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CALCULATION OF EQUIVALENT DOSE FOR AUGER ELECTRON EMITTING
RADIONUCLIDES DISTRIBUTED IN HUMAN ORGANS

S. MuUrTY GopDU, ROGER W. HOWELL and DANDAMUDI V. RAo

Radionuclides that emit Auger electrons can be extremely radiotoxic depending on the subcellular
distribution of the radiochemical. Despite this, ICRP 60 provides no guidance in the calculation of
equivalent dose Hy for Auger electrons. The recent report by the American Association of Physicists
in Medicine recommends a radiation weighting factor wy of 20 for stochastic effects caused by Auger
electrons, along with a method of calculating the equivalent dose that takes into account the subcellular
distribution of the radionuclide. In view of these recommendations, it is important to reevaluate
equivalent doses from Auger electron emitters. The mean absorbed dose per unit cumulated activity
(S-value) from Auger electrons and other radiations is calculated for ninety Auger-electron-emitting
radionuclides distributed in human ovaries, testes and liver. Using these S-values, and the formalism
given in the recent AAPM report, the dependence of the organ equivalent doses on subcellular
distribution of the Auger electron emitters is examined. The results show an increase in the mean
equivalent dose for Auger electron emitters when a significant fraction of the organ activity localizes in

the DNA.

Many radionuclides used in nuclear medicine (e.g.,
$"Ga, *Tc, '"'In, '21, 2°'T1), as well as radionuclides
found in the environment from natural and man-made
sources (e.g., “°K, >*Fe), decay by electron capture ( EC)
and/or internal conversion (IC). These decay processes
result in the creation of a vacancy in their inner atomic
shell which initiates a cascade of electron transitions (1, 2).
As a result, a large number of low energy electrons having
ranges of subcellular dimensions are emitted. These elec-
trons are properly referred to as Auger, Coster-Kronig,
and super Coster-Kronig electrons, depending on the na-
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ture of the atomic transition. However, for convenience,
these electrons are often collectively called Auger electrons,
and the radionuclides from which they emanate are known
as Auger electron emitters.

When Auger electron emitters are incorporated into
tissue, the biological damage caused by them can be
severe, depending on the subcellular distribution of the
radiochemical (3—6). For example, when the prolific Auger
electron emitter '*I is incorporated into DNA in the cell
nucleus (e.g., '*’IUdR), the effects are as severe as high
linear energy transfer (LET) a-particles emitted by incor-
porated 2'°Po (7, 8). In contrast, when the same radionu-
clide localizes in the cytoplasm, the effects are equivalent
to those caused by low-LET radiations (6, 9, 10). Similar
radiotoxicity has been observed for the Auger electron
emitters 7’'Br (11, 12) and '**I, when similarly incorporated
into the DNA. Other Auger electron emitting radiochemi-
cals that localize in the cell nucleus have also been found
to be highly radiotoxic including '*ITodoproflavine (13),
"In oxine (5), and trans-'*"Pt (14). These data provide
ample evidence that the biological effects of Auger electron
emitters can be severe, depending on the subcellular distri-
bution of the radionuclide.
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In view of the highly radiotoxic nature of Auger electron
emitters, it is important to develop risk assessment methods.
The ICRP recently published a comprehensive set of recom-
mendations to aid in assessing risk from radiation exposure
(15). In their report, the equivalent dose Hy to tissue T is
defined as the product of the mean absorbed dose Dy to
tissue T and the radiation weighting factor wg. a factor based
on the observed relative biological effectiveness (RBE) of the
radiation. A radiation weighting factor of 1 was recom-
mended for all electrons except those emitted by DNA bound
Auger electron emitters (15). However, no guidance was
provided with regard to estimating the equivalent dose from
Auger electron emitters despite the fact that DNA incorpo-
rated Auger electron emitters have been shown to be as
radiotoxic as incorporated alpha emitters (7, 8). Recently,
Howell et al. (16) used the mouse testes model to show that
there is a linear relationship between relative biological
effectiveness (RBE) of '**[ and the fraction of organ activity
bound to DNA. Based on these findings, the following
expression for the equivalent dose was derived for Auger
electron emitters (16),

other

Hy= HT.RAuger +Hrg

=[1+f(Wruieer = VID1 R T Drrper 1

where f, is the fraction of organ activity bound to DNA,
WER 4 oger 15 the radiation weighting factor for Auger electrons,
Hr g and Dy g Auger AT€ the equivalent dose and absorbed
dose from Auger electrons, and Hy g, ..and Drg_,  arethe
equivalent dose and absorbed dose from other radiations.
This expression allows calculation of the equivalent dose for
Auger electron emitters given the mean tissue doses from the
different types of radiations and the subcellular distribution
of the radionuclide in the tissue. This approach was recently
adopted by the American Association of the Physicists in
Medicine (AAPM) in their recent report on the dosimetry
of Auger electron emitters (17). The AAPM also reviewed
the effects of Auger electrons in several biological systems
and recommended a radiation weighting factor of 20 for
stochastic effects (17).

In the present work, the recommendations of the AAPM
(17) are used to examine the equivalent dose to the human
liver, testes, and ovaries from Auger electron emitters. The
mean organ dose from Auger electrons and other low-LET
radiations are tabulated separately for 90 radionuclides.
Using these values, assumed subcellular distributions of the
radionuclides, and the recommended wg,, = 20, the equiv-
alent dose per unit cumulated activity (Sy;) is calculated for
several radionuclides distributed in human testes, and liver.

Material and Methods

Absorbed dose per unit cumulated activity

The mean self-absorbed dose per unit cumulated activity
S (18) was calculated for 90 different Auger electron
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emitting radionuclides uniformly distributed in three dif-
ferent human organs, namely, liver, testes and ovaries. The
mean self-absorbed dose per unit cumulated activity St
to tissue T (18) is given by

Stet= 2 StetRame T 2 SToTRome

R Auger Rother

iy

m RAugcr¢T'—T.RAugcr
T (R Auger

+ Z ARulher¢T’—T.Rulher} [2]
R

other

where Zg, . StoTrae a0d Zp . Storr,.., are the
mean self-absorbed dose per unit cumulated activity in
tissue T from Auger electrons and other radiations respec-
tively. The quantity my is the mass of the tissue T, Ay,
and ¢r._1Rg,,,, are the mean energy emitted per nuclear
transition and self-absorbed fraction for the Rth Auger
clectron component respectively (18). The quantities Ay,
and ¢ _rg,,. are the mean energy emitted per nuclear
transition and self-absorbed fraction for the Rth radiation
component other than Auger electrons. The organ masses
were taken as 1.8, 0.035, 0.011 kg for the liver, testes, and
ovaries respectively (19). A computer code (20) was used to
calculate the S-values with some modifications to sepa-
rately calculate the S values for Auger electrons and other
radiations including conversion electrons, f-rays, and pho-
tons. The organs were assumed to be homogeneous
spheres of density 1 gfcm?, and the activity was distributed
uniformly in these organs.

Radiation spectra

All the radionuclides chosen for these calculations un-
dergo nuclear transitions involving substantial EC or IC
probabilities and therefore are Auger electron emitters.
The complete radiation spectra of Eckerman et al. (21)
were used for all radionuclides. The full logarithmically
binned f-spectra were used for all radionuclides involving
B~ or f* decay (21). Some of the spectra contained in
excess of one thousand different radiations for a given
radionuclide, many of which are insignificant with respect
to internal dosimetry because of their low yields. Accord-
ingly, only those radiations which contributed greater than
0.1% to the total A for that particular radiation-type were
retained. The different radiation-types considered sepa-
rately in this manner were photons, beta particles, conver-
sion electrons, and Auger electrons.

Equivalent dose per unit cumulated activity

Although the absorbed dose D is a useful dosimetric
quantity in radiological protection, the biological effects of
radiation also are known to depend on the radiation type
and energy of the radiation. Therefore, in order to predict
the biological effect of a given radiation compared with a
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standard radiation (e.g., 250 kVp x-rays), the absorbed
dose is modified by a radiation weighting factor which is
related to the observed RBE values for the given radiation
type and energy (15). This weighted absorbed dose, known
as the equivalent dose (15), is given by Eq. [1] for Auger
electron emitters. Similarly, we define the equivalent dose
to tissue T per unit cumulated activity S¥_+ in tissue T as

SH =01+ fo(WRAuge, -1 Z STPT‘RAuge,

RAuger

+ 2 WRoe ST T Romer (3]

Rother

As recommended by the AAPM (17), a preliminary radia-
tion weighting factor of wg, =20 was used in the
calculation of S¥_.

Absorbed dose and equivalent dose

The mean self-absorbed dose to tissue T from activity in
tissue T is simply (18):

DT<—T=ATST-‘T [4]

The quantity A, is the cumulated activity in tissue T (18),

A = JA(t)dt [5]

where A(t) is the instantaneous activity in tissue T at time
t. In terms of the equivalent dose per unit cumulated
activity, the equivalent dose to tissue T from activity in
tissue T is simply:

HT«T:ATSlTi-T [6]

Results

The mean self-absorbed dose per unit cumulated activity
in human liver, testes, and ovaries is given in Table 1 for
90 Auger eclectron emitters. The quantities Ly, .

St TRaue 814 T St g, arc tabulated separately
Rother

for each organ. For all 90 radionuclides presented here,
Rner corresponds to low-LET radiations including pho-
tons, f*, f~. and conversion electrons. Separation of S

into two components, X
RaAuger
St TR, facilitates calculation of the equivalent dose

per unit cumulated activity for Auger electron emitters as
described by Eq. [3]. It is important to reiterate that the S
values given in Table 1 are only the mean self-absorbed
dose per unit cumulated activity (i.e., dose from the activ-
ity distributed within the target organ). The cross-dose
contribution (i.e., dose to target organ from activity in
non-target organs) must be obtained separately. The cross-
dose S-values for different radionuclides may be obtained
from MIRD Pamphlet 11 (19). For more accurate assess-
ment of the radiation risk one should always account for
the cross-dose from all other organs. It should be noted
that the cross-dose contribution from Auger electrons is

SteTRawe a0d Zy

other
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zero because of their extremely short range in biological
tissues. When the cross-dose contribution is taken into
account, the equivalent dose may be rewritten as

HT = HTFT + Z HTPNT = ATS%jFT + Z ANTS¥~NT [7]
NT NT

where, Ay; represents the cumulated activity in a non-
target tissue (NT) and SY¥_.r is the equivalent dose to
target tissue (T) per unit cumulated activity in the non-
target tissue. An example involving the use of Eq. [7] is
given in the appendix for the prolific Auger electron emit-
ter 2T

To demonstrate the effect of the radiation weighting
factor for Auger electrons on the equivalent dose, Table 2
gives the equivalent dose to tissue T per unit cumulated
activity S¥_ for various radionuclides commonly used in
medicine (®’Ga, '°Pd, '#I, '*°1, ""'In, **™Tc¢ and *°'TI).
The quantities ST, cc Teses @0 SHhver Liver are tabulated
and compared with St qeq.Testes @04 Spiver o Liver- TWO val-
ues of f, are considered, 0.5 and 1.0, and the ratio of
S¥estes - Testes/ Stestes— Testes ANA Sthyer o Liver/Stiver - Liver aT€
presented. These ratios are related to the expected relative
biological effectiveness (RBE) for the stated values of fj,.

Discussion

Radionuclides emit a variety of radiations, some of
which are low-LET (photons, f, conversion electrons) and
others are high-LET (2, n). When low-LET emitters are
incorporated into tissue. the mean absorbed dose to the
tissue is generally adequate to predict biological response
and assess the risk associated with the exposure. However,
for radionuclides which emit high-LET alpha particles, the
biological response for a given mean absorbed dose is
considerably greater than that for low-LET radiations. In
view of these considerations, the ICRP has recommended
the mean absorbed dose be multiplied by the radiation
weighting factor wg to obtain the equivalent dose (15). For
alpha particles, the recommended wg =20 (15). Auger
electron emitters fall into a different class of radionuclides
in that their biological effects depend strongly on their
subcellular distribution in tissue. When Auger electron
emitters are incorporated into the DNA of the cell nucleus,
they are as radiotoxic as high-LET alpha particles,
whereas they are only as radiotoxic as low-LET radiations
when they are localized outside the cell nucleus (6-8, 10,
22). In view of these data, the AAPM (17) recently recom-
mended a radiation weighting factor of 20 for Auger
electrons and a method to calculate the equivalent dose for
these radionuclides which utilizes the subcellular distribu-
tion and mean absorbed dose to the tissue (see Eq. [1}).

In view of the highly localized energy deposition of
Auger electron emitters, the appropriateness of utilizing
mean organ doses and a radiation weighting factor of 20
to calculate the equivalent dose for these radionuclides
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Table 1*

Mean absorbed dose per unit cumulated activity distributed in different human organs from Auger electrons and other radiations

Radionuclide Ovaries Testes Liver

z SO»O.RAug:r Z 86 0.Romer z ST T.R Auger % Sy T Rother ZS.. L.RAuger ZSL e LRother

(Gy per Bq s) (Gy per Bq s) (Gy per Bq s) (Gy per Bqgs) (Gy per Bq s) (Gy per bq s)

Ag-109m 6.14E — 14 1.10E — 12 1.93E - 14 3.48E —13 3.75E — 16 7.04E — 15
Ar-37 2.86E — 14 2.96E — 15 8.98E — 15 931E—-16 1.75E — 16 1.82E - 17
As-73 1.73E — 13 835E—13 5.43E — 14 263E-13 1.06E — 15 5.24E — 15
Au-195 258E—13 ST2E—13 8.10E — 14 1.87E — 13 1.58E — 15 5.00E — 15
Au-195m 1.45E — 13 1.67E — 12 4.57E — 14 541E—13 8.88E — 16 1.31E— 14
Ba-128 9.82E - 14 1.0SE — 13 3.09E - 14 4.32E — 14 6.01E — 16 2.12E—15
Ba-131m 1.09E — 13 1.54E — 12 342E- 14 4.94E — 13 6.65E — 16 1.09E — 14
Ba-133 1.66E — 13 8.69E — 13 521E- 14 JI2E-13 1.01E —15 1.18E — 14
Bi-204 1.90E — 13 225E-12 5.96E — 14 9.06E — 13 1.16E — 15 487E — 14
Bi-206 212E—13 3.19E—12 6.67E — 14 1.23E— 12 1.30E - 15 591E - 14
Br-77 7.69E — 14 2.60E — 13 2.42E — 14 1.05E — 13 4.70E — 16 5.83E—-15
Br-80m 1.1SE— 13 8.71E — 13 3.61E - 14 277E—-13 7.03E — 16 5.82E—15
Cd-109 1.44E — 13 1LLITE—12 4.54E — 14 3.78E—13 8.84E — 16 8.02E - 15
Ce-134 1.05E — 13 7.23E— 14 3.30E - 14 3.00E — 14 6.41E — 16 1.42E - 15
Ce-139 1.16E—13 S5.14E—13 3.63E - 14 1.78E — 13 7.07E — 16 5.99E — 15
Co-57 1.L17TE~13 2.64E — 13 3.67E — 14 9.14E — 14 7.14E — 16 341E—-1I5
Co-58 5.44E — 14 9.43E — 13 1.71E - 14 3.66E — 13 3.32E - 16 1.79E — 14
Cr-48 5.57E — 14 2.88E — 13 1.75E — 14 1.22E - 13 341E - 16 7.80E — 15
Cr-51 5.53E - 14 3.13E- 14 1.74E — 14 1.22E — 14 338E—16 6.29E — 16
Cs-129 1.34E — 13 323E-13 4.22E—14 1.30E — 13 8.20E — 16 6.55E — 15
Cs-131 9.58E — 14 5.61E —- 14 3.01E—-14 2.48E — 14 5.86E — 16 1.21E-15
Cs-132 9.49E — 14 4.96E — 13 2.98E — 14 212E—-13 5.80E — 16 1.25E - 14
Cs-134m 1.26E — 13 1.54E — 12 3.95E - 14 4.89E — 13 7.67E — 16 1.00E — 14
Dy-157 1.24E — 13 2.710E — 13 3.89E - 14 1.13E — 13 7.57E — 16 6.79E — 15
Dy-159 1.42E—13 1.06E — 13 4.45E — 14 4.02E — 14 8.66E — 16 1.88E — 15
Er-165 1.17E - 13 449E - 14 3.67E — 14 1.93E — 14 7.14E — 16 1.24E — 15
Fe-55 6.11E - 14 2.20E—14 1.92E — 14 6.92E — 15 3.73E- 16 1.35E—16
Ga-67 9.36E — 14 5.38E —13 2.94E — 14 1.80E — 13 5.72E — 16 5.44E — 15
Gd-153 173E-13 5.19E-13 5.44E — 14 1.76E — 13 1.06E — 15 547E —15
Ge-68 7.12E — 14 5.07E — 14 224E - 14 1.59E — 14 435E-16 3.10E—16
Hg-195 230E - 13 8.53E - 13 7.24E — 14 283E-13 1.41E - 15 8.09E — 15
Hg-195m 3.08E — 13 2.00E — 12 9.68E — 14 6.46E — 13 1.88E — 15 1.52E - 14
Hg-197 2.17E - 13 8.28E — 13 6.82E — 14 2.66E — 13 1.33E - 15 6.29E — 15
Hg-197m 191E—-13 30IE-12 5.99E — 14 9.56E — 13 1.I7TE — 15 1.99E — 14
I-123 1.09E — 13 445E—-13 3.42E — 14 1.59E — 13 6.66E — 16 5.74E — 15
I-125 1.79E — 13 232E—13 5.62E — 14 8.75E — 14 1.09E — 15 3.00E —15
1-129 8.96E — 14 9.18E —13 2.82E—-14 2.96E — 13 5.48E — 16 6.54E — 15
In-109 9.18E — 14 9.65E — 13 2.89E — 14 358E—13 5.61E—16 1.48E — 14
In-111 1.02E — 13 6.68E — 13 321E-14 247E—13 6.24E — 16 1.02E — 14
1r-190 1.72E — 13 1.64E — 12 5.41E— 14 6.25E — 13 1.05E —15 2.99E — 14
Ir-190m 9.51E— 14 2.80E — 13 2.99E — 14 8.79E — 14 5.81E—16 1.71E - 15
Ir-190n 2770E - 13 2.35E—-12 8.48E — 14 8.53E—13 1.65E — 15 351E— 14
Ir-191m 1.97E - 13 1.27E - 12 6.20E — 14 4.06E — 13 1.21E—15 9.01E—15
Kr-79 721E—-14 4.54E —13 227E-14 1.62E — 13 441E - 16 6.08E — 15
Kr-81 7.28E — 14 5.13E - 14 229E - 14 1.69E — 14 4.45E — 16 4.61E— 16
Kr-83m 5.81E—14 527E—13 1.83E—14 1.66E — 13 3.55E - 16 322E-15
Mn-54 S.83E — 14 4.16E — 13 1.83E — 14 1.89E — 13 3.57E - 16 1.27E — 14
Os-190m 1.49E — 13 233E—-12 4.68E — 14 8.50E — 13 9.10E — 16 353E~ 14
Os-191 1.97E — 13 1.83E — 12 6.20E — 14 5.81E—13 1.21E—15 1.24E — 14
Os-191m 1.02E — 13 8.68E — 13 322E— 14 274E - 13 6.26E — 16 545E—15
Pb-201 1.64E — 13 1.04E — 12 5.15E—14 383E-13 1.00E — 15 1.63E — 14
Pb-203 1.65E — 13 7.69E — 13 5.19E — 14 2.66E — 13 1.01E — 15 9.29E — 15
Pd-103 8.52E — 14 8.10E — 14 2.68E— 14 325E—-14 S21E—16 1.01E - 15
Pm-145 LI3E-13 1.21E—13 3.55E - 14 4.44E — 14 6.90E — 16 1.72E—15
Pt-195m 318E—13 2.44E — 12 9.99E — 14 7.74E — 13 1.94E — 15 1.62E — 14
Rb-83 9.85E — 14 4.19E - 13 3.10E - 14 1.68E — I3 6.02E — 16 9.01E—15

Rh-103m 4.03E — 14 5.09E — 13 1.27E - 14 1.61E —13 2.46E — 16 JITE-15
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Table 1 (continued)

Radionuclide Ovaries Testes Liver

z So~-o,RAugcr Z 86 - 0.Rotmer z ST TR Auger Z S e TRoter S| LRauer Z 81 Rother
(Gy per Bq s) (Gy per Bq s) (Gy per Bq s) (Gy per Bgs) (Gy per Bq s) (Gy per bq s)

Ru-97 8.68E — 14 297E-13 273E- 14 1.1I6E —13 531E—-16 5.36E — 15
Sb-118m 1.67E — 13 1.70E — 12 5.24E — 14 7.18E — 13 1.02E — 15 4.17E— 14
Se-72 1.08E — 13 3.01E—13 338E - 14 9.87E — 14 6.57E — 16 2.58E — 15
Se-75 8.48E — 14 351E—13 2.66E — 14 1.38E—13 S.18E — 16 7.54E — 15
Sm-145 1.94E — 13 3.46E — 13 6.10E — 14 1.21E—13 1.19E - 15 4.04E - 15
Sn-113 8.95E — 14 8.13E - 14 281E—-14 3.34E - 14 547E - 16 1.23E - 15
Sr-82 7.83E — 14 5.75E — 14 2.46E — 14 1.81E — 14 4.79E — 16 3.54E - 16
Sr-85 7.95E — 14 3.56E — 13 2.50E — 14 1.49E — 13 4.86E — 16 8.78E — 15
Sr-85m 321E-14 2.67E —13 1.01E — 14 9.96E — 14 1.96E — 16 4.63E— 15
Ta-177 1.45E — 13 2.62E — 13 4.56E — 14 8.89E — 14 8.87E — 16 292E 15
Ta-178a 1.60E — 13 407E—-13 5.01E — 14 1.37E-13 9.75E — 16 4.26E — 15
Ta-179 1.18E - 13 4.00E —- 14 3.70E - 14 1.60E — 14 7.20E - 16 941E—-16
Tc-95 8.31E — 14 4.76E — 13 261E—14 2.10E —13 S.08E — 16 1.29E — 14
Tc-95m 8.37E - 14 5.61E—13 2.63E — 14 232E-13 SI2E - 16 1.27E - 14
Tc-97m 6.96E — 14 1.25E - 12 2.19E — 14 3.98E —13 4.26E — 16 794E — 15
Tc-99m 1.48E — 14 283E—13 4.66E — 15 9.85E — 14 9.07E — 17 3.60E — 15
Te-123 4.14E - 14 2.18E - 15 1.30E — 14 6.90E — 16 2.53E-16 145E — 17
Te-123m 8.90E — 14 1.50E — 12 2.80E — 14 487E —13 5.44E — 16 1.16E — 14
T1-200 1.48E — 13 1.02E — 12 4.66E — 14 411E—-13 9.07E — 16 222E - 14
T1-201 2.03E—-13 512E—13 6.36E — 14 1.69E — 13 1.24E — 15 472E - 15
T1-202 1.43E — 13 444E — 13 4.49E - 14 1.75E — 13 8.74E — 16 9.22E-15
Tm-167 1.94E — 13 1.76E — 12 6.08E — 14 S.70E - 13 1.ISE —15 1.34E — 14
W-177 3.16E —13 [.58E — 12 9.92E — 14 5.65E — 13 1.93E—15 2.20E — 14
W-178 1.06E — 13 2.87E— 14 3.34E — 14 1.04E — 14 6.50E — 16 4.55E - 16
W-181 1.32E — 13 1.L12E— 13 4.15E - 14 393E-14 8.08E — 16 1.52E - 15
Xe-122 9.96E — 14 1.38E — 13 JI3E-14 5.45E — 14 6.09E — 16 235E—-15
Xe-127 1.1I3E—-13 547E - 13 3.54E — 14 1.99E — 13 6.89E — 16 7.88E — 15
Xe-129m 1.73E — 13 2.60E — 12 5.45E — 14 8.33E—13 1.06E — 15 1.77E — 14
Y-87a 8.00E — 14 311E—-13 251E—14 1.31E — 13 4.89E — 16 7.83E - 15
Y-88a 7.98E — 14 1.21E - 12 251E—14 5.45E —13 4.88E — 16 3.63E— 14
Yb-169 3.18E—13 1.67E — 12 1.00E - 13 5.54E — 13 1.95E — 15 1.58E — 14
Zn-62 7.49E — 14 6.70E — 13 2.35E — 14 244E — 13 4.58E — 16 9.97E — 15
Zn-65 6.80E — 14 335E~-13 2.14E — 14 1.44E — 13 4.16E — 16 877E —15

* Radiations emitted by radioactive daughters are not included in the calculations.

Table 2
Ratio of equivalent dose and mean absorbed dose per unit cumulated activity distributed in different human organs from Auger electron
emitters
Radionuclide ~ Human testes Human liver
Stor 50% in DNA 100% in DNA SreT 50% in DNA 100% in DNA
Gy/Bq s Gy/Bq s
Stor Ster g St v S St iy
Sv/Bq s Spy oreT Sy Sv/Bq s S, ot Sp.-
T-T Sv/Bgs r-T =T Sy/Bgs et
Sv Sv Sv Sv
Gy Gy Gy Gy
Ga-67 210E—13 489E—-13 23 7.68E —13 3.7 60IE—15 1.14E—-14 19 1.69E— 14 2.8
[-123 193E—-13 SI19E—-13 27 844FE — 13 44 641E—15 1.27E—-14 20 191E—-14 30
I-125 144E - 13 678E—13 4.7 1.2IE—12 84 409E—15 145E—-14 35 249E - 14 6.1
In-111 279E—-13 583E—-13 2.1 8.88E — 13 32 1.08E—14 1.68E—-14 1.6 227TE-14 2.1
Pd-103 592E—-14 3.13E-13 53 S68E—13 9.6 I.53E—15 647E-15 42 1.14E—-14 75
Tc-99m 1.03E—13 147E—-13 14 1.92E—13 19 3.69E—15 455E-15 1.2 541E-15 L5

T1-201 232E—13 837E—-13 36 1.44E —12 6.2 5S9E—15 1.77E—-14 30 29SE—-14 50
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ORGAN

CELLS

Fig. 1. a) Alpha particle tracks in an organ. The straight lines represent alpha particle tracks, whereas the circles represent cells within
the organ. The deposition of energy is highly nonuniform across the organ at mean absorbed doses that are relevant for stochastic effects.
b) Enlargement of cells. An alpha particle passes through the cell on the left and undergoes interactions with the DNA. For a mean
absorbed dose of 0.01 Gy there is an average of one interaction with the DNA in each cell. There will be more interactions in some cells
and none in others. Similarly, the cell on the right illustrates the average of two interactions (decays) in each cell that are produced by
125] for the same mean absorbed dose. Some cells will have more '2°I decays and some cells will have none. In both cases, the energy
deposition at the organ, cellular, and DNA level is highly nonuniform.

should be addressed. In doing so, it is instructive to review
and compare the energy deposition patterns of Auger
electron and alpha particle emitters, keeping in mind that
the ICRP presently uses the mean absorbed dose to calcu-
late the equivalent dose for alpha particle emitters. The
energy density in the immediate vicinity of a decay site
(<10 nm) of an Auger electron emitter is extremely high
and falls off sharply as one moves away from the decay
site (2). In contrast, alpha particles deposit their energy
along a track with increasing energy density as the particle
slows down. Despite these differences in energy deposition
patterns, the observed biological effects for a given ab-
sorbed dose are about the same for alpha and Auger
electron emitters (7, 8, 22). Consider a tissue that receives
a mean absorbed dose of 0.0! Gy (stochastic range) from
either 2'°Po which emits one 5.3 MeV alpha particle per
decay, or '**IUdR which releases a total electron energy of
about 20 keV per decay. Hence, about 1.2 x 107 decays of
219pg and 3.1 x 10° decays of '*°I are required to deliver
0.01 Gy to one gram of tissue (6.24 x 107 MeV/g). Given
that a gram of tissue contains about 1.4 x 10° cells of
diameter 10 uzm in close packed geometry, there is only
about one 2'°Po decay per 100 cells. Recognizing that the
5.3 MeV alpha particle can traverse through about five
cells, an alpha particle will hit one cell out of every 20 cells
(Fig. la). In contrast, there are about two '*’I decays per
cell on the average. Hence, for mean absorbed doses that
are relevant for stochastic effects, the energy deposition in
tissue is highly non-uniform for alpha as well as Auger
electron emitters. A similar analysis can be performed at
the cellular and DNA level (Fig. 1b). Barendsen (23) has
suggested that a complete traversal (i.e. maximum chord-
length) by an alpha particle through a cell nucleus under-
goes about 60 interactions with the DNA. As indicated
above, a 5.3 MeV alpha particle will travel about 5 cell

diameters. However, given the packing density of the cells
(0.74 for close packed geometry), and the fact that the cell
nucleus typically occupies only about one half of the cell
volume, a 5.3 MeV alpha particle will only pass through
the equivalent of about two complete nuclear diameters.
(~12 um). Hence, each ?'°Po decay will result in about
100 traversals through the DNA per 100 cells, or about
one traversal through the DNA per cell on the average. In
comparison, there are about two '*°I decays in the DNA
per cell on the average. Given that the track structure of
an alpha particle traversal through the DNA and its
subsequent radical chemistry is similar to that for an !*1
decay (24), this analysis suggests that the energy deposition
is equally non-uniform at the cellular and DNA level for
both alpha and Auger electron emitters. Considering that
ICRP 60 recommends calculating the equivalent dose for
alpha emitters by simply taking the product of the mean
absorbed dose and the radiation weighting factor of 20
(15), it is reasonable to take a similar approach for Auger
electron emitters given that their energy deposition charac-
teristics and biological effects are similar to those of alpha
particle emitters.

In this work, the mean absorbed doses per unit cumu-
lated activity presented in Table 1 for numerous Auger
electron emitters are provided to assist in calculating the
equivalent dose when these radionuclides are distributed in
human ovaries, testes, and liver. Following the AAPM
recommendations, the equivalent dose per unit cumulated
activity was calculated for some commonly used Auger
electron emitters (Table 2). These calculations show that
the equivalent dose per unit cumulated activity in the testes
can be as much as ten times ('°*Pd) the mean absorbed
dose per unit cumulated activity in the testes when 100% of
the activity is bound to DNA. The data in Table 2 also
show that the equivalent dose is highly dependent on the
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fraction of activity bound to DNA, illustrating the impor-
tance of subcellular distribution of Auger electron emitters
in assessing the equivalent dose.

It should be noted that Auger electron emitters that are
localized in the nucleus and not bound to DNA can also
produce high-LET type effects, although to a lesser degree
(i.e. RBE ~4) (5. 13, 14, 22, 25-29). Therefore. despite
the somewhat lower RBE values observed in these in-
stances, it may be prudent to take the same approach in
calculating the equivalent dose for Auger electron emitting
radiochemicals that localize in the nucleus (16. 17). As
more experimental data becomes available on the stochas-
tic effects of Auger electron emitting radiochemicals, the
methods to calculate the equivalent dose may be refined.
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Appendix
Example on the Use of Tabulated Values of T St _yga,,., and

. R Auger
z ST +~ T.Rother"
Rother

Calculation of mean equivalent dose to the testes

Problem. A male patient who is undergoing a cardiac imaging
procedure is intravenously injected with 92.5 MBq (2.5 mCi) of
20'T]-Thallous chloride. Assume that the non-testicular activity is
distributed uniformly throughout the body. Also assume that 50%
of the testicular activity is associated with the DNA (f, = 0.5, this
assumption is justified by the RBE of ~3 obtained for 2*'Tl in
mouse testes (26)). Calculate the mean equivalent dose to the
testes using a radiation weighting factor wg,,,., =20. Compare
this value to the mean absorbed dose.

Solution. From Rao et al. (30), the cumulated activity in the
body and testes are 3.0 x 10'* and 1.37 x 10° Bq s per MBq and
of injected activity respectively. Hence, for a 92.5 MBq injection,
Apoay and Ar ., are 2.78 x 10'* and 1.27 x 10" Bq s respectively.
From Snyder et al. (19), Steses. Boay =1.73 x 107'¢ Gy/Bgs.
Hence, the mean equivalent dose to the testes from body activity
is

— H -
Z HTes(es ~NT = ABody STeslcs «~ Body — ABody STcsles - Badwa
NT

G
=(2.78 x 10" Bq s)<1.73 x 1016 —y>(1)
Bq s

=48 x 10778y
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From Table 1, one obtains | T Srege,. vestesRauger = 6.36 x 1014
. R

Gy/Bq s and REM STesles’k'l'es(cs.Rumqr =1.69 x 10 1 G)’/Bq S.

Hence, the mean equivalent dose to the testes from testicular

activity is

— H
HTcsles ~ Testes — ATesles S'l'eslcs « Testes

:ATcsles {[l + f.U(wR/\uger =1 Z ST'—T.RAugcr

RAuger

+ ) wRolhchTFT,Rmher}

Romer

=(1.27 x 10''Bq s){[l +0.5(20 — 1)]

G G
x (6.36 x 10-‘4—y—) ¥ (l)<1.69 x 1073 —y>}
Bqs Bgs

=0.106 Sv.

Finally. the mean equivalent dose to the testes is therefore
H'l‘estes = H'I estes — Body + H'I'esles»'l‘esles =0.11 Sv.
The mean absorbed dose is given by Dreges = Drpesies. Bogy T

D'I‘es(es ~ Testes-

DTestc» « Testes = A'I‘es‘es STes‘es « Testes

G
=(1.27 x 10"'Bq s)<6.36 x 10714 =2
Bgs

G
+1.69 % 10-1 X} = 0.03 Gy
Bg s

DTcstes — Body = ABody STCN(E\ ~ Body

G
~(2.78 x 10""Bq s)<1.73 x 10716 —y>
Bg s

=4.8 x 1073Gy
Hence. the ratio of the equivalent dose per unit cumulated activity

to the mean absorbed dose per unit cumulated activity is 0.11
Sv/(0.035 Gy) = 3.1 Sv/Gy.



