the source region rh ends within the target region rk. This
quantityis highlydependenton thegeometryanddimensionsof
the sourceandtargetregions.In thisworkthecellandcellnucleus
are taken to be concentricspheroidsof unit densitymatter. The
annular shell between the cell nucleus and the cell surface (i.e.,
cellmembrane)is thecytoplasm.LetCS,Cy,N andCdenotethe
regionscorrespondingto thecellsurface,cytoplasm,nucleusand
entire cell, respectively. The geometric factor i/it.@.@for radioac
tivity distributed uniformly on the cell surface and the cell nucleus
as the target region is (8):

Eq.A6

whereR@andRNarethe radiiof cell andcell nucleus,respec
tively (8). Similarly, when the nucleus is the target, the geometric
factors for radioactivity distributed uniformly in the cytoplasm

@â€˜â€”Cyor nucleus I(4J'-N are given by Equations A7 and A8,

respectively (8).

TABLE 17
S-values for Intracellular 212Po

APPENDIX

:@:@l(rk@â€”
S(rkoâ€”rh)=@ mk

The meanabsorbeddose @kto targetregionrkfromsource
region rh ISgwen by (1):

@(rk@â€”r11)= A@S(rkÂ°.r@J, Eq. Al

whereAhis thecumulatedactivityin thesourceregion,andthe
S-valueis thedoseto thetargetregionperunitcumulatedactivity
in the source region, defined by:

@No- @(x)

The parameter mk is the mass of the target region,@ and 4@
are the mean energy emitted per nuclear transition and
the fraction of energy emitted from the source region that is
absorbed in the target region for the i th radiation component,
respectively (1). The absorbed fraction 4@(rko- r@)for particulate
radiationsmay be written as (8):

i-b ldE
41(rko- rh)= I @rko-rb(@C)@-@ dx, Eq. A@3

Jo Â£.j X(E@)â€”x

whereE@is theinitialenergy.ThequantitydEfdXcanbeobtained
fromexperimentalrange-energyrelationships.Forelectrons,Cole
(31) experimentallydeterminedthat the electronenergyE@(keV)
and range X (nm) in unit densitymatter are relatedby:

Ee 5.9(X + 0.007)0365 + O.OO4l3X1@ 0.367. Ei@.A4

Differentiationof EquationA4 yieldsthe energyloss expression
for electrons,

dE5/dX = 3.333(X + 0.007)@ + O.0055XÂ°33. Eq. AS

when 0@ x R@â€”RN

when Rc RN@ x@ R@+ RN

whenx Rc + RN,

Hence,dEIdXIx(E0)_Xis theenergylossexpression(EquationAS)
evaluated at X(E@Jâ€”x, the residual range of the particle after
passing a distance of x through the medium. The empirical range
energyrelationshipforalphaparticlesin airgivenby Kaplan(32)
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whenR@s3RNand0xR@â€”RN
orwhen Rc 3RNand0 x S 2RN

when Rc@ 3RNandR@â€”RN x@ 2RN

when Rc@ 3RN

when Rc@ 3RNand2RN X 1k + R1@or

when@3RNandR@-RNxR@+RN

whenx Rc + RN,

@No-Cy(X)@

dose estimates. In: Schla&e-StelsonAT, WatsonEE, eds Proceed@,gsof
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ington,D.C.:Departmentof Energy,1986:13-25.
7. GauldenME. â€œBiologicaldosimetzyâ€•of radionuclidesandradiationhas

ards. INuciMed 1983;24:160-164.
8. HowellRW,RaoDV,HaydockC. Dosimetrytechniquesfortherapeutic
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@ AQ@ Kassis A!. The MIRD approach: remembering the limitations. JNucl Med

l.Aj. 199233:781-782.
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1992;19:1371â€”1383.
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3
where 0=

4x(R@: RN)

3fx\ 1 (x\@

@No-N(X)

0

When the cell as a whole is taken as the targetregion,the
geometric factors for radioactivity distributed uniformly on
the cell surface@ and within the cell@ may be
obtained by substituting R@ for RN in Equations A6 and A8,
respectively(8).

Finally, numerical integration of Equation A3 is carried out on
a UNIX-based Hewlett Packard9000, 800 series computer. The
program was written in FORTRAN 77 with some VAX FOR
TRAN extensions employed. The longest run-time to generate an
S-valuetable for one radionucide is 1 mm.
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