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Thebiological effects of Auger-electron-emitting radionuclides can be as severe asthose of alpha
particles of high linear energy transfer. A great deal of effort has been expended in exploring the
biological effects of Auger electron emitters. Much of this effort has been devoted to improving
theoretical and experimental techniques required to calculate absorbed doses and correlate them
with the observed hiological effects. Given that the main purpose of dosimetry isto obtain a
physical descriptor with which to correlate radiation toxicity, then nowhere is this challenge greater
than when biological specimens are subject to Auger electron cascades. The dense shower of
short-range Auger €l ectrons rel eased by radionuclides, which decay by electron captureor internal
conversion, resultsin biological damagethat is highly dependent on the location of the decay site
within the cdll. Inthisreport, different approachesto Auger electron dosimetry are described and
compared. Methods to calculate the absorbed dose from Auger electron emitters at the DNA,
cellular, multicellular, and organ levels are described as they relate to the biological effects. The
concept of a radiation weighting factor for Auger electrons to be used in the calculation of equiva-
lent doseisreviewed. Theimportance of subcellular distribution of Auger emittersin determining
the biological effects of these radionuclides is emphasized and incorporated into the equivalent dose
formalism. The Task Group recommends that a preliminary radiation weighting factor of 10 be used

for deterministic effects of Auger electrons, and avalue of 20 for stochastic effects.

1. INTRODUCTION

A. Scope

This report is the third of a series presented in Medical Phys-
ics by the AAPM Nuclear Medicine Task Group No. 6 on
Auger-electron-emitting radionuclides.' The first report,
completed primarily by Sastry, is a review of the physics and
radiobiological literature on the most-studied Auger electron
emitter “’.”The second report, prepared mainly by Howell,
contains complete average radiation spectrafor a number of
Auger electron emitters (also referred to as Auger emitters)
that include the very-low-energy N- and O-shell Auger
electrons.” These theoretical spectra, calculated using Monte
Carlo methods, are necessary for computing the absorbed
dose from incorporated Auger emitters. The present report
reviews dosimetry of Auger emitters at molecular, cellular,
and organ levels, and discusses the merits and shortcomings
of each approach with respect to their capacity to predict
biologic effect. Hence, this report serves as a guide for do-
simetry of internal Auger emitters.

B. The Auger process

In the early 1920s Pierre Auger‘was investigating elec-
tron tracks in a cloud chamber produced by photoelectric
interactions of low-energy x rays. He observed that in many
instances multiple electron tracks emanated from the same
point in the chamber. He concluded that the multiple electron
emissions arose from inner shell atomic electron transitions
in which the energy gained (SE) could, instead of being
released as a characteristic photon, be transferred to an or-
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bital electron gjected with an energy (d E) - E,, where E,is
the binding energy of the gjected electron. This nonradiative
transition process, which competes with radiative transitions
(characteristic x-ray emission), has been called the Auger
effect in honor of its discoverer. The probability of emission
of acharacteristic x ray is given by the fluorescence yield
(w). The probability of an Auger transition is then given by
I-0. Since the work of Pierre Auger, nonradiative transi-
tions have been classified into three categories. Auger,
Coster-Kronig, and super-Coster-K ronig transitions.” These
three types of nonradiative processes are discussed in detail
by Sastry’in the first report of this Task Group. For the sake
of simplicity, the electrons emitted in these nonradiative tran-
sitions are generally called Auger eectrons.

C. Auger-€electron-emitting radionuclides

Auger electrons are emitted by about one-half of the
known radionuclides (radionuclides that decay by electron
capture or internal conversion). Both these decay processes
result in the creation of avacancy in an inner atomic shell.*
The filling of this vacancy produces a cascade of inner shell
electron transitions with the emission of numerous Auger
electrons. Such radionuclides, which are referred to as Auger
emitters, are widely used in nuclear medicine (e.g., “Ga,
gngC, 111| n, 123|, 125|’ and 201-|-|).

The significance of Auger electrons in the dosimetry of
internal emitters remained neglected for anumber of years,
largely because the energy deposited in tissue by Auger elec-
tronsis usually negligible compared to the total energy re-
leased in the decay of the radionuclide. However, the impor-

© 1994 Am. Assoc. Phys. Med. 1901



1902

tance of these electrons did not go unnoticed in nuclear
chemistry.” Carlson and White in the early 1960s per-
formed anumber of experimentsinwhich they investigated
the atomic charge spectra following the decay of I in ra-
diolabeled methyl and ethyl iodide. These studies demon-
strated that a large number of nonradiative transitions follow
the creation of a vacancy in the inner atomic shell, and since
each positive charge on the residual atom is the consequence
of an electron emission, anywhere from 1-20 Auger elec-
trons must be emitted per K- or L-shell vacancy with an
average of about 7-10. The energies of these electrons de-
pend on the atomic binding energies of the atom. The most
energetic Auger electrons result from transitions to the
K-shell (25-27 keV), but most of the electrons are produced
by transitions between the outer orbitals and therefore have
energies <500 eV, with corresponding ranges of <25 nmin
unit-density matter.’

These early experiments of Carlson and White'raised
questions regarding the hiological effects of Auger cascades
when the Auger emitter was localized on critical molecular
structures in the cell. At about the same time, Wrenn®"
recognized the role of Auger electronsin internal radionu-
clide dosimetry. These initial studies were subsequently fol-
lowed by numerous radiobiological investigations that exam-
ined the effects of incorporated Auger emitters at the
molecular, cellular, and organ levels. These studies and their
implications were reviewed in detail by Sastry in the first
report of this Task Group;’however, for pedagogical pur-
poses, the salient features will be briefly mentioned. Experi-
mental studieswith oligodeoxynucl ectides have shown that
the range of damage imparted by Auger cascades in isolated
molecules is only over a few base pairs.”* Cellular and
organ studies have demonstrated that when Auger emitters
are introduced into the cytoplasm of cells, the effects are
typical of those caused by radiations of low-linear-energy
transfer (LET).** In contrast, when Auger emitters are in-
corporated into the DNA of cells, the resulting survival
curves are similar to those for high-LET alpha
particles. ****Findly, recent in vivo studies with radio-
protectors show that the intense local damage imparted by
Auger cascades can be mitigated despite the fact that they
impart high-LET-type effects.”*-*

D. Dosimetry of Auger emitters

The various in vitro and in vivo radiobiological studies
with Auger emitters have led to the following conclusions:
(1) The radiological risk associated with internal exposure to
Auger electron emitters may have been underestimated, and
therefore may require reappraisa.”**“* (2) Auger elec-
tron emitters may serve as precision radiobiological tools to
elucidate the primary radiosensitive targets in the
cell.*#*%* (3) Radiolabeled compounds that target
DNA may be useful for cancer therapy when Auger emitters
are employed.”

Dosimetry plays akey rolein the radiobiology of Auger
emitters whether attempting to understand the basic mecha
nisms of molecular damageimparted by Auger cascades, or
predicting their effects at the cellular or organ level. Accord-
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ingly, dosimetry at all of these levels can beimportant. The
following sections describe dosimetry techniques at the
DNA, cellular, and organ level, and discuss their merits and
limitations.

II. INGREDIENTS OF DOSIMETRIC CALCULATIONS

Accurate dosimetric calculations are essential for inter-
preting radiobiological experiments with Auger emitters. The
ingredients of any dose calculation, regardless of the spatia
dimensions of the target region, are

@ radiation spectra of the radionuclide,

() energy loss characteristics of the emitted radiations,
and

(c) biological uptake and clearance patterns of the radio-
chemical.

The physical half-life of the radionuclide, characteristics of
the emitted radiations, and interaction properties of the radia-
tions with matter are the physical information required for
dosimetry calculations, whereas the biological information
required is the biokinetics data. These aspects are discussed
below.

A.Radiation spectra

Traditionally, the radiation spectra provided by the
ICRP* and the MIRD Committee”’ have been used for do-
simetry of internal emitters. Although the radiation spectra
provided in these tables for radionuclides that decay by alpha
and beta modes is usually adequate, the data for radionu-
clidesthat decay by electron capture (EC) and internal con-
version (IC) (i.e., Auger emitters) are sometimes inadequate
for radiation dosimetry. For Auger emitters, the very-low-
energy N- and O-shell electrons which comprise the bulk of
the electron emission for high Z elements have been ignored
in the ICRP and MIRD spectra. Although relatively unimpor-
tant when calculating the dose to large volumes, the local
energy deposited by these extremely short-range (several na-
nometers) electronsis very important when calculating the
dose delivered to small volumes (i.e., lessthan 1 umin
diameter).’Hence, more detailed spectra are required for Au-
ger electron dosimetry.

The Auger electron spectraof radionuclidesarediscrete,
reflecting the energies of orbital transitions within the atom.
Thus, only afinite number of electron energies are possible,
which may number only a few for atoms of very low atomic
number, to hundreds for high Z elements. Since the atomic
de-excitation following the creation of an inner atomic shell
vacancy is a highly stochastic process, the permutations of
individual electron spectra resulting from Auger cascades in
high Z atoms can number many thousand.” Furthermore, the
number of permutations can be even larger for radionuclides
that undergo more than one Auger cascade per disintegration.
For example, "I decays by electron capture followed by
internal conversion, and *°*™Pt decays by three successive
internal conversion processes.” Hence, complete Auger elec-
tron spectra are extremely complex.

Detailed Auger €electron spectra have been calculated by a
number of groups using either Monte Carlo™*®*[J. L.
Humm, “The analysis of Auger electrons released following
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the decay of radioisotopes and photoelectric interactions and
their contribution to energy deposition,” Ph.D. thesis (Poly-
technic of the South Bank, London, 1983). This will be re-
ferred to hereafter as JLH thesis.] or phenomenological
techniques’ A number of assumptions are madein calculat-
ing the spectra that are described in Report No. 2 of this Task
Group®and will only be briefly outlined here. Firgt, the elec-

tron transition probability data used are for atoms containing
only a single inner shell vacancy (frozen orbital approxima

tion). As the electron cascade in the atom progresses, the
number of vacancies rapidly increases, and the effect of mul-
tiple vacancy configurations on the transition rates is not
known. Wheresas the calculated yields and energies of the
higher-energy Auger electronsagreewell with experimental
data, data on the very-low-energy electronsarelimited. The
second major assumption concernsthe cal culation of Auger
electron energies. With the exception of the spectra of Pom-

plun et al.,” all the Auger spectra calculations have used the
Z/Z + 1 approximation of Chung and Jenkins.” Pomplun®
has used the quantum mechanical computer code of
Desclaux”to obtain binding energies for atoms with mul-

tiple inner shell vacancy configurations. This approach re-
sultsin an exact energy balance between the nuclear transi-
tion energy and the total energy carried by the emitted
electrons, photons and potentia energy of the atom. How-
ever, it should be pointed out that the same frozen orbital

approximation was used for the transition rates in these cal-

culations. Since this calculational method dynamically calcu-
lates the binding energies, it may result in a more accurate
estimation of the Auger electron energies. It should be noted
that the binding energies of the outer orbitals involved in
Coster-Kronig transitions may be quite different when the
Auger emitter is bound. to alarge molecular structurein a
biological system. Hence, this method may not offer any
overall increase in the accuracy of dose calculations. The
third major assumption concerns the issue of charge neutral-

ization in the condensed phase. Again, with the exception of
Pomplun et al. ,* all calculations of thistype have assumed
that vacancies created in the valence shell are immediately
filled by electrons from the continuum (fast neutralization).
Not making this assumption sharply reduces the calculated
number of Auger electrons emitted, and resultsin aresidua
ionization potential on the atom, the energy of which must be
locally deposited over some unknown spatial dimensions.

Recent experiments by Rao and co-workers™** on radio-
protection against Auger cascades from DNA bound 1 in-
dicate that the indirect action of radical species plays a major
role in causing damage to the radiosensitive targets, thereby
suggesting a limited role for charge neutraization in the Au-

ger effect in the condensed phase.

With the above considerations in mind, a consistent set of
average Auger electron spectra were caculated and pre-
sented in Report No. 2 of this Task Group’for a number of
radionuclides using a combination of the assumptions and
techniques used by Charlton and Booz,” Sastry et al.,’
Humm et al.,”and Howell et al.”
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B. Energy loss by Auger electrons

A variety of techniques have been employed for determin-
ing the energy deposited in target regions by low-energy Au-
ger electrons. For dimensions ranging from nanometers to
micrometers, Sastry et al.*” and Howell et al.**used the
electron range-energy relationship for unit-density matter of
Cole”which is based on afit to experimental data for elec-
tron energiesranging from 20 eV to 2 MeV:

E(R) =5.9 ( R+ 0.007)***+ 0.00413 R™- 0.367,
@
where E is electron energy in keV and R the electron range
in micrometers in unit-density matter. Differentiation of this

equation results in the following stopping power relationship
for electrons:

dE _
7R =3-33(R+0.007)7%4+0.0055R**. )
Howell et al.”have noted that the fit is poor for energies less
than 0.4 keV. Therefore, for electrons of energies 0.06-0.4
keV, a separate fit to the experimental data was employed:

dE
TR =29.5—666.67R. (3a)

For electrons of energies <0.06 keV, the following fit was
used

dE 2 3 4
TR =G +bR+CcR*+dR*+eR", (30)

where  a=105  b=1126x10°, c¢=-9.251x10",
d = 2.593X 10, and e = 4.964X 10”. These expressions may
be appropriately used to obtain absorbed doses to various
target volumes containing electron emitting sources (see Sec.
).

Other methods to cal cul ate el ectron energy lossin matter
have been used for dosimetry of incorporated radionuclides.
Makrigiorgos” used the restricted dose mean LET with a
cutoff energy of 100 eV to describe the energy loss as a
function of distance. Berger’ s*” dimensionless scaled point
kernel is useful for electrons down to 0.5 keV. However, as
discussed earlier, most of the electrons emitted in the Auger
process have energies below 500 eV, and thus are bel ow the
range of validity of Berger's point kernel tables. Booz et al.
have provided an extrapolation of Berger's data using a
third,-order polynomial fit. Thisfit allows calculation of the
energy absorbed in small volumes from low-energy elec-
trons. Both the above methods provide estimates of the av-
erage energy deposition in small target volumes.

An aternative approach for obtaining energy deposition
information for Auger electrons is to use Monte Carlo track-
structure cal culationswhich model the entire stochastic pro-
cess of electron interactions with matter. There are currently
several electron track-structure codeswhich follow electron
sowing down processes to energies of 10 eV and below,
including those of Paretzke,” Terrissol et al.,” Zaider
et al.,”and Wright et al.” These Monte Carlo electron
track-structure simulation codes enable the user to monitor
the spatial coordinates of each interaction, together with the
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Fic. 1. Localized energy deposition asa function of distance from the decay

site for different Auger emitters (Ref. 67). The solid lines are results ob-

tained with the orec Monte Carlo track-structure code which Simulates elec-

tron tracks in liquid water (Ref. 78). The dashed line was obtained using

Cole's experimental range-energy refationship for unit-density matter given

gy Eq. (2). The agreement between these two calculations is good except &t
| stances very close to the decay site (<2 nm).

energy deposited at that coordinate. By simulating a statisti-
caly significant number (1000-100 000) of electron tracks
through the target volume, the mean and statistical distribu-
tion of energy deposition within the target volume can be
evaluated. However, the more practical energy loss expres-
sion [Eq. (2)] of Cole”has been shown by Sastry et al” to
provide a reasonably accurate estimate of the average energy
deposited by Auger emitters even down to nanometer vol-
umes (Fig. 1).

C. Uptake and retention of radionuclide

The dose to abiological target dependsin part on the
cumulated activity in the target and its surroundings. The
extreme short range of Auger electrons may require dataon
the spatial localization of the emittersrelative to the targets
with micron and perhaps Angstrom resolution. However,
such information cannot readily be obtained from patient,
animal, or cell culture studies, athough it is possible to ob-
tain radiopharmaceutica distribution a the cellular and mul-
ticellular levels using cell separation and autoradiographic
techniques. **“™* Presently, little is known about the ki-
netics and distribution at the cellular and subcellular levels
for most Auger-electron-emitting radiopharmaceuticals;
however, some information is available for a limited number
of them. Thisinformation playsacritical rolein the dosim-
etry of Auger emitters, and therefore is necessary for predict-
ing the biological effects caused by this class of radionu-
clides.

lIl. DOSIMETRY

Dosimetry is an essential component in understanding the
radiotoxicity of Auger-electron-emitting radionuclides. How-
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ever, the highly locaized energy deposition in the immediate
vicinity of the decay site raises a question as to how the
absorbed dose should be calculated for Auger electron emit-
ters. The answer to this question depends on a variety of
factors which are outlined below.

(1) How important are the differencesin the various calcu-
lated Auger electron spectra? Do discrepancies in the
yieldsof very-low-energy el ectrons between 20-100 eV
have implications for the local energy deposition and
consequently upon dose response relationships for radio-
hiologica effects?

(2) Cantherelationship between absorbed dose and the ra-
diotoxicity of internal Auger emitters be adequately
evaluated using average Auger electron spectra, or does
one need to fold in the full stochastics of atomic de-
excitation into the calculations?

(3) Isfast neutrdization of the vacancies in the valence shell
taking place during the Auger cascade process? If not, is
the absorbed dose calculated using complete radiation
spectra sufficient to predict radiation toxicity, or should
charge buildup and neutralization effects be considered
aswell?1f so, how should local energy deposition from
the residua ionization potential be considered in the ab-
sorbed dose calculation?

The answers to the above questions depend somewhat
upon the choice of the biological system and target volume.
Idedlly, the biological targets are the primary radiosensitive
sites, which are presumably located in the cell nucleus. How-
ever, the location and size of these sitesis not well known.
Furthermore, the position of the radionuclides relative to
these sites must be known in order to calculate the absorbed
dose to the critical targets.®**“*“* In the absence of this
information, the absorbed dose from Auger emitters must be
calculated at alevel suited to the biological system em-
ployed. Hence, anumber of target volumes are of interest:

(1) individual strands or bases of the DNA molecule,
(2) supercoiled DNA,

(3) cell or cell nucleus,

(4) bulk tissue.

Choosing the target volume, however, is complex. The
radiation properties of the radionuclide certainly play arole
in this regard. Just as important is the distribution of the
radioactivity within the cells, which in turn depends on the
chemica nature of the radiocompound. Hence, the appropri-
ate target volume must be determined on a case-by-case ba-
sis. For example, Rao and colleagues®** have shown that
the lethal effects caused by cytoplasmically localized Auger
emitters can usually be adequately predicted using conven-
tional organ dosimetry. In contrast, organ dosimetry may not
beat al useful in predicting DNA strand breaks. The remain-
der of thisreport will be devoted to the dosimetry of Auger
emitters a avariety of spatial levelsincluding DNA, cellular,
multicellular, and organ levels.

A. DNA dosimetry

It is now well recognized that Auger emitters exhibit high
LET-type radiotoxicity only when the radionuclide isin close
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proximity to the DNA. Accordingly, there has been substan-
tial interest in the dosimetry of Auger electrons at the DNA
level. **** Charlton®and Charlton and Humm™* con-
structed a simple model of the DNA duplex for the purpose
of energy deposition calculations. The geometric model of
the DNA molecule was assumed to be a solid cylinder of
diameter 2.3 nm representing the outside of the double helix.
The cylinder consisted of a series of discs of 0.34-nm thick-
ness, corresponding to the base separation along the strands.
The DNA was assumed to be of unit-density throughout.
This simplistic model of the DNA molecule enables approxi-
mate calculations of the energy deposition within the DNA
arising from Auger cascades. To this end, the MOCA7B code
of Paretzke” was employed to simulate electron track inter-
actions in water vapor. One thousand individual Auger spec-
tra, calculated by the method of Charlton and Booz,™ were
generated and fed into the MOCA7B code. A decay site within
the DNA molecule was chosen for I 0.15 nm from the
DNA axis. An individua electron spectrum was picked from
the data set of Auger electron spectra, each electron path
simulated, and the interaction points and deposited energy
determined. The interaction was ignored if it occurred out-
side the cylindrical DNA volume, whereas within the DNA
volume, the exact location relative to the base and strand
segments was determined. These data were stored on a per
decay basis, and the entire process repeated for 10 000
source decays. This method yields an entire data base of
energy deposition events within the DNA volume for Auger-
electron-emitting radionuclides.

Of primeinterest is the mean energy deposition in the
DNA as afunction of the location of the decay site relative to
the DNA axis. Figure 2 displays a rapid decrease of the mean
energy deposition ein the DNA target volume as the dis-
tance of the *“I atom from the DNA axis increases. Results
are presented for the "I Auger electron spectra calculated
by Pomplun,” Charlton and Booz,”and the spectrum of
Howell in AAPM Report No. 2 of this Task Group.” Energy
deposition data are not shown for conventional ICRP*and
MIRD* "I radiation spectra because these have already
been shown to be inadequate for dosimetry in small volumes
(<I mm in diameter). The mean energy deposition to the
DNA cylinder calculated using the Pomplun I spectrumis
approximately 40% lower than that calculated using the
Charlton and Booz™ spectrum for an isolated atom (no
charge neutralization) located in the center of the DNA cyl-
inder. The Auger cascade process in an isolated atom results
in a charge buildup and consequently the residual daughter
has some potentia energy (on average 1.07 keV per I
disintegration). The biologic conseguence of such potential
energy is not known. For the condensed phase, which is per-
haps of greater relevance to radiobiology, Charlton and
Booz" and Howell* have assumed fast charge neutralization’®
so that the residual atom is neutral following the Auger cas-
cade. Here the differencesin energy deposition are smaller,
yet significant. The primary difference between these two
spectrais the inclusion of very-low-energy O -shell Coster-
Kronig electrons in the latter. Although these el ectrons ap-
pear to be important in terms of localized energy deposition
(Fig. 2), theoretical predictions of double-strand breaks are
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Fic. 2. Mean energy deposited by an I decay within a representative DNA
cylinder of radius 1.15 nm. The ™I decay occurs a different distances from
the central axis of the DNA molecule. Distances greater than 1.15 nm rep-
resent decay sites outside of the DNA. The method of calculation isthat
described by Charlton and Humm (Ref. 87). The data presented arc the
mean for 1000 individual I Auger electron spectra from Charlton and
Booz (with - B --and without -—+-- charge neutralizati onL(Ref. 60). How-
el (with charge neutralization) (Ref. 3). and Pomplun (without char%e new-
tralization) (Ref. 62). Note that for depz?/ Sites outside the DNA cylinder,
there is close agreement hetween the different Auger electron spectra, since
most of the energy deposition results from the higher-energy Auger elec-
trons ( K-, L-, and M -shell) where there is good agreement between the
spectra. For decay sites within the DNA, there are large discrepancies be-
cause of the significant variation in the yield of N- and O-shell Coster-
KI’OﬂIﬂ electrons between the different spectra. However, the reader should
note that the differences in energy deposition in the DNA do not result in
large differences in DNA strand break yields becalise energies ?reater than
17.5 eV are reguired for strand breaka%a and many of the very-low-energy
O-shell electrons have energies lower than the threshold (see Table I).

similar for both spectrain the case of I (see discussion
below, and Table I).

For the same average energy deposition within the cell
nucleus, the mean energy deposition in the DNA can vary by
more than an order of magnitude. The wide stochastic varia-
tion in energy deposition to the whole DNA molecule and
individual base and strand segmentsis not shown in Fig. 2. If

TasLE |. Calculated double-strand break yields using the DNA model of
Charlton and Humm (Ref. 87), and the Auger electron spectra of Pomplun
(Ref, 62), Howell (Ref. 3), and Charlton and Booz (Ref. 60). Data are given
per | decay a the center of the DNA molecule (0 A) and on the strand a
radius 11,5 A. The spectrum of Pomplun was for an isolated ™I atom (no
charge neutralization) whereas Howell's was for the condensed phase (fast
charge neutralization). Both types of spectraof Charlton and Booz were
considered. Note that the differences in double-strand break yields are Sig-
nificantly smaller than the differences in mean energy deposition in the
DNA (see Fig. 2).

Double-strand break yield per 100 I decays

Distance Pomplun Charlton and Booz Charlton and Booz ~ Howell
(&)  (isolated) (isolated) (condensed) (condensed)
0 60.9 613 87.7 925
15 415 392 67.7 1
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cell inactivationisrelated to DNA double-strand breakage,
which isin turn related to energy deposition in the individual

strand segments, then the analysis of local energy deposition
along the DNA strands may be a necessary step to a compre-

hensive understanding of the relative efficacy of different
Auger-electron-emitting radionuclides. It is of interest to
note that the stochastic variationsin the doseto the DNA is
due not only to variations in the radiation spectra of indi-

vidual Auger cascades, but also due to fluctuations in energy
loss along the Monte Carlo simulated electron tracks.

Dose calculations in general, and particularly those at the
DNA level, raise the question of their validity with respect to
predicting biological response. Experimental measurement
of the energy deposited along a DNA strand is not presently
feasible. Charlton and Humm” have therefore attempted to
correlate their energy deposition calculations with the experi-
mental data of Martin and Hasdtine,*who measured the
relative yield of strand breaks as a function of base pair
distance from the site of an I decay. Charlton and Humm”
attempted to determine a threshold energy for the production
of asingle-strand DNA break, such that the distribution of
calculated strand breaks as a function of the distance from
the I decay site matched the experimentally measured
data. Close agreement between theory and experiment could
be obtained if the threshold energy for DNA strand break
production was assumed to lie between 17.5-22.5 eV.”
These calculations al so suggested that *“| decays are likely
to produce multiple strand breaks within a distance of ten
base pairs of the decay site. In view of the close match be-
tween experiment and cal culations, this model may a so be
used to ascertain the relative importance of differencesin the
various Auger electron spectra discussed above (e.g., Pom-
plun, Charlton and Booz, and Howell) with regard to predict-
ing biological effects of Auger electron emitters at the DNA
level. Table| givesthe double-strand break (dsb) yields per
100 I decays when the atom islocated either at the center
or surface of the DNA cylinder. As pointed out above, the
differencesin dsb yields (Tablel) are substantially smaller
than the differences in energy deposition shown in Fig. 2.
The assumption of fast charge neutralization (as opposed to
no charge neutralization) is of substantial importance in pre-
dicting double-strand breaks. However, when charge neutral-
ization is assumed, the source of the Auger electron spectrum
(i.e., Howell vs Charlton and Booz) does not have a major
impact in terms of predicting DNA dsbs caused by the Auger
emitter 1.

Wright et al. ”have performed Auger electron transport
calculationsin liquid water using the orec Monte Carlo
Code. This computer code simulates direct interaction of the
radiations with DNA, and the indirect interactions of the
radical species with the DNA. In addition, it evaluates the
identity of each chemically reactive species, and simulates
the diffusive motion and interaction of these radicals up to
10°s after the decay. The cylindrical DNA model is2nmin
diameter and contains 20 reactive sites per 3.4-nm turn of the
double helix. The advantage of this method is that it consid-
ers both direct radiation energy lossesin the DNA, aswell as
indirect interactions of the radical specieswith the sensitive
sites on the DNA molecule. Wright et al. ” have presented
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data on the number of direct and indirect DNA interactions
resulting from the Auger electron emitters: I, **"Pt,
*"pt, *In, and *Fe, decaying at varying distances from
the center of the DNA. For an **| decay on the surface of the
DNA cylinder, they report an average of 21 direct and 44
indirect interactions. The number of indirect DNA interac-
tions for all of the Auger emitters is approximately twice the
number of direct DNA interactions. Further datafor a5.3-
MeV alpha particle, emitted isotropically from the surface of
the DNA cylinder, shows on average only 4 direct and 18
indirect interactions per alpha particle emitted. These calcu-
lations suggest that Auger emitters that decay inside or on
the surface of the DNA molecule appear, on aper decay
basis, to produce more interactions with the DNA than alpha
emitters.

A more detailed model of the DNA was developed by
Pomplun.” In this work, Pomplun uses the available datain
the literature on the atomic structure of the DNA. By repre-
senting the space occupied by each individual atom by its
van der Waals radius, and overlaying the Auger electron
track-structure generated by the MOCAS8 code of Paretzke,”
Pomplun obtains the energy deposited on an atom-by-atom
basis. The volume within the DNA not occupied by DNA
bases or the DNA backbone is assumed to be filled by water.
Energy depositionswithin the van der Waalsradii of atoms
composing the DNA molecule are assumed to be direct in-
teractions, and those within the areas of water within and
around the DNA molecule are assumed to beindirect inter-
actions. The contribution of each interaction to strand break
production is evaluated on the basis of a 10-eV threshold
energy deposition to produce a strand break. The contribu-
tion of direct hits and indirect hits to DNA double-strand
break (dsb) induction, from *I decays occurring in the
DNA, are 0.36 dsb/decay and 0.43 dsb/decay, respectively.
Pomplun also considers the induction of dsbs from the com-
bination of direct and indirect effects on opposing strands
(within 20 base pairs), which amounts to 0.15 dsb/decay. The
total number of dsb per I decay amounts to 0.94. This
model was later improved upon by raising the threshold en-
ergy to 18 eV and including the effects of radical species
produced,” thereby yielding a total of 0.6 dsb per | decay.
This value is in agreement with experimental results for hu-
man diploid cells.”

The above considerations suggest that the indirect effects
of radical species play an important role in the DNA damage
caused by Auger cascades. These calculations support the
recent series of experiments by Rao and colleagues ****
which show that antioxidants and other chemical radiopro-
tectors substantially mitigate the biological damage caused
by DNA-incorporated I.

B. Cédlular dosimetry

Although DNA-level dosimetry may be useful for provid-
ing some understanding of the experimental dsb dataavail-
able on Auger emitters, in cellular systems one cannot pre-
dict the biological outcome with any certainty on the basis of
calculations for asingle decay site of an Auger emitter on the
DNA. Thisis because humerous radionuclide decays per cell
arerequired to observe any biological effectsat the cellular
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level (e.g., survival, mutations, transformations, etc.). There-
fore, under these circumstances, it is necessary to correlate
the biological effect with the absorbed dose to the cell
nucleus wherein the radiosensitive targets presumably lie.

In 1966, Wrenn*recognized the significance of cellular
dosimetry for Auger emitters and calculated the absorbed
dose to red blood cells from incorporated *Fe. The subcel-
lular distribution of the radionuclide (e.g., cell surface, cyto-
plasm, nucleus) strongly influencestheradiotoxicity of Au-
ger emitting radionuclides.*"* Hence, cellular dosimetry
must take the subcellular distribution of the activity into con-
sideration. Such calculations require experimentally deter-
mined subcellular distribution which depends on the chemi-
cal nature of the radiocompound. Accordingly, more
sophisticated methods for cellular dosimetry have evolved
over the yearsto calcul ate the dose to the cell nucleus.

Humm (Ref. 66 and JLI1 thesis) calculated energy depo-
sitions to spherica volumes of various sizes uniformly filled
with Auger emitters using the scaed point kernel data for
monoenergetic electrons of Berger.”” Berger provides tabu-
lated data for energy losses by electrons of energies from 0.5
keV to 10 MeV for site diameters from 2-14, mm. The ab-
sorbed fraction @ of emitted energy E,. absorbed in a sphere
of diameter d is given by the integral of the point kernel
between 0 and d, multiplied by the geometric reduction
factor”for asource randomly distributed in a sphere. Math-
ematically,

\

F( L E,\dr, )
\Fo

& 1 11[ 3r 3

EfdEq) 7 fo =22t
where F(rlr ,E) is Berger's scaled point kernel, giving the
fraction of energy absorbed within a spherical shell 4 p r’dr
at radius r from the source, and the term in square bracketsis
the geometric reduction factor for a source randomly distrib-
uted within a sphere.

Asdiscussed earlier, most of the electrons emitted in the
Auger process have energies below 500 eV, and thus are
below the range of validity of the Berger point kernel tables.
Booz et al. “have provided an extrapolation of the Berger
data using a third-order polynomial fit. This fit allows calcu-
lation of the energy absorbed in small volumes from low-
energy electrons. The mean energy deposited per decay in
the cell nucleus from radioactivity distributed uniformly in
the nucleus, for a range of typical nuclear diameters, was
given by Humm (JLH thesis) for I, I, and “Fe. Values
of the mean energy deposited within a 10-um-diam sphere of
unit density for asingle decay are givenin Table 1. For the
sake of comparison of different dosimetry techniques, energy
deposition in 10-um spheres was also calculated using the
Auger electron spectra presented in AAPM Nuclear Medi-
cine Task Group No. 6, Report No. 2,’and absorbed frac-
tions obtained with Egs. (2) and (5): *,”

dx, 3

wherey isthe same geometric reduction factor used in Eq.
(4). These results are aso presented in Table I1. It should be
noted that the calculations of Humm employed a different
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TasLE |1 Calculated energy deposited in 10-um diam. spheres containing
some Auger emitters uniformly distributed within,

Totd particle  Ener Totdl particle
energy emitted  absorbed energy emitted Energy absorbed

Radie-  (keV) keV) fler) )
nuclide umm umm® Howell Goddu et al.°
2 199 119 195 115
2 284 5.2 216 51
“Fe 4.04 38 418 39

"J. L. Humm, “The analysis of Auger electrons released following the decay
of radlioisotopes and photoelectric interactions and their contribution to en-
%%depos tion.” Ph.D. thesis (Polytechnic of the South Bank, London,

‘Reference 3.
‘Reference 96.

Auger eectron spectrum. However, the second report of this
Task Group®shows that the Auger spectra employed does not
play an important role when doses are calculated in volumes
with diameters greater than 1 um. Considering that spectral
differences play no role in the total energy deposited in
10-um spheres from incorporated Auger emitters, it is appar-
ent that the differences in the dosimetry techniques are of no
consequence (Table I1).

A model to estimate the dose to the cell nucleus from
Auger-€lectron-emitting radiopharmaceuticals was a so de-
veloped by Sastry and co-workers.“**” Thismodel assumes
that the cell and cell nucleus are concentric spheres of unit-
density matter. The Auger emitter was distributed uniformly
in either the cytoplasm or nucleus of the cell, and the energy
deposited in the cell nucleus was calculated using Cole's”
energy-loss expression for electrons [EQ. (2)]. This method
was further simplified to reduce computational timesand to
accommodate activity distributed on the surface of the cell.”
Using this approach, Goddu et al.” have provided absorbed
fractions for monoenergetic electron sources (0.1 keV to 1
MeV) distributed in the different cell compartments (cell sur-
face, cytoplasm, nucleus) of cells of various dimensions (ra-
dii 2-10 um). For example, Fig. 3 shows the absorbed frac-
tions as afunction of electron energy for a cell diameter of
10 pum and nuclear diameters of 4, 6, and 8 um. These
electron-absorbed fractions may be readily used to calculate
the absorbed dose to the cell or cell nucleus from any elec-
tron emitting radionuclide distributed in different cell com-
partments. For the sake of convenience, Svalues (absorbed
dose per unit cumulated activity) were also presented for a
number of Auger-electron-emitting radionuclides of medical
interest (SlCI', 67Ga, gngC, HIIH, 1231’ 1251, 201Tl, 203Pb), as
well as some b and a emitters.” A sample of these data is
presented in Table |11 for atypical cell containing different
Auger emitters. The Svalues for various cell sizes may be
obtained from Ref. 96.

It should be noted that in order to calculate cellular ab-
sorbed doses, one requires knowledge of the distribution and
hiokinetics of the radionuclide at the cellular level. Although
thisinformation is sufficient to calculate cellular absorbed
doses, thereis substantial experimental evidencein vitro to
suggest that the absorbed dose to the cell nucleus aoneis
insufficient to predict the biological effects of Auger electron
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FiG, 3. Absorbed fractions for monoenergetic electron sources distrihutcd
uniformly in various compartments of spherical cells of unit-density matter.
The radii of the cell (R.) and cell nucleus #RN) are indicated. Radioactivity
is digtributed in the source region (cell surtace. cytoplasm, or nucleus) and
thefraction of emitted energy deposited in the target region (cell or cell
nucleus) is calcul ated. The target+-sourceconfigurationsare: cell+-cell
), odl-cdl suface (), nucleusnucleus (o),
nuicleus--cytoplasm (~-), nucleus- Cell surface(--).

emitters localized in the cell nucleus. For example, when the
Auger emitter is incorporated into the cytoplasm, and the
dose is calculated to the cell nucleus, the dose response
curves (Fig. 4) are similar to the curve for external irradia-
tion with “'Cs grays.” In contrast, localization of the Auger
emitter on the DNA yields much greater biological response
(Fig. 4) than grays per unit dose to the cell nucleus.” This
suggests that the absorbed dose to the cell nucleus alone
cannot reliably predict the biological effects of Auger emit-

s s mt]- 125 DR
wamanm1-125 JUdR (Kassis)
and 1-123 IUGR
» = = =Br77 BIUGR
[ ] 125 IAP
o — . —Po210
"6 — -~ 1-125 WdR (Howel)
©
Lt ............. Cs-137
— 0.1 B
©
-; =
j o8 =\
3
® 3N
A""-A_ \
-.2.' \
L\
0.01 . oy

Dose (Gv)

Fig. 4. Dose-response curves for a variety of Auger-electron-emitting radio-
chemicals incorporated into cultured Chingse hamster V79 cells:
“dihydrorhodamine (1-125 DR) (Ref. 1% *lododeoxyuridinc[l-125
|UdR (Kassis)] (Ref. 27), “lododeoxyuridine (I-123 IUdR) (Ref. 102%,
"Bromodeoxyuridine (Br-77 BrUdR) (Ref, 281, “lodoantipyrcne g|-12
IAP) (Ref. 103). ““Po-citrate (Ref. 31), “lododcoxyuridinc {1-125 1UdR
Howell)] (Ref."31), and acute externd “'Cs gammarays (Ref. 31). Note
that cytoplasmically locdlized “1-DR produces effects akin to low-LET
external gammarays. In contrast, radiochemicalsthat localizein the cell
nucleus and bind to DNA cause high-LET-type effects similar to those
caused by 5.3MeV dpha particles emitted by incorporated *Po.

ters incorporated into cells. This does not mean that the bio-

logical effects of such radionuclides cannot be predicted al-
together, rather a solid database of dose-response
information is required along with dosimetry calculations
(see Sec. IV)."”

The above cellular dosimetry approaches are adequate
when the dose to the cell nucleus from surrounding tissue
(cross-dose) isrelatively small compared to the dose to the
cell nucleus from decays occurring within the cell itself (self-
dose). The self-dose will clearly dominate when Auger emit-
ters are localized in the nucleus of cells. However, when one
considers a cluster of cells, there may be instances where the
cross-dose may constitute a significant fraction of the total
dose to the cell nucleus. This depends on a variety of factors
including subcellular distribution of the activity, dimensions
of the cell, cell nucleus, and cluster, and the penetrating na-

TaBLE III. The § values® for some Auger emitters assuming uniform distribution in different compartments of cells 10 um in diameter with 8-xm nucleus.®

Cc—C CCS N—N Ne—Cy N«—CS
Radionuclide (Gy/Bq:-s) (Gy/Bq-s) (Gy/Bq-s) (Gy/Bg-s) (Gy/Bq-s)
ey 1.06x1073 5.39x107* 2.04x1073 1.44x107* 2.49x107F
IGa 1.86x1073 9.94x10~* 3.45%1073 6.32x107* 2.64x107*
99mTe 8.16x10™* 4.23%107* 1.55%x1073 8.68%1073 4.76X107°
g 1.47%x1073 8.03x107* 2.70%1073 3.03x107* 1.94x107*
237 1.56x1073 8.36x107* 2.93%x107% 2.72x107* 1.40%x107*
135 3.51%x1073 1.86x1073 6.60x1073 5.94%x107* 2.62x107*
L) 424x1073 2.29%1073 7.83%x1073 1.29%1073 6.91x107*
203py 2.67X107° 1.40x1073 5.03x1073 7.14x107* 3.21x107*

*The designations for target—source configurations are C—whole cell, Cy—cytoplasm, CS—cell surface, N—cell nucleus.
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Fic. 5. Dependence of relative hiological effectiveness (at 37% survival) of
I on the fraction of testicular acfivity that isbound to DNA f in'the
mouse testis. The RBE is linearly dependent on the fraction that is bound to
DNA (RBE=1+8.7 f ) (Ref. 32%.

ture of the conversion and K-shell Auger electrons emitted.
These aspects were examined by Sastry et al.  and Goddu
et al. “who found that the self-dose clearly dominates when
Auger emittersarelocalized in the nuclei of the cellsin the
cluster. However, when the radioactivity is distributed on the
cell membrane or in the cytoplasm of the cells, the cross-
dose can be as important as the self-dose when the cluster
sizeis small (d<400, pm) and most of the cellsin the cluster
are labeled. Under these labeling conditions, the cross-dose
to the nuclei dominates when the cluster sizeislarge (d> 400
um), suggesting that the mean absorbed dose to the cluster is
sometimes adequate for Auger emitters. For those interested
inmulticellular dosimetry for Auger emitters, the necessary
computational tools are provided in Refs. 68, 97, and 98.
Such calculations reguire considerable biological informa
tion such as subcellular distribution, localization of the ra-
dioactivity in the tissue on a multicellular scale, and the time
dependence of such distributions. These aspects are dis-
cussed in several recent articles.”™

C. Organ dosimetry

Although dosimetry at the DNA, cellular, and multicellu-
lar levels are of substantial interest, it is usually (ascites and
blood cells being the exceptions) impractical to consider
dose calculations at these levels for in vivo applications of
Auger emitters. The extensive use of Auger emittersin
nuclear medicine calls for more practical dosimetry ap-
proaches for these radionuclides. Current in vivo quantitation
techniquesin nuclear medicine usually can providethe nec-
essary data required to calculate mean organ absorbed doses
using MIRD procedures.” Although mean organ doses cal-
culated in this manner are useful for risk assessment or pre-
diction of biological outcome in most cases, this may not
awaysbethe casefor Auger emitters. Thisisevidenced by
the data of Rao and co-workers *** who, using the mouse
testis system, have shown that the biological effects of Auger
emitters may not be predicted on the basis of organ doses
alone, but are strongly dependent on the subcellular distribu-
tion of the radionuclide. Their recent experiments”show
that biological effects of the prolific Auger emitter I de-
pend on the fraction of organ activity that is bound to DNA
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of the cells (Fig. 5). Hence, knowledge of both the subcellu-
lar distribution and the mean organ dose is necessary for
predicting the biologica effects of Auger electron emitters.
Thereisin vivo evidence that some Auger-electron-
emitting radiopharmaceuticals used in nuclear medicine,
such as™TIC1 (Ref. 42) and "in-oxine (Ref. 63), result in
radiotoxicities greater than predicted based on the mean ab-
sorbed dose. Therefore, we should remain vigilant, especialy
regarding the introduction of new radiopharmaceuticals.

V. DISCUSSION

Whether coming with an interest in radiation biology, ra-
diation protection, or radiation therapy, one may ask how the
absorbed dose should be calculated in order to predict the
biological effects of Auger emitters. Thereisno simple an-
swer because of the highly localized energy deposition in the
immediate vicinity (~10 nm) of the decay sites of Auger
emitters. Although dosimetry may, in principle, be performed
at any level (DNA, céll, or organ), the appropriate level is
dictated by the biological system and the endpoint, as well as
the ability to obtain the necessary biological information
from the system that is required to perform dose calculations
at the desired level. The appropriateness of the selected do-
simetry model can only be substantiated by obtaining consis-
tent dose response relationships. Surprisingly, thereisonly
limited experimental data within a given biologica system
and endpoint which systematically examines dose-response
relationships for a variety of Auger emitters bound to various
siteswithin the cell. Such data are essential for establishing
thevalidity of agiven dosimetric model.

A. DNA dosimetry

When Auger emitters are attached tothe DNA in the cell
nucleus, the energy is not uniformly deposited throughout
the cell nucleus, and the dose to the DNA is not equal to the
cell nuclear dose. Consequently it may be necessary to cal-
culate the absorbed dose to the DNA in order to construct
consistent dose response relationships. Vaues of the mean
energy deposition per decay to DNA resulting from Auger
emitters attached to DNA have been published for afew
radionuclides. ” The relationship between the calculated dose
and observed biologica effects on DNA have so far only
been tested for two radionuclides, I and *I. Makrigiorgos
et al. “"measured the relative yields of double-strand breaks
for “IUdR and “IUdR and found them to be in reasonable
agreement with the ratio of their mean energy deposited in
the DNA, and their predicted strand break yields.” There-
fore, the mean absorbed dose to the DNA appears to corre-
late well with double-strand break yields in cultured mam-
malian cells. Many more such tests are needed to verify the
utility of DNA dose calculationsto predict the relative effi-
cacy of different Auger emittersin causing strand breaks, and
in turn causing cell death. The relationship between strand
breaks and cell survival has not been clearly established for
Auger emitters.”“***In fact, Hofer et al. ““have re-
cently suggested that DNA may not be the appropriate bio-
logical target, rather some higher-order structures may be the
primary radiosensitive targets that are responsible for cell
death. Moreover, induction of cell death by Auger emitters
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attached to the DNA reguires hundreds of decays per cell
nucleus. ###* % How the interaction of the dam-
age resulting from these numerous decays leads to cell death
remains unclear. Even so, it may be possible to use existing
radiobiological survival data on the number of radionuclide
decays reguired for cell inactivation (e.g., 37% survival) to
establish a relationship between cell survival and the energy
deposited in the DNA.

B. Cdlular dosimetry

A considerable effort has been expended in correlating
cell survival in vitro with the mean absorbed dose to the cell
nucleus. The cell nucleusis chosen asthe target volume be-
cause it is generally believed to contain the primary radi-
osensitive sites in the cell and its absorbed dose can be
readily calculated. In order to calculate the dose to the cell
nucleus, due regard must be given to the microscopic local-
ization of the Auger-electron-emitting radiopharmaceutical.
When Auger emitterswerelocalized in the cytoplasm of the
cell, the dose-response relationship was similar to that ob-
served for acute external photon irradiation (RBE~1) (see
Fig. 4). However, when various Auger emitters (I, I,
"Br) were covaently bound to the DNA in the cell nucleus
using iodo- and bromodeoxyuridine,”*** the dose re-
sponse curves were similar to those obtained for incorpo-
rated alpha emitters’ with values of relative biological ef-
fectiveness (RBE) ranging from 7-9 (Fig. 4). Essentialy the
same RBE value was obtained for **iododeoxycytidine, sug-
gesting that thymine and cytosine base sites are equally ra-
diosensitiveto Auger cascades.” Somewhat lower RBE val-
ues (RBE~4) have been obtained when Auger emitterswere
introduced into the nucleus but not covalently bound to
DNA."*"** These results suggest that the mean ab-
sorbed dose to the cell nucleus may be used to correlate dose
and effect only when a correction factor is introduced that
accounts for the subcellular distribution of the radioactivity.
Hence, the location of the Auger cascade relative to the DNA
in the cell nucleus plays asignificant role in the determina-
tion of radiotoxicity.

It is interesting to note that experiments in cultured
cels™ ™ with different Auger emitters ("Br, I, 1)
covalently bound to DNA as bromo and iododeoxyuridine
yielded essentially the same D, (and hence, RBE)™ despite
their very different physical haf-lives and Auger electron
spectra.* These radionuclides emit about 7, 15, and 25 Auger
electrons per decay, respectively. When uniformly distributed
in the cell nucleus, the radionuclides "Br, I, and I de-
posit about 4.1, 4.7, and 10.9 keV in the cell nucleus per
disintegration, respectively [Eq. (5)]. The number of disinte-
grations required to achieve D, for I and 77Br were 2.3
and 3.1 times the number required for I, which are simi-
lar to the ratios of energy deposited in the nucleus (2.3 and
2.7). Therefore, as pointed out by Kassis et al., ™ there are
no saturation effects in terms of imparting biological damage
to the DNA. Whether thisis true for other Auger emitters and
radiochemicals that are noncovaently bound to DNA re-
mains to be explored.

For the practical purpose of determining cell and cell
nuclear doses, the differences in various Auger electron spec-
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tra discussed above do not result in significant variations
(Table I1). Therefore, the spectrain Report No. 2 of this Task
Group and Eq. (4) or (5) may be used to calculate the ab-
sorbed doses at the cellular level ™ For convenience, Goddu
et al. “have conveniently tabulated Svalues (Gy/Bq s) for a
variety of Auger emitters locdized in various compartments
(cell surface, cytoplasm, nucleus) of cells of different dimen-
sions. With knowledge of the biokinetics and subcellular dis-
tribution of the radiochemical, the Svalues can be conve-
niently used to calculate the absorbed dose to the cell or cell

nucleus. In the event that Svaluesfor the emitter of interest
are not provided, absorbed fractions for monoenergetic elec-
trons can be employed in conjunction with the Auger elec-
tron spectrum to calculate cellular absorbed doses.”* When
the Auger emitter is distributed in a small cluster of cells, the
neighboring cells may contribute significantly to the ab-
sorbed dose to the cell nucleus. The tools needed to calculate
the total dose (self-dosetcross-dose) under these circum-
stances are available.™ When using the calculated doses to
predict biological effects, the increased effectiveness
(RBE>1) of intranuclearly localized Auger emitters must be
taken into account.

C. Organ dosimetry

There is considerable evidence based on in vivo experi-
ments in mouse testis that demonstrates the dependence of
the radiotoxicity of Auger emitters on their subcellular
distribution®***%**" More specificaly, when Auger
emitters are situated outside the cell or in the cytoplasm,
RBE values of about 1 for spermatogonial cell surviva are
ohtained when the mean organ dose is used to calculate the
RBE*** On the other hand, when *| is covalently
bound to the DNA in the cell nucleus either as iododeoxyuri-
dine or iododeoxycytidine, RBE values of about 7-8 are
obtained.” These RBE values are similar to those obtained
in the same experimenta system for high-LET & pha par-
ticles emitted by incorporated *°Po, *’Bi, and **Po.***
Interestingly, similar RBE values for DNA-bound I and
“Po are observed in vitro.” When spermhead abnormalities
are taken as the biological endpoint, the RBE values for Au-
ger emitters are substantialy higher than those for cell
survival.” Depending on the subcellular distribution of the
radiochemical, RBE values for induction of spermhead ab-
normalities range from 2-60. Furthermore, thereis alinear
correlation between the RBE for induction of abnormalities
and the RBE for cell survival (Fig. 6).” It iswell recognized
that the RBE for inducing stochastic effects (e.g., mutations,
cancer induction) differs significantly from those for deter-
ministic effects (e.g., cell survival).” This dependence on
the biological endpoint is reflected in the surviva (determin-
istic) and abnormal (stochastic) results obtained in the same
experimental system.

D. Equivaent dose for Auger electron emitters

In view of the high RBE values observed for Auger emit-
tersboth in vivo and in vitro, and considering that most ra-
diopharmaceuticals used in nuclear medicine are Auger elec-
tron emitters, the radiological safety of these radionuclides
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Fic. 6. Correlation of spermatogonial cell killing and induction of sperm-
shape abnormalities in mouse testis with incorporated radionuclides (Re.
86). For all of the radiochemicals, the values of relative biological effective-
tress (RBE) were obtained by comparing their effectswith those of acute
120-kVp x Tays. A linear refationship is observed hetween the two experi-
mental endpoints (Ref. 86).

needs to be addressed.™ Ideally, a weighting factor should
be ascribed to each Auger-emitting radiochemical based on
the observed relative biological effectiveness of the agent.
This would be amonumental task considering the large va-
riety of radiochemicals used in biomedical research and
nuclear medicine. One way to simplify the task isto sepa-
rately account for the RBE values of the Auger electrons and
all other radiations. The RBE for Auger electrons of course
depends on the subcellular distribution, i.e., intranuclear
DNA appended, intranuclear non-DNA appended, cyto-
plasm, and extracellular. In this way, the risk associated with
any new radiopharmaceutical could be estimated from a
study of the subcellular distribution of the radiopharmaceu-
tical. In this context, the recent experiments of Howell
et al. “using the mouse testis system are of interest. Using
mixtures of H* IPDM which localizesin the cytoplasm, and
|UdR which bindsto DNA in cell nucleus, the fraction of
organ activity that was bound to the DNA of the testicular
cellswas varied. The resulting RBE valuesfor cell survival
were linearly related to the DNA-bound fraction of the organ
activity f,(Fig. 5) according to the relationship
RBE=1.0+8.7f0. This suggests that the equivalent dose for
Auger emittersmay have asimilar dependence."”

Following the formalism of the ICRP,the equivaent
dose in an organ or tissue T is defined as H,= w.,D,,
wherew,is the radiation weighting factor for stochastic ef-
fects and D, is the mean absorbed dose from radiation R.
For mixed radiations, such as those emitted by many radio-
nuclides including Auger emitters,

Hr=2, wg-Drg. ©)
R

Therefore, when all of the organ activity is incorporated into
DNA, the equivalent dose for Auger emitters may be written

32

as
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= —+ =
Hr=Hrg,, tHrome™Wry,,, 2D
Auger

T.R Auger

+ E wRother.DT‘RAuger' (7)
Rother

Further modification of the above equation to accommodate
the dependence of HTR,,,. On the subcellular distribution of

Auger emitters is required:

Hrp o™ [1 +fo(Wry,,,~ 1 1Y Drg
Auger

where f,isthe fraction of organ activity that is bound to
DNA. The quantity WR,,,. istheradiationweighting factor
for Auger dectrons only and does not include any other ra-
diations such as a, b, x, y rays and conversion electrons.
Separation of the biologica effects of the Auger electrons
from other radiations emitted by the radionuclide is not pos-
sible experimentally because the observed RBE values are
for the composite spectrum of emissions. A method to esti-
mate WR,,,, is discussed in Ref. 32. It should be noted that
Eq. (8) is based on experiments where 1 is covalently
bound to DNA in the cell nucleus. When the Auger emitter is
localized in the nucleus but not covalently bound to DNA,
somewhat lower RBE values may be expected as discussed
above and therefore the expression for HTR,,,, Mmust be
modified accordingly.” However, thereis presently insuffi-
cient experimental data to clearly establish a relationship for
non-covaently bound Auger emitters. Preliminary indica
tions based on datawith *In-oxine (Refs. 63, 86, 104, and
105), ™In-citrate (Refs. 63 and 86), “lodoproflavine (Réf.
103) and trans-"*"Pt (Refs. 17 and 111) are that HT, , ..
will be about afactor of 2 less than that for the case of
covalent binding to the DNA. Additional modifications to
Eq. (8) may also be necessary if f,varies during the period
the dose is delivered. We note that alternate approaches for
prediction of dose-response for incorporated Auger electron
emitters based on charged-particle fluence have been pro-
posed by Y ounis and Watt.“““"

(8

other’

E. Auger electron emitters for radiation therapy

The extreme biological effects associated with DNA-
incorporated Auger emitters have led to their consideration
for cancer therapy. Therefore, methods to predict the ra-
diotoxicity of Auger emitters in therapeutic applications are
necessary.™ The formalism described above for calculation
of equivalent doses may be useful in thisregard. However,
since sterilization of cells is of primary importance in radia-
tion therapy (i.e., cell survival), a radiation weighting factor
based on deterministic effects of Auger electrons WR,, ,,,
should be employed. The extensive literature available on the
deterministic effects of Auger emitters both in vivo and in
vitro suggests that WR,,,, should be similar to that for high-
LET apha particles. Therefore, based on the relative biologi-
cal effectiveness for deterministic effects of DNA-bound
|, this Task Group recommends that a preliminary value of
10 beused for WR,,,, in Eq. (8) to obtain the deterministic
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equivalent dose H,, for prediction of therapeutic outcome. As
in the case of the equivalent dose for stochastic effects, when
the Auger emitter is localized in the nucleus but not co-
valently bound to DNA, the value of HTR,,, may be haf the
value for the DNA-bound case.

Evaluation of the potential of Auger pharmaceuticalsfor
therapy not only requiresthe subcellular distribution of the
radionuclide in the malignant cells, but also the degree of
heterogeneity in cellular activity in the tumor.” This is of
particular importance for Auger emitters labeled to thymi-
dine precursors, since the uptake of these agents is cell cycle
dependent. High uptake of athymidine precursor in only a
fraction of the tumor-cell population may result in selective
sterilization of only & subset of the tumor-cell population.
Information on the heterogeneity of the cellular activity may
only be obtained by autoradiographic techniques.™”** If
the heterogeneity can be accurately quantified, it is possible
in principle to calculate the absorbed dose on a cell-by-cell
basis.”***"*"" However, relating the absorbed doses
calculated in thisfashion to the overall biological effect re-
mains a challenge.”

Auger

V. SUMMARY

Radionuclidesthat emit Auger electronsare widely used
in biomedical research and nuclear medicine. When incorpo-
rated into the cell nucleus, these radionuclides are highly
radiotoxic, causing biological effects akin to those caused by
alpha particles. Whether for radiation protection or therapy,
dosimetry of Auger emittersisimportant in order to predict
their biological effects. In this report we review the
dosimetric techniques that have been employed in the con-
text of observed hiological effects, and we conclude that the
techniques required depend on the biological system em-
ployed. Accordingly, methods of Auger electron dosimetry at
the DNA, cdllular, multicellular, and organ level are dis-
cussed. Subcellular distribution of the radionuclide plays a
key role in al cases. The Task Group recommends the use of
radiation weighting factorsfor cellular and organ dosimetry
in conjunction with equivalent dose formalism that takes the
subcellular distribution of the Auger emitter into account.
Based on the currently available radiobiological datawhich
show that the effects caused by Auger emitters are similar to
those of incorporated alpha emitters, a preliminary radiation
weighting factor of 10 isrecommended for deterministic ef-
fects (i.e, cell survival) and a value of 20 for stochastic
effects (i.e., risk assessment). The dose equivalent calculated
with these weighting factors must be modulated by experi-
mentally determined subcellular distributions. The prelimi-
nary formalism and radiation weighting factors suggested for
equivalent dose calculations for Auger emitters can be up-
dated as our understanding of the radiobiological effects of
these radionuclidesimproves through experimental investi-
gations using different Auger electron emitters and biological
end points (e.g., transformation, mutation, tc.). In view of
these recommendations for wr A and the strong depen-
dence of HTR Auger on subcellular distribution, it may be pru-

dent to review the current equivalent dose estimates for ra-
diopharmaceuticals labeled with Auger eectron emitters.
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