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diocbiolngical studies have demonstrated that
~an cause severe biological darnage contrary
based on conventional deosimetry. Seversl
cvern these effects, including the nature of
tron spectrum; localised energy deposition;
t emizal form of the carrier; cellular
ration, and subcellular distribution
Conventiconal dosimetry is inadequste
derations are ignored. Our results
biophysical approaches tocward sub-
Auger emitters in vitre snd in vivo.
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D Schema (Loevinger & Becrman 1976) is widely
esent to estimate he biolegical risks of
adionuclides. This conventional desimetric
agsumes that radionuclides and the radiation

re uniformly distributed in crgans. Even though
is the tasic unit at which biolcgical effects are
3, the calculeted averzge dose to the organ is
presumned to be the dcse to the cell and its

well. The quality of radiation, the nature of

ical, possible cellular concentration of
0 des, and their subcellular distribution are
red. In spite of this, conventionzal dosimetry has
ed as a reasorable approxiration for energetic
trens, Seta rays, and phiotons with ranges and mean
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atbs in biological matter greater tran several cell
ters. In the case of Auger emitters, the abcve
and iriadequacies may severely restrict the

MASTER

v

o
w
]
b
0
rr
Q
o]
n

DISTRIBUTION OF THIS DOCUNERT 13 INLIMITES 9& (/J



crnal appicach. [t is i
~acry oniy a stall fracticon of

=d per ,ay, and contribute negligibly to
argan Jdose. Wﬁ” ver, by spreading out thelr enecgy cvar

, conventional dasimetry teivialiszes
the likely L.:ortax ce of thase low snecgy Auger alectrons.
3
1cat

The biclogical ilwplications of Augsr amitiaecrs have bhcan
of intecest for neacly 20 y2acs. The severe toxicity of
ONA incocporated 1451 has Seen demonstrated repaatedly
in various 11 taems. Our in vitro and in vivg studl

ig et

00 Pﬁuxus on their

3 s

7, Rao et al. 1987) show that Augec
1 cal damaze 2

i 3

cralisation relative to tha cell, its mielayg, and the
K& which is the primacy target of radiation action. The
Biclogizal desimetry and biophysical cesults ersrging from
these studies grovide an expecimental data hase for
reaningful appecaches to the dasimetry of Auger emitters

at the subcellular level. We examine some of the ghysical
and phenomenolcgical asgects in this paper.
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Figure 3. Locailised erergy Jeposition,

tev]

ENERGY ABSORBED
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Q 3 ] ] 20 25
€ FRIM DECAY SITE {nm)

Tabla 1. Average ylelds of Auger and CK electrons and
iccalised enecrgy deposition for some radionuclides.
Radionuelide Averzge yield nergy {(eV) deposited

e e EEE BEREYX 3N 8 5 nm sphere

Sice 6 (5) 210

5%Fe 5 (3) 240

6753 5 (3) 260

"Sze 7 (5) 270

7Tse 7.¢5) 300

EEbS 4 (4) el

11z, 8 (7) 450

14 - . .
1231 19 (17N 1000
183nm

Art 27 (23) 1800
195mpe 313 (27) 27900
2017 20 (1) 1400

*Low energy electron yield is given in garentheses.
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RIOPKRYSICAL ASPECTS
Fositicnal and concentration effechs
values of AE in Table 1, the patterns of HILED
(Fig. 3 & &), and the high density of chemical species in
the iwrnediate vicinity of the decay site of the Auger

amitter (Fig. %) indicate the potantial for severe damage
af molecules in the neighbourhood., The in vitro studies

{¥assis at al., 1987) show that 1251 and /7Br,
covalently bound to the DNA of Chinase hamster V7?9 cells,
Xill the cells efficiently, the relative biological
af fectiveness (RSE) helng 6-7. The RBE of 1257 attached
to a3 DNA intercalator is abdout S for the same cell lire.
The drug trans-platin (IX) forwms adducts with the DNA.
Jur rcecent wocrxk shows that, when cells are a(ﬁﬁtad to this
platinum-coordinated comnlex lakeled with 1"‘ the
23E of this Auger emitter is alse about 5. In contrast.
1257 in the nucleus but not bound to DNA is not so
efficient (RZE ~1.7). Decays of 1251 and 75ge in
the cvioplasm are mildly radictoxie, while extraceliular
decays of 1231 and 773r are much less so. The
radicteoxicity of 51cy stems from the fzct that 15% of
the activity in the cell is in its pucleus. The in vivo
effects also depend on the loecalisation of the Auger
emitter (Rac et al. 1987). When /3Se remains in the
cytoplasm of testicular cells and in the intertubular
spsces, the R3E is essantially unity. For 1l1n_oxine,
with 42% of the cellular cradisactivity in the nucleus, the
RBE is about 4. The RBE is mueh lewer for 1}lIa-citrate
with only 30% of intracellular 11llip present in the
nucleus The effects of low erergy electrons should
degend on the location of the Auger smitter. Thesa
studies confirm such 3 de;e :dence and quantify the effects
as 3 function of the lccation of the radicnuclide.

The axperimental studies clearly reveal the importance
of the chiemical nature of the carrier in detarmining t%
subcellular distribution of the radicnucliide. Cells in
vitro concentrate some radionuclides greatly (Kassis e
al. 1933, 1987) Felative t¢ extracellular concentration,
1251UdR concentration in the nuclei of V79 cells is
1830-foid lacger, after an 18-hr incudbation at 37°C.
For 755e—rnthlon1ne, the cellular concentration factor
n = 330, and for 20lTicil, n = 130. The 20l71

studies, in fact, demonstrate that cellular localisatien
of this Auger emitter 'is essential for manifestation of
its biclogical effects (Kassis et al. 1%83). The in vivo
studies cannot easily establish evidence for concentration
of radionuclides by testicular cells. Nevertheless,

~4



biochemical mechanisms in vivo and in vitro should be
reasconably similar, and cellular concentration of
radionuelides should ha one of the determinants of the
effects of Auger emitters

W’l

ubcellular energy depasition

The above considerations polnt to the importance of the
energy deporited in the target ¢2ll and its nucleus from
decays occurring within the cell. Kassis et al. (1980)
have c¢aleulated the enecgy deposited in the cytoplasmw and
in the nucleus of V7% cells from decays in the respective
compartments assuming that the nucleus and the cell are
concenterie spheres of unit density (Fig. 6). Hypothetical
radicnuclides, emitting moncenargetic electrons with unit
yield, are assumed to be distributed uniformly in the
cytoplaszm (Cy) or the nucleus (N) of the cell. Values of
energy deposited - cyy, €NCy and tcycy — are
calculated as a function of the electron energy per
decay. The first subscript represents the target region,
and the second one, the source region. The results do not
dapend strongly on deviation from spherical geometry but
do depend on the nuclear radius Ry and the cell radius

Po. F’g re 7 shows the results for cells with
Rg .5 pm oand By = 2.5 um, the average geometry
of sgermatogonial cells in our mice.

W

FPEALISTIC DOSIHETRY
Cells in culture

In these studies, suspaended cells are kept separated by
shaking during incubation. The dose to the target cell
nucleus is the sum of the dose from decays external to the
cell {Eyg) and from internal decays (PNN and Eycy).
The total amount of enargy deposited in the nuclpus
EN = FKN + Fl'*y + Eb‘e = thN. The contribution of ENE
giculated using MIRD Schema, is negligible. The quantity
€y = CNonN + CCyfNCy: where ry and Ccy are, respectively,
the nuclear and cytoplasmic fractions of imtraczellular
radicactivity. The cumulated number of decays in the
cell, dy, is the sum of the disintegrations occurring
durirg incubation (dp), and postincubation (dpp).
These are experimentally determined from upitake data
during incubation, and from postincubation retention
studies, both as a function of time. Values of cyy
amd cyNcy ace obtained for each radicnuclide using its
electron spectrur and the generalised ener§y deposition
curves similar to those in Figure 7. For
€Ny = 11.2 keV/decay and eycy= 0.86 keV/decay. The vast

(2]



Figure 6. GCeomatry for calculation of subeeliular znacgy
Zeposition See Wassis et al, (1530) for dztails.

gr .-*'“"f::}[‘

— -
YTOAASK w =T

Figure 7. Generalised enecgy deposition curves for
specrmateogonial cells: Curves A, B and C represent
€

1
NZy+ €CyCy and eyy, respactively. See text.
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The actual dose raceived by the nuclei of cells should
be larger than conventional estimates in view of possible
concenkeation of the Auger amitter by <cells. Foc cells in
culture, all the variables are generally ¥nown and the
camulated dese is readily caleulated. This is not so for
spermatogonial cells in vive, We have, tharefore,
introduyced a dose enhancement factor (¥y) (Rao et al.

585). Here Ny = By/Repy. Ry being the actual -

instantarecns rate of energy deposition in the target

Aaucleus from decays within the cell and from the extsrnal
?egion, snd Kooy, the convantionally calculated value.
The following expression for Ny 1s readily derived:

]

¥g = (/) (ogdyy + Foydngy?/ [fe(n-1) + 1]

+odye + 031 + &)L t1

1]

ffaction of the testicular volume occupied by
gon ial cells, and fy = fraction of the

cell volume orcupled by its nucleus. The
4wy and dNcy are, respectively, the

electron energy absorbad in the target nuecle
ectron energy emitted per decay in the nucleus,
the cytoplasm of the target cell. The parameter
the ratio of elactron energy absorbed in the
get nucleus to the electron energy emitted per dacay
rmal to the target cell. The symbol 8 is the ratio
photon erigrgy absorbed in the testis to the electron
amitted per decay in the crgan. The variables n,
rcy are defined earlier.
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equation (1), &y and & are essentially given
HVEWt‘Oﬂa‘ dosimetry. For the measured cellular

fy = 0.171. The abtsorbed fractions &yy
and dycy are determined using the results in Figure 7
and the electron spectra for various Auger emitters. The
subcellular distributions (ry and Cey ) are measured.
Thus, n and f. are the free V¢r1ab;as. For spermato-
gonia in the 10 um tasal layer of the tubules (diameter
100 um), a value of f. = 0.1 is a reasonable one
{Rac ekt al. 1833). Values of Ny are predicted
consistent with the otserved KBE values (Rao et al. 1987)
for reasonable values of n. Examples of the parameters
are given in Table 2. The respective experimental RBE
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Table 2 Faramebtars in the dose enhanceiment factor.
e e e e . T '

Farameter ﬂw_SSFe:miﬁzagsmuwwliiI;*o%&pa ..in-citrate
oy 0.15 0.92 0.30
Tey 0.35% .03 0.70
Eay 0.289 G122 0.122
tycy 0.016 0.0048 0.0048
¢xe 0.0 0.2892 0.892
A 0.332 0.114 0.114

values for 55Fe~c1trate, 1irn-oxine and

1ltn-citeate are 2 6, 4.3 and 2.0. Egquation (1)

predicts these values for Ny withn = 5 (SSFe), n =12

(Mlrn-cxire), and n = 10 ¢ llra.citrate)

COHCLUSION

In this papar, we have examined the nature of HILED
srimarily resgonsible for the high LET-type effects of
Auger eomitters clese to or incorporated into DNA. The
possible role of potential energy on the ion needs further
investigation. The prevalence of highly localised dcses
around the site of the emitter should be expected to cause
g variety of severe lasiosns in the DNA. This feazture may
have ilmplications for radiotherapy and public health. Ke
have found that caleulstion of dcses to the nucleus is
rez e even when Auger emitters are DXA-bound. The
do £ cuors (\y) are based on our
19 ults, and the pa“amet&rs are
id xgression for Ny acequately explains
th alues in the mouse testi The results
of p studies are, in princip le,
unde long similar lines. Our medel for Xy is
also he in vitro situation where f. = 0.
At 273 surv:val, we estimate a value of about 1,000 for
Ny in the case of V79 cells incubated with 1¢370dR for

n
i8 hr. This illustrates the in

dosimetry for situations i; vit
of about 0.7 for highly packed
even for large values of n. 1In
shen n + 0, conventional deosime

adequzcy of conventiornal
ro. Wwhen f. has values
cell sys ers. Ny = 1

this lim as well as
try is ess a;f ally valid.
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bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represeats that its use would not infringe privately owned rights. Refer-
ence hereiu to any specific commezrcial product, process, or service by trade name, irademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.



